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A B S T R A C T

Aging refers to the progressive deterioration of tissue and organ function over time. Increasing evidence points to
the accumulation of highly damaged cell cycle-arrested cells with age (cellular senescence) as major reason for
the development of certain aging-associated diseases. Recent studies have independently shown that aneuploidy,
an abnormal chromosome set, occurs in senescent cells, and that the accumulation of cytoplasmic DNA driven by
faulty chromosome segregation during mitosis aids in the establishment of senescence and its associated se-
cretory phenotype known as SASP. Here we review the emerging link between chromosomal instability (CIN)
and senescence in the context of aging, with emphasis on the cGAS-STING pathway activation and its role in the
development of the SASP. Based on current evidence, we propose that age-associated CIN in mitotically active
cells contributes to aging and its associated diseases, and we discuss the inhibition of CIN as a potential strategy
to prevent the generation of aneuploid senescent cells and thereby to delay aging.

1. Introduction

Chromosomal instability (CIN) refers to the process by which cells
experience increased rates of chromosome segregation defects during
mitosis over several generations, and thus lead to heterogeneous po-
pulations of cells with chromosomal layouts (karyotypes) that are no
longer a multiple of the haploid complement (Geigl et al., 2008). The
resulting state of having an unbalanced karyotype is termed aneuploidy
and is generally detrimental at both organismal and cellular levels.
Studies in different models of aneuploidy show that changes in chro-
mosome content translate into altered RNA and protein levels, and thus
negatively impact proliferation, metabolism, proteostasis and main-
tenance of genome integrity (reviewed by (Santaguida and Amon,
2015; Zhu et al., 2018)). Still, low levels of aneuploidy can be found in
specific tissues such as brain and liver (Duncan et al., 2010; Knouse
et al., 2014; Rehen et al., 2005), even though the negative connotation
given to aneuploidy arises from its high prevalence in pathological
conditions, including infertility (Harton and Tempest, 2012; Nagaoka
et al., 2012), cancer (Weaver and Cleveland, 2006) and neurodegen-
eration (Siegel and Amon, 2012). The susceptibility to develop these
diseases increases with age, suggesting thereby a causal link between
chromosomal imbalances and age-associated diseases. For instance,
maternal age dramatically increases the occurrence of aneuploidy in
oocytes, which represents one of the leading causes of miscarriage and
inherited birth defects (Nagaoka et al., 2012). In addition to the

germline, chromosomal imbalances were also detected in somatic cells
of different tissues, namely in blood lymphocytes (Stone and Sandberg,
1995), skin fibroblasts (Mukherjee and Thomas, 1997) and myeloid
cells (Mukherjee et al., 1996) of elderly individuals, as well as the aging
brain (Iourov et al., 2009; Mosch et al., 2007). Individuals with Down
syndrome aged beyond 30 or 40 years develop a pathological condition
that cannot be discerned from Alzheimer's disease (AD) (Potter, 1991),
and several studies have sustained the link between aneuploidy and AD
(Arendt et al., 2015; Dumanski et al., 2016; Iourov et al., 2009;
Mendivil-Perez et al., 2019; Thomas et al., 2008; Yurov et al., 2014).

Aging is driven by several conditions that progressively disrupt the
balance of key biological processes, hence perturbing tissue and organ
homeostasis, with an overall deterioration of physiological functions
over time (Lopez-Otin et al., 2013). It correlates with the accumulation
of molecular damage, including genomic instability, proteotoxicity,
telomere attrition and epigenetic remodelling. This in turn, translates
into cellular and organismal features including metabolic stress, mi-
tochondrial dysfunction, deregulated nutrient sensing, stem cell ex-
haustion, chronic low-grade inflammation and cellular senescence. Al-
together, these interconnected hallmarks contribute to the rate of aging
(Lopez-Otin et al., 2013).

The cellular senescence hallmark has long been thought to con-
tribute to organismal aging (Campisi, 2013), although it remains un-
solved whether it is a cause or consequence. Cellular senescence was
originally defined by Hayflick and Moorhead as a permanent cell cycle
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arrest stress response exhibited by primary cells at the end of their
replicative lifespan (Hayflick and Moorhead, 1961), and later extended
to include premature cellular senescence triggered in normal or trans-
formed cells upon exposure to stressors such as chemotherapy, radio-
therapy, oxidative damage or activated oncogenes (reviewed in
(Hernandez-Segura et al., 2018)). Acute induction of cellular senes-
cence is beneficial in tissue remodelling/homeostasis during embry-
ogenesis (Munoz-Espin et al., 2013; Storer et al., 2013), wound healing
(Demaria et al., 2014) and tumor suppression (Campisi, 2001; Serrano
et al., 1997), whereas chronic persistence of cellular senescence leads to
tissue dysfunction during aging and age-related diseases (Campisi,
2005; van Deursen, 2014). Senescence markers include senescence-as-
sociated β-galactosidase activity, the cell cycle inhibitors p16INK4a and
p21CIP1, and many secreted inflammatory factors (collectively referred
as the senescence-associated secretory phenotype or SASP). These
markers are not exclusive to senescent cells, and senescent cells do not
always exhibit all markers. Interestingly, recent evidence suggests that
differentiated (or postmitotic) cells, including neurons (Jurk et al.,
2012; Oubaha et al., 2016), adipocytes (Minamino et al., 2009), os-
teocytes (Farr et al., 2016, 2017) and hepatocytes (da Silva et al., 2019;
Ogrodnik et al., 2017), are also equipped with cellular machinery to
engage programs of cellular senescence in response to stressors
(Sapieha and Mallette, 2018), even though the repercussions of this
postmitotic cellular senescence in tissue health and function are ill-
defined. However, in this review, we will stick into the conceptual
framework on cellular senescence built from proliferative/mitotic cells
such as fibroblasts, epithelial and endothelial cells, and the rationale
that these senescent cells can exert pro-aging effects in neighboring
differentiated cells of parenchymal tissue through their pro-in-
flammatory secretome (paracrine/non-cell autonomous effect).

Intriguingly, some of the cellular hallmarks evidenced by pro-
liferative cells of elderly donors overlap with aneuploidy-associated
features, namely genomic and chromosomal instability (Nicholson
et al., 2015; Passerini et al., 2016), proteotoxic stress (Oromendia et al.,
2012; Santaguida et al., 2015; Stingele et al., 2012), epigenetic al-
terations (Mulla et al., 2017), metabolic stress (Torres et al., 2007;
Williams et al., 2008) and cellular senescence (Santaguida et al., 2017).
This suggests a positive feedback loop between aging and aneuploidy
(Macedo et al., 2017), even though the underlying mechanisms by
which cellular aging leads to aneuploidy and by which aneuploidy
accelerates cellular aging have remained largely elusive. Recently,
however, a set of independent studies emerged unveiling, on one hand,
a molecular mechanism behind mitotic dysfunction in aging (Macedo
et al., 2018), and on the other hand, a correlation between defective
chromosome segregation and cellular senescence (Andriani et al., 2016;
He et al., 2018; Macedo et al., 2018; Santaguida et al., 2017). This
suggests that aneuploidization in proliferative cells with age might play
an important role in the development of the senescent phenotype and
thereby contribute to age-related diseases. This review summarizes the
emerging role of CIN in senescence and highlights novel observations
that place the conserved cytosolic DNA sensor cyclic GMP-AMP syn-
thase (cGAS) as a central player in the development of pro-in-
flammatory SASP. In light of these findings, we discuss cytosolic DNA
recognition in the context of aging and propose inhibition of age-as-
sociated CIN as a potential strategy to delay senescence.

2. Mitotic dysfunction with age underlies CIN-induced cellular
senescence

Reports describing panels of fibroblast and lymphocyte cultures
from young and old individuals revealed changes in the expression of
genes associated with centromere and kinetochore function, as well as
in the microtubule and spindle assembly apparatus (Geigl et al., 2004).
Accurate chromosome segregation requires the organization of micro-
tubules into a bipolar mitotic spindle, its proper attachment to sister
kinetochores of all chromosomes, and a suitable length of time to allow

these events to occur properly. Consequently, CIN will occur as a result
of flaws in this process, including spindle assembly checkpoint (SAC)
defects leading to anaphase onset in the presence of unattached kine-
tochores, or premature sister chromatids separation due to cohesion
defects (Thompson et al., 2010). In addition, establishment of improper
merotelic kinetochore-microtubule (k-MT) interactions, which are not
detected by the SAC, also result in aneuploidy if left uncorrected prior
to anaphase (Cimini et al., 2003; Nicholson and Cimini, 2011). Bearing
in mind the mechanisms underlying aneuploidy, together with the fact
that age correlates with increased aneuploidy and elicits gene expres-
sion changes in mitotic genes, this raises the question whether a dys-
function of the mitotic machinery occurs along aging.

A set of studies with CIN-prone mice models uncovered a link be-
tween compromised SAC function and premature onset of aging phe-
notypes. BubR1 hypomorphic mice experience increases in aneuploidy
as a result of diminished mitotic checkpoint activity, concomitantly
with an unexpected premature aging phenotype (Baker et al., 2004). At
the time, naturally aged wild-type mice were found to have decreased
BubR1 protein levels (Baker et al., 2004). Observations taken from
Bub3/Rae1 haploinsufficient mice further supported that defective
checkpoint activity leads to CIN while generating cell cycle-arrested (or
senescent) cells along with progeroid features (Baker et al., 2006).
Subsequent studies elegantly confirmed that the premature onset of
aging phenotypes in mice with mitotic checkpoint gene defects was
linked to cellular senescence. Both BubR1-overexpression (Baker et al.,
2013) and targeted clearance of senescent (p16INK4A-positive) cells
(Baker et al., 2011) in BubR1 hypomorphic mice was able to delay
tissue dysfunction and extend lifespan. In addition to mouse models, the
link was also observed in the Mosaic Variegated Aneuploidy (MVA)
syndrome, a pediatric condition in which patients harbor mutations
within BubR1 that reduce steady state levels of the protein (Suijkerbuijk
et al., 2010). Accordingly, individuals with MVA experience increased
chromosome mis-segregation events alongside with progeroid features
(Hanks et al., 2004; Matsuura et al., 2006).

Moreover, three independent studies further showed that challen-
ging chromosome stability in otherwise karyotypically stable human
cells elicits the senescence secretion signature (Andriani et al., 2016; He
et al., 2018; Santaguida et al., 2017), that comprises a wide range of
cytokines, chemokines, matrix metalloproteinases and growth factors
(Acosta et al., 2013; Coppe et al., 2008; Hernandez-Segura et al., 2017).
This pro-inflammatory secretome was found to trigger immune clear-
ance of karyotypically abnormal cells (Santaguida et al., 2017). Im-
portantly, live-cell imaging analysis of human dermal fibroblasts de-
rived from neonatal to octogenarian individuals demonstrated loss of
proliferative capacity and mitotic dysfunction with age, which was
found to be dependent on the repression of the transcription factor
Forkhead box M1 (FoxM1) that primarily drives the expression of the
late cell cycle gene cluster (Macedo et al., 2018). FoxM1 down-
regulation during aging is likely mediated by the activation of stress
pathways in response to cellular damage. For instance, engagement of
the p53-p21-DREAM pathway upon genotoxic stress prevents early cell
cycle gene expression required for FoxM1 transcriptional activity
(Anders et al., 2011; Fischer et al., 2016). As a result of FoxM1 re-
pression, including a global mitotic gene shutdown, fibroblasts from
elderly donors experience chromosome segregation defects that were
shown to ultimately trigger the development of a full-blown senescence
phenotype (Macedo et al., 2018). Restoring FoxM1 activity improved
mitotic fitness, concomitantly with a visible decrease in levels of an-
euploidy and senescence in fibroblast cultures from aged donors
(Macedo et al., 2018).

Taken together, this set of intriguing findings suggests that age-as-
sociated mitotic dysfunction underlies mild CIN, which in turn prompts
the accumulation of aneuploid senescent cells. In addition to senescent
cells induced by any other stresses (e.g., DNA damage, telomere attri-
tion, oxidative stress), the aneuploidy-driven senescent cells will mod-
ulate and exert detrimental effects on the surrounding
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microenvironment and neighbor cells, which may be further po-
tentiated by their limited clearance along age. Still, the exact re-
lationship between aneuploidy and senescence, and its contribution to
phenotypes that characterize aging remain a matter of debate. Although
some CIN mice exhibit progeroid features, others do not recapitulate
those phenotypes (Simon et al., 2015). This suggests that CIN alone
might not be sufficient to explain the observed age-related changes,
which indicates that specific perturbations in the chromosome segre-
gation machinery, or even the degree of instability that is being gen-
erated, could play a role in the observed differences. The studies
available to date report that, while high-grade CIN is required to trigger
senescence in otherwise “fit” immortalized cell lines (He et al., 2018;
Santaguida et al., 2017), mild levels of chromosome mis-segregation in
naturally aged primary cells are sufficient to elicit a transition (Macedo
et al., 2018). This raises the question whether additional cellular da-
mage, such as the one accrued with age, is needed for low-grade CIN to
elicit a full senescent state, which comes in agreement with the idea
that the senescent state can be highly heterogeneous and evolve
(Hernandez-Segura et al., 2017). It would thus be interesting to address
if mild CIN in a primary cellular model without pre-existing damage
(hence, a “young” background) is able to elicit a senescence signature.
Finally, although a mitotic dysfunction could be observed in elderly
dividing cells, the exact mechanism(s) (e.g. defects in SAC, cohesion
and/or k-MT dynamics) by which the gradual mitotic gene shutdown
ultimately underlies aneuploidization with age is still an open question.
To address this would be fundamental in light of all the emerging
findings that link chromosome segregation defects with senescence.

3. Age-associated CIN triggers a pro-inflammatory response

Erosion of mitotic fidelity in both mice and human cells suggests
that aneuploidy may foster aging-related changes by contributing to the
development of senescence and its associated secretory phenotype
(SASP). A major source of aneuploidy is the persistence of improper
merotelic k-MT attachments, which manifest as lagging chromosomes
in anaphase and generate micronuclei (MN) after being excluded from
daughter cell nuclei (Cimini et al., 2001; Thompson and Compton,
2008). Several studies have shown that MN chromatin is highly sus-
ceptible to DNA damage, causing massive genomic rearrangement, an
event termed chromothripsis (Ly et al., 2017; Stephens et al., 2011;
Zhang et al., 2015). MN are faulty in the recruitment of DNA replication
and repair machineries (Crasta et al., 2012) and experience defective
import of key proteins required to assemble a proper nuclear envelope
(Liu et al., 2018; Maass et al., 2018). As a result, dysfunctional MN
membranes are more susceptible to disruption which, combined to DNA
replication/repair deficiency, will dictate DNA damage within the
chromosome(s) excluded from the main nucleus (Hatch et al., 2013). In
addition to damage, loss of compartmentalization will release MN
chromatin to the cytoplasm, which becomes exposed to the cytosolic
DNA sensor cyclic GMP-AMP synthase (cGAS) (Bakhoum et al., 2018;
Harding et al., 2017; Mackenzie et al., 2017). In agreement with a
mitotic dysfunction along aging (Macedo et al., 2018), MN frequencies
are increased in aged cells (Guttenbach et al., 1994; Macedo et al.,
2018; Thomas et al., 2008). This is particularly interesting as a set of
recent findings show that cGAS activation mediated by cytoplasmic
chromatin fragments (CCF) is essential for cellular senescence (Dou
et al., 2017; Gluck et al., 2017; Yang et al., 2017).

cGAS represents the forefront of a conserved pathway meant to
mediate innate immune recognition of and response to antimicrobial
infection, including DNA viruses, retroviruses and bacteria (see
(Paludan, 2015; Pandey et al., 2014; Sun et al., 2013)). Upon double-
stranded DNA (dsDNA) binding, cGAS activation catalyzes the forma-
tion of the second-messenger 2′3′-cyclic-GMP-AMP (cGAMP) (Wu et al.,
2013) that is recognized by the adaptor protein Stimulator of Interferon
Genes (STING) (Gao et al., 2013). STING in turn mediates the tran-
scriptional activation of inflammatory pathways, namely type I

interferon signaling (Sun et al., 2013). In addition to microbial patterns,
cGAS also senses self-DNA that is altered, misplaced or accumulated in
the cytoplasm as a result of cellular stress. Accordingly, accumulation of
cytoplasmic DNA due to defects in cytoplasmic DNases has been cor-
related with autoimmune disorders, such as the Aicardi-Goutières
syndrome (Crow, 2015; Crow et al., 2006; Stetson et al., 2008), and
more recently with cellular senescence (Takahashi et al., 2018). Cel-
lular senescence is characterized by very specific alterations (Rodier
and Campisi, 2011), including changes in nuclear envelope (NE) com-
position due to defective recruitment of lamin B1 (Freund et al., 2012;
Shah et al., 2013; Shimi et al., 2011), as well as several other NE pro-
teins (nuclear atypia)(Lenain et al., 2015). As a result, CCF bud off from
nuclei of senescent cells (Dou et al., 2015; Ivanov et al., 2013) and,
similarly to MN chromatin, become available to be recognized by cGAS.
Indeed, several studies reported that senescent cells engage the cGAS-
STING signaling cascade after recognition of those aberrant CCFs her-
niating from the defective NE (Dou et al., 2017; Gluck et al., 2017; Yang
et al., 2017). Notably, abrogation of cGAS and/or STING function
prevented the expression of senescence-associated inflammatory genes
in response to damage-inducing insults, both in vitro and in vivo. Alto-
gether, this established the cGAS-STING pathway as a crucial player to
be taken into account during senescence and the SASP (Dou et al., 2017;
Gluck et al., 2017; Yang et al., 2017).

In addition to nuclear atypia in both the main nucleus and MN, DNA
fragments can also be released by stalled replication forks (replication
stress), which are recognized by and activate cGAS-STING-mediated
innate immune signaling (Coquel et al., 2018). In fact, this has been
reported for the Hutchinson-Gilford progeria syndrome (HGPS), a pre-
mature aging disease caused by a mutant lamin A protein (progerin).
Progerin induces replication fork stalling and nuclease-mediated de-
gradation of stalled forks, which lead to genomic instability con-
comitantly with upregulation of the cGAS-STING pathway and activa-
tion of a STAT1-mediated interferon-like response (Kreienkamp et al.,
2018). Similarly, induction of pro-inflammatory responses is also de-
scribed for other syndromes of genomic instability and accelerated
aging, such as the Ataxia telangiectasia (AT) and Fanconi anemia (FA).
Absence of functional Ataxia-telangiectasia mutated (ATM) in AT
(Hartlova et al., 2015), and SLX4 deficiency in FA (Bregnard et al.,
2016), cause unrepaired DNA lesions that can be released into the cy-
toplasm. In both cases, activation of cGAS-STING signaling elicits an
interferon response, which suggests that excessive cytoplasmic DNA
may actively contribute to the premature aging phenotypes that char-
acterize these syndromes. Most likely, the same will hold true for nat-
ural aging, as senescent cells with nuclear atypia, replication stress and
CIN also occur in this context (Fig. 1a). Therefore, this raises the hy-
pothesis of a yet to be established cGAS-STING-dependent link between
chromosome imbalances and senescence during natural aging, which
generates pro-inflammatory signals of paracrine senescence that per-
turb tissue homeostasis.

4. Different routes and outcomes of cGAS-STING activation

The recruitment of an inflammatory response relies on the execution
of a series of events that, depending on the origin and time frame of the
stimulus, will follow different routes that might lead to different out-
comes. Pattern-recognition receptors (PRRs) are the first in place to
survey the extracellular, endosomal and cytosolic compartments for
free nucleic acids. While AIM2, cGAS, and TLR9 sense dsDNA, MDA5,
OAS, RIG-I, TLR3, TLR7, and TLR8 are responsible for the detection of
RNA. Nucleic acids can accumulate as a result of perturbations in cel-
lular homeostasis. Those include defects in cytoplasmic nucleases
(DNase2, TREX1 or RNaseH2), infections by pathogens (such as DNA
viruses, retroviruses and bacteria), errors in chromosome segregation
(CIN), DNA damage and defects in mitochondria, amongst others (re-
viewed in (Galluzzi et al., 2018; Margolis et al., 2017; Xiao and
Fitzgerald, 2013)).
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The specialized sensor cGAS catalyzes the synthesis of the dinu-
cleotide cGAMP when in the presence of cytosolic dsDNA (Sun et al.,
2013; Wu et al., 2013). Once engaged, cGAMP-mediated dimerization
of STING can promote the activation of three distinct kinases, namely
the TANK binding kinase 1 (TBK1), the multi-subunit IκB kinase com-
plex (IKK), and the mitogen-activated protein kinase kinase kinase 14
(MAP3K14, or NIK) (Galluzzi et al., 2018) (Fig. 1b). Active TBK1
phosphorylates interferon regulatory factor 3 (IRF3), enabling its oli-
gomerization and translocation into the nucleus, where it coordinates
the expression of type I interferon-associated (IFN) genes (Fitzgerald
et al., 2003; Sharma et al., 2003; Tanaka and Chen, 2012). Afterwards,
IFNs are secreted where they bind the cell surface interferon receptors
(IFNRs), which in turn induce the expression of interferon-stimulated
genes (ISGs), including cGAS itself (Ma et al., 2015). In addition to
IRF3, nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) is also a relevant regulator of ISG expression, in particular the
canonical pathway, which is mediated by active IKK that promotes
proteasomal degradation of the NF-κB inhibitor, IκBα. This enables the
release and translocation of functional p50/p65 heterodimers into the
nucleus to ultimately trigger the expression of canonical NF-κB targets
(Beinke and Ley, 2004; Hayden and Ghosh, 2008). Finally, besides
these two branches, engagement of cGAS-STING can also prompt NIK-
dependent activation of the non-canonical NF-κB signaling cascade. In
opposition to the canonical pathway, it relies on processing of the NF-
κB precursor protein p100 to give rise to mature p52 and allow nuclear
translocation of the noncanonical NF-κB complex p52/RELB
(Senftleben et al., 2001; Xiao et al., 2001).

All the three pathways are meant to trigger the generation of a

wealth of inflammatory molecules upon STING engagement, even
though with distinct outcomes. Both the IRF3 and canonical NF-κB axes
trigger the transcription of ISGs and additional pro-inflammatory mo-
lecules, including various cytokines and chemokines, that collectively
aid in clearance of infected or damaged cells via cell death, senescence
or the immune system (Santaguida et al., 2017). Conversely, in addition
to its well-characterized function in B cell development, lymphoid or-
ganogenesis and osteoclast formation (Cildir et al., 2016; Sun, 2017),
the non-canonical NF-κB signaling cascade triggered by chronic cGAS-
STING engagement was recently shown to play a critical role in the
development of metastatic behaviour in response to high levels of CIN
(Bakhoum et al., 2018). Consequently, the end results of cGAS-STING
activation are highly context-dependent, ranging from the establish-
ment of an immune response and development of SASP to tumorigen-
esis. Thus, even though most cytoplasmic chromatin sources are likely
present in the context of aging (Fig. 1), additional studies should in-
vestigate the downstream consequences of its recognition and the
pathways being activated.

5. A role for cGAS-STING activation in aging and age-related
diseases

Aging is associated with increased risk of blindness, neurodegen-
eration, cancer, and many other pathological conditions. While several
mechanisms are ascribed to be relevant, chronic low-grade inflamma-
tion (or inflammaging) is likely to impact the risk of these age-related
conditions. Such alteration primary viewed as non-cell autonomous
through the secretion of bioactive molecules (SASP) by senescent cells

Fig. 1. Putative sources of immunostimulatory cytoplasmic chromatin and activation of the cGAS-STING pathway during aging.
(a) Faulty chromosome segregation due to mitotic dysfunction leads to the formation of rupture-prone micronuclei, which leak their DNA content into the cytoplasm.
Elderly cells also experience replication stress and DNA damage, resulting in DNA fragments that bud off from nuclei due to defects in nuclear envelope composition
(nuclear atypia). mtDNA leakage from damaged mitochondria and defective activity of cytoplasmic DNases, might further contribute to cytoplasmic DNA burden in
aged cells; (b) Recognition of cytoplasmic chromatin by the anti-viral cGAS-STING pathway may activate three distinct kinases, namely TBK1, IKK or NIK, that trigger
transcription of type I interferon-associated (IFN) genes, canonical NF-κB or non-canonical NF-κB targets, respectively. The senescence-associated secretory phe-
notype (SASP), which accompanies the permanent cell cycle arrest of senescent cells, has been attributed to chronic activation of NF-κB signaling, but other signaling
pathways might be involved.
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that accumulate along age (Franceschi and Campisi, 2014; Franceschi
et al., 2018), has gathered evidence for cell-autonomous intrinsic pro-
cesses that can initiate it, namely the cytosolic DNA-driven cGAS-STING
pathway activation. Indeed, a correlative study that focused on STING
R293Q genotyping in a cohort of 3397 aged subjects (65–103 years)
revealed that the 293Q allele exerts a protective effect in regard to age-
related diseases (i.e., cardiovascular diseases, chronic lung diseases,
cancer, type 2 diabetes, and cognitive impairment), most likely because
its decreased signaling activity diminishes the process of inflammaging
(Hamann et al., 2019). Remarkably, a set of additional recent studies
has provided some mechanistic insights into how cGAS-STING activa-
tion may contribute to the development of aging diseases.

Age-related macular degeneration (AMD) is the major cause of
blindness among elderly people, of which Geographic atrophy is an
example. Retinal pigmented epithelium cell death that characterizes
this form of blindness, was now shown to be mediated by cGAS-STING-
dependent induction of a non-canonical inflammasome pathway able to
activate caspases (Kerur et al., 2018). As a result of DICER1 deficiency
and the consequent Alu-RNA accumulation, cytoplasmic escape of mi-
tochondrial DNA (mtDNA) is triggered, which ultimately engages the
cGAS signaling cascade (Kerur et al., 2018). This shows a yet unknown
role of cGAS in responding to mobile-element transcripts accumulation
with age. In addition to AMD, neurodegenerative conditions also as-
sociate with activation of innate immune response. Microglia represent
the main innate immune defense of the central nervous system (Kim
and de Vellis, 2005). Once active, microglia suffer morphological
changes along with the secretion of bioactive factors, including pro-
inflammatory molecules which are paramount for assembling an in-
flammasome signaling cascade (Hanisch and Kettenmann, 2007).
During aging and neurodegeneration, it has been suggested that da-
maged and dysfunctional neurons fuel chronic reactivation of micro-
glia, which themselves senesce with age. Persistent reactivation results
in increased levels of pro-inflammation that negatively impact neigh-
boring cells, thus generating a feedback loop (reviewed in (Heneka
et al., 2018)). Interestingly, Mathur and co-workers found that func-
tional STING is required for the antiviral drug ganciclovir to reduce
inflammation in reactive microglia, in both cultured myeloid cells and a
mouse model of multiple sclerosis (Mathur et al., 2017). Together with
the observation that SASP-related cytokines are increased in the central
nervous system of elderly mice (Youm et al., 2013) and patients with
neurodegenerative diseases (Akiyama et al., 2000), this raises the hy-
pothesis that cGAS-STING engagement might actively participate in the
increased secretion of inflammatory molecules in these contexts. Cur-
iously, the absence of functional mitophagy-associated proteins PINK1
and parkin (described for early onset Parkinson’s disease or PD) in mice
following exhaustive exercise leads to an inflammatory response that is
completely abrogated in STING mutants (Sliter et al., 2018). Further-
more, the loss of dopaminergic neurons from the substantia nigra pars
compacta and the motor defect experienced by aged parkin knock-out
(KO) mice were also rescued by loss of STING, indicating that in-
flammation facilitates the observed phenotypes (Sliter et al., 2018).
Consequently, clearance of damaged mitochondria appears crucial to
prevent increased cytoplasmic and circulating mtDNA.

Inflammaging caused by progressive accumulation of chronic se-
nescent cells, might also impact tissue homeostasis and increase the
susceptibility to tumorigenesis. In the context of cancer, for which
aging represents a major risk factor, cellular senescence and in-
flammation, are a clear example of antagonistic pleiotropy (Williams,
1957). Whereas at young age it acts to limit proliferation of cells upon
DNA damage or oncogene activation (Campisi, 2001), and to orches-
trate an inflammatory response through SASP which drives clearance
by the immune system (Campisi, 2005; Cunha et al., 2018; Deng et al.,
2014; Ding et al., 2018; Hoare et al., 2016; Kang et al., 2011; Kuilman
et al., 2008; Li et al., 2016; Wang et al., 2017; Woo et al., 2014; Xue
et al., 2007), at older age cellular senescence fuels carcinogenesis by
inducing changes in pre-neoplastic and neoplastic cells and by re-

shaping the microenvironment (Abdul-Aziz et al., 2019; Bakhoum et al.,
2018; Bavik et al., 2006; Canino et al., 2012; Capparelli et al., 2012;
Coppe et al., 2008; Davalos et al., 2010; He et al., 2018; Kim et al.,
2017; Krtolica et al., 2001; Liu and Hornsby, 2007; Taddei et al., 2014;
Takahashi et al., 2018; Yoshimoto et al., 2013). Interestingly, non-
steroidal anti-inflammatory drugs (NSAIDs) are among the most pro-
mising chemopreventive agents for different cancer types, with ex-
pected contribution to the control of neoplasia development in high-risk
groups (Cuzick et al., 2009). However, the mechanism responsible for
their anti-neoplastic activity remains elusive, with the classical targets
of their anti-inflammatory actions, cyclooxygenase (COX) enzymes
(Brown and DuBois, 2005), being questioned as major players of the
anti-cancer effect (Gurpinar et al., 2013), but nevertheless limiting the
use of NSAIDs in the treatment of a relatively healthy, at risk population
due to the potential gastrointestinal and cardiovascular side effects.
Even though the role of inflammation in cancer and carcinogenesis is
complex, evidence suggests that the positive or negative outcome of
senescence depends on both the severity and duration of the SASP-de-
rived pro-inflammatory signals (Campisi, 2013). While an acute in-
flammation response within a short period of time can indeed be ben-
eficial by safeguarding immune clearance of damaged senescent cells, a
chronic inflammatory state and prolonged SASP will modulate the ex-
tracellular matrix with factors that enhance proliferation, migration
and invasion (Ahn et al., 2014; Bakhoum et al., 2018; Coussens and
Werb, 2002; Dou et al., 2017). Interestingly, loss of chromosomal sta-
bility (Weaver and Cleveland, 2006) and persistent cytoplasmic chro-
matin (Dou et al., 2017), which engage cGAS-STING activation, are
widespread among cancer cell lines. Recent studies have now shown
that the resulting secretome provides paracrine factors that foster the
malignant behavior of these tumor cells, including invasion (Coppe
et al., 2008; He et al., 2018; Kim et al., 2017) and metastasis (Bakhoum
and Cantley, 2018). However, cancer cells can experience selective
pressure to suppress interferon production to evade immune detection,
for instance through activation of p38MAPK that disrupts the IRF3-
mediated transcriptional response (Chen et al., 2017).

The antagonistic pleiotropy of senescence and associated pro-in-
flammatory signalling has turned modulation of the cGAS-STING
pathway paradoxical. On one hand, activation of innate immune sig-
nalling (e.g. drugs that activate STING) is on the basis of early-stage
clinical trials for cancer treatment (Fu et al., 2015), even though
coming with the risk of possibly accelerating the progression of aging
conditions. On the other hand, inhibition of cGAS-STING signalling
could delay aging but with the risk of immune response impairment to
infections. Intriguingly, a recent study revealed that replacement of the
highly conserved serine residue (S358) on the adaptor protein STING
allows bats to cope with the cytoplasmic DNA burden caused by viral
infections and the high metabolic demands of flight, which likely
contributes to their longer lifespan (Xie et al., 2018).

6. Modulation of CIN as an anti-aging strategy

Cumulative evidence reveals an accrual of senescent cells in dif-
ferent tissues and organs with age (Biran et al., 2017; Dimri et al., 1995;
Janzen et al., 2006; Krishnamurthy et al., 2004; Liu et al., 2009; Melk
et al., 2004; Molofsky et al., 2006; Ressler et al., 2006; Wang et al.,
2009), a causal role for senescence in certain pathologies associated
with aging. Indeed, the design of a transgene able to induce apoptosis of
p16INK4A-positive cells (or senolysis) in both BubR1-mutant progeroid
and naturally aged mice showed that targeted removal of senescent
cells works to extend healthspan (Baker et al., 2016, 2011). Although
cellular senescence unlikely explains all aging phenotypes, senolysis
delayed or even prevented the development of age-related conditions
including acute myeloid leukemia (Abdul-Aziz et al., 2019), osteoar-
thritis (Jeon et al., 2017), atherosclerosis (Childs et al., 2016), cardio-
vascular complications (Roos et al., 2016), bone loss (Farr et al., 2017)
and tau-mediated diseases (Bussian et al., 2018). Collectively, these
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studies were fundamental to support a causal link between senescence
and aging initially described based on detection of distinct senescence
markers, while also suggesting that removal of senescent cells (or se-
nolytic therapies) could be an appealing strategy to counteract aging.
This idea gained strength with the discovery of pharmacological in-
terventions based on BCL-2 familiy inhibition, which circumvent the
apoptosis resistance of senescent cells and thus enable their selective
killing (Chang et al., 2016; Tse et al., 2008; Yosef et al., 2016). Other
compounds with senolytic activity have been identified including,
amongst others, quercetin, piperlongumine and fisetin, as well as a
forkhead box protein O4 (FOXO4)-interacting peptide, the histone
deacetylase inhibitor Panobinostat, and heat shock protein 90 in-
hibitors (reviewed in (Childs et al., 2017; Niedernhofer and Robbins,
2018; Sun et al., 2018)). “unSASPing” senescence has also emerged as
an alternative avenue within senotherapies. Metformin and rapamycin
are amongst the compounds with known SASP-interfering activity (see
(Childs et al., 2017)). The secretome of senescent cells has, however, a
very heterogenous composition, which depends on the type and dura-
tion of the senescence-inducing stimuli, the cell type and ultimately the
signalling cascades being activated. Consequently, despite the sig-
nificant progress, senotherapeutics still face hurdles that must be
overcome. The time-window at which therapy should be initiated and
how to limit the off-target effects on beneficial senescence that is re-
quired during development, wound healing and tissue regeneration
(Demaria et al., 2014; Munoz-Espin et al., 2013; Storer et al., 2013), are
still issues under investigation. Furthermore, as senescence represents a
“safety mechanism” that halts the proliferation of malignant cells, the
manipulation of SASP may compromise the anti-tumor activity of this
program. Upcoming studies will be elemental to strengthen the poten-
tial of therapeutically targeting senescence to promote healthspan.

Fibroblasts derived from elderly individuals that are still pro-
liferating exhibit a pro-inflammatory signature that, upon faulty chro-
mosome segregation, evolves into a full-blown senescent state (per-
manent cell cycle arrest) (Macedo et al., 2018) (Fig. 2a). This is likely a
result of the immunostimulatory cytoplasmic DNA released by rupture-
prone MN (Harding et al., 2017; Mackenzie et al., 2017). In chromo-
somally unstable cells this was already shown to foster senescence and
its associated secretome (SASP), presumably via the engagement of the
cGAS-STING signaling cascade (He et al., 2018; Santaguida et al.,
2017). This indicates that senescence triggered by chromosome mis-
segregation will likely contribute to the chronic low-grade pro-in-
flammatory state observed with age and that thereby modulation of CIN
could represent a novel strategy to delay senescence-associated changes
with age in alternative to selective killing and SASP neutralizing ap-
proaches (Fig. 2b). Indeed, improved chromosome segregation upon
overexpression of the checkpoint protein BubR1, in BubR1 hypo-
morphic mice, was able to delay tissue dysfunction and extend lifespan
(Baker et al., 2013). Similarly, expression of a constitutively active form
of the transcription factor FoxM1, which amongst others drives the
expression of BubR1 (Fischer et al., 2016), improved mitotic fitness of
elderly fibroblasts concomitantly with a rescue of aneuploidy and the
senescence phenotype (i.e., cell cycle inhibition, DNA damage and
SASP)(Macedo et al., 2018). This is particularly interesting as several
types of proliferative cells support both stem and differentiated cell
pools’ function through secretion of bioactive molecules (paracrine
signaling) and thus represent important modulators of tissue home-
ostasis. Consequently, delayed emergence of a full-blown senescent
state in proliferative cell types through improved chromosome segre-
gation fidelity could likely counteract the SASP-mediated micro-
environmental changes in tissues with age, and thereby exert a pro-
tective effect on stem and differentiated cell function which generally
decline with aging (Chien and Karsenty, 2005; Geiger and Van Zant,
2002; Janzen et al., 2006; Molofsky et al., 2006). A very recent study
supports this idea by showing that continuous removal of senescent
astrocytes and microglia (proliferative cell pools in the brain), preserves
cognitive function in a mouse model of tau-dependent

neurodegenerative disease (Bussian et al., 2018). Both transgenic and
pharmacologically induced senoclearance revealed the ability to pre-
vent gliosis, neurofibrillary tangle formation, as well as the degenera-
tion of cortical and hippocampal neurons (Bussian et al., 2018). These
findings suggest that the proliferative capacity of astrocytes and mi-
croglia is crucial to maintain brain function. Furthermore, diet re-
juvenation strategies also appear to play a role through a boost in cell
proliferation (Melo Pereira et al., 2019). The periodic fasting-mi-
micking diet (FMD), consisting of cycles of very low caloric restriction
intake for 4 days, repeated twice a month, with ad libitum feeding in
between, when initiated in 16-month-old mice, reverses age-associated
hematopoietic differentiation bias, increases hippocampal neurogen-
esis, decreases cancer incidence and inflammatory diseases, and ex-
tends median lifespan (Brandhorst et al., 2015). Some of the beneficial
effects of FMD appear likely due to increased cell proliferation and
number of stem cells (Brandhorst et al., 2015), and possibly improved
tissue function by out dilution of damaged cells with youthful cells
(Fig. 2b). Interestingly, when looking over the cell types primarily
targeted by the existing rejuvenation strategies, one can find adult stem
cells, vascular and connective tissue cells, and senescent cells, all re-
lated to proliferative capacity. For example, quiescent stem cells exhibit
increased age-related features compared to actively proliferating stem
cells, which raises the possibility that proliferation rewire in stem cell
populations could itself reset aging features. Regarding the vascular and
connective tissue cells, which are present throughout the organism,
improvement of their proliferative capacity could have broad orga-
nismal effects. Finally, senescent cells (restricted to the definition built
for proliferative/mitotic cells), beyond their elimination by se-
notherapies, it is also plausible that the proliferation boost induced by
FMD or partial reprogramming could dilute senescent cells and/or
trigger their clearance. Thus, safeguarding proliferation of cells with
fidelity is a conceivable approach to delay the consequences of per-
turbed tissue homeostasis with age. Alleviating the burden of SASP
factors through CIN modulation might also positively impact the
changes in the immune system observed with age (immunosenescence),
which have been attributed to persistent pro-inflammatory stimuli
present in aged tissues (Fulop et al., 2017).

Although it is still elusive whether aneuploid senescent cells indeed
accumulate in vivo with aging, a combination of resistance to and
failure in the establishment of an efficient immune response are likely
required for an accrual to occur, since pro-inflammation induced by
karyotypically abnormal cells was shown to induce their clearance by
natural killer cells (Santaguida et al., 2017). It has been proposed that
accumulation of senescent cells with age results from the intrinsic de-
cline of the immune system, the presence of immune-impairing mole-
cules and a possible ability of senescent cells to evade immune re-
sponses (Childs et al., 2015; Fulop et al., 2017). In addition, mild levels
of aneuploidy such as those that have been described for elderly cells
might not be sufficient to efficiently recruit immune clearance, despite
the clear evolution in senescence and the expression of pro-in-
flammatory molecules upon defective chromosome segregation
(Macedo et al., 2018; Santaguida et al., 2017). The potential of CIN
modulation to delay aging still faces critical questions that must be
tackled. It remains to be determined whether the evolution in senes-
cence upon aneuploidy occurring in elderly cells is cGAS-STING-de-
pendent, and if MN formation upon chromosome mis-segregation is
sufficient to trigger an immunostimulatory signal, or if further defects
(e.g., nuclear atypia, replication stress, downregulation of cytoplasmic
DNases) are required. Subsequent insights into downstream routes of
STING engagement in aneuploid senescent cells will provide additional
information, possibly aging-specific preferences that aid immune eva-
sion of these cells, similarly to what was recently described for highly
aneuploid malignant cells that experience chronic cytoplasmic DNA-
mediated immune stimulation (Bakhoum et al., 2018; Dou et al., 2017).
Nonetheless, modulation of CIN would encompass several already
identified advantages of senolysis by preventing the generation of fully
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senescent cells and their detrimental paracrine signaling, while by-
passing the off-target effects on beneficial senescent cells and the need
to determine a critical time window for treatment onset, concerns that
still hamper the safe applicability of senolytic therapies (reviewed in
(Melo Pereira et al., 2019)). It will be crucial to go into the molecular
mechanism(s) behind the loss of chromosome segregation fidelity with
age, the manipulation of which might be explored to delay the onset of
aging phenotypes by alleviating the burden of cellular senescence. The
identified mitotic gene shutdown suggests that overall fitness during
mitosis becomes compromised with age likely due to the accumulation
of macromolecular damage (Macedo et al., 2018). Therefore, the re-
versal of this global shutdown, rather than the manipulation of in-
dividual components, might offer a multitude of benefits that go far
beyond cells’ improved chromosome segregation and delayed transition
into a full senescent state. Importantly, the replenishment of elderly cell
populations with fit and proliferative cells will act to dilute the negative
effects of senescence triggered by other means which also accumulates
over time.

7. Concluding remarks

Chromosomal instability was recently established as a source of
immunostimulatory cytoplasmic chromatin able to activate the cGAS-
STING pathway (Harding et al., 2017; Mackenzie et al., 2017), which in
turn reveals important for the development of cellular senescence and
its associated secretome (Dou et al., 2017; Gluck et al., 2017; Yang
et al., 2017). With the observation that premature aging phenotypes
evidenced by mouse models with CIN are rescued upon selective

removal of senescent cells (Baker et al., 2011), it is tempting to spec-
ulate that cGAS-STING engagement mediated by CIN-positive senescent
cells may fuel a chronic pro-inflammatory environment. The secreted
factors will affect surrounding cells and compartments, perturbing
tissue homeostasis and organ function that characterizes aging. A
complex combination of evasion to and failure of immune clearance
likely accounts for accrual of senescent cells, thus suggesting that pre-
venting the emergence or promoting the clearance of these cells should
be beneficial to delay aging-associated changes.

Senolytic strategies have already paved way by showing that se-
lective removal of senescent cells, concomitantly with a reduction of
the associated SASP, is beneficial in the context of aging by attenuating
or even preventing the onset of certain pathological conditions. Thus,
interventions at the level of cGAS-STING activity to either reduce the
burden of pro-inflammatory molecules (SASP) or potentiate immune
system-mediated clearance of senescent cells could be an option to be
taken into consideration. However, cGAS-STING signaling remains still
elusive in the context of aging. It will be fundamental to determine
which implications this signaling cascade has in the establishment of
the senescent state in the context of aging, including the elucidation of
the downstream pathways that become activated upon STING engage-
ment. Several cGAS antagonists have been successfully tested in vitro
(An et al., 2015; Hall et al., 2017; Vincent et al., 2017) and STING
agonists are also emerging (Ramanjulu et al., 2018), or have even
progressed into clinical trials (Corrales et al., 2015; Sali et al., 2015).
However, similarly to what is being the current discussion in the cancer
field (see (Bose, 2017; Ng et al., 2018)), modulation of this pathway in
the aging context might reveal a double-edged sword. On one hand, one

Fig. 2. Modulation of age-associated CIN as an anti-aging strategy.
(a) Mitotic dysfunction observed in aged cells causes chromosome mis-segregation and micronuclei formation, which is crucial for the transition into a permanent
cell cycle arrest (full senescence), presumably due to cGAS-STING activation by cytosolic DNA released from micronuclei, leading to active secretion of pro-
inflammatory molecules (SASP). In combination with the decreased efficiency of the immune system, which itself senesces (immunosenescence), accrual of aneuploid
senescent cells leads to a chronic inflammatory state that perturbs tissue function contributing to the development of aging-associated phenotypes; (b) By improving
mitotic fitness of proliferative elderly cells (inhibition of CIN through BubR1 and FoxM1 overexpression, for example), generation of aneuploid senescent cells is
prevented, which is expected to alleviate the pro-inflammatory status of aged tissues and thus act to delay the onset of age-related conditions.
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would envision that using targeted stimulation of cGAS or STING would
improve the immune system efficacy to ultimately aid clearance of the
detrimental senescent cells. However, on the other hand, being aging
the end result of a low-grade chronic inflammatory state, encouraging
the production of pro-inflammatory molecules by cGAS/STING stimu-
lation could further fuel the disruption of tissue function. Thus, cGAS-
STING modulation would have to be fine-tuned to avoid excessive pro-
inflammation (pro-aging), while not weakening immunity to infections
and tumorigenesis. One plausible alternative would be to go further
upstream in the order of events, i.e. CIN – micronuclei – cytosolic DNA
– cGAS/STING activation – SASP, so that mitotic competence is rewired
in a way that CIN, and consequently any SASP-driven irreversible tissue
deterioration, are prevented. Noteworthy, in the BubR1 hypomorphic
mouse, the INK-ATTAC transgene-mediated senolysis in late life
blunted further tissue deterioration but did not reverse dysfunction.
Also, agents targeted against SASP proteases, besides effective in pre-
venting aberrant extracellular matrix degradation caused by senescent
cells, may also impair protease-mediated activation of other SASP
components (McQuibban et al., 2002). Hence, modulation of age-as-
sociated CIN reveals a particularly appealing strategy, as it would re-
plenish tissues with “fitter” cells and dilute out damaged cells generated
even by other means than CIN, while circumventing the off-target ef-
fects of senolytics and the yet unpredictable impact of cGAS/STING
modulation. Still, the molecular mechanism(s) underlying loss of
chromosome segregation fidelity (hence, aneuploidy) during aging and
how aneuploidy ultimately contributes to the changes observed with
age remain largely unknown. Collective addressment of these questions
will be elemental to establish an aneuploid senescent cell signature,
which may in the future be explored as a more specific senolytic ap-
proach. Moreover, it will be interesting to determine whether beneficial
effects of current rejuvenation strategies, i.e., blood factors, diet regi-
mens, senolytics and cellular reprogramming, could after all arise from
improved proliferative capacity in specific target cells.
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