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Genomic instability in cancer

Cells are equipped with a tightly regulated “DNA damage response” (DDR) to protect their 
genome from lesions that arise from endogenous and exogenous sources. In this way, 
different DNA lesions are continuously being detected and repaired to maintain genomic 
stability. Conversely, alterations in the ability of cells to repair their DNA can lead to 
genomic instability, which occurs frequently in cancer. Depending on the underlying cause, 
genomic instability is characterized by the accumulation of mutations, complex genomic 
rearrangements, and the progressive loss or gain of genomic regions or whole chromosomes. 
 Genomic instability has been recognized as a hallmark of cancer1, and various 
underlying mechanisms have been identified. For instance, germline mutations in DNA 
repair genes can drive the accumulation of genomic aberrancies and ensuing tumorigenesis. 
Prototypical examples are mutations in the breast and ovarian cancer susceptibility 
genes BRCA1 and BRCA2, which result in defective DNA repair of DNA double-strand 
breaks (DSBs) through homologous recombination (HR)2. Alternatively, germline mutations 
in mismatch repair (MMR) genes, collectively known as Lynch syndrome, lead to cancer 
predisposition, which mainly involves endometrial and non-polyposis colorectal cancer3–5. 
These cancers are characterized by microsatellite instability (MSI), which involves an 
increased number of somatic mutations at repetitive genomic loci6. Of note, HR or MRR are 
not the only DNA repair pathways in which defects are associated with an increased risk to 
develop cancer. Notably, besides germ-line mutations, also somatic alterations were shown 
to underlie cancer-associated DNA repair deficiencies7. Interestingly, telomere dysfunction 
has also been described as an underlying mechanism of genomic instability in cancer cells. 
Cells that accumulate unprotected chromosome ends may bypass senescence, which can 
lead to the formation of clones with high levels of genomic instability8. Cells that survive 
a telomere crisis gain various genomic alterations, involving chromothripsis and kataegis9,10 
 Another important cause of genomic instability in cancer is oncogene-induced 
replication stress11,12. Overexpression of specific oncogenes, including CCND1 (encoding 
Cyclin D1), CCNE1 (encoding Cyclin E1), or MYC (encoding c-MYC), leads to deregulation 
of the cell cycle and was shown to induce replication stress via different mechanisms11–14. 
A common theme in, this context involves elevated CDK activity, notably CDK2, which 
consequently leads to increased firing of replication origins15. As a result, oncogene 
overexpression leads to depletion of the nucleotide pool activity, which limits replication 
fork progression and triggers genomic instability16,17. Indeed, Cyclin E1 or Cdc25A 
overexpression was shown to induce reversal and slowing of replication forks18. In parallel, 
the elevated levels of origin firing combined with high transcriptional activity lead to 
frequent collisions between the replication machinery and the transcriptional apparatus19 
 Single-stranded DNA (ssDNA) stretches that are exposed upon replication fork 
stalling and the DNA breaks that form upon the collapse of stalled replication forks will 
trigger activation of the ATR and ATM kinases within the DNA damage response (DDR). Under 
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Recent studies have shown that genomic instability in tumor cells leads to activation of 
inflammatory signaling through the cGAS/STING pathway. In this review, we describe multiple 
ways by which genomic instability leads to cGAS/STING-mediated inflammatory signaling, 
as well as the consequences for tumor development and the tumor microenvironment. 
Also, we elaborate on how tumor cells have apparently evolved to escape the immune 
surveillance mechanisms that are triggered by cGAS/STING signaling. Finally, we describe 
how cGAS/STING-mediated inflammatory signaling can be therapeutically targeted to 
improve therapy responses.
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physiological conditions, DDR activation leads to p53-mediated apoptosis or senescence to 
clear pre-cancerous cells20,21. The DNA lesion that arises as a consequence of oncogene-induced 
replication stress or defective DNA repair results in genetic pressure on tumor suppressor 
genes involved in DNA damage-induced cell cycle checkpoint activation22,23. Indeed, loss of p53 
is one of the mechanisms by which transformed cells with high levels of replication stress and 
DNA damage escape cell cycle checkpoint activation and apoptosis to continue proliferation24. 
In line with this notion, TP53 mutations are frequently observed in cancers (~42% of all human 
cancers), especially in those that are characterized by high levels of genomic instability, such 
as high-grade serous ovarian cancer (96% with TP53 alteration) or triple-negative breast 
cancer (80% with TP53 alteration)25–28. Although p53-dependent cell cycle checkpoint control 
is frequently inactivated in genomically instable cancers, other levels of cell cycle control 
are typically retained. In fact, genomically instable cancers increasingly depend on their 
survival on the remaining cell cycle checkpoint components, including Chk1 and Wee129,30. 
 Although residual cell cycle checkpoint control in genomically unstable cancer 
cells can delay entry into mitosis in situations of DNA damage, we increasingly realize 
that these checkpoints do not fully prevent damaged cells from entering mitosis. 
Notably, cancer-associated genomic instability frequently involves DNA lesions that 
originate during DNA replication and remain unresolved at mitotic entry31–34. As a 
consequence, such DNA lesions interfere with normal chromosome segregation and lead 
to breakage-fusion-bridge cycles, ultimately resulting in structural genomic aberrations35. 
 Aberrant chromosome segregation is not only observed in situations of defective 
genome maintenance. Defects in spindle assembly checkpoint (SAC) functioning or improper 
attachment of microtubules to the kinetochore leads to missegregation of entire chromosomes 
during mitosis. The resulting chromosomal instability (CIN) involves lagging chromosomes 
and numerical aneuploidies. Importantly, numerical chromosomal defects were shown to 
induce structural chromosomal abnormalities and vice versa, in good agreement with these 
phenotypes frequently co-occurring in cancers (Figure 1, left panel)36–38.

Micronuclei formation as a source of cytoplasmic DNA

The presence of unresolved mitotic DNA damage or chromosome missegregation 
often results in the formation of micronuclei upon mitotic exit (Figure 1). Micronuclei 
contain complete chromosomes or chromosome fragments, which are surrounded by 
a nuclear envelope. However, multiple “non-core” envelope proteins, including nuclear 
pore complex (NPC) components, cannot be assembled on lagging chromosomes and 
therefore prevent the formation of a proper nuclear envelope39. As a consequence, 
multiple “nuclear” processes do not function properly in micronuclei40. Among these 
disturbed processes, micronuclei show defects in nucleo-cytoplasmic transport, which 
impairs the recruitment of the MCM components of the replicative DNA helicase as well 
as DNA repair proteins37. Therefore, DNA damage accumulates in micronuclei during S- 
and G2-phase of the cell cycle and leaves genomic regions under-replicated. Furthermore, 
chromatids in micronuclei that contain centromeric regions are defective in building 
a functional kinetochore and do not properly recruit spindle assembly checkpoint 
proteins41. Also, the re-integration of damaged chromatin from micronuclei into the main 
nucleus, which occurs with almost 40% of the micronuclei, triggers replication problems, 
genomic instability, and extensive genomic rearrangements involving chromotripsis37,42,43. 
Finally, the surrounding membrane of micronuclei is more fragile when compared to the 
membrane surrounding the main nucleus. As a consequence, the nuclear membrane of 
micronuclei is prone to rupture, which results in the release of chromatin into the cytosol44. 
 Inactivation of multiple DNA repair factors has been shown to result in the formation 
of micronuclei45. For instance, inactivation of the HR factors BRCA1, BRCA2, or Rad51 leads 
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to chromosome segregation failure with a range of consequences, including micronucleus 
formation46–48. These effects are exaggerated when HR-deficient cells are treated with genotoxic 
agents, including PARP inhibitors34. Similarly, defects in the removal of ribonucleotides from DNA 
lead to mitotic failures. During normal DNA replication, ribonucleotides may be incorporated 
into DNA, making DNA more susceptible to mutagenesis and strand breaks49. Ribonucleotide 
excision repair (RER) functions to remove aberrantly incorporated ribonucleotides and 
thereby maintains genome stability. Conversely, inactivation of the RER nuclease RNaseH2, 
which also functions in removing RNA:DNA hybrids (R-loops) that arise during transcription, 
interferes with the maintenance of genome stability50,51. Importantly, inactivating 
mutations in RNASEH2A lead to cytoplasmic DNA, as a result of micronuclei formation50. 
 Of note, because the presence of micronuclei reflects the accumulation of 
persistent DNA lesions or chromosome missegregation, micronucleus formation is 
established as a reliable method for toxicological assessment of the clastogenic or 
aneugenic effects of compounds52.In line with DNA repair defects leading to micronuclei 
that are prone to rupture, increased amounts of cytoplasmic DNA have been observed in 
various contexts of DNA repair deficiency, including ATM, ERCC1, and BRCA1 deficiency53,54. 
 Genomic instability can also lead to the release of DNA into the cytoplasm through 
mitosis-independent mechanisms (Figure 1, left panel). At stalled replication forks, the 
presence of ssDNA activates the checkpoint kinase ATR to prevent entry into mitosis with 
under-replicated regions55. A subsequent restart of stalled replication forks depends on the 
degradation of nascent DNA by MRE1156. However, unsuccessful restoration of replication 
forks leads to the release of ssDNA parts into the cytosol, a process that is stimulated by the 

Figure 1. Genomic instability and cGAS/STING signaling in response to cytoplasmic DNA. Left panel: 
Cells that suffer from oncogene-induced replication stress, DNA repair defects, checkpoint failure, SAC 
defects, or genotoxic stress progress into mitosis with unrepaired DNA lesions. These unrepaired lesions 
drive genomic instability and the release of DNA fragments into the cytoplasm and/or micronucleus 
formation. Right panel: Rupture of micronuclei leads to the release of dsDNA into the cytoplasm. 
Both ssDNA and dsDNA are recognized by cGAS, which in turn activates STING via cGAMP. Upon 
STING activation, TBK1 is phosphorylated which leads to phosphorylation of IRF3 and NF-κB. These 
transcription factors migrate to the nucleus to instigate a Type-I IFN response. Secreted cytokines trigger 
autocrine and paracrine effects.
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BLM helicase and EXO1 exonuclease57 and can be prevented by binding of RPA and Rad51 to 
stretches of ssDNA58. Recently, the dNTPase SAMHD1 was shown to promote DNA resection 
capacity, and in conjunction with MRE11 prevents the release of ssDNA into the cytosol59–61. 
In line with these findings, mutations in SAMHD1 increase the release of DNA into the 
cytoplasm that occur during replicating errors59.

Response to cytoplasmic DNA: cgas/sting signaling

As soon as double-stranded DNA (dsDNA) or ssDNA enters the cytosol, it is recognized 
by pattern recognition receptors, including the DNA sensing molecule cyclic GMP-AMP 
synthase (cGAS). This response is part of the innate immune response, the first-line defense 
against a range of pathogens, including viruses and bacteria. The basis of this innate 
response is that no free DNA should be present in the cytoplasm (Figure 1, right panel) 
 cGAS can bind various DNA substrates but has the highest affinity for dsDNA, of 
which the length strongly influences the potential to activate cGAS62,63. Once cGAS is in 
complex with DNA, it is able to catalyze the synthesis of cyclic GMP-AMP (cGAMP), which 
in turn binds the ER-membrane adaptor protein stimulator of interferon genes (STING)64,65. 
Activated STING subsequently recruits and activates the TBK1 kinase, which phosphorylates 
the transcription factor IRF3. STING also leads to the activation of both canonical and non-
canonical signaling of the NF-κB transcription factor by indirect degradation of its inhibitor 
IkB66,67. Activation of both IRF3 and NF-κB transcription results in the expression of type-I 
interferon (IFN) genes and pro-inflammatory cytokines, which instigates a cell-intrinsic innate 
immune response68,69. Importantly, positive feedback regulation leads to type-I IFN-induced 
cGAS expression due to the presence of IFN response elements in the cGAS promoter70. This 
feedback loop is further regulated by cleavage of cGAS and IRF3 by the apoptotic caspase-371. 
 The recognition of cytosolic DNA does not only occur through cGAS. Various other 
DNA sensors were identified to be present in the cytoplasm; however, their ability to activate 
STING-dependent IFN responses appears to be limited. Besides cGAS, the most prominent 
DNA sensors that can induce IFN signaling in response to cytoplasmic DNA appear to be 
“AIM2-like receptors” (ALRs), including IFI16 and AIM272. In conjunction with ATM and PARP-
1, IFI16 forms a complex with STING upon nuclear DNA damage and triggers NF-κB signaling, 
independently of cGAS73,74. AIM2 forms an ‘inflammasome; in response to cytoplasmic 
DNA, and thereby promotes secretion of pro-inflammatory cytokines via caspase-173–76. 
Although multiple DNA sensors seem to possess DNA-binding capacities, the downstream 
activation of STING seems to be crucial to ultimately initiate innate immune responses77. 
 In addition to cytoplasmic DNA, also RNA has been demonstrated to enter the 
cytoplasm. Cytoplasmic RNA is predominantly recognized by the RNA sensors Retinoic acid-
inducible gene-I protein (RIG-I) and melanoma differentiation-associated protein-5 (MDA5)78. 
Detection of RNA species in the cytoplasm also triggers the production of inflammatory 
cytokines, including type-I IFN. However, this process depends on the mitochondrial antiviral-
signaling protein (MAVS) and is independent of cGAS79. Although STING was proposed to 
function in the cellular response to cytoplasmic RNA, this role is not entirely clear77. Also, 
IFN signaling in response to sensing of cytoplasmic RNA appears more relevant for anti-viral 
responses against RNA virus infections rather than cancer-associated genomic instability80.

cGAS/STING activation in situations of genomic instability

Sensing of cytoplasmic DNA as a mechanism to respond to pathogens is based on the 
premise that the “own” DNA of the cell is retained within the nucleus. Clearly, in situations 
where cytoplasmic DNA arises due to genomic instability or genotoxic treatment, cGAS/
STING signaling will be activated by “self” DNA and leads to a sterile inflammatory response 
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 Indeed, various conditions in which persistent DNA damage is induced have been 
linked to inflammatory signaling, although the underlying mechanisms initially remained 
elusive. Irradiation, for instance, was shown to induce pro-inflammatory cytokines 
secretion81,82. Only recently, the induction of cytosolic DNA after irradiation was shown 
to trigger cGAS/STING signaling, which was shown to be responsible for the observed 
inflammatory response83,84. Similarly, DNA damage repair defects, as induced by loss of 
BRCA1, BRCA2 or ATM lead to micronuclei formation and cGAS/STING-dependent IFN 
signaling46,47,53,85. Likewise, DNA lesions as a result of telomere erosion88,89 or oncogenic stress 
were shown to activate cGAS/STING signaling84. Additionally, aberrant RNA:DNA hybrids were 
reported to trigger cGAS/STING signaling86. Specifically, mutations in genes encoding RNase 
H2 subunits lead to the autoimmune disorder Aicardi-Goutières syndrome (AGS), which is 
characterized by increased production of type-I IFN87,88. Of note, the observed inflammatory 
response in AGS was recently demonstrated to depend on cGAS/STING signaling, which 
in part may be instigated by micronuclei formation50,89. Defective processing of stalled 
replication forks can also lead to cGAS/STING-dependent inflammatory signaling. Under 
physiological conditions, the resection capacity of SAMHD1 prevents the release of ssDNA 
from stalled replication forks into the cytosol. Conversely, SAMHD1 deficiency leads to the 
accumulation of cytoplasmic ssDNA and thereby triggers a cGAS/STING-induced cytokine 
response59. Besides resection capacity, SAMHD1 also prevents the induction of a cGAS/
STING-induced IFN response upon viral infection, and limits anti-viral T cell responses in vivo90. 
 Cells are able to degrade DNA, which has aberrantly reached the cytoplasm. TREX1, 
a cytoplasmic exonuclease – originally described as DNAse-III – can degrade ssDNA in the 
cytoplasm91,92. As a consequence, TREX1 deficiency, analogous to RNase H2 or SAMHD1 
inactivation, triggers a cell-intrinsic inflammatory response, which requires cGAS93. In line with 
this notion, the cGAS-dependent IFN response triggered by cytoplasmic HIV-1 derived ssDNA 
is suppressed by TREX194,95. Clearly, cells with defects in the function of cytoplasmic nucleases 
fail to clear cytoplasmic DNA, which will result in similar cell-intrinsic inflammatory responses96. 
 Taken together, genomic DNA can trigger pro-inflammatory responses when 
genome maintenance is defective, while various nucleases, both in the nucleus (e.g. RNase 
H2 and SAMHD1) and cytoplasm (e.g. TREX1), can prevent the accumulation of cytoplasmic 
DNA and therefore dampen innate inflammatory responses.

Consequences of inflammatory signaling induced by genomic instability

Early on, the secretion of pro-inflammatory cytokines was recognized as an important feature 
of senescence, a state of permanent growth arrest. Senescence can be triggered by multiple 
cues including telomere erosion, in which critical shortening of telomeres instigate DNA 
damage signaling. The array of cytokines that are secreted by senescent cells – known as the 
senescence-associated secretory phenotype (SASP) – has been described as a consequence 
of DNA damage and NF-κB signaling81,97. The secretion of SASP cytokines facilitates immune 
cell recruitment, as part of an attempt to eliminate possibly pre-malignant cells, thereby 
providing a cell-intrinsic surveillance mechanism with tumor-suppressive capacity98,99. 
 Recently, it was found that the cGAS/STING pathway promotes SASP and 
regulates senescence both in vitro and in vivo84,100,101. In good agreement with this notion, 
different treatments that induce senescence, including irradiation, CDK4/6 inhibition, or 
oncogene expression, were able to engage the cGAS/STING pathway84. Specifically, due 
to the presence of chromatin fragments in the cytoplasm of senescent cells, activation of 
cGAS/STING – and thus SASP – maintains paracrine senescence84. Indeed, also telomere 
damage that occurs during a replicative crisis was shown to result in cytosolic DNA 
fragments, which trigger cGAS/STING-dependent autophagy102,103. The observations 
that senescence was STING- and cGAS-dependent, suggest that cGAS/STING signaling 
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plays an important role in regulating SASP and maintenance of a senescence state84,100. 
Indeed, cells lacking cGAS or STING were able to escape replicative crises and continue 
proliferation, underscoring the notion that the inability to initiate cell-intrinsic inflammatory 
signaling may allow the oncogenic transformation of genomically unstable cells103. 
 Instead of apoptotic cell death, cells that undergo replicative crisis show 
characteristics of autophagy, including vacuolization and lysosomal protein expression103. 
Gui et al. recently showed that cGAMP triggers STING translocation to the endoplasmatic 
reticulum and Golgi, where it supports the formation of autophagosomes. Through these 
mechanisms, cytosolic DNA is targeted for destruction, independently of the canonical 
cGAS/STING effector TBK1 and inflammatory cytokine release104. Similarly, cytosolic DNA 
originating from micronuclei in RNase H2 mutant cells is targeted by autophagy. Inhibition 
of autophagy, as a consequence, aggravated the IFN response50. These findings illustrate 
that autophagy plays a role in limiting the amounts of cytoplasmic DNA and through this 
mechanism determines cell fate in situations of genomic instability.

cGAS/STING signaling in the tumor microenvironment

The secretion of cytokines upon cGAS/STING signaling serves many paracrine functions 
(Figure 2). Type-I IFN plays an important role in shaping the innate immune response 
towards tumor cells. The impact of IFN in this context is illustrated by the finding that mice 
in which dendritic cells cannot respond to type-I IFN due to lack of the IFNAR receptor or 
its downstream signaling molecule STAT1 are unable to clear tumor cells and show defects 
in antigen cross-presentation towards CD8+ T cells105,106. Furthermore, IFN signaling in 
antigen-presenting cells (APCs) is essential for the accumulation of CD8+ dendritic cells in 
the tumor and tumor cell recognition106. Also, expression of cytokines that are secreted upon 
STING activation, including CCL5 and CXCL10, has been shown to correlate with high tumor 
infiltration of CD8+ T cells107. Conversely, CD8+ T cell priming is severely impaired in STING- 
or IRF3-deficient mice and results in the failure to reject immunogenic tumors108. Likewise, 
STING-induced IFN secretion in prostate cancer cells due to loss of the MUS81 endonuclease 
triggers macrophage-dependent phagocytosis of tumor cells109. STING activation in 
tumor cells enhances the expression of several proteins, such as Suppressor of Cytokine 
Signaling-1 (SOCS1) in Epstein-Barr virus-associated carcinoma cells and myeloid cells. As 
a result, the production of GM-CSF and IL-6 is inhibited, leading to a decrease in activation 
of myeloid-derived suppressor cells (MDSCs) and thereby lowering its immunosuppressive 
functions110. Also, STING activation in tumor cells as a result of DNA damage and ensuing 
cytoplasmic DNA triggers the expression of NKG2D receptor ligands, which promotes NK 
cell-dependent tumor cell killing111,112. Finally, Type I IFNs and STAT1 activation has been 
described to induce polarization of M1 macrophages113,114, a specific macrophage subtype 
that is known for its anti-tumor responses115. These findings support an important role of 
inflammatory signaling and secreted cytokines upon STING activation in tumor cells on 
infiltration and activation of surrounding immune cells to trigger anti-tumor responses. 
 cGAS/STING signaling not only originates tumor cell-intrinsically. STING signaling 
can also be initiated in the tumor microenvironment. Specifically, tumor cell-derived DNA 
can be taken up by antigen-presenting cells (APCs) in which it triggers STING signaling. 
Indeed, in vitro and in vivo data showed that when tumor-derived DNA is taken up 
by APCs, it enters the cytosol and triggers cGAS, leading to phosphorylation of TBK1, 
IRF3, and STING-induced IFNβ production108. Indeed, the release of tumor-derived DNA 
triggered by irradiation led to an uptake of tumor DNA by dendritic cells and resulted in 
a cGAS/STING type-I IFN response and induction of an adaptive anti-tumor response116. 
 Based on other studies, cGAMP was shown to exert its function in a paracrine 
fashion. cGAMP is able to migrate through gap junctions to activate STING in neighboring 
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cells and thereby provides a soluble “warning signal” 117. In a more recent study, NK cells from 
STING-deficient mice failed to generate effective anti-tumor responses, in contrast to NK cells 
from cGAS-deficient mice118. Specifically, in cGAS-deficient mice, injection of cGAS-proficient 
tumor cells that were able to produce cGAMP led to the rejection of tumor cells via STING 
activation in NK cells118. These findings support the importance of STING activation in response 
to paracrine cGAMP to trigger anti-tumor responses in the tumor microenvironment (Figure 
2, left panel)119. In line with these observations, the paracrine actions of cGAMP are being 
explored as a target for possible treatment strategies.

Tumor-promoting features of cGAS/STING signaling

In contrast to the observed STING-induced anti-tumor responses, cGAS/STING signaling also 
has tumor-promoting features (Figure 2, right panel). For instance, cGAMP produced by 
cancer cells in the brain and transferred to astrocytes via gap-junctions was shown to promote 
cancer growth120. Specifically, in response to cGAMP, astrocytes activated STING-signaling and 
produced cytokines, including IFN and TNF, which in turn activated STAT1 and NF-κB signaling in 
brain cancer cells to induce growth, chemoresistance and eventually promoted metastasis120. 
 As described above, cGAS/STING signaling elicits secretion of pro-inflammatory 
cytokines, which facilitate the recruitment of immune cells as part of an innate immune 
response. However, contradicting observations have been done in this context. Whereas 
STING signaling was demonstrated to inhibit activation of MDSCs to promote anti-tumor 
immune activation110, another study reported that STING signaling in response to irradiation 
promotes tumor infiltration of myeloid-derived suppressor cells, leading to resistance of 
cancer cells towards irradiation121. Also, STING activation in tumors characterized by low 
antigenicity, promoted tumor growth via indoleamine-2,3-dioxygenase (IDO) activation122. 
 Important to realize in this context is that acute and chronic IFN responses lead to 
differential downstream effects. Whereas early type-I IFN responses promote the elimination 
of tumor cells105, persistent inflammation, which is also accompanied by the production 
of pro-inflammatory cytokines, promotes tumor growth and metastatic properties in 
established tumors123. In good agreement with these findings, chronic STAT-1-mediated 
IFN responses trigger immune checkpoint activation and resistance towards anti-PD1, anti-
PD-L1 or anti-CTLA4-targeted immune checkpoint blockade due to increased expression of 
T cell inhibitory receptors and exhausted T cells124. Furthermore, genetic or pharmacological 
interference with tumor-induced IFN signaling through JAK inactivation improved responses 
of immune checkpoint therapy-resistant tumors124. Of note, two CRISPR/Cas9-based 
genetic screens identified IFN-gamma signaling as a key requirement for successful T cell-
based immunotherapies125,126. Based on these latter studies, one would argue against 
using inhibitors of interferon signaling in combination with immune checkpoint inhibitors. 
 In line with the observed tumor-promoting effects of a chronic IFN response, 
chromosomally unstable tumor cells were shown to continuously trigger STING 
signaling due to their micronuclei, which promoted metastatic capacity127. Surprisingly, 
in these tumor cells, cGAS/STING activation did not result in canonical downstream 
events, including TBK1/IRF3 phosphorylation, canonical NF-κB, and activation and 
type-I IFN secretion. Rather, chronic cGAS/STING activation was found to install non-
canonical NF-κB activation, which was independent of TBK1127. In line with these 
findings, an analysis of TCGA samples revealed a correlation between high chromosomal 
instability and expression of non-canonical NF-κB target genes in breast cancer127. 
 The observation that the downstream consequences of cGAS/STING are not 
generic and can be skewed towards non-canonical pro-tumorigenic effects resembles 
findings in senescent cells. Whereas cGAS/STING activation in senescent cells leads to the 
secretion of pro-inflammatory cytokines, p38-MAPK signaling can prevent excretion of 
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IFN, altering the SASP101. In line with these findings, senescence has been demonstrated 
to exert pro-tumorigenic effects, including metalloproteinase-mediated remodeling 
of the extracellular matrix, which facilitates migration of tumor cells128,129. Also, SASP 
components, especially CXCL12, have been attributed to attract and promote the survival 
of cancer-associated fibroblasts (CAFs)130. CXCL12, which is also excreted by CAFs, stimulates 
the proliferation of tumor cells and promotes angiogenesis130,131. Combined, besides 
leading to permanent cell cycle arrest of damaged cells, the inflamed state of senescent 
cells promotes aggressive tumor behavior and is associated with poor prognosis132,133. 
 In summary, cGAS/STING activation can lead to differential downstream effects in 
tumor cells (Figure 2). In general, the induction of an IFN response triggers the immune 
system to clear tumor cells. In contrast, non-canonical NF-κB activation triggered by chronic 
IFN responses preferentially leads to tumor growth and metastasis. These dual effects, 
including tumor-promoting features, might explain why cGAS and/or STING are hardly ever 
lost or mutated in cancer. Yet, it remains unclear how tumor cells deal with the tumor-
eradicating effects of STING signaling. Further complicating these observations, cGAS itself 
was recently also described to have non-canonical functions in DNA repair, where it inhibits 

Figure 2. cGAS/STING signaling serves multiple paracrine functions in the tumor microenvironment. 
Left panel: Anti-tumor responses upon cGAS/STING-induced type-I IFN signaling in tumor cells. Type-I IFN 
leads to the activation of APCs and CD8+ T cell priming. Also, type-I IFN signaling promotes the infiltration 
of dendritic- and CD8+ T cells into the tumor microenvironment. IFN secretion triggers macrophage-
dependent phagocytosis of tumor cells. STING enhances SOCS1 expression to decrease the activation of 
MDSCs. Tumor cell-derived DNA can be taken up by APCs to trigger a cGAS/STING-mediated type-I IFN. 
Finally, cGAMP can migrate through gap junctions to activate STING signaling in neighboring cells. Right 
panel: Tumor promoting responses upon cGAS/STING-induced type-I signaling in tumor cells. STING 
activation triggers non-canonical NF-κB activation, independent of TBK1. In brain cancer cells, cGAMP 
is transferred to astrocytes, leading to cytokine production and subsequently STAT1 and NF-κB signaling 
in brain cancer cells to promote growth, metastasis, and chemo-resistance. Persistent inflammation 
promotes tumor growth and metastatic properties in tumor cells. STAT1-induced IFN responses trigger 
immune checkpoint activation. Finally, cGAS has non-canonical functions and inhibits HR.
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HR and may promote genomic instability and tumor progression134,135.

How do genomic unstable tumors escape cGAS/STING dependent immune clearance

cGAS/STING signaling plays an important role in anti-tumor immune responses and 
promotes immune clearance of tumor cells. Yet, genomic instability is a common feature 
of cancer and a continuous source of cytoplasmic DNA, either through the formation of 
micronuclei or leakage of DNA fragments from aberrantly processed stalled replication 
forks136,137. As a consequence, tumor cells continuously produce intrinsic cues that activate 
cGAS/STING activation and subsequent inflammatory signaling. Indeed, it has been 
shown that high STING expression correlates with higher expression of pro-inflammatory 
genes in both cancer cell lines and multiple human cancers from database analyses101. 
 The notion that tumor cells frequently display cGAS/STING activation 
implies that during the transformation of normal cells into malignant cells, cells 
evolve mechanisms to suppress the tumor cell-clearing effects of STING signaling 
to allow tumor formation (Figure 3). How tumor cells achieve this, remains unclear. 
 Suppression of STING signaling in tumor cells has been demonstrated, for instance 
in colorectal cancer cell lines and melanoma cells138,139. The level of STING suppression 
appeared functional since it altered the cellular responses to virus-mediated therapies138,139. 
Furthermore, database analyses showed that STING signaling may be suppressed in tumors 
due to loss-of-function mutations in TMEM173, the gene encoding STING, or epigenetic 
silencing of CGAS/TMEM173, although the frequencies of these events were low139,140. 
 In line with cGAS/STING signaling remaining intact in cancer cells, breast cancers 
with DNA repair defects showed cytoplasmic DNA, constitutive activation of cGAS/
STING signaling, and increased T cell infiltration, but did not trigger effective anti-tumor 
immune responses47. The lack of an anti-tumor T cell response in these tumor cells could 
be explained by DNA damage-induced STING activation and subsequent upregulation 
of the immune checkpoint component PD-L147,141. Thus, although cGAS/STING signaling 
in tumor cells is activated, the consequent anti-tumor immune response can be 
counterbalanced, for instance, through increased expression of immune-checkpoint proteins. 
 Suppression of the anti-tumor cGAS/STING signaling cascade might also be 
achieved by oncogene overexpression. MYC, encoding the transcription factor c-MYC, is 
frequently found amplified in multiple cancer types and is an established oncogene142. In 
tumors that are characterized by high genomic instability, e.g. high-grade serous ovarian 
cancers and triple-negative breast cancers, more than half show amplification of MYC143,144. 
C-MYC overexpression is not only a critical oncogenic driver of tumor growth but also has 
inflammation modulatory effects. In a KRAS-driven tumor model, c-MYC expression was 
shown to contribute to both immunosuppressive and inflammatory phenotypes in the tumor 
microenvironment, with the CCL9 and IL-23-mediated tumor-promoting effects145. Conversely, 
c-MYC inactivation in models of lymphoma and B cell leukemia lead to alterations in cytokine 
release and increased numbers of CD4+ T cells within the tumor microenvironment, which 
mediated tumor regression146. Furthermore, c-MYC inactivation leads to the down-regulation 
of the PD-L1 immune checkpoint protein on tumor cells, further underscoring a role for 
c-MYC in shaping immune responses in the tumor microenvironment147. Similarly, also the 
KRAS oncogene was recently shown to modulate inflammatory responses. Specifically, KRAS 
inhibits IRF2 and thereby down-regulates IFN responses, resulting in increased resistance 
towards immune checkpoint inhibition148. Likewise, expression of the viral HPV oncogenes 
E1A and E7 in cervical cancer were described to interact with STING to inhibit DNA sensing 
and prevent activation of the cGAS/STING pathway149. These combined data support 
a model in which oncogene activation not only drives proliferation but simultaneously 
alters the expression of immune checkpoints on tumor cells and the subsequent 
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Figure 3. Mechanisms by which tumor cells can escape the anti-tumor effects of cGAS/STING 
signaling. Various possibilities are depicted that can be employed by tumor cells to evade the immune-
promoting effects of cGAS/STING signaling. The consequences of each mechanism on cGAS/STING-
induced responses are described.

presence and activation of immune cells to ultimately escape anti-tumor immunity. 
 Alternatively, tumors with high levels of genomic instability may evolve 
karyotypes that go along with immune evasion. Specifically, tumors with high levels of 
aneuploidy showed a reduction in cytotoxic infiltrating immune cells and conversely, 
an increased expression of cell proliferation markers150. Although it remains elusive 
how aneuploidy results in immune evasion mechanistically, high levels of somatic 
copy number alterations (SCNAs) were predictive for poor response to CTLA-4-
mediated immunotherapy and could serve as a biomarker in this context150,151.  
 Another mechanism by which tumor cells can adapt to deal with inflammatory 
signaling that is triggered by cytoplasmic DNA is autophagy upregulation. Autophagy is 
a catabolic process that involves the self-digestion of organelles and has been shown 
to affect multiple aspects of tumor cell biology, including tumor suppression152,153. 
However, elevated levels of autophagy were recently shown to allow the bypass of 
replicative crisis and enhanced survival of genomically instable cells103. Of note, DNA 
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in the cytoplasm can trigger autophagy to mediate clearance of cytoplasmic DNA 
in a manner that depends on STING but is independent of IFN secretion104. In line 
with these findings, inhibiting autophagy aggravated the IFN response, whereas  the 
induction of autophagy leads to bypass of replicative crisis to continue proliferation50,103. 
 Finally, multiple nucleases, including TREX1, are able to clear cytoplasmic DNA and 
thereby prevent cell-intrinsic immunity91,96. Tumor cells utilize this mechanism to dampen 
the cellular response to cytoplasmic DNA. For instance, TREX1 is induced in tumor cells 
upon irradiation to degrade irradiation-induced cytoplasmic DNA154. This response prevents 
activation of cGAS/STING-induced IFN secretion and subsequent activation of surrounding 
immune cells. Possibly, tumor cells with high expression levels of such nucleases may be less 
susceptible to therapies that induce DNA damage and cGAS/STING activation.

Targeting inflammatory signaling in genomically unstable cancers

cGAS/STING signaling as a determinant of anti-cancer therapy response  
Similar to other features of cancer cells, the presence of cytoplasmic DNA in 
tumor cells appears to be a determinant of tumor behavior and treatment 
outcome and might turn out to be an actionable vulnerability of tumor cells. 
 The induction of micronuclei has long been recognized as a consequence of 
radiotherapy as well as genotoxic chemotherapeutics155–157. Treatment-induced micronuclei 
formation has been linked to adaptation to a G2/M cell cycle arrest. Similarly, treatment with 
genotoxic chemotherapeutics or radiotherapy was shown to increase IFN signaling158,159. 
Increasingly, we realize that the treatment-induced interferon response that goes along with 
micronuclei formation is not merely a bystander effect, but also a determinant of treatment 
outcome. For instance, irradiation-induced secretion of Type-I IFN triggers both innate 
and adaptive immune mechanisms that target tumor cells160. In line with these findings, 
intra-tumoral administration of type-I IFN could mimic the effects of irradiation on tumor 
regression160. Furthermore, the STING-dependent inflammatory response in tumor cells is 
linked to the abscopal effects on distinct lesions and sensitivity to anti-CTLA4 treatment83. 
Similarly, inhibition of colony-stimulating factor-1 receptor (CSF-1R) resulted in enhanced 
IFN signaling in breast cancer and led to an increased sensitivity to chemotherapy161. 
 Also, the anti-neoplastic effects of the anti-mitotic drug paclitaxel have been 
related to inflammatory micronucleus formation162. For a long time, the cytotoxic 
effects of the microtubule drug paclitaxel were related to its ability to arrest cells in 
mitosis. However, paclitaxel treatment was also shown to induce aberrant mitotic exit 
and extensive micronucleation163,164. Importantly, the paclitaxel-induced micronucleus 
formation went along with DNA damage induction, but not apoptosis induction per se. 
Conversely, the ability of cancer cells to induce IFN signaling in response to DNA damage 
was shown to confer treatment resistance. Specifically, in a TREX1 deficient background, 
breast cancer cells became resistant to radiotherapy57. This was attributed to the role of 
TREX1 in the clearance of irradiation-induced cytoplasmic DNA, which is in part caused 
by the formation of ssDNA fragments57. In line with this notion, irradiation was shown to 
be more effective in repeated low doses compared to high doses to prevent induction of 
TREX1 and to effectively trigger IFN production154. The expression of certain nucleases in 
tumor cells might therefore serve as a marker to guide irradiation dose and fractioning. 
 PARP inhibitors have been shown to effectively target tumors with BRCA1/2 defects 
and are described to target HR-defective tumors based on synthetic lethality165. Currently, 
several PARP inhibitors are approved for the treatment of BRCA1/2-mutant high-grade 
serous ovarian cancer, breast cancer, and pancreatic cancer. Recently, the effective killing 
of HR-deficient tumor cells upon PARP inhibitor treatment was shown to involve defects in 
mitosis, leading to micronucleation and mitotic catastrophe34. In line with these observations, 
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PARP inhibitor treatment was shown to trigger an anti-tumor immune response via tumor-
derived cGAMP which activated STING signaling in immune cells in a BRCA1-deficient tumor 
model166. Furthermore, treatment with PARP inhibitors upregulated PD-L1 expression on 
tumor cells, and a combination with anti-PD-1 enhanced the survival of BRCA1-tumor bearing 
mice166,167. Importantly, treatment with PARP inhibitor also triggered the accumulation 
of cytoplasmic DNA and thus cGAS/STING activation independent of BRCA1/2 mutation 
status168. Finally, the effectiveness of PARP inhibitor treatment, especially in HR-deficient 
tumors, seemed to be dependent on tumor infiltration of CD8+ T cells169. These data further 
support the rationale of combining PARP inhibitors with immune checkpoint therapies. 
 In good agreement with inflammatory signaling being a determinant of therapy 
response, expression of a set of IFN-induced genes in cancer cell lines was shown to correlate 
with chemotherapy or radiotherapy resistance and could be used to separate high-from 
low-risk patients170. Specifically, a panel of seven of these IFN-induced genes could identify 
resistance to chemo- and radiotherapy in breast cancer patients. Silencing of these IFN-
induced genes could subsequently reverse the resistance of triple-negative breast cancer 
cells to chemo- and radiotherapy, again underscoring that IFN is not a bystander effect but 
is causally involved in treatment outcome171. Similarly, activation of IFN/STAT1 signaling was 
shown to predict chemotherapy response in ER-negative breast cancer172. These studies 
indicate further that IFN signaling plays an important role in therapy sensitivity, immune cell 
activity, and underscores the potential value to target this response in tumor cells.

Therapeutic activation of STING signaling  
The importance of STING-induced IFN signaling in tumor responses to genotoxic agents might 
be of use to therapeutically activate STING intratumorally and thereby enhancing innate 
immune responses. The flavonoid DMXAA was shown to function as a mouse-specific STING 
ligand and has anti-tumor effects in solid tumors173,174. Intra-tumoral injection of DMXAA 
or human STING-specific cyclic dinucleotide derivates induced regression of established 
tumors as well as metastatic lesions175. Specifically, intra-tumoral injection of STING agonists 
in multiple cancer mouse models improved anti-tumor CD8+ T cell responses, which were 
further enhanced by immune checkpoint inhibition176,177. Surprisingly, type I IFN production in 
one of these studies was shown to come from tumor-associated endothelial cells rather than 
tumor cells or dendritic cells176. In this context, the administration of liposomal nanoparticle-
delivered cGAMP was shown to be more effective than soluble cGAMP, circumventing 
the need for intra-tumoral injections178. Nanoparticle delivery of cGAMP was effective 
in different tumor models resistant to PD-L1 checkpoint blockade, whereas the observed 
tumor regression was lost in STING- or IFNAR-deficient mice178. In good agreement with 
the described roles of irradiation on STING-induced IFN responses, cGAMP treatment in 
combination with irradiation further increased anti-tumor CD8+ T cell responses, in a STING-
dependent fashion116.

Targeting innate immune checkpoints  
The described effects of cGAS/STING pathway activation on innate immunity suggest a 
prominent role for immune checkpoint inhibition in genomically unstable tumors. cGAS and 
STING protein levels were shown to correlate with PD-L1 levels in ovarian cancer cell lines 
and PD-L1 levels were further enhanced by cGAMP treatment179. Furthermore, combined 
treatment of cGAMP with anti-PD-L1 increased the anti-tumor effects of in vivo injected 
melanoma cell lines, which was attributed to enhanced STING-dependent tumor antigen 
cross-presentation in dendritic cells180. PD-L1 expression was also increased upon induction of 
DNA DSBs, through activation of the ATM, ATR, and Chk1 kinases, and was further increased 
upon loss of DNA repair proteins, including BRCA2 or Ku70/80141. Thus, combination treatment 
of agents that induce DSBs while inhibiting cell cycle checkpoint inhibitors (e.g. ATM, ATR or 
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Chk1), might therefore prevent an increase of PD-L1 expression and thus decrease response 
to immune checkpoint inhibitors181.

Conclusions and outlook

Vertebrates have evolved an elegant system by which detection of foreign DNA in the 
cytosol triggers an innate immune response. This same mechanism is also triggered by 
cytoplasmic self DNA, a frequently occurring feature of tumor cells due to their genomic 
instability or induced by genotoxic treatments. The response to cytoplasmic DNA in tumor 
cells has gained enormous attention over the past few years because cGAS/STING signaling 
was shown to be activated upon cytoplasmic DNA, which established a direct link between 
genomic instability and inflammatory signaling. The subsequent type-I IFN response plays 
important roles in tumor growth, immune evasion, and determines treatment outcome. 
 The increasing knowledge of the impact of cGAS/STING signaling on anti-tumor 
immunity has led to increasing endeavors to target this pathway therapeutically. STING agonists 
have been developed, including synthetic cGAMP, and are used to boost infiltration and 
activation of immune cells into the tumor microenvironment. However, cGAMP administration 
alone might not be sufficient, as STING activation by cGAMP on its own resembles immune 
cells with low cross-priming activity119. Combining cGAMP treatment with genotoxic 
therapies, such as irradiation, could enhance these responses through the recruitment of 
multiple immune cells and the engagement of several DNA damage response pathways. 
 However, caution should be taken regarding cGAMP treatment in tumors that are 
not chromosomal unstable, as has been shown that cGAMP increases invasion and migration 
of cells with low chromosomal instability, probably due to the tumor-promoting effects of 
non-canonical NF-κB activation127,182. Also, treatment schedule and dosing may be of impact 
on the effectiveness of cGAMP treatment. Repeated treatments and high dosages were 
found to be unfavorable for long-term tumor-specific T cell responses177. Important in this 
context is the notion that the induction of STING-mediated inflammatory signaling has both 
pro-tumorigenic and anti-tumorigenic effects. Currently, it is unclear how tumor cells have 
adapted to deal with STING activation and shape the downstream effects into effects that 
promote growth and evasion of immune clearance. Multiple non-exclusive mechanisms 
may be responsible, including increased autophagy and non-canonical effects of oncogene 
activation.
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