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The correct duplication and transfer of genetic material to
daughter cells is the major event of cell division. Dysfunction
of DNA replication or chromosome segregation presents chal-
lenges in cancer initiation and development as well as opportu-
nities for cancer treatment. Cyclic GMP-AMP synthase (cGAS)
of the innate immune system detects cytoplasmic DNA and me-
diates downstream immune responses through the molecule
stimulator of interferon genes (STING). However, how cyto-
solic DNA sensor cGAS participates in guaranteeing accurate
cell division and preventing tumorigenesis is still unclear.
Recent evidence indicates malfunction of cGAS/STING
pathway in cancer progression. Cell cycle-targeted therapy syn-
ergizes with immunotherapy via cGAS/STING activation, lead-
ing to promising therapeutic benefit. Here, we review the inter-
actions between cell cycle regulation and cGAS/STING
signaling, thus enabling us to understand the role of cGAS/
STING in cancer initiation, development, and treatment.

INTRODUCTION

Maintenance of genome stability is essential for normal cellular homeo-
stasis and proliferation, which depends on the precise control of DNA
replication, chromosome segregation, DNA repair, as well as genome
surveillance."* Highly conserved DNA repair and cell cycle checkpoint
signaling allow cells to deal with different types of DNA damage or other
cell cycle defects. Many human tumors arise from DNA damage, or
chromosome instability, while most therapeutic modalities used to treat
cancers target DNA, including radiation therapy and chemotherapy.™

Cyclic GMP-AMP synthase (cGAS) and the downstream effector
stimulator of interferon genes (STING) have been identified to be
critical for the host innate immunity. cGAS is sensing cytoplasmic
DNA derived from defective cell cycle progression, such as DNA
damage and genomic instability.*” Subsequent studies reveal that
cGAS provides additional anti-tumor roles by detecting DNA damage
in cancer cells treated with classic cell cycle-targeted therapy. In this
review, we focus on how cGAS/STING signaling supervises cell cycle
progression and contributes to cancer therapy.

CELL CYCLE CONTROL AND CHECKPOINTS
Cell cycle is a high demanding process that encompasses an ordered
series of events to guarantee the correct duplication and segregation
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of the genome. The cell cycle checkpoints are the critical regulators
in the processes of cell proliferation and growth as well as cell division
after DNA duplication has finished, resulting in generation of two
genetically identical daughter cells.’

Cell cycle progression includes two key events: DNA replication (S
phase), when the nuclear genome is duplicated, and mitosis (M
phase), when chromosomes are condensed, sorted, and equally
distributed to daughter cells. Between the M and S phases are G1
phase and G2 phase, respectively.® Cells can also enter quiescence
(GO phase), a state of replicative dormancy.” The ataxia telangiectasia
mutated protein kinase (ATM)/ATM and Rad3-related protein ki-
nase (ATR)-checkpoint kinase 1 (CHKI)/checkpoint kinase 2
(CHK?2)-controlled network response to genotoxic stress can tran-
siently arrest cell cycle progression in G1, S, or G2 phase.*” Numbers
of studies demonstrate that the vulnerable stages of DNA synthesis
and chromosome segregation are monitored and protected by a range
of surveillance mechanism termed cell cycle checkpoints to detect
possible defects. Once defects are sensed, checkpoints could halt
cell cycle progression until it ensures these defects are repaired and
the earlier process is completed. These regulatory checkpoints mainly
include the DNA damage checkpoint, the DNA replication check-
point, and the spindle assembly checkpoint (Figure 1)."°

The DNA damage checkpoint detects alterations of DNA molecules
and protects cells from endogenous as well as exogenous attacks,
including products of intracellular metabolism, chemicals, free radi-
cals, or ionizing radiation.'! After defects are sensed, DNA damage
response (DDR) signaling pathway is activated, followed by CDK in-
hibition and cell cycle arrest.>® The DNA damage checkpoint will
next allow time for repair, preventing DNA defects transmission to
the daughter cells. If excessive DNA damage exists or genetic defi-
ciency appears in the checkpoint or DNA repair system, the defects
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Figure 1. Cell cycle is monitored by checkpoints

DNA damage checkpoint, DNA replication checkpoint, and spindle assembly checkpoint guarantee the correct duplication and segregation of the genome in the cell cycle.

will be incurable. Ultimately, cells may enter transient quiescence,
senescence, and even undergo apoptotic cell death.'” Genetic alter-
ations may also accumulate and alternatively induce cell transforma-
tion and oncogenesis.”

The DNA replication checkpoint primarily responds to improper
DNA replication and maintains high fidelity by stabilizing replication
forks, which ultimately prevents cell cycle progression.'” Replication
stress, caused by damaged template DNA, collisions with transcription
complexes, complexity of DNA sequences, or other sources, including
oncogene activation, can recruit and activate the ATR-mediated
pathway in order to ensure stalled forks remain stable, prevent fork
collapse, promote repair, and restart damaged forks. When forks

collapse or stop permanently, DNA synthesis is unable to resume.'*'”

The spindle assembly checkpoint modulates CDK1 activity and spies
on whether each chromosome is attached to the mitotic spindle
through their kinetochores to guarantee accurate chromosome segre-
gation.'® This primary role of the spindle assembly checkpoint pro-
duces a robust response in the presence of even a single unattached
kinetochore.'” A defective spindle assembly checkpoint deregulates
CDK1 activity, provokes unequal inheritance of the genetic informa-
tion and survival of a viable population of cells from autonomous
lethality, and allows them to mis-segregate a small number of chro-
mosomes during one or multiple divisions, which eventually exhibits
chromosomal instability. Accumulating numerous chromosomal ab-
errations may facilitate tumor initiation or progression.18

cGAS AND CELL CYCLE DYSFUNCTION

Cell cycle dysfunction leads to DNA defects

During the interphase and mitosis of the cell cycle, alternation of the
internal heredity and external environment lead to the change of the
genetic information. Interior factors include at least two aspects. First,

reactive oxygen species derived from normal or abnormal cellular
metabolism cause the formation of oxidized DNA bases and DNA
breaks. Other cellular metabolites, such as aldehydes derived from
lipid peroxidation or reactive radical species generated from hormone
metabolites, could also cause DNA damage directly or indirectly. Sec-
ond, DNA could be altered, such as dNTP mis-incorporation during
DNA synthesis, damaged DNA induced by carbonyl stress, DNA base
modification by alkylation, interconversion between DNA bases
following deamination, or DNA base loss caused by depurination.''
All these incorrectly paired or incorporated nucleotides, which escape
from detection and proofreading, become sources of mutations in the
next round of replication and eventually lead to compromised fidelity.

Exogenous DNA damage is induced by physical or chemical sources.
Physical factors include ionizing radiation caused by nature radiation
and ultraviolet (UV) light from sunlight."® Radiotherapy used in clin-
ical cancer treatment mostly targets DNA. Toxic and chemical agents,
including alkylating agents, aromatic amines, polycyclic aromatic hy-
drocarbon, and other reactive electrophiles, are also responsible for
multiple DNA lesions and cause defects in the genome.' ' Most che-
motherapeutics that we currently apply to treat cancers are expected
to suspend cell cycle progress or cause cells to exit from the cell cycle
and end with programmed cell death.”® For example, paclitaxel
(Taxol), which is used for the treatment of various types of malig-
nancies, including ovarian, breast, and lung cancers, induces mitotic
arrest, mostly due to activation of the spindle assembly checkpoint.
Ultimately, it leads to multipolar divisions and chromosome mis-
segregation, resulting in micronuclei formation.”'

cGAS senses cytosol DNA during cell cycle progression

Indeed, besides checkpoints, there exist other mechanisms to guar-
antee genetic integrity. In normal cells, the defects derived from cell
cycle progression could overcome the supervision of cell cycle
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Figure 2. cGAS/STING pathway is triggered by sensing of DNA in the
cytosol

cGAS senses endogenous chromosomal fragments, micronuclei, and mitochondria
DNA. cGAS directly binds to cytosolic DNA and subsequently catalyzes the pro-
duction of cGAMP. STING is stimulated by cGAMP at the ER, and then translocates
to the Golgi apparatus. STING recruits and activates TBK1, which further phos-
phorylates IRF3 and upregulates the expression of type | IFNs. Besides, STING
activates NF-kB pathway by binding to IKK, which collaborates with TBK1-IRF3
signaling to induce type | IFN expression.

checkpoints and cause DNA damage or chromosome instability,
which eventually gain the possibility for oncogenesis. In cancer cells,
the cell cycle checkpoints as well as other elements of the DDR
pathway could also be found to protect tumor cells from different
stress and consequently, to cause more damage to the whole moni-
toring system and further promote tumor progression.”**
example, CHK1 limits oncogene-induced replicative stress, promotes
transformation, and contributes to cell survival.”> Given the critical
significance of DNA replication and chromosome segregation for
the maintenance of genomic integrity, how the signaling of DNA
damage and chromosome instability cross-talks with human innate
immune system, and how innate immune system guarantees the
cell cycle accurate division, need to be taken into consideration for
study of cancer initiation and development.

For

The innate immune system is the first line of defense against infection
by pathogens, such as viruses and bacteria, which is triggered through
the presence of nucleic acids in the cytoplasm by a series of pattern
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recognition receptors (PRRs). Several different PRRs have been iden-
tified to date, which bind to pathogen- or host-derived DNA, and
initiate defensive immune response mostly in a cell-type-specific
fashion.”® ¢GAS is a PRR that responds to endogenous DNA, which
is released into the cytosol during pathogen invasion or self-DNA
damage.”’

The DNA-sensing function of cGAS depends on its localization. The
N-terminal domain of cGAS determines nucleo-cytoplasmic distribu-
tion, centromere association, and activation of nuclear-localized
cGAS.*® Nuclear localization sequence (NLS; **’DVIMKRKRG
GS*) in cGAS mediates a classic importin-dependent nuclear trans-
location mechanism. In addition, suppression of B-lymphoid tyrosine
kinase inhibits Tyr215 phosphorylation of cGAS and promotes its nu-
clear translocation.” Cytosolic DNA-sensing function of cGAS relies
on its presence within the cytoplasm by a nuclear export signal (NES;
19 EKLKL'7#). NES mutation or blockage of the exportin (CRM1)
increases the sequestration of cGAS within the nucleus, which is
thought to prevent cGAS from accessing cytosolic DNA.”" Indeed,
cGAS is localized in the cytoplasm during the interphase, but enters
the nucleus and associates with chromatin DNA during mitosis in
proliferating cells.”’ ¢GAS shows affinity with nucleosomes, which
competitively inhibit DNA-dependent cGAS activation during
normal mitosis.”> Nuclear histones linking to chromatin are reported
to be essential in suppressing the immunogenicity of self-DNA, while
chromatin without linker histone stimulates cGAS more efficiently.*
In certain types of cells, endogenous cGAS is predominantly a nuclear
protein, and tethered tightly via a salt-resistant interaction.’® cGAS is
also phosphorylated by Aurora kinase B or CDK1 and tethered to
mitotic chromosomes without oligomerization, which prevents its
autoimmune activation.”° Interestingly, acetylation of cGAS on
either Lys384, Lys394, or Lys414 blocks cGAS activation and also in-
hibits autoimmunity.”” Thus, in normal cells, DNA is strictly sepa-
rated from cytoplasm and cGAS is inactivated, while, in tumor cells,
accumulation of DNA in cytoplasm promotes cGAS activation.

After binding to cytosolic DNA, cGAS catalyzes the formation of the
cyclic GMP-AMP (cGAMP).*® ¢cGAMP is a second messenger that
binds to the adapter protein STING on the endoplasmic reticulum
(ER) membrane, and then STING translocates from the ER to
the Golgi apparatus, and next activates TANK-binding kinase 1
(TBK1) and IkB kinase (IKK). Subsequently, as the major effectors
of innate immunity, interferon regulatory factor 3 (IRF3) and nuclear
factor kB (NF-kB) are activated to induce the production of type I in-
terferons (IFNs) and other cytokines, triggering immune responses
(Figure 2).>%*

Cytosolic DNA and the RNA:DNA hybrids will trigger cGAS activity
without sequence specificity, whereas RNA does not induce cGAMP
formation.*"** The DNA ligands may be derived from nucleus or
mitochondria, and, on DNA binding, cGAS is activated through
conformational transitions, leading to formation of a catalytically
competent and accessible nucleotide-binding pocket for generation
of c[G(2,5)pA(3,5')p]."” In addition, cGAS activation also relies
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on the formation of liquidlike droplets by DNA binding to cGAS.**
c¢GAS-DNA phase separation may form an environment to suppress
cytosolic exonuclease, such as TREX1, reduce DNA degradation, and
improve cGAS-mediated efficient sensing of immunostimulatory
DNA.*” Of importance, long DNA activates cGAS more efficiently
than short DNA, revealing that cGAS is activated by DNA in a
length-dependent manner.*®

Replication stress and chromosome mis-segregation activate
cGAS

Replication stress can increase the accumulation of cytosolic DNA
and activate cGAS/STING signaling. For example, the endonuclease
MUSS81, which suppresses chromosomal instability arising from
stalled replication forks by cleaving DNA structures, promotes to
the generation of cytosolic DNA, and ultimately activates STING.*
Deficiency of RNase H2, which is necessary for removing ribonucle-
otides incorporated in genome during DNA replication, may generate
the nucleic acid ligands that are sensed by cGAS.*>* Ablation of
STING rescues RNase H2-mutant mice from autoinflammatory phe-
notypes.”’ Depletion of SAMHDI, a deoxynucleoside triphosphate
triphosphohydrolase required for replication fork progression, causes
DNA fragments released from stalled forks, leading to cGAS/STING
activation.”’ New data recently revealed that depletion of the MutLo.
subunit MLH]1, resulting in loss of MutLa-specific regulation of
exonuclease 1 during DNA repair, induces unrestrained DNA exci-
sion, and eventually generates chromosomal abnormalities, activating
the cGAS/STING pathway.’” Inhibition of KDM4A, a histone H3
lysine 9 trimethylation demethylase, induces DNA replication stress,
which activates intrinsic cGAS/STING signaling in cancer cells.”
Other DNA-sensing proteins, such as G3BP1, have been identified
to be associated with ¢cGAS, and facilitate cGAS to bind to DNA by
promoting the formation of cGAS complexes.”

Additionally, molecules coordinating in cell mitosis also display im-
pacts on the cGAS/STING pathway. Barrier-to-autointegration factor
1 (BAF), a chromatin-binding protein essential for nuclear membrane
reformation, competitively suppresses cGAS for DNA binding upon
nuclear envelope rupture, and restricts the formation of DNA-
cGAS complexes. BAF-deficient cells show repetitive nuclear
envelope rupture events, which accumulate cGAS within discrete in-
tranuclear foci.”> STAG2 is an important component of the cohesion
complex that coordinates sister chromatid separation during cell di-
vision. Loss of STAG2 results in spontaneous genomic DNA damage
and activation of the cGAS/STING pathways, which raises the possi-
bility that maintaining the intact structures of chromatin contributes
to inhibition of cGAS-mediated self-DNA sensing.*

Chromosome mis-segregation during mitosis leads to lagging
chromosomes that can become separated and encased in nuclear en-
velopes, regarded as micronuclei.’”*® The formation of micronuclei
appears to be associated with the cell cycle, and the micronucleus
membrane is easy to break down. When micronuclei rupture, immu-
nostimulatory DNA coming from micronuclei is recognized by cGAS,
triggering an intrinsic immune surveillance.*””” Nuclease TREX1 can

limit cGAS activation at micronuclei by degrading micronuclear
DNA on micronuclei envelope rupture.”” Of note, one study shows
that micronuclei-localized ¢GAS mainly originates from nucleus-
bound cGAS, suggesting the collapse of the micronuclei membrane
may not be essential for cGAS activation.’’ Another previous study
reports that cGAS knockdown with induction of mitotic arrest leads
to increased micronuclei formation and chromosome mis-segrega-
tion. In cGAS knockdown cells, micronuclei formation is decreased
by CDKI inhibition or p21 overexpression, and precocious G2/M
transition is abrogated, indicating that the cell cycle defect is the
main mechanism to induce chromosome instability when cGAS/
STING signaling is disrupted.® Interestingly, errors during chromo-
some segregation generate micronuclei and spill genomic DNA into
the cytosol, leading to the activation of the cGAS/STING and promot-
ing STING-dependent metastasis in breast cancer cells. Hence, chro-
mosomal mis-segregation could also adopt chronic activation of
innate immune responses through cytosolic DNA to accelerate cancer
progression.®”

cGAS AND TUMORIGENESIS

Cellular senescence is a state that persuades defective cells to enter
into permanent cell cycle arrest under cellular stress, which is mostly
attributed to accumulation of DNA damage and activates the p53 or
p16 pathways. Senescent cells secrete inflammatory cytokines, growth
factors, and proteases, referred to the senescence-associated secretory
phenotype (SASP). The cGAS/STING pathway induced by the cyto-
plasmic DNA promotes SASP both in primary human cells and in
mice through upregulating a set of IFN-stimulated genes (ISGs),
which have been identified with multiple functions.”**"*® cGAS or
STING knockout cells display a decreased level of SASP when treated
with irradiation or CDK4 inhibitor.”® Mice deficient in cGAS or
STING also show impaired cellular senescence, production of ISGs,
and immuno-surveillance upon oncogene activation or ionizing radi-
ation.®*°° Importantly, senescence is predominant in premalignant
cells and critical to suppress tumorigenesis.”” Premalignant hepato-
cytes transduced by oncogenic NrasS'?¥
and then are cleared by immune cells.°® However, absence of cGAS
or STING in primary human cells and in mice leads to defect in
SASP and immune cell infiltration and impairs clearance of the
malignant cells, eventually promoting tumor development.®"**
Indeed, cGAS/STING could induce short-term inflammation to
restrain activated oncogenes.®* Thus, the cGAS/STING pathway pro-
tects against aberrant cell survival by reinforcing cell cycle arrest or
recruiting immune cells to clear the senescent cells. Accordingly,
cGAS signaling deficiency is likely to promote tumorigenesis
(Figure 3).

show cellular senescence

Loss of cGAS in untransformed and cancer cells causes uncontrolled
DNA replication and genomic instability. cGAS deficiency accelerates
fork replication but compromises fork stability, revealing that cGAS is
a decelerator of DNA replication forks to control replication dy-
namics.*’
creases micronuclei formation and chromosome mis-segregation.

Knockdown of STING, TBKI1, or IRF3 also induces micronuclei

cGAS knockdown along with induction of mitotic arrest in-
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Figure 3. Cell cycle defects promote DNA damage or chromosome mis-segregation, subsequently forming cytoplasmic chromatin fragments or

micronuclei and activating cGAS pathways

Cytoplasmic chromatin fragments or micronuclei in the cytosol activate cGAS, stimulate the expression of type | IFNs as well as other cytokines, and promote SASP, leading
to enhanced senescence and elimination of aberrant cells. However, cGAS deficiency is likely to promote tumorigenesis in premalignant cells.

formation. Meanwhile, p21 is decreased and precocious G2/M transi-
tion has occurred, giving evidence that the cGAS/STING/TBK1/IRF3
axis is essential for preventing chromosomal instability.®> Moreover,
cGAS or STING knockout mouse embryonic fibroblasts (MEFs) are
more proliferative with lower expression of p16, suggesting that the
cGAS/STING pathway regulates cell cycle progression.”® STING
also plays a pivotal role in the maintenance of cellular homeostasis
through regulation of the cell cycle. STING depletion increases cell
proliferation and leads to premature activation of CDK1, early onset
to S and M phase, and enhanced chromosome instability after
ionizing radiation.”’ Deregulation of STING signaling impedes
DDRs, prevents key cytokines including type I IFNs production in
colorectal carcinoma, and correlates with tumorigenesis.71 Mice lack-
ing STING are more susceptible to tumorigenesis induced by colon
inflammation.””

Crucially, cGAS has been found to be associated with nucleosomes,
replication forks, and centromeres,”>*>%7>7* which raises a very
interesting question as to whether nuclear cGAS has a cGAMP enzy-
matic function. Indeed, nuclear cGAS synthesizes cGAMP to pro-
mote innate immune activation of dendritic cells (DCs), although
cGAMP is at a low level.>® Moreover, cGAS inhibits homologous
recombination (HR) depending on its nuclear localization. cGAS
causes compaction of template DNA into a higher-ordered state resis-
tant to RAD51-mediated DNA strand invasion. This accelerates
genome instability and micronucleus generation, and promotes cell
death under stress.®’ Besides, nuclear cGAS is recruited to DNA dou-
ble-strand breaks (DSBs) and interacts with PARP1, which impedes
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the formation of the PARP1-Timeless complex, leading to suppres-
sion of HR. Furthermore, cGAS knockdown inhibits DNA damage
and restrains the growth of Lewis lung carcinoma cells, revealing a
role of nuclear ¢cGAS in tumor promotion.”” Similarly, STING
is involved in facilitating tumor initiation in some cancer types.
The carcinogen 7,12-dimethylbenz(a)anthracene (DMBA) activates
STING to induce inflammation and ultimately promotes tumorigen-
esis, while STING-deficient mice are resistant to DMBA-induced skin
carcinogenesis.”” cGAMP generated from cancer cells is transferred
to astrocytes to activate the STING pathway, inducing inflammation
and metastasis by gap junctions.”® All of the above evidence demon-
strates that the subcellular distribution or function of cGAS/STING
varies in a cell-type-specific manner.

cGAS AND CANCER THERAPY

Although cGAS/STING could be linked to tumorigenesis, activation
of the cGAS/STING is associated with DNA damage and CDK inhi-
bition, most of which is cell cycle dependent.77 Moreover, intrinsic
expression of cGAS in cancer cells also promotes infiltration by
CD8" T cells and responds better to genotoxic treatment and immu-
notherapy, determining tumor immunogenicity.”® Activation of
intrinsic cGAS/STING collaborates with programmed cell death pro-
tein-1 (PD-1) antibody and inhibits squamous cell carcinoma growth
and metastasis by recruiting and activating CD8+ T cells, and effi-
ciently eliminates cancer stem cells.”®> Accordingly, loss of cGAS or
STING in tumor cells with defective MLHI1 represses tumor infiltra-
tion of T cells and endows resistance to checkpoint blockade. In the
clinic, c¢GAS/STING downregulation is correlated with poor
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prognosis of MLH1-defective cancers.”” Low expression of cGAS is
also correlated with poor survival of lung adenocarcinoma patients.*!
Given that cGAS/STING activation underpins a fundamental im-
mune response against cytosolic DNA derived from cancer therapy,
it could be coordinated with checkpoint immunotherapy to gain
better treatment responses.

Targeting DNA damage pathway and cGAS/STING

cGAS/STING signaling provides a connection between radiotherapy
and activation of anti-tumor immunity. Several previous studies have
shown that DNA damage induced by radiation causes micronuclei
formation, activates the cGAS/STING pathway, and potentiates
anti-tumor immunity in cancer cells.*”
ated cancer cells in wild-type mice intensified the anti-tumor immune
responses when combined with immune checkpoint inhibitor, while
STING-deficient mice do not show benefits.”” Thus, cancer cells may
develop resistance to therapy when cGAS/STING is deficient. Impor-
tantly, STING is essential for DCs to response to irradiated cancer
cells and produce type I IFNs.* Radiotherapy and cGAMP or STING
ligands display distinct CD8" T cell responses and tumor repres-
sion.’*®! However, radiation can also turn on a negative feedback

9,64,66,80 . . . .
Injection of irradi-

loop by suppression of the immune system. For example, radiation
is found to upregulate programmed death-ligand 1 (PD-L1) expres-
sion. Radiotherapy with PD-L1 antibody administration achieves a
favorable therapeutic effect by reversing T cell suppression.®*

The benefit from the anti-cancer agents used in the clinic is to block
the cell cycle and induce cell death. Accumulating preclinical evidence
has revealed that the DNA damage induced by chemotherapy or tar-
geted therapy treatment generates chromosomal fragments and then
leads to the formation of micronuclei, which are recognized by the
innate immune system.*”"® Numerous agents could activate cGAS/
STING, stimulate the expression of type I IFNs in cancer cells, and
promote anti-tumor immunity, which is critical to obtaining thera-
peutic benefits.

ATM and ATR coordinate in DNA replication and repair, and play an
initial role in sensing the DNA damage and activating the DDR
pathway.” The ATM inhibitor KU-60019 induces cytoplasmic DNA
accumulation, STING-dependent production and secretion of proin-
flammatory cytokines in microglial cells.*® A recent report shows that,
in AT-rich interaction domain 1A (ARID1A)-deficient tumors, KU-
60019 increases the number of stalled replication forks, reduces DNA
repair capacity, and leads to the accumulation of cytosolic DNA,
which ultimately stimulates STING signaling. In addition, the combi-
nation of ATM inhibitors and PD-L1 antibody shows enhancement
of the therapeutic efficacy in the mice bearing ARID1A-deficient tu-
mors.*” Inhibition of ATR by its inhibitor VE-821 could induce pre-
mature mitotic entry and enhance genomic instability when
combining with poly-(ADP-ribose) polymerase (PARP) inhibition
in HR-deficient cancer cells. VE-821 also mediates synergistic cyto-
toxicity with the PARP inhibitor olaparib by increasing the
numbers of cGAS-positive micronuclei and elevating levels of
cGAS/STING-associated inflammatory signaling.** The ATR inhibi-

tor BAY1895433 represses ATR-CHKI1 signaling, leading to PD-L1
destabilization, and resulting in a ¢cGAS/STING-initiated apoptosis
in castration-resistant prostate cancer. The combination of
BAY1895433 with anti-PD-L1 therapy obtains a synergistic T cell-
dependent therapeutic response.®® Another example is a triple ther-
apy (ATR inhibitor AZD6738 plus radiotherapy plus anti-PD-L1)
in tumor-bearing mice. A better immunophenotype is obtained
relying on the activation of cGAS/STING signaling, and subsequently
the therapeutic efficacy is enhanced.”’

PARP1 is the enzyme that binds to damaged DNA and is critical to
mediating the DDR pathway, modulating chromatin structure, and
maintaining genomic stability.”” PARP inhibitors, which are
approved for the treatment of BRCA-mutated breast or ovarian can-
cer, are believed to act through synthetic lethality with mutations in
genes of DNA repair pathways.”"”> Another contribution the PARP
inhibitor offered to its cytotoxic effects is the trapping of the DNA-
PARP complexes. Through binding to the NAD*-binding pocket of
PARP, PARP inhibitors induce an allosteric conformational change
of PARP, which persistently stabilizes its reversible association to
DNA.” A recent finding also identifies that PARP1 trapping controls
the immunomodulatory functions of PARP inhibitors, triggering
cGAS/STING signaling and the downstream immune response.”*
PARP inhibitors, including talazoparib and olaparib, induce produc-
tion of cytosolic dsDNA and activate the cGAS/STING pathway in
mouse models and multiple tumors. Talazoparib treatment induces
the formation of cytosolic dsSDNA and enhances YH2AX expression,
which next activates cGAS/STING signaling and upregulates the
expression of IFNs and ISGs.”* Olaparib improves the number of mi-
cronuclei in BRCA2-deficient cells and elicits a cGAS/STING-associ-
ated inflammatory response.”* Indeed, Olaparib activates the cGAS/
STING signaling and further increases CD8" T cell infiltration, while
the anti-tumor effect is decreased after CD8" T cell depletion or
STING knockout in cancer cells.”> The anti-tumor benefits of
PARP inhibitors could be achieved in ERCC1-deficient non-small
cell lung cancer, BRCA-deficient triple-negative breast cancer, as
well as ovarian cancer regardless of BRCA status.”> *” Meanwhile,
ATR inhibition promotes formation of micronuclei in olaparib-
treated BRCA2-deficient cancer cells. Olaparib induces synergistic
cytotoxicity with ATR inhibition through inflammatory cytokine
production.** Combination of olaparib and the ATR inhibitor
AZD6738 potentiates cell death in ATM-deficient cells. In xenograft
and patient-derived xenograft (PDX) mouse models with ATM loss,
olaparib and AZD6738 show synergistic effects as well.”® Mechani-
cally, PARP inhibition-induced DNA damage can be repaired faith-
fully by HR, rendering cells deficient in HR repair or harboring mu-
tations in DDR pathways (such as ATM/ATR deficiency) highly
sensitive to PARP inhibitor. In the same way, ATM-deficient cells,
which are likely dependent on ATR for HR, are also hypersensitive
to ATR inhibitor.

To date, the PARP inhibitors olaparib, rucaparib, niraparib, and tala-
zoparib have already been applied for the treatment of multiple types
of cancer both in monotherapy and in combinations with other
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drugs.” The newly identified immunomodulatory function of PARP
inhibitors provides novel insights to improve the survival of cancer
patients. PARP inhibitors also upregulate the expression of PD-L1
in the treated cells.*> Hence, PARP inhibitors offer a potential choice
to make combinations with PD-L1 antibody in cancer therapy.*>*” In
the future, combination regimens could be conceived for clinical
improvement.

CHKI monitors DNA damage during DNA replication, which recog-
nizes a broad range of DNA abnormality. CHK1 also regulates repli-
cation origin activation and acts on S-phase progression.'’>'"" The
CHKI inhibitor prexasertib activates the STING pathway in both
small cell lung cancer cells and immunocompetent small cell lung
cancer in vivo model, and increases the level of chemokines to pro-
mote activation of cytotoxic T lymphocytes.” Similarly, in a clinical
trial of recurrent BRCA wild-type high-grade serous ovarian cancer,
prexasertib monotherapy has already had a beneficial effect and
possible enhances innate and adaptive immunity.'> It has been
shown that PD-L1 expression is upregulated in response to DSBs in
cancer cells, which requires ATM/ATR/CHKI1 kinases. 103 prexasertib
with anti-PD-L1 therapy blockade indeed reveals a significant anti-tu-
mor effect in a small cell lung cancer mice model through a CD8"
T cell-dependent mechanism.*”

Targeting DNA replication pathway and cGAS/STING

Topoisomerase I relaxes DNA supercoiling generated by transcrip-
tion or replication, while topoisomerase II regulates DNA under- or
overwinding, and relieves the knots and tangles of DNA during repli-
cation.'”*'%® Targeting topoisomerase causes replication fork colli-
sion, DSBs, and eventually cell death. The topoisomerase I inhibitor
topotecan suppresses tumor growth in breast-tumor-bearing mice
and promotes infiltration of DCs and CD8" T cells. However, anti-tu-
mor immune response triggered by topotecan is abrogated in STING-
deficient mice. In addition, exosomes released from topotecan-treated
cancer cells contain DNA to activate DCs via the STING pathway.'*°
The same benefit is observed during the use of the DNA topoisomer-
ase II inhibitor teniposide. Teniposide induces NF-«kB and the type I
IFN pathway activation via STING signaling, which in turn potenti-
ates DC-mediated antigen presentation to T cells. In multiple types of
mouse tumor models, teniposide boosts the anti-tumor efficacy of
anti-PD-1 therapy, suggesting the contribution of triggering tumor

immunogenicity.'”’

Antimetabolites interfere with DNA replication by halting replica-
tion forks. Hydroxyurea, a typical antimetabolite, is applied to
inhibit ribonucleoside diphosphate reductase and arrest replication
forks.'”® Exposure to hydroxyurea increases the production of chro-
mosome aberration, oxidative stress, and micronucleus forma-
tion.'”” Clinical evidence proves that increased micronucleus pro-
duction after hydroxyurea treatment may be related to individual
treatment sensitivity in children with sickle cell anemia.''* Besides,
hydroxyurea-induced DNA damage upregulates expression of che-
mokines in a ¢cGAS/STING-dependent manner in breast cancer

cells. !
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The mechanism of crosslinking agents is to form covalent adducts on
cellular DNA. They induce interstrand cross-links that greatly distort
the DNA structure and block replication fork progression.''* Typical
crosslinking agents, such as cisplatin and mitomycin C, are found to
induce DNA damage to accumulate cytosolic DNA and activate an

. . . 111,113
innate immune response in breast cancer cells.

After treating
with cisplatin, glioma fibroblasts cells contain accumulating numbers
of micronuclei that harbor damaged DNA and survive checkpoint
adaptation.''* Cisplatin has also been reported to modify tumor
immunogenicity in an ovarian cancer mouse model and increase an-
tigen presentation and T cell infiltration, as well as upregulating PD-
L1 expression. Chronic cisplatin treatment increases the level of cGAS
and STING in platinum-resistant derivative 2F8cis cells, and acute
exposure to cisplatin enhances the expression of cGAS and STING
in both platinum-sensitive and -resistant cells. Importantly, anti-
PD-L1 therapy also achieves benefits in a platinum-sensitive model
as well as in a platinum-resistant model when combined with
cisplatin,'"®

Targeting spindle assembly pathway and cGAS/STING

Microtubule-targeting agents (MTAs) represented by paclitaxel are
found to interfere with chromosome segregation.*” A recent study re-
veals that paclitaxel treatment recruits cGAS/STING activation in
response to micronuclei formation, and triggers proapoptotic secre-
tome relying on induction of type I IFN and TNFa. in organotypic cul-
tures of primary human breast tumors or patient-derived xenografts,
which indicates the potential of MTAs to improve the anti-tumor im-
munity.®” In another study, paclitaxel induces slow accumulation of
cGAS-dependent IRF3 phosphorylation. The cGAS/STING/IRF3
axis promotes mitochondrial outer membrane permeabilization and
accelerates cell death. Meanwhile, cGAS expression makes breast can-
cer cells and mouse xenograft tumors responsive to paclitaxel.”* The
microtubule destabilizer eribulin, another MTA, could induce the
cGAS/STING-dependent expression of ISGs in triple-negative breast
cancer cells by cytoplasmic accumulation of mitochondrial DNA."'
Moreover, baseline cGAS expression may act as a potential biomarker
to predict treatment response of combining MTAs and immune
checkpoint inhibitors in triple-negative breast cancer patients.''” A
STING agonist, 5,6-dimethylxanthenone-4-acetic acid (DMXAA;
ASA404) efficiently synergizes with chemotherapy in an in vivo
mice tumor model, especially with paclitaxel.''®* DMXAA stimulates
the STING pathway by inducing type I IFN secretion and eliciting the
activation of DCs. In tumor-bearing mice, the DMXAA causes tumor
regression at distant tumor sites, relying on the activation of the
STING pathway and recruiting CD8" T cells."'” In the context of
non-small cell lung cancer, addition of DMXAA to the standard
chemotherapy, including paclitaxel, improves the median survival
in both squamous and non-squamous populations.'** The underlying
mechanism of the interaction may be cytokines induced by DMXAA
being cytotoxic to highly aneuploid tumor cells induced by MTAs.
However, due to the small size of this trial, larger definitive trials
should be confirmed. The latest evidence proves that DMXAA does
not bind to human STING but only to its mouse counterparts, which
may explain its limited activity.'*' >’ The STING agonist ADU-S100
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Figure 4. Classic cancer therapy facilitates anti-tumor immunity by cGAS/STING activation
Targeting DNA damage, DNA replication, and spindle assembly pathway promotes the generation of cytoplasmic chromatin fragments or micronuclei, leading to cGAS/
STING activation, which induces the production of type | IFNs as well as other cytokines to enhance anti-tumor immunity.

(ML RR-S2 CDA, MIW815), potently activating five human STING
alleles, optimizes for CD8" T cell-mediated anti-tumor immunity,
which generates a survival benefit when combined with checkpoint
inhibitors.''>'** However, whether it could have syngeneic effects
with chemotherapy including paclitaxel needs to be further studied.

Together with multiple tumor models treatments, this reveals that the
combination of PD-1, PD-LI, cytotoxic T lymphocyte-associated
protein 4 (CTLA4) antibodies, or other immune checkpoint
inhibitors with cell cycle-targeted therapy shows synergistic ef-
fects,”>*”!'>!2> which may become the new treatment strategies for
clinical application (Figure 4).

CONCLUSIONS

In the past, classic cell cycle regulation and the innate immune system
seemed to be parallel. However, accumulating evidence shows that the
innate immune system plays an essential role in guaranteeing accu-
rate cell division, which depends on clearance of the damaged DNA
or genetic deficiency. Besides, cell cycle regulation and cancer therapy
show cross-talk with immune pathways. The cGAS/STING pathway
itself promotes senescence in premalignant cells, and acute activation

of the cGAS/STING mediates the interaction between the cell cycle
and immune stimulation by sensing DNA damage or genome insta-
bility, contributing to anti-tumor immune responses. Classic cell
cycle-related therapy can be combined with immunotherapy to
facilitate anti-tumor immunity. Strategies of promoting DNA damage
and genome instability can also be designed with the immunostimu-
latory effect.

Besides intrinsic function in tumor cells, cGAS/STING in the stromal
compartments also contributes to anti-tumor immunity. cGAS could
mediate DC sensing of irradiated tumor cells, while STING controls ra-
diation-mediated type I IFN production, and triggers immune
response in DCs.** Tumor-derived cGAMP elicits the activation of
the STING pathway and IFN production in immune cells within the
tumor microenvironment, which in turn activates natural killer (NK)
cells and induces anti-tumor immunity, while STING deficient mice
fail to obtain optimal NK cell anti-tumor responses.'*® The hematopoi-
etic compartment induces acute serum cytokine response by STING
signaling and is required for tumor-specific T cell activation.'”*
Furthermore, deficient cGAS/STING in CD8+ T cells interferes
with anti-tumor immunity. Mechanistically, intrinsic cGAS/STING
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promotes the maintenance of stem cell-like CD8+ T cells."*” Accord-
ingly, harnessing the inherent cGAS/STING pathway in stromal cells
provides insight into the development of cancer immunotherapy.

Therefore, although the pro-tumorigenesis of cGAS/STING should
be deeply considered, revealing the cross-talk between cell cycle regu-
lation and the immunomodulatory system still increases the possibil-
ity of combining classic therapy with immunotherapy and will
provide new insights in advancing cancer therapeutic approaches.
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