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1. List of abbreviations
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Insulin/insulin-like growth factor 1
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Cyclin-dependent kinase inhibitor
Cyclin-dependent kinase
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DNA-SCARS DNA segments with chromatin alterations reinforcing
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PARP1 Poly [ADP-ribose] polymerase 1

DSBs Double strand breaks
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NF-xB Nuclear factor kappa B
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Signal transducer and activator of transcription 6
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Sphingomyelin phosphodiesterase acid-like 3A
Chromosome region maintenance 1

B-lymphoid tyrosine kinase



AGS
HGPS
SLE
ALS
SAVI
SIRT
BMAL1
LINE1
DAMPs
COBALT
CRISPR
MA
PCA
GSEA
FDR

Gy
GOBP
H&E
IFNAR
MIF
OXPHOS
EdU
PCNA
TUNEL

TdT
PI
LPC1

Aicardi-Goutiéres Syndrome

Hutchinson-Gilford progeria syndrome

Systemic lupus erythematosus

Amyotrophic lateral sclerosis

STING-associated vasculopathy with onset in infancy
Sirtuin

Brain and muscle ARNT-like protein-1

Long interspersed nuclear element-1
Damage-associated molecular patterns
Constraint-based multiple sequence alignment tool
Clustered Regularly Interspaced Short Palindromic Repeats
Minus-average

Principle component analysis

Gene set enrichment analysis

False-discovery rate

Gray

Gene Ontology Biological Process

Hematoxylin & Eosin

Interferon-a /(3 receptor

Macrophage migration inhibitory factor

Oxidative phosphorylation
5-Ethynyl-2'-deoxyuridine

Proliferating cell nuclear antigen

Terminal deoxynucleotidyl transferase dUTP nick end
labeling

Terminal deoxynucleotidyl transferase

Propidium Iodide

lymphocyte cytosolic protein 1



2. Abstract

The cGAS/STING pathway is a central innate immune signaling pathway whose chronic
activation has been implicated in multiple age-related pathologies, yet its impact on life
span itself is unknown. Here we engineered knockouts of pathway components in the
killifish Nothobranchius furzeri, and assessed their impact on physiology and aging. In
vitro, loss of Kkillifish cGAS and STING mitigated DNA damage-induced senescence in
cultured primary fibroblasts, while cGAS loss uniquely triggered low levels of basal DNA
damage. In vivo, cGAS knockout unexpectedly led to transcriptional signatures indicative
of low-grade inflammation. It also attenuated changes in gene expression in response to
DNA damage in young animals and age-related changes in the transcriptome of old
animals, suggesting dampening of senescence and aging. Necroscopy indicated that
STING KO appeared to have less infection rates and that tissue pathology tended to be
milder overall in both mutants, though some tissues showed a trend for enhanced sterile
macrophage infiltration. Our observation of cGAS-specific effects related to the DNA
damage response and ageing transcriptome hint towards functions separate from
canonical cGAS/STING pathway. Despite the attenuated aging signatures, however,
longevity of cGAS or STING mutants was not significantly different from that of wild type.
Our findings reveal a potential tradeoff, where inhibiting the cGAS/STING pathway
alleviates age-related signatures, but increases sterile inflammation, offsetting potential

beneficial effects on lifespan.



3. Introduction

3.1 The increasing ageing population and the need for ageing research

Over the last several decades, humanity has been facing an unprecedented
phenomenon of global demographic ageing. According to data from the United Nations
department of economic and social affairs, the worldwide percentage of people aged 0-
19 years old has dropped by 20% since 1970, while the population aged over 60 has
increased by over 10% (Figure 1a, b), with developed countries facing heightened effects
and no change in trajectory predicted for the near future (UN 2024). In countries such as
Japan the percentage of elderly above 60 is already at 35% and projected to reach 45%
by 2050 (Figure 1c, d). These demographic shifts alone already put an increasing burden
on societies. Though pharmaceutical and medical advances have substantially improved
health- and life expectancy (Christensen et al. 2013; Zeng et al. 2017), healthspan and life
span have not grown at the same rate (Partridge, Deelen, and Slagboom 2018). And
increasingly more people spend an average of 16-20% of their lives in late-life morbidity

(Jagger et al. 2008), thus compounding the problem of demographic change.

Debilitating life threatening diseases such as neurodegeneration, cardiovascular
diseases and cancer share ageing as their common major risk factor (Niccoli and
Partridge 2012), with incidence, prevalence and death rates exponentially increasing
with old age. The elderly themselves and their families are not the only ones affected.
Additional medical facilities and personnel are required to care for them, placing an
untold burden on healthcare systems and services. And finally, foregone productivity due
to age-related diseases, as well as medical and long-term care needs impose a major cost
on the economy of countries with high rates of demographic ageing (Okamoto et al.
2023). The inherent need for self-preservation and sustainability along with the
socioeconomic implications, now more than ever, highlight the need for ageing research,

with the goal to improve healthy ageing and compress the time of morbidity.
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Figure 1. Global demographic ageing population. a, b. Worldwide percent of
population aged between 0-19 and over 60 years old, respectively. ¢, d. Percent of
population aged between 0-19 and over 60 years old, respectively, in Japan. Data
represent registered population demographics from 1950 to 2024 and then followed by
probabilistic data until 2100 according to World Population Prospects. Graphs were

obtained from United Nations website https://population.un.org

The urgency for studying ageing is also apparent from our limited grasp of the
fundamental mechanisms underlying the process. Ageing, as a side effect of natural
selection, was considered to have a dauntingly complex genetic basis (Niccoli and
Partridge 2012). However, 30 years ago it was discovered that single gene mutations can
extend the lifespan of the nematode Caenorhabditis elegans (Johnson 1990; Kenyon et al.
1993). Also, while caloric restriction has been known to extend lifespan in diverse species
for nearly a century, only in the last 20 years did scientists begin to uncover bits of the
molecular mechanisms, including major metabolic regulators such as sirtuins, TOR

(Target of Rapamycin), AMPK (AMP Kinase) and insulin/insulin-like growth factor 1
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(IGF1) signaling (Kenyon 2010). Only 10 years ago were DNA methylation clocks
discovered (Horvath 2015), enabling a quantitative measurement for biological age that
researchers are still validating and refining for biologically relevant outcomes (Tomusiak
et al. 2024; Oh et al. 2023). Our understanding of ageing continues to evolve and despite
attempts to codify our knowledge in an increasing number of hallmarks (Lopez-Otin et
al. 2023), we still have yet to reach the point where we can confidently apply this
knowledge to pharmacologically improve human health span. Fortunately, with the
advent of recent technological advances, such as comprehensive and sensitive -omics and
artificial intelligence, progress is only accelerating. Future investment in basic ageing
research will thus assist in better understanding this complex physiological process, and

help make our societies more sustainable.

3.2 The role of model organisms in unraveling ageing mechanisms

Studying ageing in humans is crucial but involves intrinsic time constrains and
ethical considerations. Despite these challenges, significant progress has been made in
studying ageing directly on humans. Genome-wide association studies (GWAS), studies
focused on centenarian families, as well as unusual variants associated with exceptional
longevity, have helped shed light on the genetic factors that contribute to extended
lifespans (Deelen et al. 2011; Rosoff et al. 2023; Deelen et al. 2021). As mentioned above,
the discovery of ageing clocks in humans has revolutionized the field by allowing
researchers to quantify ageing and evaluate the efficacy of interventions without waiting
for individuals to succumb to old age (Horvath 2015). In parallel, the increasing
prominence of health-parameter acquisition over the past decades has led to the creation
of extensive datasets, such as the UK Biobank, where health metrics and genetic data can
be correlated with lifespan and healthspan (Gadd et al. 2024; Oh et al. 2024).
Furthermore, health scores based on relevant clinical data, such as Metabohealth (Deelen
et al. 2019) and the multi-prognostic index (Pilotto et al. 2009) may eventually allow
clinicians to assess the value of interventions. All of the above methodologies have
limitations however. Both GWAS and dataset analysis are correlative studies and limited
by the pool of pre-existing data. While the use of clocks and health indexes on humans to

study interventions may ultimately be useful, they need further validation and are
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currently hindered by ethical boundaries and clinical acceptance. Moreover, they are
complicated by genetic heterogeneity, limiting the ability to isolate and study specific

mechanisms.

Studies in model organisms can overcome such limitations. In particular, they
permit causal, mechanistic studies and controlled genotypes and environments, which
are not accessible in humans, while offering strengths similar to human studies, including
novel biomarker approaches such as aging clocks (Meyer and Schumacher 2021;
Thompson et al. 2018; Horvath et al. 2022), large datasets like the tabula muris senis
(Tabula Muris 2020) and association studies in large heterogenous populations like the
Study of Longitudinal Aging in Mice (SLAM)(Palliyaguru et al. 2021). The main concern,
of course, is the extent of evolutionary conservation, and the limited modeling of human
age-related disease, particularly cardiovascular disease and neurodegeneration.
Nevertheless, it is quite remarkable that mechanisms discovered in basic organisms like
yeast (Harrison et al. 2009) and nematodes (Holzenberger et al. 2003) also extend to

mammalian ageing, hence their value in ageing research remains clear.

Through natural selection the tree of life has created numerous paths to solve the
mystery of ageing. Organisms with vast regenerative capacity, like planaria, offer insights
in the regulation of adult restoration and tissue repair (Sanchez Alvarado 2007). The
exceptionally long-lived rodent, the naked mole rat, holds promise for revealing
metabolic mechanisms involved in resistance against age-related systemic functional
decline and cancer (Oka et al. 2023). Bats are also outliers in the mammalian body mass-
lifespan correlation (Foley et al. 2018), and have evolved longevity due to their unique
ecological niche. At the molecular level their longevity could stem from their uniquely
adapted immune systems, low cancer occurrence and efficient DNA damage repair
mechanisms (Cooper et al. 2024). Also resistant to cancer, the bowhead whale is a large
mammal that has evolved mechanisms that allow it to age for up to 200 years and analysis
of genome and transcriptome suggests modulation of DNA repair, cell cycle and cancer
genes (Lagunas-Rangel 2021). Both short-lived and long-lived animals can provide
information about ageing process. Unlike long-lived species, however, short-lived
animals such as nematodes, fruit flies, killifish, and mice have the added benefit of rapid

testing of genetic interventions in real time and establishing causation of life span control.
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The evidence is abundantly clear that life span is under genetic control. Different
species have characteristic maximal life span due to force of selection on their genetic
makeup and gene regulation. Within a species, genetic variation can give rise to
differences in life span. Despite this seeming genetic determinism, there is inherent
stochasticity in life span and even twin studies in humans show only 25% heritability
(van den Berg et al. 2017), revealing considerable plasticity. Nevertheless, there appear
to be core processes whose regulation impact longevity similarly across species that

model systems can reveal.

3.3 The biology of Nothobranchius furzeri

3.3.1 Evolution of naturally short-lived strains

Fish belonging to the genus Nothobranchius have evolved to thrive in the unstable
and unpredictable environments in arid regions of Africa, propagating in the temporary
ponds that emerge during the rainy season (Scheel 1990). Fish of this taxon typically
hatch during the rainy season, which lasts between 4-6 months. Due to this limited time
frame, these annual killifish undergo rapid sexual maturation, and lay their fertilized eggs
in the muddy bottom before the habitat disappears (Figure 2). Eggs survive the arid
season encased within mud pockets in the otherwise dry earth thanks to a number of
adaptations (Dolfi et al. 2019). One such adaptation is their remarkably thick and robust
chorion (Hartmann and Englert 2012). Another adaptation is their slow cell cycle time
during early development (2 hours), compared to that of non-annual fish embryonic cells
(15-30 minutes) post-fertilization (Dolfi, Ripa, and Cellerino 2014). Their most profound
adaptation, however, is their ability to enter a resilient state of developmental arrest,

called diapause (Markofsky and Matias 1977).
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Common life cycle in the wild Common life cycle in the lab Common lifespan in the lab
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Figure 2. The life cycle of turquoise Killifish. Left: In the wild, during the brief rainy
season the eggs from the previous year hatch and the fish reach adulthood and lay new
eggs before the end of the season. Centre: In laboratory conditions, diapause skipping is
preferred for rapid development and hatching of the new batch. Right: Adult male killifish
are slightly larger and more colorful than adult female killifish. Approximately 4 weeks
after hatching, the fish are fertile and can breed the next cohort or grow senescent and
die naturally within 4~6 months. Hpf: hours post-fertilization, pdf: days post-
fertilization, dph: days post-hatching. Image adjusted from (D'Angelo, De Girolamo, and
ScienceDirect 2022).

Embryonic diapause is not a unique feature of annual killifish. Many mammalian
species employ diapause to uncouple mating from parturition, ensuring that both take
place at the most favorable time (Fenelon, Banerjee, and Murphy 2014). However, what
is unique in annual Killifish is that diapause can often last longer than their entire adult
life expectancy without negatively impacting subsequent growth, fertility or lifespan (Hu
et al. 2020). Embryos of annual killifish can enter a state of diapause at three distinct
stages of development (Wourms 1972). The first (diapause I) happens during the
dispersed phase, a unique developmental stage of annual killifish where epiblast cells
migrate randomly over the yolk surface. The second (diapause II) starts mid-
somitogenesis when the majority of organs have developed. The third (diapause III)

initiates at the final stage of embryonic growth before hatching. Diapause is not
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obligatory and its duration can vary greatly. The molecular mechanisms for arresting,
surviving for exceptional amounts of time and exiting diapause to initiate a healthy adult
life are not well understood (Hu et al. 2020; Dolfi et al. 2019). Yet, they hold promise for
unraveling long-term organismal preservation and resistance to extreme environments
in vertebrates. Diapause also has practical considerations for strain maintenance, since
embryos can be held in diapause for years, and then reactivated at will when returned to

appropriate conditions.

One species of this genus, Nothobranchius furzeri (henceforth referred to simply
as Kkillifish), is considered the shortest-lived vertebrate that can be kept and bred in
captivity (Valdesalici and Cellerino 2003). The short-lived strains of this killifish originate
from ponds in regions of Zimbabwe and Mozambique, each region with a varying length
of rainy season. Due to this extrinsic pressure, different strains appear to have evolved
varying lifespans. The highly inbred GRZ strain lives 4-6 months, while the ZMZ-0403
strain can live for over a year (Kirschner et al. 2012). These fish have equivalent lifespans
in captivity, despite constant immersion in a favorable environment. Thus, it appears
these fish have evolved a short lifespan which makes them an advantageous model for
studying rapid natural ageing. In particular, the Killifish provides an opportunity to
assess the impact of interventions on the life span within 4-8 months, compared to 3

years or more in mouse, bridging an important gap in studying vertebrate ageing.

3.3.2 Establishment as a model organism

The Kkillifish’s naturally short lifespan, along with its ability to thrive and
reproduce in captivity, has established it as a valuable model for aging research. But, to
effectively use it as a model, researchers have developed an extensive toolkit
encompassing genetic datasets, advanced molecular techniques, and innovative
husbandry systems (Figure 3). These resources not only facilitate studies on genetic and
molecular drivers of aging but also provide a foundation for refining and expanding
experimental approaches. As these tools continue to evolve, they open new avenues for

in-depth, large-scale investigations using Kkillifish as a model organism.
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Lifespan

Months Years Decades Century

@ Naturally short-lived ‘ No globally established husbandry methods
@ Cheap maintenance . No commercially available transgenesis service
@ Reference genome assembly ' Limited pool of existing mutants

@ Transcriptomic datasets of ageing tissues . No global repository of frozen mutant sperm
@ Multiple optimized transgenesis tools . Often lack of cross-reacting antibodies

@ Automated feeding tools (enabling diet/drug screens) . Limited knowledge on endogenous regulatory elements
(promoters, TF-binding sites, etc.)
@ Sperm cryopreservation & in vitro fertilization

@ Longitudinal blood or fin sampling

Figure 3. Advantages and limitations of using Killifish as an ageing model organism.
The upper part indicates time-scales required for lifespan analysis in vertebrate ageing
models and humans, while the lower part summarizes pros and cons of using killifish in
ageing research. As a relatively new model, available resources remain limited. However,
numerous genetic tools and datasets have been generated, advancing killifish aging
research and establishing it as a valuable model organism in the field. Image adjusted

from (Mathuru 2022).

A reference genome is typically regarded as essential for an organism to be
accepted as a model system. Initial insights into the N. furzeri genome came from
cytogenetic analysis and genome survey sequencing, revealing 19 chromosomes (2n =
38), an estimated size of approximately 1.5 Gb, and a high abundance of repetitive
elements (Reichwald et al. 2009). More recent advances in sequencing technologies
allowed for two independent genome assemblies to be constructed and released in
parallel (Reichwald et al. 2015; Valenzano et al. 2015). Building on the genomic
references, our lab and others have generated an array of transcriptomic datasets in
multiple ageing tissues (Xu et al. 2023; Bergmans et al. 2024; Ripa, Ballhysa, et al. 2023;
Teefy, Lemus, et al. 2023; Benayoun et al. 2019). These datasets not only describe killifish
ageing, but also enhance annotation of genes, transposable elements and small RNAs,

such as miRNAs, ncRNAs (Baumgart et al. 2019) and piRNAs (Teefy, Adler, et al. 2023).
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The transition from descriptive analyses of age-related pathways to direct
investigation of individual gene functions requires the ability to manipulate the genome.
The development of killifish egg microinjection techniques (Hartmann and Englert 2012)
and the optimization of the Tol2 transposase system (Valenzano, Sharp, and Brunet
2011) marked the beginning of genome editing in this model organism. Soon afterwards,
the newly developed CRISPR/Cas9 targeted mutagenesis system was established for
killifish embryos (Harel et al. 2015) and then further optimized over the years (Harel,
Valenzano, and Brunet 2016; Oginuma et al. 2022; Bedbrook et al. 2023). Killifish
embryos develop slower than other teleosts, making transgenesis a relatively-time-
consuming technique. One study demonstrated the possibility to bypass development by
directly expressing a transgene in adult fish, using somatic electroporation of muscle

tissue (Moses, Franek, and Harel 2023).

Turquoise Killifish can tolerate a broad spectrum of water temperatures, salinity
and pH and differences among laboratory aquaria often cause deviations in reported
lifespans (Polacik, Blazek, and Reichard 2016). Researchers are still optimizing hatching,
maintenance (Nath etal. 2023; Dodzian et al. 2018) and feeding parameters (Zak, Dykova,
and Reichard 2020), but unfortunately a worldwide accepted standard method does not
yet exist. Recently, one group engineered a cheap automated feeding system for adult
killifish (McKay et al. 2022). This system overcomes the prohibiting costs of commercial
scientific-grade automated feeding aquaria and allows for time-specific and amount-

regulated feeding regimes and drug screens on killifish across their lifespan.

A number of additional tools have been developed over the years, including non-
lethal blood sampling (Dolfi, Ripa, et al. 2023) for longitudinal studies, sperm
cryopreservation (Dolfi, Suen, et al. 2023b) and in vitro fertilization (Dolfi, Suen, et al.
2023a) which combined reduce costs of maintaining multiple mutant lines and allows the
generation of frozen biobanks. Many of the techniques and tools developed for killifish,
including some of the ones mentioned above, are summarized in the manual recently

published by Cold Spring Harbor Laboratory Press (Brunet 2023).

It is also important to note the limitations of N. furzeri as a model organism for
ageing research. One limitation is the aforementioned lack of globally standardized
husbandry. Another, involves the lack of commercially available cross-reacting

antibodies, since most antibody-generating companies generally focus on mammalian
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antigens. As N. furzeri is a relatively new model, the pool of available mutants is limited,
there is no shared frozen genetic repository, and no commercial CRISPR mutagenesis
services exist for Kkillifish. As a result, any hypothesis involving genetic manipulation
typically requires the in-house generation and validation of new lines from the ground
up. Lastly, although time-specific and tissue-specific expression systems have been
successful (Bedbrook et al. 2023; Allard, Kamei, and Duan 2013), they always involve
zebrafish or medaka promoters, instead of killifish elements, and can become leaky or

silenced (Valenzano, Sharp, and Brunet 2011).

3.3.3 Similarities and differences to human ageing

Killifish undergo significant physiological decline during adult life resembling
aspects of human aging. They exhibit reduced fecundity, decreased locomotion, cognitive
decline, loss of pigmentation, spinal kyphosis (Kim, Nam, and Valenzano 2016; Genade et
al. 2005), sarcopenia (Ruparelia et al. 2024), neurodegeneration (Bagnoli et al. 2022),
cancer (Di Cicco et al. 2011), metabolic dysfunction (Ripa, Ballhysa, et al. 2023),
lipodystrophy (Ripa, Mesaros, et al. 2023) and immunosenescence (Bradshaw et al.

2022).

In addition, Killifish experience several of the so-called molecular ‘hallmarks of
ageing’ similar to other species (Lopez-Otin et al. 2023) (Figure 4). These hallmarks
include: loss of proteostasis, disabled macroautophagy, dysbiosis, epigenetic alterations,
mitochondrial dysfunction, deregulated nutrient-sensing, stem cell exhaustion, telomere
attrition, cellular senescence, altered intercellular communication, genomic instability,
and chronic inflammation. Below we outline various studies exploring these hallmarks

in killifish.
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Figure 4. Killifish ageing recapitulates human ageing hallmarks. The figure
summarizes the current knowledge on the ageing physiology of the short-lived strain of
N. furzeri. Red arrows indicate similar regulation between human ageing and killifish
ageing. Green arrows indicate the direction of regulation in killifish, but not humans.
Telomere attrition has only been identified in the long-lived strain of N. furzeri. Apart
from the opposite regulation of LC3II/LC3I ratio, there is very limited knowledge on

killifish autophagy during ageing. Image adjusted from (Lopez-Otin et al. 2023).

Direct evidence for loss of proteostasis was recently uncovered in
Nothobranchius. During ageing, the correlation between mRNA and protein levels in the
killifish brain is progressively lost (Kelmer Sacramento et al. 2020). This leads to a

disruption of stoichiometry in multiple protein complexes and accumulation of
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unassembled protein aggregates. In support of this, another study showed the
accumulation of aggregated proteins with prion like properties in killifish brains with age

(Harel et al. 2024).

Concerning macroautophagy or autophagy in general, very little is known in
killifish. One study has investigated autophagosome markers, such as LC3 and p62, with
age in the in Kkillifish using an immunoblot assay to assess autophagic flux. The authors
found no change during ageing in muscles for either marker during most of the aging
trajectory. But in very old fish, there was an increase in LC3II/LC3I ratio (marker for
autophagosome formation) and reduction of p62, indicating a higher autophagic flux in
animals (Ruparelia et al. 2024), possibly reflecting demographic selection for longer lived
survivors undergoing caloric restriction. By contrast, humans and mice muscles exhibit
decreased LC3II/LC3I ratio in muscles with old age (Carnio et al. 2014), while other
tissues, such as motor neurons, appear to have either decreased LC3 or simultaneous
increase of LC3 and p62, indicating reduced flux and autophagosome accumulation

(Jahanian et al. 2024).

Intriguingly, humans and Kkillifish share the same four dominant gut microbial
phyla: Firmicutes, Actinobacteria, Bacteroidetes, and Proteobacteria (Smith et al. 2017).
Both humans and Kkillifish undergo age-related dysbiosis, manifested as reduced
taxonomic diversity in intestinal microbiome with age (Biagi et al. 2016; Smith et al.
2017). Interestingly, transplantation of a young microbiota into middle-aged fish can
extend their life span, providing seminal evidence for the microbiome modulating

vertebrate aging.

Regarding the hallmark of epigenetic alterations, just like in humans (Horvath
et al. 2012), Kkillifish tissues display an increase in expression of polycomb complex
members (Baumgart et al. 2014), have increased H3K27me3 histone modifications and
downregulated DNMTs (DNA methyltransferases) with age (Zupkovitz et al. 2021).
Killifish also undergo an erosion of DNA methylation marks with aging, but researchers

have yet to develop a DNA-methylation based aging clock in this species.

Mitochondrial dysfunction also appears to impact Killifish ageing. Similarly to
humans (Filograna et al. 2021), old killifish tissues showed reduced mtDNA copy number

in multiple tissues and reduced respiratory chain function in skeletal muscles with age

21



(Hartmann et al. 2011). Unlike humans (Samuels, Schon, and Chinnery 2004), killifish do
not show increased large-scale deletions in their mtDNA with old age (Hartmann et al.
2011), suggesting that functional rather genetic disruption of mitochondria are more

critical to the ageing process.

The most robust interventions that extend lifespan in mammalian models are
associated with nutrient sensing pathways (Singh et al. 2019). Killifish males do
respond to dietary restriction and live longer with fewer calories in the diet (McKay et al.
2022), but to date, there is relatively little knowledge about the effects of nutrient sensing
factors, such as IGF1 or TOR, on the lifespan of killifish. On the other hand, our laboratory
discovered a dynamic regulation of AMPK subunits during fasting and re-feeding in
killifish (Ripa, Ballhysa, et al. 2023). We found a higher expression and usage of the y1
(gammal) subunit during feeding and y2 (gammaZ2) during fasting. Regardless of feeding
regime, with old age there is a sustained y2 subunit usage. Overexpression of y1 subunit
improved metabolic health and prolonged lifespan in Kkillifish, providing the first genetic
evidence for AMPK regulating vertebrate life span. In humans, we found that y1
expression inversely correlates with frailty score and mortality risk, suggesting this gene

to be an important component of life span regulation.

Two aspects of stem cell exhaustion have been described in the ageing killifish;
reduced limb regeneration capacity and decay of adult neurogenesis. Unlike humans,
teleosts are able to regenerate the epidermis, bones, blood vessels, nerves, connective
tissue and pigmentation after fin amputation. Regenerative capacity, however, has been
shown to decrease in older age in the Kkillifish (Wendler et al. 2015). Also distinct from
humans, teleosts have multiple neurogenic niches and carry out adult neurogenesis in
basically all regions of the brain (Ekstrom, Johnsson, and Ohlin 2001). Like humans,
killifish exhibit age-dependent neurodegeneration and cognitive impairment (Tozzini et

al. 2012; Valenzano et al. 2006).

Telomere shortening has been reported in many species, including humans, and
its rate of attrition can predict lifespan (Whittemore et al. 2019). By comparing young
and old skin and muscle tissues, it was found that the longer-lived MZM-0403 strain
exhibited telomere shortening with age, but the shorter-lived GRZ strain did not
(Hartmann et al. 2009). Apparently, the exceptional short lifespan of this strain is

independent of telomere attrition. Nevertheless, similar to mammals (Pech et al. 2015),
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telomere maintenance in the GRZ strain is essential, since telomerase deficiency leads to

age-related degeneration of gonadal stem cells (Harel et al. 2015).

Senescent cells accumulate in multiple human tissues (He and Sharpless 2017)
as well as Killifish tissues. One study found increased expression of cyclin-dependent
kinase inhibitors (CDKN1A and CDKN2B) in the skin with age in the long-lived strain, but
not the short-lived (Graf et al. 2013). However, another study found increased
senescence-associated 3-galactosidase activity (SA-B-gal) in the dermis with age in the
short lived strain (Genade et al. 2005). The heart as well as the retina, optic nerve and
optic tectum of the short-lived strain also exhibit strong increase in SA--gal with age and
increased cyclin inhibitor expression (Ahuja et al. 2019; Vanhunsel et al. 2021). In this
study we also show increased cyclin-dependent kinase inhibitor expression (such as
CDKN1A and CDKNZ2B) in both kidneys and gut of the short-lived strain. In the same
tissues, we observed increased transcriptional expression of senescence-associated
secretory phenotype (SASP) components, such as IGFBP1 (Insulin Like Growth Factor
Binding Protein 1) and EGF (Epidermal Growth Factor), indicating conservation of the

altered intercellular communication hallmark as well.

Human tissues undergo DNA damage and accumulate genetic mutations with age
in a tissue specific manner (Yizhak et al. 2019). In killifish, skeletal muscles display a more
than 3-fold increase in yH2AX levels (phosphorylated H2A histone family member X, a
marker of double-strand breaks) with age (Cencioni et al. 2019). Another study used flow
cytometry on kidney marrow cells from young and old Killifish and found increased
staining intensity of YH2AX and percentage of positive cells (Morabito et al. 2023).
Indirect evidence of genomic instability in killifish ageing can also be inferred from the
increase in transposable element transcripts detected in the old brain (Xu et al. 2023).
Upregulation of transposable element expression is often accompanied by an increase in
DNA damage due to transposition or senescence initiation (Simon et al. 2019; De Cecco

etal. 2019).

All the previous hallmarks are thought to fuel chronic inflammation (Lopez-Otin
et al. 2023). Chronic inflammation during aging has been termed ‘inflammaging’ and is
characterized by low-grade sterile increase in pro-inflammatory cytokines, which are
primarily identified in the blood (Ferrucci and Fabbri 2018). Plasma proteomics in

killifish revealed an increase in acute phase proteins (APPs), such as complement and
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coagulation factors which have been used as inflammatory markers (Morabito et al.
2023). Kidney proteomics also revealed an increase in cytokine production with age in
killifish (Morabito et al. 2023). Transcriptomics in brain, heart, muscle and spleens from
both male and female killifish revealed widespread upregulation in inflammatory
pathways, to varying degrees, in all tissues (Xu et al. 2023). In this study we also show
complement and coagulation components, as well as pro-inflammatory SASP
components, such as TNFRSF11B (tumor necrosis factor receptor superfamily, member
11b) and CXCL12B (C-X-C Motif Chemokine Ligand 12) increasing with age in killifish
kidneys and guts.

In sum, killifish bear many similarities to mammalian and human ageing, however,
as a relatively new model system, much remains to be established and explored.
Importantly, the multitude of normative ageing phenotypes at both molecular and
organismal level reflect a naturally evolved short-lived vertebrate, not a progeroid or
disease model. Even certain non-conserved features of killifish biology, such as enhanced
regenerative capacity and diapause, can offer transformative insights into human biology,
because they inform us of resilience and restoration in a living system, with important

implications for regenerative medicine and ageing research.

3.4 Inflammaging

The term inflammaging was first introduced by Claudio Franceschi in 2000
(Franceschi et al. 2000) and is defined as chronic, sterile, low-grade increase in basal
inflammatory levels with age (Franceschi et al. 2018). ‘Chronic’ is the key point that
defines inflammaging as a negative process. Acute, transient immune responses facilitate
tissue repair after injury, defend against pathogen infections, initiate turnover of
damaged molecules or organelles and help clear compromised or malignant cells
(Franceschi and Campisi 2014). Chronic inflammation can lead to both structural and
functional decline at a cellular, tissue and eventually organismal level. Mechanistically,
chronic inflammation resembles acute inflammation, but differs in intensity and

duration.
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An example of the distinction between acute and chronic inflammation is
illustrated by IL-6 (interleukine 6) function, a key inflammatory cytokine. IL-6 levels
sharply increase after exercise and enhance insulin sensitivity, stimulates anti-
inflammatory cytokine production and mobilizes natural killer T cells to protect against
cancer formation or progression (Orange et al. 2023). Yet prolonged IL-6 signaling can
promote tumor growth and activate pro-inflammatory cytokine production, locking in a

chronic low-grade inflammatory state (Orange et al. 2023).

This IL-6 example also illustrates the complex dynamic nature of inflammatory
cytokines, which can paradoxically have both pro- and anti-inflammatory effects,
depending on the network of interactions and feedback loops with other cytokines and
receptors (Zhang and An 2007). Lack of understanding of these interactions can lead to
unexpected results. For example, inhibition of TNFa (tumor necrosis factor-alpha),
another established pro-inflammatory cytokine, can lead to uncontrolled IL-12-

dependent inflammation (Zakharova and Ziegler 2005).

Markers of inflammaging include increased circulating levels of IL-1, IL-6, IL-8, IL-
13, IL-18, [FNq, IFN(, TGF-f3 and acute phase proteins among others (Ferrucci and Fabbri
2018; Batista et al. 2020). Despite heightened inflammatory tone, the aging immune
system becomes less responsive to both internal and external antigens, with a diminished
ability to eliminate damaged or cancerous cells (Pawelec 2018). This decline in immune
function, known as ‘immunosenescence’, is linked to or potentially caused by
inflammaging. Apart from the immune system, these circulating inflammatory factors
also have systemic effects, influencing multiple organs and ultimately reducing overall

health.

3.4.1 Impact on cells and tissues

Circulating inflammatory cytokines like IL-1, IL-6, and TNFa influence
hematopoietic stem and progenitor cells (HSPCs), steering their differentiation toward
myeloid (neutrophils and monocytes) instead of lymphoid differentiation (natural killer
cells, T-cells and B-cells) (Jahandideh et al. 2020). This creates a feedback loop, whereby

innate immune cells increase at the cost of adaptive immune cells, which then in turn
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increase circulating cytokines that further promote this misbalance (Pioli et al. 2019).
Furthermore, these innate immune cells appear to be impaired with age. Neutrophils
show increased apoptosis, decreased phagocytic capacity and dysfunctional adhesion
and chemotaxis with age (Li et al. 2023). Aged macrophages downregulate both glycolysis
and oxidative phosphorylation, leaving them in an energy-depleted dysfunctional state
(Minhas et al. 2021). Among other deficiencies, aged macrophages also display a number
of senescent hallmarks, such as increased secretion of SASP components such as IL-1f3,
IL-6, TNFa and the pro-fibrotic molecule TGF-3 (Yousefzadeh et al. 2021; Campbell et al.
2021). Further promoting fibrosis, aged macrophages also have decreased expression of

IL-10, a crucial anti-inflammatory and anti-fibrotic cytokine (Zhang et al. 2015).
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Figure 5. Inflammageing occurs at the molecular, cellular, and organ levels during
ageing. During ageing cells within the body enter senescence, a state marked by
dysfunction and release of pro-inflammatory factors known as the senescence-associated
secretory phenotype (SASP). While immune cells help clear senescent cells, they are also
affected by SASP, contributing to immunosenescence - a decline in immune function that
reduces the body's ability to fight infections and disease. The buildup of senescent cells
promotes organ inflammation, increasing susceptibility to age-related diseases. This
process is amplified by feedback loops that sustain inflammation and exacerbate tissue

damage, further accelerating aging and disease risk. Image adjusted from (Li et al. 2023).

The primary niche of HSPCs, the bone marrow, is also significantly affected by
inflammaging; bone marrow degeneration, in turn, further exacerbates
immunosenescence. Bone marrow mesenchymal stem cells (MSCs) lose stemness with
age, while acquiring senescent features, such as increased DNA damage, elevated ROS
levels (reactive oxygen species) and increased expression of cyclin-dependent kinase
inhibitors and SASP components (Stolzing et al. 2008). This stem cell loss results in
replacement of red bone marrow by fat cells and transforms into a yellow or fatty bone
marrow incapable of supporting robust hematopoiesis (Gurevitch, Slavin, and Feldman

2007).

Another tissue severely impacted by chronic inflammation is the kidney. During
ageing, human kidneys exhibit increased basal expression of inflammatory genes
(Rodwell et al. 2004). This chronic inflammation impairs the regenerative capacity of
tubular epithelial cells, which leads to a significant increase in susceptibility to acute
kidney injure (AKI) with age (Sato and Yanagita 2019). Adults with chronic kidney
disease (CKD) also exhibit a very similar immunosenescent phenotype (Sato and Yanagita
2019). After kidney injury, Toll-like and IL-1 receptors mediate senescence in tubular
epithelial cells, connecting immune regulators and senescence in this organ (Jin et al.
2019). Though many senescent markers remain unchanged during kidney ageing, p16
expression increases (Melk et al. 2003) and clearance of these p16/NK4a-expressing cells

improves kidney health in ageing mice (Baker et al. 2016).
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The gastrointestinal system is also strongly affected by inflammaging. The gut
exhibits age-related dysbiosis, in which an imbalanced microbiome can be both the cause
and effect of inflammation. The intestinal epithelium is normally coated with mucin,
which prevents direct interaction between intestinal epithelial cells and microbes. It has
been reported in mice (Elderman et al. 2017) and humans (Baidoo and Sanger 2024) that
with aging, mucin production decreases, resulting in a thinner, more permeable and even
discontinuous layer which can trigger inflammation. Microbes can also cause an age-
related increase in paracellular permeability or ‘gut leakiness’ , and infect the host
(Ragonnaud and Biragyn 2021). Conversely, decreasing inflammaging appears to
ameliorate dysbiosis: elderly TNF knockout (KO) mice exhibit lower levels of dysbiosis
than old wild-type (WT) and anti-TNF treatment modulates the microbiome of old, but
not young mice (Thevaranjan et al. 2017). Also, inflammatory cytokines can increase gut
leakiness by decreasing expression of tight junction proteins (DeJong, Surette, and
Bowdish 2020). Evidently, dysregulation of the gut can lead to the loss of a primary line
of defense against pathogens, and propagate feedback loops that aggravate and

perpetuate inflammation.

Multiple other tissues, such as brain, heart and liver, are affected by inflammaging
and have a causal relationship with age-related disease (Li et al. 2023), which we don’t
cover here. Each tissue contributes to systemic inflammation to varying degrees and also
responds differently to inflammatory stimuli. When studying such systemic physiology,

it is important to compare and contrast mechanisms and responses of various tissues.

3.4.2 Sources of inflammaging

An important question is what are the sources of inflammaging? A number of
factors that contribute to inflammatory signals can be grouped into three main
categories: non-self, quasi-self and self. Non-self factors include infections such as viral
and bacterial infections. These are more likely opportunistic infections that occur in the
context of an already weakened immune system. Currently there is no consensus on
whether early life or recurring infections strengthen or weaken the immune system later

in life (Batista et al. 2020). Quasi-self triggers of inflammaging include the microbiome
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and nutrients. The composition (e.g. high fat percentage) and quantity of nutrients can
increase inflammation, as seen during obesity and type-2 diabetes (Frasca, Blomberg, and
Paganelli 2017). But, specific categories of nutrients can also initiate inflammation, such
as saturated fatty acids, which activate both TLR2 and TLR4 to trigger innate immune
responses (Huang et al. 2012). Self factors include the accumulation and release of
molecular debris by dying cells (dubbed ‘garb-aging’) (Franceschi et al. 2017) and SASP

components released by senescent cells (Olivieri et al. 2015).

Cell death is also an important trigger of inflammaging. According to estimates,
adult human bodies generate billions of dead cells per day (Strippoli et al. 2024). Yet, cell
death in vivo is not always inflammatory. Under physiological conditions, apoptosis is
considered to be an immunologically silent form of cell death, as apoptotic caspases
(caspase-9 and caspase-3/7) block inflammatory responses (Bock and Riley 2023). On
the other hand, other types of cell death can be highly inflammatory, such as necroptosis,
pyroptosis and ferroptosis. Necroptosis markers increase with age in mice livers
(Mohammed et al. 2021). Notably, short-term treatment of necrostati-1s (necroptosis
inhibitor) in old mice reduces M1 (pro-inflammatory) Kupffer cells (liver macrophages),
senescent cells, fibrosis and pro-inflammatory cytokines (Mohammed et al. 2021).
Similarly, pharmacological or genetic inhibition of pyroptosis (Zhou, Qiu, et al. 2023) or

ferroptosis (Mazhar et al. 2021) can ameliorate multiple age-related diseases.

3.4.2.1 Senescence

Senescent cells are considered a major source of inflammaging. Cellular
senescence was first discovered by Hayflick who found unexpectedly that cultured cells
do not divide indefinitely, but cease division after a certain number of rounds (Hayflick
and Moorhead 1961). In this case, it turns out that telomere attrition leads to a checkpoint
leading to cell cycle arrest (Harley, Futcher, and Greider 1990). It was later found that,
aside from telomere attrition, there are multiple drivers of cellular senescence in vitro,
including DNA damage (Di Leonardo et al. 1994), oncogene expression (Courtois-Cox et
al. 2006), mitochondrial dysfunction (Wiley et al. 2016), infections (Reyes et al. 2023),
ROS (Chen et al. 1995), nutrient imbalance (Carroll and Korolchuk 2018), mechanical
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stress (Sladitschek-Martens et al. 2022), paracrine senescence mediated by SASP (Acosta
et al. 2013) and other mechanisms. Depending on the stimulus, different cellular
pathways can signal towards senescence establishment. But once established, senescence
is typically characterized by a highly stable cell-cycle arrest with accumulation of
macromolecular damage, deregulated metabolic profile and broad secretory phenotype

(Gorgoulis et al. 2019; Gonzalez-Gualda et al. 2021).

Cell cycle arrest is typically mediated by two interconnected pathways involving
p53/p21 and p16/Rb (Mijit et al. 2020) (Figure 6). p53 is a master regulator of cell cycle
checkpoint control activated in response to various stressors, including DNA damage.
Once expressed, p53 regulates thousands of genes and can trigger senescence under mild
stress conditions and apoptosis under severe or prolonged stress (Chen, Liu, and Merrett
2000). A critical target, p21, is necessary for p53-mediated senescence (Rufini et al.
2013), and plays two roles in establishing senescence. As indicated by its alternative
name CDKN1A (cyclin dependent kinase inhibitor 1A), it inhibits cyclin-dependent
kinases (such as CDK2), thus preventing cell cycle progression (Dutto etal. 2015). Equally
important, it serves as an apoptosis inhibitor, blocking caspase activation cascades and

promoting cell survival (Yosefetal. 2017).

p53/p21 pathway activation is an early response to stress and mediates the
decision to enter senescence or not. After this early phase, p53 levels drop and another
pathway takes responsibility for senescence maintenance (Dolan etal. 2015). Specifically,
through a complex regulatory network, p16 becomes activated during early senescence,
and acts to maintain it (Rayess, Wang, and Srivatsan 2012). If p16 levels do not reach a
critical threshold before p53 expression drops, senescence can be bypassed (Beausejour
et al. 2003). Like p21, p16 (CDKN2A) is a cyclin-dependent kinase (CDK) inhibitor,
specifically targeting CDK4 and CDK6. During cell cycle progression, cyclin-CDK
complexes phosphorylate RB (retinoblastoma) family proteins. Phosphorylated RB
proteins lose their ability to inhibit E2F transcription factors, which drives the expression
of cell cycle genes. Cyclin-CDK inhibitors like p16 and p21 prevent CDK activity,
maintaining RB in its active, unphosphorylated state, thereby suppressing E2F activity

and blocking cell cycle progression (Gorgoulis et al. 2019).
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Figure 6. Cell-cycle arrest during DNA-damaged induced senescence. Irradiation,
telomere attrition, oncogene expression and ROS lead to DNA damage which in turn
activates p53/p21 and p16. These elements inhibit cyclin-dependent kinases required
for Rb phosphorylation and E2F release. By inhibiting the cyclin-dependent kinases,
p53/p21 and p16 cause irreversible cell cycle arrest at G1/S and M/G1 checkpoints.
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Of note, RB and p53 activation also inhibit cycle progression outside the context
of senescence (for example quiescence and differentiation) (Gorgoulis et al. 2019). Also,
even though p16 is a widely used marker of senescence, it can be highly expressed in
certain cancer cells (Sharpless and Sherr 2015). Additionally, lack of p16 can be
compensated by activation of p15 (CDKN2B) and CDKN2C (Sharpless and Sherr 2015).

Thus, defining cellular senescence often requires measuring additional features.

Macromolecular damage is a major hallmark of senescent cells. Notably, DNA
damage is a well-established inducer of both senescence and inflammaging and will be
discussed separately below. The DNA damage response (DDR) is also a consequence of
senescence and markers of DDR, such as yH2AX (S139-phosphorylated H2A histone
family member X), can also be used as markers for senescence (Bernadotte, Mikhelson,
and Spivak 2016). Further, DNA damage-induced senescent cells harbor persistent
nuclear damaged foci termed DNA-SCARS (DNA segments with chromatin alterations
reinforcing senescence) (Rodier et al. 2011). Unlike transient DNA damage lesions, DNA-
SCARS can persist for a very long time (even years as mentioned by unpublished
observations of Fabrizio d'Adda di Fagagna (d'Adda di Fagagna 2008)) and do not recruit
the DNA repair proteins RPA (replication protein A) and RAD51 (Rodier et al. 2011).
DNA-SCARS are mostly observed under DNA damage-induced senescence. Another DNA
damage feature of senescence cells, cytoplasmic chromatin fragments (CCFs), can be
observed even in replicative senescence (due to telomere shortening) or oncogene-
induced senescence (OIS) (Ivanov et al. 2013). CCFs specifically have been characterized

to induce inflammation through the cytoplasmic DNA surveillance pathway cGAS/STING.

Lysosomal and mitochondrial dysfunction are also hallmarks of senescent cells.
Lysosomes of senescent cells increase in number and size (Robbins, Levine, and Eagle
1970), but this increase in lysosomal content does not typically translate to increased
function, as the lysosomal degradation stage of autophagy declines, leading to
accumulation of damaged organelles and molecules (Park et al. 2018). Increased
lysosomal mass is linked to a common senescence marker, the senescence-associated
beta-galactosidase (SA-B-gal) activity, although it is neither required nor a determinant
of senescence (Hernandez-Segura, Nehme, and Demaria 2018). Senescent cell
mitochondria also exhibit increased mass, but also decreased membrane potential,

higher proton leak, and increased tricarboxylic acid (TCA) cycle metabolites (Kaplon et
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al. 2013). Some of these phenotypes likely reflect the inhibition of mitophagy, since
mitophagy activation can suppress the SASP (Correia-Melo et al. 2016). The DNA
surveillance pathway cGAS/STING has been shown to promote a senescent secretome
during mitochondria dysfunction (West et al. 2015; Gulen et al. 2023). Both CCFs and
mitochondrial dysfunction lead to mtDNA leak engaging the cGAS/STING pathway to
activate the SASP.

A major feature of senescent cells is their secretory phenotype. This secretome is
comprised of pro-inflammatory cytokines and chemokines, growth factors, angiogenic
factors and matrix metalloproteinases (MMPs) (Coppe et al. 2010). SASP factors are not
always physiologically detrimental. They contribute to embryonic patterning signals in
the apical ectodermal ridge and neural roof plate during mice embryonic development
(Storer et al. 2013). SASP growth factors are necessary for wound healing in mice
(Demaria etal. 2014) and for limb regeneration in zebrafish (Da Silva-Alvarez et al. 2020).
P53 and pl16 deficient mice exhibit increased liver fibrosis following liver damage
(Krizhanovsky et al. 2008), later attributed to decreased MMP production (Kim et al.
2013). Similarly, SASP components limit skin scarring, oral, renal and cardiac fibrosis and
atherosclerosis (Munoz-Espin and Serrano 2014). Lastly, SASP components can activate
senescence in a paracrine fashion and recruit immune cells to limit and clear tumors
(Munoz-Espin and Serrano 2014). Like inflammation, then, transient SASP has evolved
beneficial effects in development and disease, but chronic SASP leads to a number of

pathologies.

Aberrant SASP can lead to recruitment of immature immune-suppressive myeloid
cells in certain tumors (Atala 2015), while angiogenic factors contribute to
vascularization and metastasis of such tumors (Coppe et al. 2010). Outside of tumor
microenvironments, senescence can spread to neighboring healthy cells in vitro and in
vivo due to paracrine senescence mediated by SASP components (Acosta et al. 2013).
Whereas transient SASP release was shown to reduce fibrosis, chronic SASP promotes
fibrosis, and senolytic drugs (compounds that cause senescent cell clearance) are being
tested for multiple fibrotic diseases (O'Reilly, Tsou, and Varga 2024). Lastly, SASP
components are effectively the main constituents of inflammaging (Li et al. 2023) and are

linked to a number of age-related ailments, such as neurodegeneration (Diniz et al. 2021)
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cardiovascular diseases (Boniewska-Bernacka, Panczyszyn, and Klinger 2020) and

adipocyte dysfunction (Stout et al. 2017).

The composition and abundance of SASP components varies between senescent
cells, influenced by the underlying cause of senescence, as well as cellular identity and
time course of the process (Childs et al. 2015). This variability has complicated efforts to
generate a definitive list of SASP factors (Coppe et al. 2010). Nevertheless, a recent study
utilizing extensive datasets from bulk and single-cell RNA sequencing (scRNAseq)
identified a signature of commonly transcriptionally regulated SASP and senescence
markers, referred to as the 'SenMayo' gene set (Saul et al. 2022). Mechanistically, the
change of SASP composition over time appears to depend on NOTCH1 (Notch Receptor
1) level fluctuations (Figure 7). In particular, early SASP is mediated by high NOTCH1-
induced TGF-B-regulated SASP, which is not considered as highly inflammatory (Hoare et
al. 2016). Late SASP has low NOTCH1 immune-suppressing signaling, has increased
C/EBPB and NF-kB signaling (Ito, Hoare, and Narita 2017) and is characterized by
derepression of LINE-1 retrotransposable elements, which then leads to highly

inflammatory SASP through nucleic acid surveillance (De Cecco et al. 2019).
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Figure 7. Dynamic regulation and establishment of SASP components. a, Modulation
of early and late SASP components has been best described in oncogene induced
senescence (Ito, Hoare, and Narita 2017). RAS-induced senescence leads to early
upregulation of the active form of NOTCH1, the NOTCH1 intracellular domain (N1ICD)
and TGFf, which establish the early SASP. Then N1ICD and TGF[ levels drop allowing the
expression of the proinflammatory transcription factor C/RBPf and downstream late
SASP. b, During ageing and during senescence, LINE1 retrotransposable elements are de-
repressed and have been linked with late SASP expression. ¢, Regulation of early and late

SASP during oncogene-, DNA damage- and retrotransposable element-induced
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senescence. NOTCH1 signaling promotes early SASP and inhibits C/RBP3 expression.
Late SASP is established after N1ICD drop later during senescence. DNA damage causes
the activation of ATM and ATR kinases which inhibit the interaction between p62 and
GATA4. Released GATA4 activates NF-kB-dependent SASP expression. Lastly, during
ageing and late senescence, DNA damage accumulates and LINE1 elements are de-
repressed. DNA fragments and LINE1 cDNA activate cGAS/STING, which then lead to a
TBK1-mediated NF-xB and IRF3 signaling. Panel a is modified from (Ito, Hoare, and
Narita 2017).

Although our understanding of the features of senescence has advanced
significantly, confidently identifying senescent cells in vivo remains challenging for
several reasons. In non-disease contexts, senescent cells are rare, even in old age (Idda et
al. 2020). Then, the majority of cells within organisms are post-mitotic, therefore lack of
cell replication on its own is not a useful marker. Also, the heterogeneity of the senescent
program and inflammatory profile of different cell types further hinder senescent

assessment in vivo (Gonzalez-Gualda et al. 2021).

Common approaches to assaying senescence in vivo involve staining for markers such as
SA-B-gal, p16, p21, and YH2AX (Gonzalez-Gualda et al. 2021). However, each marker has
limitations. SA-B-gal staining is widely considered a reliable assay, but it requires fresh
or living tissue, restricting its application with preserved samples. An alternative, Sudan
Black-B (SBB) stains lipofuscin - an aggregate of oxidized proteins that accumulates in
senescent cells. This method largely replicates SA-$-gal staining in mouse tissues and can
be applied to archived samples (Evangelou and Gorgoulis 2017; Georgakopoulou et al.
2013). Regarding p16, antibodies against it are considered unreliable, so it is generally
preferred to use p16 promoter-regulated reporter strains instead (Omori et al. 2020;
Gonzalez-Gualda et al. 2021). p21 levels usually drop after senescence is established
(Stein et al. 1999), so late senescent cells are not stained. Meanwhile, yH2AX is limited to
DNA damage-induced induced senescence and can be confounded by cell death (Rodier
etal. 2011). Finally, since all above stains can also mark cancer cells within tissues (Bojko
et al. 2019), organisms are typically injected with nucleoside analogues EAU or BrdU
before sacrificing and tissue harvesting. These analogues incorporate in the DNA of

replicating cells and can be stained-against using click chemistry reactions (Salic and
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Mitchison 2008). Ultimately, the identification of senescent cells in vivo requires a
combination of multiple markers to overcome individual limitations and increase

confidence.

Defining and characterizing senescent cells in vivo is important due to their
profound impact on ageing physiology and even lifespan. Senolytics such as Dasatinib and
Quercetin (Xuetal.2018) or Fisetin (Yousefzadeh et al. 2018) improve health and extend
lifespan in multiple model organisms (Kampkotter et al. 2008; Alugoju et al. 2018).
Genetically-induced clearance of p16-positive cells leads to improved tissue function
with age and lifespan in mice (Baker et al. 2011; Baker et al. 2016). Deletion of a single
SASP component, IL-11, leads to delayed onset of age-related frailty and extends mouse
lifespan by an average of 25% in both sexes (Widjaja et al. 2024). Thus, accurately
targeting senescent cells and their inflammatory output holds great promise for

prolonging healthy ageing and lifespan.

3.4.2.2 DNA damage

Many features of ageing are causally and mechanistically linked with DNA damage
(Schumacher et al. 2021). Endogenous DNA damage can be caused by errors in DNA
replication, topoisomerase nicks and misaligned re-ligation, spontaneous deamination
and hydrolysis, reactive oxygen species modifying bases and erroneous repair of
methylated bases (Chatterjee and Walker 2017). It can also be triggered by exogenous
factors such as ionizing (IR) and ultraviolet (UV) radiation, chemical compounds such as
fungal toxins and aromatic amines (derived from smoking, fuels and industrial dyes) as
well as environmental factors such as extreme heat, cold and mechanical stress
(Chatterjee and Walker 2017; Gonzalo, Kreienkamp, and Askjaer 2017). Most of the above
genotoxic stressors are commonly encountered throughout organismal lifespan, but

under physiological conditions, most lesions are repaired.

Repair of DNA lesions depends on the type of damage. Base errors are repaired by
nucleotide excision repair (mostly UV and chemotherapeutic-induced lesions), base
excision repair (corrects abasic sites, oxidative, deamination and alkylation damage

during G1 phase), mismatch repair, translesion synthesis (both employed by replicating
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cells to ensure high replication fidelity) and interstrand cross-link repair (repairing
covalently bound complementary bases) (Chatterjee and Walker 2017). Single strand
breaks (SSBs) are typically generated by ROS, abasic sites and topoisomerase errors. SSBs
are recognized by PARP1 (Poly [ADP-ribose] polymerase 1), which then employs a
cascade of downstream factors leading to repair of the lesion (Caldecott 2022). Double
strand breaks (DSBs) are highly toxic and involve two major repair pathways,
homologous recombination (HR) and non-homologous end joining (NHE]), with the
former considered error free (though debated, see (Rodgers and McVey 2016)), while the
latter can introduce sequence errors (Mao et al. 2008). HR requires the presence of a
homologous sister chromatid as a recombination template, thus it is favored as a repair
strategy at S and G2 phases, while NHE] can happen at any point in the cell cycle (Zhao,
Kim, et al. 2020).

One of the first responses to DSBs entails the activation of DNA damage response
(DDR) kinases, such as ATM (ataxia-telangiectasia mutated), ATR (ATM- and Rad3-
Related) and DNA-PKcs (DNA-dependent protein kinase) (Marechal and Zou 2013).
These kinases phosphorylate hundreds of proteins and regulate downstream HR and
NHE] pathways (Marechal and Zou 2013) and also activate p53 to induce cell cycle arrest
(Cheng and Chen 2010). H2AX (H2A. X Variant Histone) is one of their substrates, and is
phosphorylated at S139 (Kuo and Yang 2008; Rogakou et al. 1998). Phosphorylated H2AX
(YHZ2AX) histones surround DSBs and staining against them with antibodies generates
staining patterns known as YH2AX foci. These foci are thought to represent DSBsona 1:1
basis, making them a useful marker of DSBs (Kuo and Yang 2008). Importantly, small
YH2AX foci also appear in naturally replicating cells during M phase independent of DNA
damage (McManus and Hendzel 2005). Therefore, it is common to employ multiple

markers to identify DNA damage in cells.

DNA damage accumulates with age in all living things including mammals and
teleosts (Yizhak et al. 2019; Cencioni et al. 2019). This accumulation has widespread
effects at cellular and tissue levels and is considered to be one of the most upstream
hallmarks of ageing, especially causing senescence and inflammaging (Schumacher et al.
2021) and can even transmit transgenerational effects (Wang, Meyer, and Schumacher
2023). This is true for several reasons. To begin with, DNA damage is considered to be a

major driver of epigenetic changes with age. The above-mentioned DNA-SCARS of
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senescent cells are such chromatin alterations. In addition, DDR leads to loss of
H3K27me3, a histone modification whose levels alter depending on tissue in both killifish
and mice (Baumgart et al. 2014), and whose loss promotes cellular senescence (Ito et al.

2018).

The most consistent and common way to induce senescence in vitro and in vivo is DNA
damage. Studies will often use clastogenic compounds such as bleomycin, doxorubicin or
cisplatin, all of which cause DNA-SCARS (Rodier et al. 2011). Other studies employ
etoposide (which targets topoisomerase activity to induce DNA breaks), ionizing
radiation, replicative senescence (uncapped telomere induced DNA damage response
(Parrinello et al. 2003)) or even oncogene-induced senescence (which induces DSBs due
to replication stress) (Kotsantis, Petermann, and Boulton 2018; Yang et al. 2017). All of
the above genotoxic stressors activate the p53/p21 pathway to induce cell cycle arrest,
and concomitant epigenetic alterations cause senescence via the p16/Rb pathway (Chen,
Hales, and Ozanne 2007; Shreeya et al. 2023). Thus, DNA damage is arguably the most
well-characterized cause of senescence and their accompanying secretome, the most

well-characterized cause of inflammaging.

Of note, although they are critical to establish senescence, SASP expression and
secretion do not depend on either p53 or p16 (Coppe et al. 2011). SASP expression is
primarily regulated by NF-kB (Nuclear factor kappa B) activity (Salminen et al. 2008).
Independently of p53 and p16, DNA damage activates ATM and ATR, which then activates
GATA4 (GATA Binding Protein 4) to induce NF-kB-dependent SASP expression (Kang et
al. 2015). However, another pathway was recently found to be equally important for both
senescence and SASP; the cytosolic DNA surveillance pathway cGAS/STING (Yang et al.
2017; Gluck et al. 2017) (see chapter 3.5.3).

3.5 The cGAS/STING pathway

Cells have evolved multiple defense mechanisms and sensors to identify
pathogens and damaged molecules in order to initiate a response. For extracellular
pathogens, Toll-like receptors (TLRs, expressed primarily in immune, epithelial and

endothelial cells) and C-type lectin receptors (CLRs, expressed mainly in immune cells)
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are the primary sensors (Pandey, Kawai, and Akira 2014). CLRs and certain TLRs (TLR1,
TLRZ, and others) reside at the cell membrane and project their ligand binding domain
outside the cell. Other TLRs (TLR3, TLR7, among others) reside at endosomes, but still
maintain their ligand-binding domains facing away from the cytosol (Akira, Takeda, and
Kaisho 2001). Within the cytosol, Nod-like receptor (NLRs) families, which include
inflammasomes, can identify microbial derivatives, toxins and cellular damage to activate
immunity (Almeida-da-Silva et al. 2023). For pathogen- or damage-associated RNA in the
cytosol, the retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs) and OAS1 (2'-5'-
oligoadenylate synthetase 1) are the main sensors, activating type-I interferon (IFN)
signaling in response (Yoneyama et al. 2004). For cytosolic DNA, the main surveillance
mechanisms are absent in melanoma 2 (AIM2) family members and the recently
discovered cyclic GMP-AMP synthase (cGAS) (Kong et al. 2023). The cross-talk between
these immune-surveillance pathways - whether synergistic, antagonistic or redundant -
is a field of active study. However, the core of our study henceforth will be cGAS and its

downstream pathway.

3.5.1 cGAS structure

cGAS was first identified by the group of Zhijian (James) Chen (Sun et al. 2013)
who won the Lasker award for his groundbreaking work. In this seminal study, they
purified and characterized the protein for its function as a cyclic GMP-AMP (cGAMP)
synthase, which produces cGAMP as a secondary messenger to activate STING-dependent
type-I IFN signaling. cGAS belongs to the cGAS/DncV-like nucleotidyltransferase (CD-
NTase) family (Whiteley et al. 2019). The cyclase DncV (Vibrio cholerae dinucleotide
cyclase) is a primordial protein found in many bacterial species that produces cyclic 3'3’-
cGAMP (Whiteley et al. 2019), though it has no obvious primary sequence homology to
cGAS (Sun et al. 2013). The mammalian cGAS NTase domain has remarkable structural
similarity to OAS1, which polymerizes ATP into 2'-5'-linked iso-RNA (2'-5'-
oligoadenylate) in response to dsRNA (Donovan, Dufner, and Korennykh 2013;
Kranzusch et al. 2013). The NTase domain of cGAS is unique among other NTase family
members in its ability to produce the 2’3’-cGAMP (cGAMP) conformation (Gao, Ascano,
Wu, etal. 2013).
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Figure 8. Human cGAS domain structure. Verified human cGAS protein domains
include the non-conserved N-terminal tail, the enzymatic NTase core, the Mab21 domain,
a zinc-finger motif critical for dsDNA binding, and three DNA binding sites (A, B and C).
Residues confirmed to contribute to each binding site are marked over the human cGAS
protein. Two putative NLS and one putative NES are marked with dashed circles.

Numbers indicate the amino-acid residues flanking each domain.

cGAS responds to cytosolic DNA to stimulate its cGAMP-catalytic activity and
harbors three DNA binding sites, all of which must be occupied to cooperatively stimulate
cGAMP production (Civril et al. 2013; Xie et al. 2019). Structure analysis has revealed that
when bound, cGAS and DNA form a 2:2 ratio complex (Li, Shu, et al. 2013). Binding is
sequence-independent and creates a loop in the DNA moiety, which assists in subsequent
oligomerization of the cGAS proteins. This facilitates rapid recruitment and accumulation
of cGAS proteins, eventually leading to liquid condensation, which is important for
efficient immune activation (Du and Chen 2018). Human cGAS can be activated by dsDNA
that is >45bp in length, while mouse cGAS can bind to DNA as small as 17bp, indicating
an evolutionary divergence in sensitivity and immune responsiveness among cGAS

orthologs (Zhou et al. 2018).

Both NTase and DNA binding motifs are mostly contained within the Mab21
domain of cGAS. Mab21 (male-abnormal 21) domains were first detected in proteins
involved in embryonic development of C. elegans (Ho, So, and Chow 2001). However, C.
elegans lacks orthologs of cGAS and STING (Wu et al. 2014). Phylogenetic domain
organization of NTase and Mab21 modules are present in cGAS homologs as early as
Protozoa (Wu et al. 2014). However, only vertebrate cGAS proteins contain a zinc-ribbon
domain, which was found to be crucial for dsDNA binding (Civril et al. 2013). In humans,
Mab21 domain-containing genes include cGAS (Mab21d1), Mab21d2, Mab21L1 (Mab21-
like protein 1), Mab21L2 and Mab21L3 (de Oliveira Mann et al. 2016). Mab21d2 cannot
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catalyze cGAMP production (Liu, Yan, et al. 2023) and the other Mab21 proteins are
missing key functional residues in their NTase domain (de Oliveira Mann et al. 2016).
Among all cyclic dinucleotide synthases, vertebrate cGAS appears to be the only enzyme

that binds to double stranded DNA to activate its cGAMP-producing activity.

cGAS also contains a poorly conserved unstructured N-terminal tail (Kranzusch et
al. 2013). This N-terminal tail is not required for cGAS activity, but it has been shown to
modulate its sensitivity to DNA fragments by tethering it to the plasma membrane
(Barnett et al. 2019). Subsequent studies, however, localized cGAS primarily in the
nucleus, where the N-terminal domain is required for its tethering to centromeres and,

to a lesser degree, to LINE elements (Gentili et al. 2019).

cGAS contains two nuclear localization signals (NLSs) and one nuclear export
sequence (NES). Two putative NLSs have been identified in human cGAS, one in the N-
terminus (NLS1) and one within the NTase domain (NLS2) (Liu et al. 2018). Removal of
NLS1 did not affect cGAS nuclear localization (Kim et al. 2023). But, mutation of NLS2 led
to cytoplasmic retention, enzymatic dysfunction and enhanced protein degradation,
likely due to misfolding. On the other hand, one putative NES has been identified at the
N-terminal end of the NTase domain. Studies have only shown modest increases of
steady-state nuclear cGAS after mutation of this NES, but after DNA stimulation this
domain assists in shuttling cGAS to the cytoplasm (Wu et al. 2022; Sun et al. 2021).
Nuclear cGAS was measured to be more than 200-fold less immunostimulatory than
cytoplasmic cGAS. Therefore below, we focus on cytosolic cGAS as part of the canonical

cGAS/STING immune signaling pathway.

3.5.2 STING structure

The STING (stimulator of interferon genes) protein was identified before cGAS,
and was actually discovered in parallel by multiple groups, and therefore known by
different names, such as MITA (Zhong et al. 2008), ERIS (Sun et al. 2009) and MPYS (Jin
et al. 2008). As with cGAS, phylogenetic domain organization identifies STING homologs
from protozoa to mammals, with the only exception being nematodes (Wu et al. 2014).

Interestingly, STING is conserved in structure and function in metazoans. The most
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divergent functional STING homolog (nvSTING) was identified in the starlet sea anemone
Nematostella vectensis (Kranzusch et al. 2015). Despite having only 29% sequence
identity with human (hSTING), nvSTING has a nearly identical crystal structure and binds
to cyclic dinucleotides (CDNs). Also, in response to cyclic dinucleotides, anemone STING
activates NF-kB-dependent immune responses, making it one of the first immune

regulators to evolve in metazoan phyla (Margolis et al. 2021).
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Figure 9. Human STING domain structure. Verified human STING protein domains
include 4 transmembrane domains (TM1-4), a dimerization domain (DD), a cyclic-di-
nucleotide-binding domain and the C’-terminal tail (CTT). Numbers indicate the amino-

acid residues flanking each domain.

Starting from vertebrates, STING genes evolved an additional domain at the C’-
terminal tail (CTT). This CTT is critical to activate IRF3 (Interferon regulatory factor 3)
and its downstream type-I IFN signaling (de Oliveira Mann et al. 2019). After binding to
CDNs, the CTT changes conformation to allow recruitment of the kinase TBK1 (TANK-
binding kinase 1), which then phosphorylates the CTT to recruit IRF3 (Chen, Sun, and
Chen 2016). Since TBK1 can activate both IRF3 and NF-kB pathways, it becomes clear
that the CTT domain is important for regulating the activity of STING. One study
investigated the differences between mammalian and teleost CTT domains and found
that zebrafish CTT has an additional 18 amino acids at the C’-end that allows TRAF6
(Tumor necrosis factor receptor-associated factor 6) binding, shifting downstream
signaling towards stronger NF-kB signaling (de Oliveira Mann et al. 2019). Lack of this
structure in mammals favors IRF3-mediated IFN signaling. Sequence comparison reveals

that killifish do not have these 18 amino acids at the C’-end.

Apart from the CTT, STING proteins also contain 1-4 transmembrane domains (4
for vertebrates, with the exception of birds) which tether the protein at the endoplasmic
reticulum (ER) through interactions with the STIM1 (stromal interaction molecule 1)

(Sun etal. 2009). Finally, STING also contains a CDN-binding domain (CBD) within which
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lies a dimerization domain (DD) (Burdette and Vance 2013). The CBD is facing the
cytoplasm and can bind different conformations of cGAMP and other bacterial-derived
CDNs (Gao, Ascano, Zillinger, et al. 2013). Although 2’3’-cGAMP production started with
vertebrates, anemone STING and mammalian STING have higher affinity for 2’3’-cGAMP
rather than other bacterial CDNs (Margolis et al. 2021). Apparently the 2’3’-cGAMP
conformation evolved afterwards to be a stronger inducer of the pre-existing STING
protein. Additionally, STING can reportedly be activated by bacterial CDNs such as c-di-
AMP, released by Listeria monocytogenes (Woodward, lavarone, and Portnoy 2010).
Curiously, though, multiple studies have shown that mice deficient in STING or type-I IFN
signaling are actually more resistant to L. monocytogenes infections (Auerbuch et al.
2004; Carrero, Calderon, and Unanue 2004; O'Connell et al. 2004; Archer, Durack, and
Portnoy 2014).

3.5.3 Canonical cGAS/STING signaling cascade

The canonical cGAS/STING pathway begins with the presence of DNA or DNA:RNA
hybrids (Mankan et al. 2014) in the cytosol. In nature, cytosolic DNA can derive from viral
or bacterial infections (Tan et al. 2018), mitochondrial DNA leakage during mitophagy or
mtDNA packaging deficiencies (Rongvaux 2018), cellular debris in phagocytic cells (King
et al. 2017) and micronuclei formed by lagging chromosomes in replicating cells after
DNA damage (Mackenzie et al. 2017). DNA:RNA hybrids can originate from viruses, but
also from retrotransposable elements during retrotranscription (Simon et al. 2019; De

Cecco et al. 2019).

cGAS is enzymatically activated after bound to dsDNA or DNA:RNA hybrids in the
cytosol. DNA-bound cGAS changes conformation and oligomerizes on DNA scaffolds
creating a liquid-liquid phase separation from the rest of the cytosol (Du and Chen 2018).
Enzymatically active cGAS within the liquid condensates converts GTP and ATP into a
unique isomer of CDN, the 2’3’-cGAMP (Wu et al. 2013; Diner et al. 2013). Purified cGAS
in combination with DNA, GTP and ATP produces cGAMP in comparable amounts to cGAS
within a cell lysate (Ablasser, Goldeck, et al. 2013), hinting towards a function
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independent of co-factors. Of note, this ability to function independently allows for

functional analysis of cGAS in heterologous systems.

STING has high affinity for cyclic dinucleotides, especially 2’3’-cGAMP, and
responds quickly to its presence (Burdette et al. 2011). Once bound to cGAMP, STING
changes conformation and forms dimers, tetramers and higher-order oligomers (Shang
et al. 2019). The conformational changes lead to detachment of STIM1 in the ER and
loading into COPII vesicles and traffic through the ER-Golgi intermediate compartment
(ERGIC) (Dobbs et al. 2015). Once it reaches the Golgi, STING is palmitoylated, which is
critical for its downstream function (Mukai et al. 2016). Then STING interacts with TBK1,
a kinase that phosphorylates the CTT region of STING (Liu et al. 2015). The
phosphorylated CTT acts as a docking site for IRF3 which is then also phosphorylated by
TBK1. Phosphorylated IRF3 dimerizes and translocates to the nucleus to activate the
transcription of interferon-f3 (IFN) (Agalioti et al. 2000). IFNf is a secreted type-I [FN
cytokine which acts in an autocrine and paracrine manner to activate interferon
receptors (such as IFNa receptor 1 and 2) signaling the cells to activate a broad anti-viral
response through multiple interferon-stimulated genes (ISGs) (Schneider, Chevillotte,

and Rice 2014).

cGAS/STING signaling also activates the NF-kB pathway. Although it has not been
shown directly, TBK1 likely phosphorylates the NF-kB activator IKKp (IkB kinase f3),
which then phosphorylates and releases the NF-kB inhibitor (Fang et al. 2017). Released
NF-kB enters the nucleus to activate the expression of a broad range of pro-inflammatory
cytokines. In addition to IRF3 and NF-«kB, STAT6 (Signal transducer and activator of
transcription 6) is another transcription factor activated by the STING/TBK1 complex
(Chen et al. 2011). Phosphorylated STAT6 also translocates to the nucleus to activate
transcription of another set of chemokines, such as CCL2 (CC-chemokine ligand 2), CCL20
and CCL26.

A natural outcome of canonical cGAS/STING pathway activation is cellular
senescence, since both its transcriptional mediators, IRF3 and NF-kB, function in this
process. In particular, all of the aforementioned DNA-damage methods of inducing
senescence (chapter 3.4.2.2) have been shown to stimulate the cGAS/STING pathway
(Yang et al. 2017; Gluck et al. 2017). In addition, cGAS is essential for establishment of

senescent markers in these DNA-damaged cells. The mechanism behind this regulation
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was recently discovered to reflect the interaction between nuclear IRF3 and RB
(retinoblastoma) (Wu et al. 2024). The IRF3-RB interaction prevents RB
phosphorylation, leading to senescence establishment. At the same time, IRF3 and, more
prominently, NF-xB drive the expression of SASP components (Gluck et al. 2017;
Salminen et al. 2008).
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Figure 10. Canonical and non-canonical functions of the cGAS/STING pathway. cGAS
is a cytosolic DNA surveillance protein that binds to dsDNA in a sequence-independent
manner. Various endogenous and exogenous sources of DNA can stimulate cGAS activity
to produce the cyclic dinucleotide cGAMP. STING responds to cyclic dinucleotides, such
as cGAMP, and translocates to the Golgi to stimulate the self-phosphorylation and
activation of TBK1. ER stress and empty viral liposomes have also been described to
stimulate STING translocation (Moretti et al. 2017; Holm et al. 2012). Active TBK1 leads
to NF-kB and IRF3 nuclear translocation to activate Type-I IFN signaling and other
cytokines. IRF3 also prevents phosphorylation of Rb, leading to cell cycle arrest. Non-
canonical functions of STING include autophagy induction and cell death. Image modified

from (Motwani, Pesiridis, and Fitzgerald 2019).
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3.5.4 Non-canonical functions of cGAS and STING

Both cGAS and STING have non-canonical functions beyond TBK1-mediated IFN and NF-
kB signaling. Chen and co-workers discovered that STING plays a key role in inducing
autophagy (Gui et al. 2019). Upon binding to cGAMP, STING traffics through the ERGIC to
reach the Golgi; STING-containing ERGIC serves as a membrane source for microtubule-
associated protein 1A/1B-light chain 3 (LC3) lipidation, a key step in autophagosome
biogenesis. This cGAMP-induced LC3 lipidation is dependent on WD repeat domain
phosphoinositide-interacting protein 2 (WIPIZ) and autophagy protein 5 (ATGS5). The
researchers also found that STING-dependent autophagy is important for DNA and viral
particle clearance. Even the evolutionarily distant sea anemone also induces STING-
dependent autophagy upon stimulation with cGAMP. These findings suggest that
autophagy induction is a primordial function of the cGAS/STING pathway that has been

conserved through evolution.

Recent studies have further linked STING activity and autophagy. Like LC3,
lipidation of GABARAP (GABA type A receptor-associated protein) is also key for
autophagy (Weidberg et al. 2010). Activated STING also mediates GABARAP lipidation,
impairing mTORC1-mediated phosphorylation of TFEB (transcription factor EB), and
thereby triggering its nuclear translocation (Lv et al. 2024; Xu et al. 2024). TFEB itself is
a master regulator of lysosomal biogenesis and autophagy (Settembre et al. 2011). The
function of cGAS/STING in regulating autophagy independent of TBK1 is conserved in
humans, mice and even frogs, showing an ancient origin. In contrast to nutrient sensing-
mediated autophagy regulation by mTOR and TFEB, cGAS/STING-activated autophagy is

required for the elimination of cytoplasmic DNA, bacteria and viruses (Xu et al. 2024).

Inflammasomes are multiprotein complexes that regulate production and
maturation of pro-inflammatory cytokines (such as IL-1 family), as well as pyroptosis, a
highly inflammatory form of cell death (Broz and Dixit 2016). Originally it was thought
that AIM2, another cytosolic DNA sensor, activates the inflammasome (Hu et al. 2016). In
myeloid cells, however, it was found that the cGAS/STING pathway is the main driver of
inflammasome-mediated cell death, independent of AIM2 (Gaidt et al. 2017). Prolonged
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STING activation can also induce apoptosis in lymphoid cells through mitochondrial
outer membrane permeabilization (MOMP)-mediated apoptosis (Tang et al. 2016). The
pivot point between inflammation or cell death was found to be the signal intensity or
signal duration, but different cells can have different thresholds for this switch (Gulen et
al. 2017). Finally, cGAS/STING activation can elicit necroptosis in bone marrow-derived
macrophages through activation of receptor-interacting serine/threonine-protein kinase
3 (RIPK3) (Brault et al. 2018). RIPK3 activation is downstream of the IFN response, but
it requires STING hyperactivation, so it is not considered a part of the canonical

cGAS/STING pathway.

cGAMP is a polar water-soluble molecule that cannot readily pass through cell
membranes. However, multiple studies have identified means by which cGAMP acts in
trans, stimulating inflammation in a paracrine manner. Firstly, cGAMP was found to pass
through gap-junctions between neighboring cells (Ablasser, Schmid-Burgk, et al. 2013).
Then, two groups in parallel found that cGAMP molecules can be loaded into viral
particles during viral assembly and released into the newly infected cells (Bridgeman et
al. 2015; Gentili et al. 2015). More recent studies found channels that can export or import
cGAMP, such as VRACs (volume-regulated anion channels) (Zhou et al. 2020) and
SLC19A1 (solute carrier family 19 member 1) (Luteijn et al. 2020; Ritchie et al. 2019). In
addition, enzymes that hydrolyze cGAMP act primarily in extracellular milieu. These
include ENPP1 (ectonucleotide pyrophosphatase/phosphodiesterase family member 1),
ENPP3 and SMPDL3A (Sphingomyelin phosphodiesterase acid-like 3A) (Li et al. 2015;
Hou et al. 2023). The above data suggest that trans-activation of immunity by cGAMP

might play an equal or more important role in vivo as cis-activation.

Recent studies have found non-canonical functions of cGAS as well, which
primarily relate to its nuclear localization. An increasing number of studies have shown
cGAS to primarily localize within the nucleus (Volkman et al. 2019; Zhao, Xu, et al. 2020).
Nuclear cGAS was found to be immunologically-silenced (Gentili et al. 2019). Electron
microscopy revealed that nuclear cGAS is bound to H2A-H2B histone dimers and
nucleosomal DNA, has all three DNA binding sites repurposed or inaccessible and cGAS
dimerization is inhibited, hence hindering its biochemical activity (Kujirai et al. 2020). In
response to cytoplasmic DNA, cGAS is exported from the nucleus in a CRM1-dependent

(chromosome region maintenance 1) manner, possibly facilitated by the nuclear export
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signal (NES) (Sun et al. 2021). Then, cGAS retention to the cytoplasm is mediated by
phosphorylation at tyrosine 215 by the BLK (B-lymphoid tyrosine kinase) (Liu et al.
2018). In the cytosol, cGAS functions through the canonical cGAS/STING pathway. In the
absence of DNA stimulation, DNA damage leads to de-phosphorylation of cGAS and
nuclear import. This translocation is mediated by importin-f3, potentially due to
interaction with the two nuclear localization domains of cGAS (Kim et al. 2023). This
nuclear shuttling during DNA damage was shown to inhibit homologous recombination
due to cGAS direct binding to PARP1, which blocks subsequent recruitment of repair

modulators.

Apart from the above example of genotoxic function of cGAS, nuclear cGAS can also
have a protective role to genomic DNA. In replicating cells, nuclear cGAS slows replication
forks leading to increased DNA replication fidelity and less accumulation of DNA damage
(Chen etal. 2020). Another study showed that cGAS inhibiting double strand break repair
safeguards the genome (Li et al. 2022). Specifically, lack of cGAS in mitotic cells led to the
deployment of DSB repair mechanisms reacting to telomeres, which attempts to repair
them by end-to-end chromosome fusion, eventually leading to genomic instability. Both

DNA-damaging and DNA-protective roles of nuclear cGAS are STING-independent.

3.5.5 cGAS/STING impact on pathologies

cGAS/STING activity has been connected to a number of diseases in humans. The
most well-studied pathology in that regard is the Aicardi-Goutiéres Syndrome (AGS). AGS
is a monogenetic disease caused by mutations in any one of 9 genes (TREX1, RNASEH2A,
RNASEH2B, RNASEH2C, SAMHD1, ADAR, IFIH, LSM11 and RNU7-1) and is characterized
by aberrant type-I I[FN activation (Oleksy et al. 2022). Mutation in 7 out of 9 of the above
genes leads to cGAS/STING-driven AGS interferonopathy (Dvorkin et al. 2024). Two AGS
genes encode antiretroviral enzymes (TREX1 and SAMHD1) (Beck-Engeser, Eilat, and
Wabl 2011; Rice et al. 2018), four genes encode enzymes that prevent formation of
micronuclei or metabolize DNA within them (TREX1, RNASEH2A, RNASEH2B and
RNASEH2C) (Mackenzie et al. 2017) and two genes (LSM11 and RNU7-1) contribute to

accurate expression of histones and histone linkers (Uggenti et al. 2020). This disease-
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context example highlights the importance of histone-tethering and inhibition of nuclear
cGAS during steady state, as well as degradation of retrotransposons and micronuclei to

prevent aberrant cGAS/STING signaling.

Bloom syndrome is another monogenetic disease caused by mutation in the BLM
RecQ-like helicase, a gene necessary for genome integrity (Kaur, Agrawal, and Sengupta
2021). BLM-deficient cells accumulate micronuclei and drive IFN signaling in a
cGAS/STING dependent manner (Gratia et al. 2019). Similarly, mutations in ATM (Ataxia-
telangiectasia mutated), a central DNA-repair machinery kinase (chapter 3.4.2.2) results
in Ataxia Telangiectasia (AT). ATM deficiency causes robust type I IFN signaling driven
by cGAS/STING (Hartlova et al. 2015). cGAS/STING activity was implicated in
neurodegeneration of AT rat models (Quek et al. 2017). Once again, cGAS appears to play

an important role in monitoring DNA integrity and micronuclei formation in vivo.

Lamin genes stabilize the nuclear envelope and mutations in these genes cause
Hutchinson-Gilford progeria syndrome (HGPS) (Plasilova et al. 2011). Lamin deficiency
in cell cultures showed DNA leakage from the nucleus which co-localized and activated
cGAS (Gluck et al. 2017). A truncated lamin A protein, called “progerin”, can cause HGPS
in a dominant manner (Batista et al. 2023). Progerin induces genomic instability in
multiple ways and activates a cGAS/STING-mediated IFN response (Coll-Bonfill et al.
2020). In another auto-immune disease, patients with systemic lupus erythematosus
(SLE) were reported to have higher cGAMP levels in their sera (An et al. 2017). Patients
with the neurodegenerative ALS (amyotrophic lateral sclerosis) disease have increased
mtDNA release causing cGAS/STING activation (Yu et al. 2020). All of the above diseases

are associated with aberrant activation of cGAS.

Another rare disease directly connected to STING activity is SAVI (STING-
associated vasculopathy with onset in infancy) (Lin et al. 2020). Patients with this
syndrome exhibit mutations in STING which are considered to cause constitutive ligand-
independent STING polymerization and trafficking to the Golgi (Ergun et al. 2019).
Patients with COPA syndrome exhibit similar pathologies to SAVI patients (Vece et al.
2016). The COPa protein is an important subunit of the COPI complex, which shuttles
proteins from the Golgi to the ER, the return path of STING after its activity is complete
(Deng et al. 2020). In this study, the researchers demonstrated that STING retention in
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the Golgi of COPI-defective mice constitutively activates aberrant immunity, and that

pharmacological or genetic inhibition of STING ameliorates COPA syndrome.

So far, it is clear that over-activation of cGAS or STING can lead to a number of
pathologies. Although not associated with any specific syndrome, it should be noted that
dysfunctional cGAS/STING leads to severe increase in viral and bacterial susceptibility
and mortality (Li, Wu, et al. 2013; Wiens and Ernst 2016). In addition, cGAS/STING
activity is necessary for tumor immunization and clearance. STING deficient mice failed
to activate inflammation in response to oncogene induced tumor formation and STING
re-expression led to immune-mediated clearance of these tumors (Dou et al. 2017). Also,
bioinformatic analysis in lung adenocarcinoma patients revealed a strong correlation
between low cGAS expression and decreased survival, hinting towards an important role
for cGAS in tumor immunization (Yang et al. 2017). Depending on the cancer type, stage
and immune cell recruitment, inflammation can also be pro-tumorigenic and indeed
cGAS/STING activity can also impair tumor cell clearance, as observed in colon cancer
patients after radiation therapy (Liang et al. 2017). cGAS/STING ability to induce
senescence and make tumors immunogenic has made it an attractive model for cancer
therapy; however, the balance between pro- and anti-tumorigenic effect is still under

investigation.

3.5.6 cGAS/STING impact on normative ageing

There is a plethora of indirect evidence that suggest cGAS/STING is involved in the
ageing process. cGAS/STING plays a critical role in initiating senescence and SASP in
response to DNA damage. DNA damage, senescence and SASP are established hallmarks
of aging. In addition, cells lacking cGAS or STING fail to enter senescence or express SASP
components (Gluck et al. 2017; Dou et al. 2017). So far, no method of senescence
induction has established SASP-secreting senescent cells in the absence of these genes.
These findings support the hypothesis that all senescent and SASP-secreting cells
accumulating in vivo during aging depend on a functional cGAS/STING pathway. This
hypothesis becomes even more compelling if DNA damage is indeed the root cause of the

other hallmarks of aging (Schumacher et al. 2021). Furthermore, given that the depletion
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of senescent cells extends lifespan and healthspan, the indirect link between cGAS/STING

and aging is further reinforced (van Deursen 2014).

Although still indirect, there is in vivo evidence of cGAS/STING regulating age-
related pathology. During ageing, stromal and contractile cells lose YAP/TAZ nuclear
localization and activity, which leads to mechano-defective extracellular matrix in these
cells (Sladitschek-Martens et al. 2022). This study found that YAP/TAZ signaling also
maintains nuclear integrity, whose loss leads to cGAS/STING mediated senescence.
Genetic ablation of YAP/TAZ leads to premature ageing phenotypes, such as senescent
cell accumulation in the dermis, heart and kidneys atrophy. Loss of STING completely

rescued the above phenotypes in mice.

There is extensive research showing retrotransposable element activation with
age and in age-related diseases (Gorbunova et al. 2021). One study in Drosophila found
that retrotransposon silencing extended lifespan (Wood et al. 2016). In aged fibroblasts
(Simon et al. 2019), in SIRT6- (sirtuin 6) (Van Meter et al. 2014), SIRT7- ('Correction to:
SIRT7 antagonizes human stem cell aging as a heterochromatin stabilizer' 2024) or
BMAL1 (Brain and muscle ARNT-like protein-1)-deficient cells (Liang et al. 2022) and
also in senescent cells (De Cecco et al. 2019), LINE1 retrotransposable elements are de-
repressed. In all of these studies, the researchers found that LINE1 activation is followed

by cGAS/STING-mediated senescence and SASP secretion.

Another interesting clue behind a possible connection between cGAS/STING and
ageing comes from bats. As mentioned above, bats are exceptionally long-lived for their
size. Bats also have a unique tolerance towards viral infections that allow them to act as
viral reservoirs without clinical signs of disease (Irving et al. 2021). The first mechanistic
study of this immune tolerance found that STING signaling in these animals is dampened
due to mutation in a serine residue (S358) of STING (Xie et al. 2018). This mutation is
shared among all bats, despite its otherwise high conservation among other mammals.
This mutation might have emerged to reduce immune responsiveness of the cGAS/STING
pathway to DNA damage which occurs during flight. This resultant dampened STING
signaling and subsequent healthy immune balance during infections and DNA damage

might contribute to their exceptional lifespan.
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One recent study has studied the direct effect of cGAS/STING on normative ageing
(Gulen et al. 2023). The researchers found that genetic or pharmacological inhibition of
STING in mice reduced innate immune and SASP markers that naturally increased with
age in liver, brain and kidney. Old STING inhibited mice exhibited increased physical
health and memory compared to wild type (WT) mice. STING inhibited mice also showed
reduced microgliosis and increased neuronal density in the hippocampus. The
researchers showed that aged microglia have misshapen mitochondria and increased
cytosolic mtDNA and suggested that this mtDNA is the culprit behind cGAS activation and
subsequent age-related neurodegeneration. A parallel study also suggests mtDNA release
as the culprit behind inflammaging (Victorelli et al. 2024). They found that senescence-
associated mitochondrial out membrane permeabilization (MOMP) activates
cGAS/STING through mtDNA release. Inhibition of MOMP decreased inflammatory
markers and increased healthspan in mice. However, unlike the previous study this is also

indirect evidence of cGAS/STING involvement in ageing.
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Figure 11. cGAS/STING signaling potentially translates cellular markers of ageing
into ageing physiology. During ageing, cells accumulate DNA damage, they gain
senescent features, YAP/TAZ mechanosignaling becomes dysfunctional, TE elements are
derepressed and mtDNA is released into the cytosol. The cGAS/STING pathway responds
to all above cellular phenotypes and drives features observed in old organisms, such as
increased SASP, inflammaging, immunosenescence, neurodegeneration and extracellular
matrix dysfunction. Blocking the cGAS/STING pathway could ameliorate these ageing
phenotypes.
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Although the connection is obvious, there is very little direct evidence on the
importance of cGAS/STING pathway in the physiology of ageing itself in vivo. The only
physiological relevance identified so far is neurodegeneration and the mechanism behind
remains speculative. The pathway’s direct physiological relevance in other ageing tissues
is still uncertain. In addition, cGAS and STING can have independent roles outside their

shared canonical pathway, yet most studies usually investigate only one of the genes.
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4. Research aims

During aging, cells accumulate DNA damage, dysfunctional mitochondria, and
reactivated retrotransposable elements, while tissues experience a buildup of senescent
cells and systemic inflammation. The complexity of the damage-associated molecular
patterns (DAMPs) and the breadth of downstream inflammatory cascades, amplified
through autocrine and paracrine signaling, present a daunting biological landscape.
However, the cGAS/STING pathway emerges as a pivotal convergence point, integrating
these diverse stress signals to drive downstream inflammatory outputs. By addressing
this central node, the vast network of upstream and downstream factors can be
modulated more effectively. While this approach has shown promise in disease models

and cell cultures, regulation of organismal ageing remains largely unexplored.

We hypothesize that the age-related accumulation of DAMPs leads to aberrant
activation of cGAS/STING signaling, which in turn drives inflammaging and contributes
to age-associated pathologies. In the absence of viral infections or cancer, downregulating
cGAS/STING may reduce inflammatory burden, promoting organismal vitality and
extending lifespan. Although the cGAS/STING pathway has ancient origins, vertebrate
cGAS and STING have evolved distinct domains absent in distant homologs. Thus, the
short-lived killifish Nothobranchius furzeri presents an ideal model to investigate this

hypothesis.
Taking into account the above, we aim to address the following questions:

1. Is senescence regulation by the cGAS/STING pathway conserved in teleosts?

2. What lies downstream of cGAS/STING activity under basal levels and post DNA
damage-induced senescence in vivo?

3. What lies downstream of cGAS/STING activity during ageing?

4. How does cGAS/STING function in different tissues in response to senescence and
ageing?

5. Do cGAS and STING proteins have the same impact in senescence and ageing in
vivo?

6. Do cGAS or STING proteins have an impact on lifespan?

7. Do cGAS or STING proteins play a role in late-life-onset diseases?
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5. Results

5.1 cGAS structure and function in vitro are conserved from teleosts to mammals

The cGAS/STING pathway has been extensively studied in mammalian cell culture
models, but relatively little is known about its function in teleosts (Ge et al. 2015; de
Oliveira Mann et al. 2019; Sellaththurai et al. 2023; Liu et al. 2020). We therefore sought
to investigate its function in the short-lived African killifish N. furzeri, an important model
system for vertebrate aging (Valdesalici and Cellerino 2003; Kim, Nam, and Valenzano
2016; Boos, Chen, and Brunet 2024). BLAST analysis of the N. furzeri genome
(UI_Nfuz_MZM_1.0 reference genome) revealed one copy of the cGAS gene
(XM_015944714.2, kcGAS), showing 35% amino acid identity to its human ortholog
(Figure 12a, b). Like other members of the family, the predicted protein contained
conserved domains including the NTase core, involved in the catalytic production of
cGAMP, the mab21 domain, implicated in DNA binding, as well as a non-conserved N’-
terminal region (Figure 12a). Structural alignment of the human cGAS (PDB 5VDO) with
AlphaFold 3-predicted model of kcGAS showed a root mean square deviation of 1.015
angstroms across 277 pruned atom pairs (Figure 13a), indicating a high degree of

tertiary structural similarity.

To begin to unravel the physiologic function of kcGAS, we first generated a
CRISPR/Cas9 knock-out. The sgRNA caused random mutagenesis within the NTase core,
resulting in a 34bp tandem duplication that led to a frameshift and early stop codon, and
hence a presumptive null allele (Figure 12a) (Annibal et al. 2021). Analysis of kcGAS
mRNA expression levels revealed strong downregulation in multiple tissues, indicating
nonsense-mediated RNA decay (Figure 12c). Furthermore, by LC-MS we previously
observed a complete lack of cGAMP in the liver and gut of the cGAS KO fish (Annibal et al.
2021). Altogether these results confirm the efficacy of the knock-out.
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Figure 12. cGAS structure and function are conserved from teleosts to humans.

a, Multiple sequence amino acid alignment of cGAS with orthologues from other species

using constraint-based multiple sequence alignment tool (COBALT). Red= identical

amino acids, grey= non-identical. Above the alignment are shown the NTAse and Mab21

domains and the Zn finger. Below the alignment is a schematic of the CRISPR-Cas9-

generated mutated region of Kkillifish cGAS and the used sgRNA. b, Triangle heatmap

showing percent identity between aligned cGAS genes of different organisms using

ClustalW. ¢, Expression of cGAS mRNA measured using qPCR in different tissues of WT
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and cGAS KO mutant Kkillifish. Each dot represents data from one fish. n > 3 per tissue and
genotype. Statistical analysis was done with Student’s t-test using the normalized
expression values of cGAS to GAPDH. d, LC-MS-based targeted metabolomics of 2’,3’-
cGAMP extracted from THP1 cells transfected with human cGAS (hcGAS), killifish cGAS
(kcGAS), and mutated killifish cGAS (kcGAS KO). Statistical analysis was performed using
one-way ANOVA with Dunn-Sidak correction for multiple comparisons. e, Expression of
interferon and interferon-stimulated genes by qPCR from cell extracts of cGAS KO THP1
cells transfected with the indicated cGAS genes. Samples are identical to those used in
(D). Statistical analysis was done using Student’s t-test using the normalized expression
values to GAPDH. f, Bright field images of WT and cGAS KO killifish primary fibroblasts 9
days post 10 Gy y-radiation, stained for senescence associated (3-galactosidase activity.
Scale bar = 100 um. g, Quantitation of senescence associated (3-galactosidase positive cells
from images in (f). At least 100 cells were counted per replicate. Statistical analysis was
performed using One-way ANOVA with Dunn-Sidak correction for multiple comparisons.
h, gPCR measurement of senescence and interferon-stimulated genes in irradiated WT
and cGAS KO primary fibroblasts. Statistical analysis was done with Student'’s t-test using
the normalized expression values to EIF3c. i, Representative images of primary Killifish
fibroblasts stained for yH2AX (Green) and DAPI (blue) of indicated genotypes. Cells were
fixed at the indicated times after 10 Gy of y-radiation. Non-irradiated cells were used as
0 h controls. Scale bar = 20 um. j, Quantitation of phosphorylated yYH2AX puncta measured
from images in (i). Statistical analysis was performed using the Mann-Whitney test. Each
dot represents one cell n > 50 cells were measured for each condition.
All cell culture experiments in d-j were performed in 3 independent biological replicates

with n = 3 plates each time. Each panel shows one of three independent experiments.

Upon activation, cGAS triggers the initiation of type-I interferon signaling in
mammalian systems (Ablasser, Goldeck, et al. 2013). To validate the conservation of the
axis in the killifish we initially adopted a heterologous cell culture setting. We transfected
wild-type killifish cGAS (kcGAS), mutated Kkillifish cGAS (kcGAS KO) and human cGAS
(hcGAS) into cGAS deficient human THP1 cells using an expression vector carrying GFP
as an internal control for transfection efficiency (Figure 13b). We detected high levels of

cGAMP in cells expressing human and Killifish cGAS, while the empty vector and kcGAS
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KO showed no cGAMP production (Figure 12d). Interestingly, kcGAS produced higher
levels of cGAMP compared to hcGAS (Figure 12d), possibly reflecting higher intrinsic
enzymatic activity of kcGAS, similar to mouse cGAS (Zhou et al. 2018). Indeed, despite
higher levels of cGAMP, kcGAS had lower transfection efficiency compared to hcGAS
(Figure 13c, d) while transgene expression load was similar within transfected cells
(Figure 13e, f). We also observed that transfection efficiency was lower in WT kcGAS and
hcGAS compared to kcGAS KO (Figure 13c-f), presumably because of activation of the
cytosolic DNA response. In line with this, the presence of kcGAS but not kcGAS KO was
sufficient to stimulate expression of type I interferon response genes (Figure 12e). We
conclude that kcGAS contains intrinsic cGAMP producing activity that is disrupted by the
kcGAS KO mutation.

Concurrently, we also investigated the role of killifish STING (KSTING). The
killifish genome harbors one functional copy of KSTING, which showed 36% percent
identity to human STING1 (hSTING) (Figure 14a, b). Alignment of the AlphaFold 3-
predicted KSTING model with hSTING dimer (PDB 8FLM) showed a root mean square
deviation of 1.28 angstroms from 164 pruned atom pairs (Figure 14c), suggesting a high
degree of conservation in tertiary structure. We next generated a killifish STING KO
mutant strain using CRISPR/Cas9 (Figure 14a), in this case using two sgRNAs
simultaneously, and obtained two small deletions of 2 and 5 base pairs, both of which led
to frameshift mutations. qPCR confirmed a marked reduction in STING mRNA levels in
tissues of this mutant, indicating non-sense mediated decay (Figure 14d). Transfection
of KSTING gene into STING KO THP1 monocytes, unlike kcGAS, failed to activate immune
genes (Figure 14e), conceivably due to incompatibility with heterologous human co-
factors such as TBK1 (Figure 14f) (Dobbs et al. 2015; Zhang et al. 2019; Zhao et al. 2019).
In addition, transfection efficiency in STING KO THP1 cells was markedly lower (Figure
14g, h) compared to cGAS KO cells (Figure 13c-f), possibly because of the presence of

endogenous cGAS.
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Figure 13. Extended Data. Killifish and human cGAS have similar tertiary structures

and affect THP1 cell transfection efficiency.

a, Structural alignment of the human cGAS (PDB 5VDO) with the AlphaFold 3-predicted
model of killifish cGAS. Left, monomers of killifish (turquoise) and human (purple) cGAS
proteins are shown in superposition. Right, two strands of DNA are flanked by kcGAS and
hcGAS in superposition in the dimeric conformation. Also shown bound is the enzymatic
product 2’,3’-cGAMP. b, Schematic of the expression vector used for transfecting hcGAS,
kcGAS and kcGAS KO to THP1 cells. Genes of interest are constitutively expressed under
the control of the EF-1a promoter, while in parallel, GFP is constitutively expressed under
control of the RPBSA promoter. Plasmid maps and sequences can be found in Extended
Data table 1. ¢, Representative dot plots from flow cytometry of alive THP1 cells after
transfection with plasmids carrying the indicated cGAS genes. The GFP intensity on the
x-axis (FITC-A) is plotted against background noise intensity of an empty gate (APC-A).
Cells within the GFP+ gate are considered successfully transfected. d, Quantification of
transfected cGAS KO THP1 cell percentages falling within GFP+ gate as shown in (c).

Student’s t-test was used to compare hcGAS and kcGAS means. e, Histograms depicting
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the distribution of GFP fluorescence intensity within cell populations of transfected THP1
cells. The GFP intensity on the x-axis (FITC-A) is plotted against the percent distribution
of cells at each intensity level. The grey peak represents alive GFP- cells, while the green
peak represents alive GFP+ cells. f, Geometric means of GFP intensities of the GFP+ cells
shown in (e). Student’s t-test was used to compare hcGAS and kcGAS geometric means.
Flow cytometry data in c-e were obtained from the same samples as those used in Figure
12d, e and are thus representative of the transfection efficiency that comes with those
data. Experiments were performed in 3 independent biological replicates with n = 3

plates each time. Each panel shows one of three independent experiments.

In mammalian cell culture, cGAS and STING are required to establish aspects of
the senescent phenotype (Gluck et al. 2017; Yang et al. 2017; Dou et al. 2017; Gulen et al.
2023). Whether this function is conserved in teleosts, however, remains unknown. We
therefore asked if Kkillifish cGAS plays a similar role in cellular senescence. To test this
idea, we isolated primary fibroblasts from the fins of WT and cGAS KO Kkillifish and
induced senescence with DNA damage, subjecting cell cultures to 0 Gy or 10 Gy of y-
radiation. Nine days post-irradiation, we observed that cGAS KO fibroblasts retained their
fiber-like morphology and had significantly fewer cells staining for senescence associated
B-galactosidase activity compared to WT fibroblasts (Figure 12f, g), suggesting lower
levels of senescence. From these cell cultures, we extracted RNA and performed qPCR to
measure the expression of senescence markers (CDKN2B, CDKN1A) and IFN signaling
genes (IFI44, ISG20). While all genes showed induction post-irradiation, cGAS KO
fibroblasts had significantly lower expression levels compared to WT fibroblasts (Figure
12h). We also established killifish STING KO primary fibroblasts and carried out the same
experiment. Nine days post-irradiation, STING KO fibroblasts also exhibited blunted
expression of senescence and interferon markers (Figure 14i). Notably, this experiment
complemented the heterologous cell culture data described above and showed the ability
of KSTING to fully promote the interferon response in its native cellular environment.
Altogether, these data support the evidence that killifish cGAS and STING loss of function

lead to mitigation of cellular senescence in an evolutionary conserved manner.
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Figure 14. Extended Data. STING structure and function are conserved from

teleosts to humans.

a, Multiple sequence amino acid alignment of STING1 (STING) with orthologues from
other species using constraint-based multiple sequence alignment tool (COBALT). Red=
identical amino acids, grey= non-identical. Above the alignment are shown the four
transmembrane domains (TM1-4), the dimerization domain (DD), the cyclic-di-
nucleotide-binding domain and the C-terminal tail (CTT). Below the alignment is a

schematic of the CRISPR-Cas9-generated mutated region of killifish STING and the used
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sgRNAs. b, Triangle heatmap showing percent identity between aligned STING genes of
different organisms using ClustalW. ¢, Structural alignment of the human STING (PDB
8FLM) using the AlphaFold 3-predicted model of killifish STING. Left, monomers of
killifish (turquoise) and human (purple) STING proteins are shown in superposition.
Right, the conformation of hSTING and kSTING dimers bound to 2’,3’-cGAMP is shown. d,
Expression of STING mRNA measured using qPCR in different tissues of WT and STING
KO mutant killifish. Each dot represents data from one fish. n > 3 per tissue and genotype.
Statistical analysis was done with Student’s t-test using the normalized expression values
of STING to GAPDH. e, Expression of interferon and interferon-stimulated genes by qPCR
from cell extracts of STING KO THP1 cells transfected with the indicated STING genes.
Statistical analysis was done with Student’s t-test using the normalized expression values
to GAPDH. f, Schematic depicting human and killifish cGAS/STING signaling. Both human
and killifish cGAS produce the same secondary messenger 2’,3’-cGAMP. The illustration
also shows the potential lack of binding affinity of human TBK1 protein to kSTING. g,
Quantifications of transfected STING KO THP1 cell percentages after flow cytometric
analysis of cells falling within the GFP+ gate. Gating strategy was similar to the one shown
in Figure 13C, but baseline adjusted to levels of the control untransfected STING KO THP1
cells. Student’s t-test was used to compare hSTING and kSTING means. h, Geometric
means of GFP intensities of the GFP+ THP1 cells from (g). Student’s t-test was used to
compare hSTING and kSTING means. i, gPCR measurement of senescence and interferon-
stimulated genes in irradiated WT and STING KO primary fibroblasts. Statistical analysis
was done with Student’s t-test using the normalized expression values to EIF3c. STING
KO THP1 cell transfections in e-h were performed in 2 independent biological replicates
with n = 3 plates each time. qPCR on irradiated primary STING KO fibroblasts in i was
performed in 3 independent biological replicates with n = 3 plates each time. Each panel

shows one of three independent experiments.

To further understand the response to the genotoxic stress, we irradiated WT and
killifish cGAS KO primary fibroblasts and stained them for yH2AX at various time points
(Oh, 2h, 4h, 8h, and 24h). Even without irradiation (Oh) cGAS KO fibroblasts showed few
but significantly more yH2AX puncta compared to WT cells. At 2h post-irradiation, yH2AX
puncta spiked higher in cGAS KO cells compared to WT cells, and persisted over the next
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few hours until they dropped to basal levels 24h post-irradiation (Figure 12i, j). This
finding suggests that, despite dampened senescence and immune marker activation,
cGAS KO primary fibroblasts inherently display more DNA damage and/or take longer to

repair such damage.

5.2 Killifish cGAS impacts innate immunity regulation in vivo

We next wondered how lack of cGAS affected killifish physiology in vivo under
basal conditions. To investigate this, we first performed bulk RNAseq from the kidneys of
young (7-8 week) healthy WT and cGAS KO fish. We first chose the kidney because of its
central role in hematopoiesis, immune cell production and differentiation, and its

function as the primary lymph node in teleosts (Bjorgen and Koppang 2021).

Principle component analysis (PCA) plots showed subtle differentiation of the
genotypes (Figure 15a) and minus-average (MA) plot revealed only modest overall
transcriptomic differences (Figure 15b). Among the changed transcripts were several
involved in vesicular trafficking (ARF1L, SREBF1, SEC23b, SEC24c), secreted
metalloproteinases (MMP19, MEP1a.1), TSC1b (mTOR signaling inhibitor) and several
IncRNAs. To decipher potential differences further, we used gene set enrichment analysis
(GSEA) and identified a number of significantly enriched pathways in the absence of
cGAS. Notably, immune-related pathways such as Rig-I-like receptor signaling, Toll-like
receptor signaling, Nod-like receptor signaling, and complement and coagulation
cascades, were upregulated in the cGAS KO relative to wild type (Figure 15c). Closer
analysis of these upregulated immune genes revealed that some act directly downstream
of cGAS, such as STING and TBK1, suggesting compensation for cGAS loss (Figure 15d).
However, the majority of these upregulated immune genes act upstream (TRAF6,
RIPK1L), downstream (IL12BB) or within NF-kB signaling cascades (NFKB1, RELA,
TNFA), even in the absence of an overt stimulus (Figure 15d) suggesting increased
inflammation. Other gene categories upregulated in cGAS KO included lysosome function
and apoptosis. Upregulation of lysosomal genes (CTSZ, CTSB, ATP6VOC and ATP6VOB)
suggests an enhanced capacity for degradation and recycling of cellular components,

which is a common response to cellular stress or damage, while upregulation of apoptotic
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genes (CASP7, MAP3K14, BAX and BIRC2) suggests an increase in apoptotic signaling,

which might indicate that mutant cells are under stress and are more prone to undergo

cell death.
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Figure 15. Loss of cGAS stimulates upregulation of downstream innate immune
signaling components in young Killifish. a, PCA plot of WT and cGAS KO
transcriptomes from young (8 weeks) killifish kidneys. b, MA plot showing differential
mRNA expression comparing cGAS KO to WT young kidneys. Throughout the paper, all
genes with adjusted p-value < 0.05 are considered significant and marked as upregulated
(red) or downregulated (blue). ¢, GSEA comparing transcriptomes of young kidneys of
cGAS KO to WT. All significantly upregulated and downregulated KEGG pathways are
shown (FDR < 0.05). Unless noted otherwise, gene sets throughout the paper are derived
from the KEGG_LEGACY subset of canonical pathways. d, Heatmap of z-score normalized
expression values of the genes with the highest positive and lowest negative rank metric
scores from representative GSEA pathways shown in (c). NES: Normalized enrichment

score, FDR: False discovery rate. N = 4 fish per genotype.

To examine another tissue, we also performed RNAseq of gut samples from young
WT and cGAS KO killifish. We chose the gut since this tissue serves as a first line of defense
against various pathogens, in line with the innate immune function of cGAS/STING. As
with the kidneys, we saw no clear separation of genotypes in the PCA plot, nor was there

a large impact on gene regulation (Figure 16a, b). GSEA revealed processes that were
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significantly upregulated (complement, ribosome) and downregulated (DNA replication,
cell cycle, amino acyl tRNA biosynthesis) in cGAS KO guts relative to WT (Figure 16c),
although we observed high variability between replicates in core regulatory genes within

these processes (Figure 16d).
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Figure 16. Extended Data. Lack of cGAS moderately impacts the gut transcriptome,
while lack of STING marginally impacts the kidney transcriptome of young fish.

a, PCA plot of WT and cGAS KO transcriptomes from young (8 weeks) killifish guts. b, MA
plot showing differential mRNA expression comparing cGAS KO to WT young guts. All
genes with adjusted p-value < 0.05 are considered significant and marked as upregulated
(red) or downregulated (blue). ¢, GSEA comparing transcriptomes of cGAS KO to WT
young guts. All KEGG pathways significantly upregulated and downregulated in cGAS KO
are shown (FDR < 0.05). d, Heatmap of z-score normalized expression values of the genes
with the highest positive and lowest negative rank metric scores from representative
GSEA pathways shown in (c). e, PCA plot of WT and STING KO transcriptomes from young
(8 weeks) killifish kidneys. f, MA plot showing differential mRNA expression comparing
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STING KO to WT young kidneys. All genes with adjusted p-value < 0.05 are considered,
upregulated (red), downregulated (blue). g, GSEA comparing transcriptomes of STING KO
and WT young kidneys. All KEGG pathways significantly upregulated and downregulated
in STING KO are shown (FDR < 0.05). NES: Normalized enrichment score, FDR: False

discovery rate. n = 4 fish per genotype.

We also carried out transcriptome analysis comparing young WT and STING KO
kidneys under basal conditions. This analysis revealed only minor differences in overall

transcription and little impact on cellular pathways (Figure 16e-g).

5.3 Killifish ¢cGAS modulates the transcriptional response to DNA damage and

senescence in vivo

Given the small differences we observed in young animals under basal conditions,
we next asked how the cGAS/STING pathway responded to stress in vivo. In particular,
since we had observed that cGAS impacts DNA damage response and senescence in vitro,
we wished to examine these features in vivo. To this end, we irradiated young healthy WT
and cGAS KO fish with 15Gy of y-radiation and 5 days later, harvested their tissues and
assessed the transcriptional response in the kidneys. We chose this time point in order to
potentially capture early senescence events in vivo (Schoetz et al. 2021; Turnquist et al.
2019). In this case, PCA plots showed a clear separation between irradiated (15 Gy) and
non-irradiated (0 Gy) samples (Figure 17a) with hundreds of genes responding to the
stimuli (Figure 17b) and widespread transcriptional regulation dependent on cGAS
(Figure 17a, c). This indicates that cGAS is important for transcriptional regulation in

response to DNA damage in young healthy tissues.
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Figure 17. cGAS modulates DNA damage induced transcriptional changes in vivo.

a, PCA plot of WT and cGAS KO transcriptomes from kidneys of young (8 weeks) killifish,

which were either irradiated or non-irradiated. Kidneys were harvested 5 days after

irradiation. b, MA plot showing differential mRNA expression comparing 15 Gy irradiated
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to non-irradiated young WT kidneys. All genes with adjusted p-value < 0.05 are
considered significant, upregulated (red), downregulated (blue). ¢, MA plot showing
differential mRNA expression comparing irradiated cGAS KO to irradiated WT young
kidneys. All genes with adjusted p-value < 0.05 are considered significant, upregulated
(red), downregulated (blue). d, Linear regression analysis of the Log2 (fold change) in all
genes significantly changed in expression during irradiation in WT and cGAS KO kidneys,
showing a slope significantly < 1. A dashed line with slope = 1 is shown for comparison.
e, Venn diagram depicting the overlap of significantly changed genes post-irradiation in
WT and cGAS KO kidneys. f, GSEA comparing irradiated to non-irradiated WT kidneys.
The top KEGG pathways upregulated and downregulated in irradiated WT are shown. g,
GSEA comparing irradiated cGAS KO and WT kidneys. The top KEGG pathways
upregulated and downregulated in cGAS KO are shown. h, Heatmap of z-score normalized
expression values of the genes with the highest positive and lowest negative rank metric
scores from representative GSEA pathways shown in (f, g). i, Heatmap of z-score
normalized expression values of genes with the highest positive and lowest negative rank
metric scores from GSEA when comparing irradiated to non-irradiated WT kidneys. The
gene sets investigated were the SenMayo gene set and the GOBP Cellular Senescence gene

set. GOBP: Gene Ontology Biological Process. N >= 4 fish per genotype and treatment

Interestingly, linear regression of all significantly regulated genes of WT and cGAS
KO during irradiation showed high linear correlation (R? = 0.6847) but with a slope
significantly less than 1 (m = 0.6908). This observation indicates that genes are generally
regulated in the same direction, but with a lower response in cGAS KO kidneys during
irradiation compared to WT (Figure 17d). Comparing transcripts up- and
downregulated in WT and cGAS KO showed high overlap as well as distinct significantly
changing gene sets in WT and cGAS KO kidneys, identifying gene responses completely
dependent on cGAS (Figure 17e). Virtually no genes were oppositely regulated, further
supporting the idea that cGAS modulates the magnitude rather than the directionality of

the transcriptional response.

To better understand which pathways were differentially regulated in the absence
of cGAS, we performed GSEA. In line with the linear regression analysis, the regulation of

most pathways by irradiation was significantly dampened in the cGAS KO kidney
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transcriptome (Figure 17f, g). These included pathways involved in innate immunity
(complement components C6, C9, SERPING1), extracellular matrix, cell adhesion and
focal adhesion (COL1A2, LAMAZ2; CDH, ITGA9; CAV1, MYLK) and cardiomyopathy (ITGB4,
ACTC2) (Figure 17g, h). In addition, we observed that the cGAS KO kidney transcriptome
showed higher basal levels of processes associated with growth and proliferation, which
were less downregulated by irradiation (Figure 17h). With this in mind, we revisited our
data on young non-irradiated cGAS KO versus WT kidneys, and noticed that a number of
specific genes associated with DNA replication (e.g. MCM family), protein homeostasis
(e.g. proteasome subunits PSMA2, PSME3; ribosomal subunits RPS6, RPL21) and mRNA
splicing (e.g. PUF60B, SF3B2) were elevated relative to WT (Figure 17h), though their
pathways did not emerge as significantly enriched (Figure 15c). Conceivably, this
upregulation may reflect an attenuated stress response or relaxation of checkpoints that

regulate growth and cell division.

Curiously, the expression of DNA repair pathways themselves were
downregulated in both cGAS KO and WT at this 5-day timepoint consistent with previous
observations that cells on a senescent trajectory downregulate DNA repair (Collin et al.
2018). Because the KEGG_LEGACY pathways only partially represent senescence and
SASP factors, we decided to specifically investigate the expression of genes under the
Cellular Senescence GO Biological Process (GOBP) term as well as the SenMayo (Saul et
al. 2022) gene set. Notably, we observed a blunted senescent gene expression in the cGAS
KO kidneys (Figure 17i) especially of SASP components (MIF, CXCL12B, IGFBP3/5A,

MMP2/9), corroborating our in vitro findings.

Altogether, despite the presence of a DNA damage and senescence responses in
the absence of cGAS, the magnitude of regulation was markedly reduced, suggesting that

cGAS serves to amplify the transcriptional response of these processes in vivo.

We also analyzed the gut transcriptome from the same irradiated fish as above. As
with the kidney, PCA plots showed that the genotypes clustered separately after
irradiation (Figure 18a). Linear regression of the significantly changed genes during
irradiation comparing both genotypes again showed a decreased slope (m=0.4059),
though the linear correlation was weaker (R?=0.3564) (Figure 18b). GSEA analysis
revealed widespread regulation of multiple pathways after irradiation (Figure 18c),

while the lack of cGAS again blunted the response, especially of ribosomal protein
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regulation (Figure 18c, d). Notably, the attenuation of gene and KEGG pathway
regulations were less prominent than those observed in the kidney. However, senescence
and SASP activation were blunted similarly to the kidney (Figure 18e), suggesting cGAS
functions in multiple tissues during genotoxic stress, but the breadth of regulation

appears tissue specific.
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Figure 18. Extended Data. cGAS and STING modulate DNA damage induced

transcriptional changes in guts and kidneys.
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a, PCA plot of WT and cGAS KO transcriptomes from guts of irradiated and non-irradiated
young (8 weeks) Kkillifish. b, Linear regression analysis of the Log2(Fold change) of all
genes significantly changed in expression after irradiation in WT and cGAS KO guts,
showing a slope significantly < 1. Dashed line with slope = 1 is shown for comparison. c,
GSEA of guts from irradiated compared to non-irradiated WT fish. The top KEGG
pathways upregulated and downregulated in irradiated WT are shown. d, GSEA of guts
from irradiated cGAS KO compared to WT killifish. The top KEGG pathways upregulated
and downregulated in cGAS KO are shown. e, Heatmap of z-score normalized expression
values of genes with the highest positive and lowest negative rank metric scores from
GSEA when comparing guts from irradiated to non-irradiated WT fish. The gene sets
investigated were the Sen_Mayo gene set and the GOBP_Cellular Senescence gene set. f,
PCA plot of WT and STING KO transcriptomes of kidneys from irradiated and non-
irradiated young (8 weeks) Kkillifish. g, MA plot showing differential mRNA expression
comparing kidneys from young irradiated STING KO to kidneys from irradiated WT
killifish. All genes with adjusted p-value < 0.05 are considered significant, upregulated
(red), downregulated (blue). h, GSEA of kidneys from irradiated STING KO compared to
WT Kkillifish. The top KEGG pathways upregulated and downregulated in STING KO are
shown. i, Heatmap of z-score normalized expression values of genes with the highest
positive and lowest negative rank metric scores from GSEA when comparing guts from
irradiated to non-irradiated WT fish. Genes shown derive from representative pathways

from (h) as well as Sen_Mayo gene set and the GOBP_Cellular Senescence gene set.

We next investigated the transcriptional response to DNA damage in the STING
KO kidneys. PCA plots showed that irradiated STING KO transcriptomes separated from
irradiated WT, and a number of genes were differentially regulated (Figure 18f, g). In
this case, the attenuation of gene regulation, as seen in the cGAS KO, was not observed in
the STING KO (Figure 18h). In fact, pathways that were most affected, namely the
complement and coagulation cascades and proteasome (Figure 17f), were more
upregulated or downregulated, respectively (Figure 18h, i). By comparison, proteasome
subunits did not show uniform regulation across batches when relating non-irradiated to
irradiated WT kidneys (Figure 17h, Figure 18i). Still, genes involved in inflammation
(C7, C4B and SERPINA1) and cellular stress responses (SCARA3 and NTD5) showed
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upregulation in the STING KO, opposite to what we observed with cGAS KO (Figure 17h).
While many senescent genes appeared to be similarly regulated between WT and STING
KO, we noticed a number of SASP genes within the SenMayo gene set (IGFBP family,
CXCL12B) to have blunted regulation (Figure 18i), which is consistent with what has
been observed in human cell cultures (Gulen et al. 2023; Gluck et al. 2017; Dou et al.

2017).

Collectively, these observations hint towards a broad STING-independent and
tissue specific role of cGAS as an important modulator of the transcriptional response to

DNA damage and senescence.

5.4 Killifish cGAS modulates the aging transcriptome

Aging is associated with increased DNA damage, inflammation, and senescence. In
addition, aged mice brains have shown higher cGAMP levels when compared to young
brains, indicating higher cGAS activity or lower cGAMP turnover with age (Gulen et al.
2023). In Kkillifish we detected increased cGAMP levels in the old kidneys, but no
significant change in the gut when compared to young tissues (Figure 20a). Hence, we
sought to understand the impact of cGAS to the normative aging transcriptome. We used
the young (8 weeks) healthy WT and cGAS KO fish as reference and performed RNAseq
in old (18 weeks) WT and cGAS KO kidneys. Similar to what we observed post-irradiation,
PCA plots showed that the two genotypes separated better in old age than in young
(Figure 19a). Overall, the killifish kidney transcriptome was vastly deregulated, and the
aged cGAS KO transcriptional profile deviated significantly from the aged WT counterpart
(Figure 19b, c).
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Figure 19. cGAS modulates transcriptional changes during ageing. a, PCA plot of WT

and cGAS KO transcriptomes from young (8 weeks) and old (18 weeks) killifish kidneys.
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b, MA plot showing differential mRNA expression comparing old to young WT kidneys.
All genes with adjusted p-value < 0.05 are considered significant, upregulated (red),
downregulated (blue). ¢, MA plot showing differential mRNA expression comparing old
cGAS KO to old WT kidneys. All genes with adjusted p-value < 0.05 are considered
significant, upregulated (red), downregulated (blue). d, Linear regression analysis of the
Log2(Fold change) of all genes significantly changed in expression during ageing in WT
and cGAS KO kidneys, showing a slope significantly < 1. Genes significantly regulated only
in WT ageing or cGAS KO ageing or inversely regulated are also included. A dashed line
with slope = 1 is shown for comparison. e, Venn diagram depicting the overlap of
significantly changed genes during ageing in WT and cGAS KO kidneys. f, GSEA comparing
old to young WT kidneys. All KEGG pathways significantly upregulated and the top
downregulated in old WT kidneys are shown. g, GSEA comparing old cGAS KO to old WT
kidneys. The top KEGG pathways upregulated and downregulated in cGAS KO are shown.
h, Heatmap of z-score normalized expression values of the genes with the highest positive
and lowest negative rank metric scores from representative GSEA pathways shown in (f,
g). i, Heatmap of z-score normalized expression values of genes with the highest positive
and lowest negative rank metric scores from GSEA when comparing old to young WT
kidneys. The gene sets investigated were the SenMayo gene set and the GOBP_Cellular

Senescence gene set.

As with irradiation, cGAS clearly impacted the aging kidney transcriptome.
Comparing cGAS KO to WT, linear regression of all transcripts significantly regulated with
age showed a significantly reduced slope (m=0.7965) (Figure 19d), with reasonable
linear correlation (R2=0.5158), and virtually no genes inversely regulated in the two
genotypes (Figure 19e). These findings point towards robust changes in gene regulation
with age, which are blunted by cGAS KO. GSEA revealed that KEGG pathways upregulated
with normative aging included complement and coagulation cascades, and neuroactive
ligand receptor interaction, while KEGG pathways downregulated with aging included
proteasome, DNA replication, cell cycle, DNA repair, peroxisome, spliceosome, one-

carbon metabolism, TCA cycle and oxphos among others (Figure 19f).

Attenuation of gene expression changes by cGAS KO applied broadly to a majority
of pathways dysregulated with age, revealing a widespread effect (Figure 19f, g). In
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particular, GSEA revealed that DNA replication and repair pathways, cell cycle,
spliceosome, proteasome, and pyrimidine metabolism were less downregulated (Figure
19f, g), while complement and coagulation and ribosome were less upregulated in old
cGAS relative to old WT. For example, the aging cGAS KO kidneys lacked the strong
reduction of cell proliferation markers (FEN1, PCNA, RFC3, CCNB1/2/3), suggesting less
replicative arrest (Figure 19h). These patterns suggest that cGAS KO cells may be more

proliferative and actively engaged in the cell cycle.

We also examined senescence and SASP markers. Surprisingly, in the case of the
old kidney, we did not see a strong signature of senescence markers with age (Figure
19i), likely reflecting the small proportion of senescent cells that accumulate within a
given tissue during aging (Idda et al. 2020). Senescent gene profiles from old cGAS KO
kidneys were not very distinct compared to old WT (Figure 19i), with the exception of a

handful of genes (NUAK1, CDKN1B, IGFBP1) that appeared less upregulated.

In contrast to the kidney, the aging killifish gut transcriptome showed much less
dependence on cGAS (Figure 20b, c), which is in line with lack of increased cGAMP
activity with age. Pathways significantly regulated during aging were not deregulated in
the absence of cGAS, and the dampening effect was less prominent than in the kidney
(Figure 20d, e). Surprisingly, however, the transcriptomes of old WT guts showed a
clearer signature of senescent genes upregulated (CDKN1B/2B, YPEL3, PTBP1) in old
age, and lack of cGAS attenuated this regulation (Figure 20f).
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a, LC-MS-based targeted metabolomics of 2’,3’-cGAMP extracted from young (7 weeks, n
= 4) and old (18 weeks, n = 6) WT kidneys and guts. Statistical analysis was performed
using Mann-Whitney U test. b, PCA plot of WT and cGAS KO transcriptomes from young
(8 weeks) and old (18 weeks) killifish guts. For each condition n = 4. ¢, Linear regression
analysis of the Log2(Fold change) of all genes significantly changed in expression during
ageing in WT and cGAS KO guts, showing a slope significantly < 1. Dashed line with slope
= 1 is shown for comparison. d, GSEA comparing old to young WT guts. The top KEGG
pathways upregulated and downregulated in old WT guts are shown. e, GSEA comparing
old cGAS KO to WT guts. All KEGG pathways upregulated and downregulated in cGAS KO
are shown. f, Heatmap of z-score normalized expression values of genes with the highest
positive and lowest negative rank metric scores from GSEA when comparing old to young
WT guts. The gene sets investigated were the Sen_Mayo gene set and the GOBP_Cellular
Senescence gene set. g, PCA plot of WT and STING KO transcriptomes from young (9
weeks) and old (18 weeks) Kkillifish kidneys. For old WT n = 4, for all other conditions n =
3. h, MA plot showing differential mRNA expression comparing old STING KO to old WT
kidneys. All genes with adjusted p-value < 0.05 are considered significant, upregulated
(red), downregulated (blue). i, GSEA comparing old STING KO to WT kidneys. All KEGG
pathways upregulated and downregulated in STING KO are shown. j, Heatmap of z-score
normalized expression values of genes with the highest positive and lowest negative rank
metric scores from GSEA when comparing old STING KO to WT kidneys. The gene sets

investigated were the Sen_Mayo gene set and the GOBP_Cellular Senescence gene set.

Unlike cGAS, lack of STING showed hardly any separation of transcriptional
profiles with old age when compared to WT in the kidneys (Figure 20g, h). However,
GSEA showed that proteasome downregulation and complement and coagulation
upregulation were blunted in the old STING KO (Figure 19f, Figure 20i). In addition,
senescent markers (TP63, CDKN1A), SASP regulators (YBX1, MAPK11/14) and SASP
components (MIF, IGFP5B, EGF) were downregulated in old STING KO when compared
to old WT (Figure 20j).

In sum, cGAS modulates the transcriptional landscape during both DNA damage
and aging, two conditions that are linked, but the scale of this effect is tissue-specific.

STING does not appear to regulate the transcriptional landscape in the kidneys as
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broadly. Yet, to different degrees, lack of either cGAS or STING attenuates senescent

marker and SASP component expression in old age.

5.5 The Kkillifish cGAS/STING pathway affects age-related pathology but not life

span

Since Kkillifish cGAS KO and STING KO mitigated senescence in cultured fibroblasts
and many age-related transcriptional signatures in the kidney in vivo, we sought to
investigate the possibility of altered lifespan in our mutants. In particular, we
hypothesized that our mutants might live longer than controls due to the amelioration of
these age-related phenotypes. To address this, after at least four rounds of backcrossing
with WT fish, we generated, expanded, and measured the life span of cGAS and STING KO
mutants along with WT fish. Males and females were singly housed, and their life span
measured within the same cohort. Demographic analysis showed that cGAS KO fish had
fairly similar lifespans to WT fish (Figure 21a, Figure 22a-c), contravening our
hypothesis. Median and maximum life span of cGAS KO and wild type were comparable
and Log rank statistics showed the survival curves were not significantly different
(p=0.43). Furthermore, STING KO fish showed a tendency for reduced lifespan (Figure
21b, Figure 22a-c), but it did not reach significance (p=0.10).
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Figure 21. Killifish cGAS/STING pathway influences degenerative and
inflammatory disease occurrence but not lifespan. a. Kaplan-Meier curve showing the
survival of WT (n = 79) and cGAS KO (n = 70) killifish. Indicated p-value represents
comparison between cGAS KO and WT using the log-rank Mantel-Cox test. b, Kaplan-
Meier curve showing the survival of WT (n =79) and STING KO (n = 48) killifish. Indicated
p-value represents comparison between STING KO and WT using the log-rank Mantel-
Cox test. ¢, Schematic of all fish samples collected from the lifespan experiments in (a)
and (b) for necropsy analysis, with FFPE sections stained with Hematoxylin & Eosin
(H&E) and Acid-Fast Bacteria stains. d, H&E histological images of the jaw region

depicting a healthy and a proliferative non-neoplastic lesion in the lower lip indicated
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with an asterisk (*). e, Heatmap showing the percent occurrence of the proliferative non-
neoplastic pathology in 12 tissues analyzed during necropsy in WT and cGAS KO tissues.
f, H&E histological images depicting a healthy kidney and a kidney displaying
degenerative tubular changes. g, Percent occurrence of the degenerative pathology in
indicated tissues and genotypes. h, H&E and Acid-Fast Bacteria-stained histological
images of a kidney depicting an inflammatory lesion containing mycobacteria organisms.
The outlined area consists of necrosis and mononuclear inflammatory infiltrates. Within
the outlined necrotic and inflamed region, arrows point to aggregates of Acid-Fast
positive rod-shaped bacteria in the zoomed inset. i, Percent occurrence of the
inflammatory infectious pathology in indicated tissues and genotypes. Separately, the
percent incidence of mycobacteriosis among all tissue is shown. j, H&E and Acid-Fast
Bacteria-stained histological images of a kidney depicting an inflammatory lesion with no
apparent bacteria within it. The inflammatory cell aggregate within the kidney is
outlined. Neither positive, nor negative staining acid-fast rod-shaped organisms were
detected in these lesions. K, Percent occurrence of the inflammatory non-infectious
pathology in indicated tissues and genotypes. 60 WT fish and 47 cGAS KO fish were used
for necropsy. Bars in images of kidneys = 200 um. Bars in zoomed in images of kidneys =

10 pm. Bars in jaw images = 500 um.

Hence, we decided to investigate aspects of pathology. In particular, upon death
we preserved the fish from the demographic analysis in paraformaldehyde and
performed histological necropsy with a certified veterinary pathologist. We categorized
the observable disease phenotypes into five categories, namely neoplastic, proliferative
non-neoplastic, degenerative, inflammatory infectious and inflammatory non-infectious,
and analyzed 12 tissues using 60 WT and 47 cGAS KO preserved fish for necropsy (Figure
21c). Notably, we found no clear neoplastic lesions in any of the tissues analyzed. Non-
neoplastic lesions were detected predominately at the mandibular lip, which was
enlarged and contained nodular fibroplasia (Figure 21d), while few fish showed
proliferative bronchitis with or without goblet cell hyperplasia. The occurrence of these
non-neoplastic lesions was slightly reduced in cGAS KO fish compared to WT (Figure
21e). The most common degenerative lesions were found in the kidney in the form of

minimal to mild tubular dilation with or without luminal mineralization (Figure 21f).
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There, we again observed a tendency for less degenerative phenotype occurrence in the
cGAS KO compared to WT kidneys (Figure 21g), consistent with the blunted deregulation

that comes with old age in the kidney transcriptome.

Infectious and non-infectious inflammatory lesions were widespread across
tissues but most prominent in the kidneys and gonads, specifically the ovaries (Figure
22d, e). Infectious lesions often had acid-fast positive rod-shaped bacteria within the
lesion, interpreted to be mycobacterial infections (Figure 21h). These infections usually
affected multiple organs at once within an individual. Surprisingly, cGAS KO tissues
appeared to have a mild reduction in infection occurrence in kidneys, liver, and gonads
(Figure 21i), despite this pathway’s involvement in immune defense. Inflammatory non-
infectious lesions were classified when significant macrophage infiltration was observed
without detectable rod-shaped microorganisms (Figure 21j). These lesions were far less
prevalent than infectious lesions but overall, some tissues showed more and others less

frequency of occurrence in the cGAS KO (Figure 21K).

Like cGAS KO, STING KO appeared to show a similar reduction in proliferative and
degenerative lesion occurrence (Figure 22f, g). The reduction of inflammatory lesion
occurrence, however, was much more pronounced in the STING mutants, again
supporting our observation of a divergent function of STING from cGAS. Infection rates
dropped in multiple tissues, especially the gonads (Figure 22h), which could be
attributed solely to lesions in female ovaries, not male testes. On the contrary, non-
infectious inflammatory lesions in the ovary appeared elevated in the STING KO (Figure

22i).
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Figure 22. Extended Data. The Killifish cGAS/STING pathway contributes to
degenerative and inflammatory disease occurrence but not lifespan in individual

sexes.

a, Kaplan-Meier curve showing the survival of WT (n = 38), cGAS KO (n = 40) and STING
KO (n = 27) male killifish. Indicated p-values represent statistical comparisons between
WT and cGAS KO or STING KO, respectively, using the log-rank Mantel-Cox test. b, Kaplan-
Meier curve showing the survival of WT (n = 39), cGAS KO (n = 27) and STING KO (n =
26) female killifish. Indicated p-value represent statistical comparisons between WT and
cGAS KO or STING KO, respectively, using the log-rank Mantel-Cox test. ¢, Tables
summarizing the median lifespans (in days) of WT, cGAS KO and STING KO killifish. Both
individual sexes and combined sexes are shown separately. Log-rank tests were
performed comparing WT to cGAS or STING KO fish, respectively, and the p-values are

shown for each genotype. d, H&E and Acid-Fast Bacteria-stained histological images of a
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killifish ovary depicting an inflammatory lesion containing mycobacteria organisms. The
inflammatory cell aggregate within the necrotic ovarian region is outlined. Within the
necrotic and inflamed region, arrows point to clusters of Acid-Fast positive rod-shaped
bacteria, shown in the zoomed inset. e, H&E and Acid-Fast Bacteria-stained histological
images of a Kkillifish ovary depicting an inflammatory lesion containing no apparent
bacteria. The inflammatory cell aggregate within the ovary is outlined. Neither positive,
nor negative Acid-Fast rod-shaped organisms were detected in these lesions. f, Heatmap
showing the percent occurrence of proliferative non-neoplastic pathology in 12 tissues
as analyzed during necropsy in WT and STING KO tissues. g, Percent occurrence of the
degenerative pathology in indicated tissues and genotypes. h, Percent occurrence of the
inflammatory infectious pathology in indicated tissues and genotypes. Separately, the
percent incidence of mycobacteriosis among all tissues is shown. i, Percent occurrence of
inflammatory non-infectious pathology in indicated tissues and genotypes. 60 WT fish
and 34 STING KO fish were used for necropsy. Bars in images of ovaries = 200 pm. Bars

in inset images of ovaries = 10 um.

It is important to mention that the number of fish used for such histological
analyses is not sufficient to definitively determine a protective or detrimental role for
each genotype because the differences in odds ratios for most lesions and tissues were
small. The only comparison where Fischer’s Exact test revealed a significant change
(p=0.034) was the reduction in ovarian infectious lesions in STING KO (3/20 ovaries)
compared to WT (15/32 ovaries). Yet the consistent reduction in occurrence of different
morbidities across tissues, hints towards an effect of the cGAS/STING pathway beyond
ovarian infectious lesions. Most curiously, both cGAS and STING KO appear more
susceptible to sterile macrophage infiltration than mycobacterial infections in some

tissues.
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6. Discussion

Inflammaging and immune dysfunction significantly contribute to age-related
pathology and disease, and interventions that rebalance these processes can have a
profound impact on health and life span (Widjaja et al. 2024; Moiseeva et al. 2013;
Moiseeva et al. 2023). The cGAS/STING pathway is a central innate immune signaling
pathway that detects cytosolic DNA (Decout et al. 2021), and has been implicated in
senescence cascades induced by DNA damage (Yang et al. 2017; Dou et al. 2017) or
mitochondrial dysfunction (West et al. 2015; Victorelli et al. 2024), eventually leading to
SASP secretion (Coppe et al. 2010). It has been postulated that low grade activation of
cGAS/STING over the life course could be a source of chronic inflammation, and in the
long term, contribute to aging pathology and organismal demise (Decout et al. 2021;

Franceschi et al. 2018; Benayoun et al. 2019; Gulen et al. 2023).

In this work, we sought to elucidate the function of the cGAS/STING pathway
during ageing using the naturally short-lived Killifish N. furzeri. We found cGAS and STING
regulation of senescence to be conserved in teleosts in vitro and in vivo. We then showed

that cGAS, more than STING, impacts aging-related signatures; however, neither gene

significantly regulates lifespan on its own.
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Figure 23. Summary of cGAS/STING impact on Killifish tissue transcriptome and
pathology during normative ageing. Knock out of cGAS, but not STING causes low-
grade upregulation of NF-kB signaling and lysosomal and apoptotic regulators in the
kidney. Compared to old WT tissues, cGAS or STING KO fish exhibit reduced expression
of senescent and SASP markers, cellular replication modulators, DNA repair components
and ribosomal and proteasomal subunits. Collectively, knock out of cGAS or STING
significantly dampens the age-related transcriptional landscape. In accord, proliferative
lesions and tissue degeneration tend to appear with less frequency, while infection rates
are significantly lower. However, sterile immune-infiltration in old tissues also tends to
increase. Despite mitigation of multiple age-related signatures, cGAS and STING KO
killifish do not exhibit increased lifespan. Solid red arrows indicate regulation during
ageing, dashed red arrows represent low-grade regulation associated with stress and

solid green arrows represent dampening of age-related changes.
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6.1 cGAS and STING are evolutionarily conserved

The cGAS protein is evolutionarily conserved across distant taxa. The invertebrate
sea anemone cGAS has been functionally verified to be able to produce 3'3’-cGAMP
(Kranzusch et al. 2015). Yet, phylogenetic analysis of cGAS proteins showed that
vertebrates evolved key functional domains and residues for DNA binding and 2’3’-
cGAMP production (Wu et al. 2014). Our previously published work was the first to
demonstrate that killifish cGAS is indeed capable of biochemically producing 2’3’-cGAMP
(Annibal et al. 2021), making it the most distant verified ortholog.

Despite this general conservation, cGAS sequence and structure is not as well
conserved. Human and mouse cGAS exhibit only 60% sequence identity, are sensitive to
varying DNA lengths, and have great differences in enzymatic activity, with mouse cGAS
20 times more active in cGAMP production (Zhou et al. 2018). Their different structures
render small molecule inhibitors unable to function in both organisms (Liu, Zhang, et al.
2023). Even comparing two teleost sequences, such as Killifish and zebrafish, yields only
a 43% sequence identity, indicating a strong positive selection for evolution to optimize
functions. Multiple sequence alignment showed that killifish cGAS has 35% and 36%
sequence identity with human and mouse proteins, respectively. Conserved residues
cluster within functional domains, indicating that core functions are preserved, but signal

intensity or sensitivity may vary.

Our transfection experiments show that killifish cGAS indeed has cyclic GMP-AMP
activity and can complement the gene knockout in a heterologous system. In fact, when
we introduced cGAS into human cGAS KO THP1 cells, we found that kcGAS produced over
4-times more cGAMP than the human homolog and had lower transfection efficiency
presumably due activation of the antiviral response. This finding is consistent with other
studies that show cGAS/STING activity reduces transfection efficiency and knock out of
either cGAS or STING enhances both transfection and transgene expression (Fu et al.
2020; Langereis et al. 2015). Downstream activation of interferon signaling was similar
between the killifish and human proteins, however, this is probably due to signal
saturation during transient transfection. Overall, our findings suggest that kcGAS has
higher enzymatic activity than hcGAS, but precise determination requires an equimolar,

purified in vitro comparison.
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In both human and mouse cells cGAS plays an important role in cellular
senescence (Yang et al. 2017). During replicative senescence or DNA damage-induced
senescence both mouse embryonic fibroblasts and neonatal human fibroblasts SA-3-gal
staining and SASP markers were greatly reduced (Yang et al. 2017; Gluck et al. 2017).
Similarly, irradiated cGAS KO Kkillifish fibroblasts showed reduced SA-B-gal staining,
cyclin inhibitor expression and IFN-signaling, markedly less than WT control fibroblasts.
Notably, in all three species senescence induction was down but not completely
abolished, suggesting other pathways may be at work. It is also possible that our results
would differ at different irradiation intensities or time points since these parameters can
lead to differences in senescence induction of cGAS KO human and mouse fibroblasts

(Yang et al. 2017). Importantly, our data shows that loss of kcGAS attenuates senescence

similar to mammalian species and establishes that cGAS-dependent senescence

activation is conserved in teleosts. Hence, Killifish present a valuable model to study age-

related functions of this pathway.

STING is also conserved but has a few noteworthy differences. Mouse and human
STING proteins are slightly more related, facilitating the discovery of small molecule
inhibitors that block both proteins, such as H-151 (Haag et al. 2018). Still, overall amino-
acid sequence identity between human, mouse, zebrafish and killifish STING is still below
50%, with the most conserved residues lying within functional domains among all
proteins. Conceivably the non-conserved regions could reflect genetic drift or species-
specific positive selection/interactions. On a functional level, transfection of KSTING did
not activate IFN signaling in heterologous cells potentially due to ineffective interaction

between kSTING and human TBK1, which is necessary for downstream signaling.

Compared to cGAS, STING has been reported to have a weaker role in modulating
cellular senescence. While cGAS KO mouse fibroblasts spontaneously immortalize after
~10 passages, STING KO cells do so after ~18 passages (Yang et al. 2017). Further, while
STING inhibition ameliorated SASP and age-related neurodegeneration, it did not reduce
SA-B-gal staining and p21 expression in cell cultures (Gulen et al. 2023). In contrast,
genetic or pharmacological inhibition of STING reduces cyclin inhibitors and SA-3-gal
staining in diabetes-induced senescence (Liu, Ghosh, et al. 2023), bleomycin-induced
DNA damage in lung fibroblasts (Rosas et al. 2023) and IL-1(3-induced senescence in

chondrocytes (Guo et al. 2021). However, in cases of etoposide- or oxidative stress-
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induced senescence, neither cGAS nor STING inhibition reduced cyclin inhibitors (Dou et
al. 2017; Gluck et al. 2017), but in both cases there was a reduction of downstream
inflammatory markers and SASP. A number of other studies have also shown the role of
STING in YAP/TAZ-deficiency (Sladitschek-Martens et al. 2022) and retrotransposon-
induced senescence (Simon et al. 2019; De Cecco et al. 2019). Taken together, cGAS
appears to regulate various aspects of senescence by both STING-dependent and STING-

independent mechanisms.

In accord with published literature, we observed that STING inhibition
significantly reduced cyclin inhibitor activation after irradiation-induced senescence,

along with a modest decrease in downstream IFN signaling. Therefore, STING-dependent

senescence regulation is conserved from teleosts to mammals, highlighting again the

value of Kkillifish as a model organism of in vivo studies of the pathway.

6.2 cGAS preserves genomic integrity

Our work suggests that cGAS plays a role in protecting genome integrity. We
observed that primary killifish cGAS KO fibroblasts had higher levels of yH2AX with or
without irradiation, suggesting that cGAS normally prevents intrinsic DNA damage or
facilitates repair in vitro. Relatedly, cGAS KO kidney transcriptomes from old fish showed
elevated levels of genes involved in DNA repair, such as mismatch repair, nucleotide
excision repair, base excision repair and homologous recombination. This increase of
DNA repair pathways in old cGAS mutants could be due to WT cGAS tempering all of these
pathways or these pathways are upregulated in response to increased DNA damage in

these mutants. In any case, our data support that cGAS plays an important role in DNA

damage regulation, possibly guarding DNA against spontaneous and genotoxicity-

induced lesions.

Findings from different groups have also demonstrated genoprotective roles of
cGAS. For example, cGAS inhibits transposable elements both at both basal levels and
post DNA damage (Zhen et al. 2023; Martinez et al. 2024), slows replication forks (Chen
et al. 2020) and prevents chromosome end-joining (Li et al. 2022), guarding against DNA

fragmentation. Interestingly, the studies related to cGAS-mediated role in genomic
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stability are shown to be STING-independent. Consistently, STING KO Kkillifish
transcriptomes did not show altered regulation of DNA repair mechanisms in either
young, old or irradiated tissues. Cumulatively, we demonstrate a conserved role for cGAS
in maintaining genomic stability and provide evidence that cGAS, independent of STING,

safeguards the genome both in vitro and in vivo.

On the other hand, some studies suggest that cGAS may exert genotoxic effects.
For instance, one study reported that cGAS overexpression in cGAS KO cancer cells leads
to DNA fragmentation (Liu et al. 2018). Another study showed that WT bone marrow-
differentiated monocytes exhibited increased micronuclei formation after irradiation
when compared to cGAS-deficient cells (Jiang et al. 2019). Both studies demonstrated that
cGAS, independently of STING, inhibits homologous recombination (HR). This inhibition
appears to be conserved in Killifish since we observed upregulation of HR components in
old cGAS KO kidneys. Curiously, we did not see any impact on HR in young fish neither at
steady state nor post-irradiation. What the above studies observed in cell cultures and
tumors might only apply in old age, but not in young tissues. Future investigations may
unravel the molecular interplay that allows cGAS to cause or prevent DNA damage in

different biological contexts.

6.3 Loss of cGAS leads to low-grade sterile inflammation and stress in vivo

The cGAS/STING pathway stimulates the production of IFN-I and other cytokines
that activate immune cells and establish a pro-inflammatory state. The Kkillifish kidneys
contain HSPCs, which generate all hematopoietic cell lineages and acts as a primary
lymph node responding to any overt stimulus by increasing inflammation. Given the
conserved role of cGAS/STING signaling in promoting senescence, downregulation of this

pathway would be predicted to lower basal inflammation. Yet, by comparing the

transcriptomes of WT and cGAS KO Killifish kidneys, we observed a low-grade

upregulation of inflammatory markers.

These markers were primarily pathway mediators downstream of cGAS (STING
and TBK1) and cytokines downstream of NF-kB (e.g. TNFa and IL-12). Two recent studies
showed that post-activation, STING is suppressed by lysosomal degradation (Kuchitsu et
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al. 2023; Gentili et al. 2023), ensuring homeostatic regulation of STING signaling. Another
study discovered a unique role of TBK1 as an E3 ubiquitin ligase, which can catalyze self-
degradation after activation (Li et al. 2019). Presumably, lack of basal cGAS signaling
leads to low-grade increase of STING and TBK1 proteins due to lack of negative self-
regulation. Alternately, cells compensate for lack of cGAS by increasing downstream

immunity, in order to respond to DAMPs by less efficient cGAS-independent means.

The concurrent upregulation of NF-kB-regulated cytokines, however, may also
reflect a response to stress. Given increased basal levels of DNA damage in primary cGAS
KO cell cultures, this could, by inference, arise from basal DNA damage in vivo, though this
has not been directly measured. Consistently, lysosomal and apoptotic genes are also
upregulated, hinting that the kidney cells are under stress. It should be noted that these
responses appear quite mild, however. Without irradiation, the increased amount of
YH2AX in cGAS KO fibroblasts was significant, but modest. Consistently, the increase in
all above pathways is significant, but small. STING deficiency did not show a similar
upregulation of these components at steady-state, in agreement with the STING-
independent role of cGAS in genome stability, Future investigations of DNA lesions in vivo
would distinguish if stress derives from genomic instability or other DAMPs. Collectively,

our data imply that lack of cGAS in voung age causes destabilization of cellular

components — likely DNA - leading to activation of stress response pathways.
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Figure 24. cGAS safeguards the genome against DNA damage. The illustration depicts
a hypothetical model where chromatin-bound cGAS protects against spontaneous and
induced double-strand breaks in vivo. In young cGAS KO organisms, this increase in DNA

damage would lead to activation of NF-kB activity.
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6.4 cGAS more than STING modulates senescence in vivo

Although extensively studied in cell cultures, the impact of cGAS/STING in
senescence in vivo is largely unknown. One study that directly investigated senescence in
vivo observed that YAP/TAZ/STING triple knock out mice had less senescent cells in
aorta, kidney and dermis compared to YAP/TAZ-deficient mice (Sladitschek-Martens et
al. 2022). Another study examined the effect of cGAS on irradiation- and oncogene-
induced senescence in lung and liver in vivo (Gluck et al. 2017). To my knowledge, all
other findings are either in vitro or only show SASP regulation but not other senescence
markers. Consistent with our in vitro data, irradiated killifish cGAS KO kidneys and guts
displayed greatly attenuated senescent marker regulation after DNA damage-induced
senescence. Age-associated modulation by cGAS of senescent markers was much more
modest, with a handful of markers regulated in the kidney (e.g. CDKN1B and NUAK1). We
observed a stronger cGAS-dependent regulation of senescent markers during aging in the
gut (e.g. CDKN1A/2B, IGF1RA, MIF). Interestingly we found certain senescent markers,
such as CDKN1A (p21), that were tissue specifically expressed (e.g. CDKN1A was only

regulated in the gut both during irradiation and ageing). Thus, our study provide a

framework to decipher cGAS/STING-regulated senescence and SASP components across

tissues in vivo.

Senescence consistently appears to be regulated by cGAS, but not always by STING
(Yang et al. 2017; Gulen et al. 2023). Relatedly, the downregulation of senescence
markers in irradiated STING KO fish was not as strong as cGAS KO. How might STING
impact senescence less than cGAS? Conceivably, loss of STING, but not cGAS, could lead
to activation of compensatory senescence-activating pathways. Of note, we observed in
our transcriptome data that young irradiated STING KO, but not cGAS KO, fish
upregulated JAK/STAT signaling. JAK/STAT pathway is known to stabilize IRF3 in the
nucleus (Czerkies et al. 2018) and the interaction between IRF3 and Rb in the nucleus
prevents Rb phosphorylation, leading to cycle arrest and cellular senescence (Wu et al.
2024). It is still unknown why lack of STING can be compensated, but lack of cGAS largely
cannot and a potential interaction with JAK/STAT signaling is only one such possibility

(Figure 25). Therefore, although only hinted in other studies, our work underscores the
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necessity to investigate the interaction between individual cGAS/STING pathway

components and senescence mediators.
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Figure 25. cGAS can induce DNA damage-induced senescence STING-
independently. Although cGAS has always been recognized as a critical step for DNA
damage-induced senescence, STING can sometimes be bypassed. STING-independent
mechanisms have not been described, but could involve an interaction between cGAS and

JAK/STAT signaling or other pathways.

6.5 cGAS/STING signaling regulates metabolic processes during senescence and

ageing

Senescence and SASP transcriptional markers are defined by a number of
pathways and cellular components. Central nodes within this transcriptional signature
include growth hormones, extracellular components and protease inhibitors, among
others (Saul et al. 2022). Our data shown that all the above biological processes are
transcriptionally impacted by cGAS and STING in killifish. IGBP growth factor family
members that increase during irradiation and old age in WT tissues are decreased in both
cGAS and STING KO counterparts. During irradiation and ageing, cGAS more than STING

appears to potentiate the regulation of a broad range of collagens, laminins, and other cell
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adhesion molecules. Finally, in the kidney, proteasomal subunits are downregulated in

irradiated and old fish, but significantly less so in the absence of cGAS or STING.

cGAS and STING appear to regulate a number of pathways and cellular
components in vivo, which are not directly encompassed by senescent signatures.
Ribosomal subunits are among the most regulated genes during irradiation and ageing.
Ribosomal subunits are significantly decreased in the kidneys during irradiation.
Counteracting this decrease, cGAS-deficiency led to higher levels of ribosomal subunits
when compared to irradiated WT kidneys. The gut showed the opposite phenotype,
where ribosomal subunits are significantly increased both during irradiation and ageing.
Interestingly, countering the increase of these subunits, irradiated cGAS-deficient and old
cGAS/STING-deficient guts exhibited significantly lower levels of these proteins when
compared to WT guts. It appears that regardless of the direction of transcriptional change
in senescent and aged tissues, the cGAS/STING pathway is an important modulator of

ribosomal subunit expression.

Other pathways not directly related to senescence, yet still modulated by cGAS
included and pyrimidine metabolism and aminoacyl-tRNA biosynthesis. These pathways
coordinate transcription and translation. The increase in all of these pathways in cGAS
KO kidneys and concurrent increase in ribosomal functions, DNA replication, and cell
cycle regulators would indicate that these kidney cells are generally more anabolic than
their WT counterparts (Biffo, Ruggero, and Santoro 2024). Similarly, STING KO fish
exhibited reduced oxidative phosphorylation (OXPHOS), hinting towards decreased
catabolism. However, these metabolic modulations could still be an indirect consequence
of altered senescence in vivo. Senescent cells exhibit a deregulated metabolic profile
characterized by concurrently increased anabolic (mTOR) and catabolic (AMPK and
GSK3) signaling cascades (Kwon et al. 2019). Hence, cGAS/STING might impact

metabolism by modulating senescence both during DNA damage and ageing in vivo.

However, the cGAS/STING pathway plays a key role in regulating catabolism
beyond its well-known function in TBK1-mediated IFN signaling. STING trafficking can
promote LC3 (Gui et al. 2019) and GABARAP (Lv et al. 2024) lipidation, leading to TFEB-
driven lysosomal biogenesis (Xu et al. 2024). This suggests that even in the absence of
senescence, a deficiency in cGAS/STING could impair autophagy and reduce catabolic

activity. As a result, it is tempting to speculate that cGAS/STING signaling sits at the
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intersection of DNA damage, senescence, inflammation, but also metabolic changes
during aging. Exploring whether cGAS/STING directly influences cellular metabolic
state—independently of senescence—could reveal new insights into its broader role in

cellular homeostasis and ageing.

6.6 Loss of cGAS/STING signaling impacts late-life disease occurrence but does not

extend lifespan

In this study, we sought to elucidate the impact of cGAS/STING signaling in
organismal ageing. We found that Killifish lacking cGAS or STING have diminished
expression of senescence-associated genes during DNA damage-induced senescence and
natural ageing and have an overall more youthful-like transcriptional profile than age-
matched WT counterparts. The reduction of senescence and SASP components is
associated with reduced tissue degeneration (Diniz et al. 2021; Boniewska-Bernacka,
Panczyszyn, and Klinger 2020), tumor progression (Atala 2015; Coppe et al. 2010),
immunosenescence (Stolzing et al. 2008), and increased lifespan (Baker et al. 2011; Baker
et al. 2016). Hence, we sought to investigate all above phenotypes in our WT and
cGAS/STING mutant killifish by performing demographic and pathophysiological post-

mortem analysis.

Our work is the first to perform such a large-scale multi-tissue pathophysiological

analysis in killifish providing valuable insight into the ageing physiology of this model
organism. We observed that both cGAS KO and STING KO fish showed overall milder

tissue pathology related to proliferative non-neoplastic, degenerative, and infectious
lesions, consistent with an amelioration of age-related pathology seen in mouse models
(Gulen et al. 2023). Our findings are thus in accord with the hypothesis that inhibition of

this conserved pathway could temper senescence and inflammaging and extend life span.

Yet surprisingly, neither cGAS KO nor STING KO strains are longer lived than wild
type.

This unexpected result suggests that if there are benefits to these age-related

changes, they are offset by other factors that limit lifespan and could arise for various
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speculative reasons. For example, we found that kidneys from cGAS KO fish showed
upregulation of components of the cGAS/STING regulatory cascade, including STING
itself and low-grade sterile NF-xB immune signaling, whose chronic activity can be
detrimental to tissue physiology (Salminen et al. 2008) and lifespan (Zhang et al. 2013;
Kounatidis et al. 2017). It is also possible that absence of cGAS/STING renders fish more
susceptible to viral and bacterial infection. This would certainly be true in the wild (Li,
Wu, etal. 2013). However, laboratory fish aquaria are largely void of fish-infecting viruses
(Matthews 2004). Instead, we generally observed less pathology in the various tissues
with decreased cGAS/STING, and somewhat surprisingly, trends to lower levels of
infectious pathology rather than non-infectious macrophage infiltration. Perhaps the
upregulation of NF-kB signaling or other immune pathways we observed helps ward off
such infections. Preprint studies parallel to our own further support that lack of
cGAS/STING can increase macrophage infiltration of tissues and even decrease lifespan

in mice (Hopkins et al. 2024; Martinez 2024, under review).

Of note, mice have exceptionally high rates for cancer occurrence (>90% at 18-
moths old) (Zhou, Xia, et al. 2023) and lack of cGAS/STING can be fatal during tumor
progression (Hu et al. 2023). In our hands, killifish had very low rates of proliferative
lesions, without detectable neoplasias in any tissue under investigation, which could
explain the lack of severe drop in lifespan that was observed in the above preprints in

cGAS/STING mutant mice.
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Figure 26. The cGAS/STING pathway leads to a number of beneficial and
detrimental effects balancing out any effects on lifespan. Other studies have
demonstrated that cGAS/STING is important for anti-viral immunity and tumour
immunization and clearance and we showed that cGAS also has genoprotective role in
young primary fibroblasts and reduced inflammation in young kidneys. On the other
hand, cGAS/STING has been reported to drive neurodegeneration and TE-element
induced inflammation and we observed more senescence and SASP markers in old tissues

with functional cGAS. In addition, abrogation of cGAS/STING dampened age-related
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transcriptional signatures, increased DNA repair genes and fish had less infections,
hinting towards improved immune function. In killifish, these effects appear to counter

each other and lifespan remains unchanged.

It is also possible that the beneficial effects of cGAS/STING inhibition are limited
only to specific tissues, which might not have an overall impact on organismal life span.
For example, we observed that amelioration of most age-related transcriptional events in
the cGAS KO was more pronounced in the kidney, and not as prominent in the intestine.
On the other hand, cGAS KO appeared to more greatly attenuate the regulation of
senescent genes in the aged intestine. In addition, cGAS and STING KO mostly effected
disease occurrence in the kidneys and gonads, with a smaller effect on other tissues.
Different tissues develop varying degrees of DNA damage (Wang et al. 2012), senescent
load (Yousefzadeh et al. 2020) and immune activation (Tabula Muris 2020) with age,
potentially deploying the cGAS/STING pathway to varying degrees. At the same time,
senescence and SASP can also offer protective roles (Gorgoulis et al. 2019; Huang et al.
2022) and even stimulate proliferation (Coppe et al. 2010). Hence their deregulation
might also carry adverse effects. Along similar lines, timing may also be important;
lifelong attenuation of such a core signaling cascade might lead to deficient
transcriptional responses to stress that counteract the ameliorated ageing transcriptome.
Further study of the physiological impact of cGAS/STING across tissues may address

these questions in the future.

6.7 Scientific advancements and limitations

The discovery of cGAS and the characterization of the cGAS/STING pathway took
place just a decade ago. Over this period, numerous studies have highlighted the critical
role of this pathway in regulating various hallmarks of aging. cGAS/STING signaling is
important for the establishment of senescence, influences and responds to genomic
instability, drives the expression of inflammaging markers, and contributes to age-related
neurodegeneration. In this work, we aimed to directly assess the impact of cGAS and

STING on different aging tissues and organismal lifespan. Towards that aim, we
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concomitantly generated an array of datasets that provide a valuable resource for studies

even beyond the scope of the cGAS/STING pathway.

We are the first to perform deep RNA sequencing analysis of young and old killifish
kidneys and guts. These data provide valuable insights for studies in areas such as age-
related kidney diseases and gut dysbiosis, using the killifish as a model organism. In
parallel, we conducted transcriptomic analysis of these tissues following DNA damage-
induced senescence, creating an essential resource for examining tissue-specific nuances
in senescent expression profiles in vivo. Additionally, we are the first to characterize
multiple late-life-onset morbidities across a broad range of solid tissues in Kkillifish,

further advancing our understanding of their rapid aging physiology.

Regarding the cGAS/STING pathway, we found that its role in regulating
senescence is conserved in Killifish both in vitro and in vivo. cGAS deficiency led to
increased DNA damage in primary fibroblasts and elevated levels of NF-kB signaling, as
well as lysosomal and apoptotic regulators in young kidneys. During aging, the absence
of cGAS more than STING attenuated the age-related transcriptional regulation. The
impact of this pathway was more pronounced in the kidney compared to the gut, with
cGAS deficiency exerting a stronger effect than STING deficiency, suggesting cGAS-
specific functions. Consistent with the improved age-related transcriptome, late-life-
onset diseases were less frequent in cGAS/STING mutants, with STING KO fish showing
significantly lower infection rates in the gonads. However, despite these benefits, neither
cGAS nor STING KO Kkillifish exhibited increased lifespan, with STING KO fish tending to
have shorter lifespans. Our findings suggest a potential tradeoff, where inhibition of the
cGAS/STING pathway mitigates age-related molecular signatures but promotes genomic

instability and sterile inflammation, ultimately offsetting any positive effects on lifespan.

Our study also has several limitations. RNA-seq data were obtained exclusively
from male Killifish. Given the well-documented differences in physiology, immunity, and
metabolism between sexes, and the broad influence of cGAS, sex-specific effects cannot
be ruled out. Additionally, the killifish model was invaluable for studying the pathway in
the context of normative aging physiology, due to being largely void of tumors and viral
infections. However, in humans, aging is often accompanied by these factors, albeit less
frequently than in mice. For a more translational approach, it would be valuable to

investigate whether the beneficial effects we observed can be replicated through partial
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reduction of cGAS/STING activity, rather than complete knockout to prevent cancer and

virus-induced mortality.

Given the broad influence of cGAS/STING on the aging transcriptome, we
anticipated that the effect on late-life-onset diseases would be stronger. Yet, apart from
infectious diseases, our numbers generally lacked the power to conclusively demonstrate
the impact of cGAS/STING signaling on their occurrence. Notably, the Kkillifish in our
hands exhibited low rates of degenerative, proliferative or non-infectious diseases but
importantly, cGAS/STING did not drastically affect their occurrence. Collectively, our data
provide a valuable foundation for the pathophysiological analysis of naturally aged
killifish, guiding future cGAS/STING-dependent or -independent studies toward more

targeted, data-driven power analysis and investigations.

Lastly, given the limited information on the in vivo role of cGAS/STING in aging
physiology, our study prioritized deep transcriptomic analysis to provide a
comprehensive overview of tissue biology. Future histological analysis will help
determine whether the observed changes stem from altered DNA damage, senescent load

or modifications in pathway wiring.
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7. Future perspectives

7.1 Investigating the physiology of aged cGAS/STING KO killifish

Our results deliver an in-depth summary of the transcriptome of two tissues in
aged WT and cGAS/STING mutant killifish. We observed a widespread attenuation of
transcriptional signatures of ageing, involving pathways related to cell
replication/senescence, SASP/inflammaging components, ribosomal subunits and DNA
damage repair among others. Necropsy analysis revealed a trend for increased sterile
macrophage infiltration, but decreased tissue-degenerative and infection rates. To
understand how the transcriptome relates to the observed pathophysiologies it is

important to understand the physiology of the tissues in old animals.

To that end, we plan to make use of the transcriptome as our basis to design data-
driven histological analyses. Since a number of senescent markers are affected, we will
begin by performing SA-f3-gal staining on young and old WT and cGAS/STING mutants.
Killifish senescence studies have found increased SA-f3-gal staining in the old dermis
(Genade et al. 2005), heart (Ahuja et al. 2019), optic nerve and retina (Vanhunsel et al.
2021). Our data suggest that the gut, more than the kidneys, may exhibit increased
senescence in old age and that this senescence is reduced in the cGAS KO tissues more
than in STING KO. This experiment adds to the transcriptional data and to our
understanding the cGAS/STING pathway plays in senescence, allowing us to pinpoint

specific cell types and regions affected most.

Irreversible cell cycle arrest is a hallmark of cellular senescence (Hernandez-
Segura, Nehme, and Demaria 2018) and our RNAseq analyses revealed a strong positive
regulation of cell proliferation markers increasing in old cGAS mutants. Therefore,
complementing the identification of senescent cells, we will also stain for cell
proliferation markers. A common way to investigate cell proliferation involves injection
of EAU (5-Ethynyl-2'-deoxyuridine), a thymidine analog that incorporates into DNA
during active replication. After injection, dividing cells take up EdU. Staining uses a click
chemistry reaction with fluorescent azide, allowing visualization and quantification of
proliferating cells under a microscope. Subsequently, Killifish studies also employ

staining against PCNA (Proliferating cell nuclear antigen) (Tozzini et al. 2012), a protein
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involved in DNA replication and repair. It marks cells in the S-phase, highlighting

proliferating cells.

Senescence and the secreted extracellular matrix components within the SASP
significantly impact fibrosis within tissues (Yousefzadeh et al. 2021; Campbell et al. 2021;
Zhang et al. 2015). Consistently, a wide array of collagens, laminins, and other cell
adhesion molecules had largely muted age-dependent regulation in irradiated and old
cGAS KO fish. Increased fibrosis negatively impacts function and mechanobiology of
ageing tissues (Selman and Pardo 2021) and reduced cGAS/STING signaling could
ameliorate this phenotype. To investigate fibrosis, we will employ Sirius Red/Fast Green
staining. Sirius Red/Fast Green staining differentiates collagen and non-collagenous
proteins in tissue samples. Sirius Red binds to collagen fibers, appearing red, while Fast
Green stains other proteins, appearing green. This dual staining allows for the
quantification of collagen relative to total protein content, commonly used in fibrosis and

extracellular matrix studies (Segnani et al. 2015).

Our data suggest that lack of cGAS leads to increased DNA damage, but decreased
senescence. Decreased senescence could be due to fewer cells entering senescence or due
to increased apoptosis of pre-senescent cells. DNA damage leads to activation of p53 and
persistent p53 signaling can shift the balance from senescence-initiation to apoptosis
(Chen, Liu, and Merrett 2000). This is especially true in cells with lower expression of the
apoptotic-inhibitor p21 (Yosef et al. 2017), which is exactly what we observe in cGAS KO
fish. We observed a reduction in tissue degeneration but an increase in macrophage
infiltration in tissues of cGAS KO animals. This could be explained by concurrent increases
of cell death and proliferation leading to an enhanced cellular turnover within tissues,
which maintains tissue homeostasis but triggers macrophage infiltration to remove cell
debris. Thus, we aim to investigate cell death in cGAS/STING KO animals. To investigate
for cell death, we will perform TUNEL (terminal deoxynucleotidyl transferase dUTP nick
end labeling). TUNEL staining works by labeling free 3’-OH ends of fragmented DNA,
which manifest during cell death, with fluorescent or chromogenic tags using terminal
deoxynucleotidyl transferase (TdT), allowing visualization under a microscope. To
differentiate between apoptosis and necroptosis, we will also employ the combined
staining for Annexin V and Propidium lodide (PI). This staining works primarily for flow

cytometric analyses. Briefly, we will harvest the kidneys and guts from old WT and
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cGAS/STING mutants and then dissociate the tissues into single cell suspensions using
the tissue dissociation method described by Bresciani et al. (Bresciani, Broadbridge, and
Liu 2018). The single cell suspension will then be incubated with Annexin V and PI.
Annexin V binds phosphatidylserine on the outer membrane of apoptotic cells, while PI
intercalates with DNA in late apoptotic and necrotic cells with compromised membranes.
Then, we will run these cells in a flow cytometric device to retrieve the alive : apoptotic :

late-apoptotic/necrotic cell ratio.

Another key feature in need of further investigation is inflammaging. Senescent
cell accumulation and SASP are largely attributed to cause inflammaging (Franceschi et
al. 2018; Li et al. 2023). However, inflammaging is primarily characterized by the increase
of circulating immune markers in the blood (Ferrucci and Fabbri 2018). Since we observe
a reduction in senescent markers in old cGAS/STING mutants, circulating pro-
inflammatory molecules might also decrease. We aim to employ two independent
methods to explore the above. In both cases, we aim to purify the protein content from
old WT and cGAS/STING plasma. Then we will perform plasma proteomics in an attempt
to identify immune markers as well as tissue-specific secreted proteins that define ageing
in different organs (Oh et al. 2023). Due to the inherently low abundance of the immune
markers in plasma proteomics however, we also will perform Western Blot and ELISA
techniques to identify common circulating inflammaging markers (IL-1, IL-6, IL-8, IL-13,

IL-18, IFNq, IFNB, TGF-) (Ferrucci and Fabbri 2018).

Lastly, although we observed a trend for increased immune infiltration in our
histopathology of naturally deceased fish, we do not know if this is an old-age feature or
a late-life disease feature. Supporting the former, two independent pre-prints show that
cGAS (Martinez et al. 2024) and STING KO (Hopkins et al. 2024) mice have increased
numbers of infiltrating cells in old tissues compared to WT counterparts. It would be
interesting to see if these observations are conserved in teleosts. To stain for
inflammatory cell infiltration in fish, researchers have made use of antibodies against the
conserved LPC1 (lymphocyte cytosolic protein 1); a hematopoietic-lineage marker (Kell
et al. 2018). By staining against LCP1 in old WT and cGAS/STING KO tissues, we will
discern if this phenotype is indeed a feature of aged cGAS/STING-deficient killifish. Also,

since we observe an increase in inflammatory markers in the young kidney
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transcriptome, we will also stain young WT and cGAS/STING KO tissues to investigate if

there is an early-life onset immune-infiltration in cGAS/STING mutants.

The above histological and flow cytometry analyses will provide us a wide array
of physiological parameters in the tissues from aged mutant fish that will either
complement our transcriptomic analyses or raise new questions. Collectively, we will
observe senescence, proliferation, fibrosis, cell death (and the type of cell death

employed), inflammaging and immune infiltration in the old mutant tissues.

7.2 Elucidating the mechanism behind cGAS-mediated genomic stability or
instability

In the current study, we showed that cGAS-deficiency leads to increased yH2AX
signaling at both basal levels and after genotoxic stress in primary fibroblasts. Different
studies have claimed either genoprotective (Zhen et al. 2023; Martinez et al. 2024; Chen
et al. 2020; Li et al. 2022) or genotoxic (Liu et al. 2018; Jiang et al. 2019) effects of cGAS.
The genotoxic effects are demonstrated as reduced homologous recombination after DNA
damage or during overexpression of cGAS. Genoprotective effects include cGAS impact on
retrotransposable element expression, retarding of replication forks and prevention of
chromosome end-joining. All studies showed that these effects were STING-independent

and were performed on cell cultures or primary cell lines.

Our data have shown that lack of cGAS increases the expression of a number of
DNA repair pathways in old age, including homologous recombination (HR). But in
primary fibroblasts cGAS-deficiency also caused increased YH2AX signaling both at basal
level and post-irradiation. The observed increase in HR along with other DNA repair
pathways might be due to loss of cGAS-mediated inhibition or it could be a compensatory
increase due to increased DNA damage. To investigate these possibilities, we now want
to study DNA damage in vivo. Firstly, we plan to investigate the tissues of WT and cGAS
KO fish by staining for yH2AX (double strand breaks) and RAD51 (DNA repair). We will
also dissociate the tissues into single-cell suspension and perform comet assay to

investigate DNA fragmentation. We aim to do this experiment both under basal
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conditions and within minutes post-irradiation to see whether cGAS confers stability to

the genome in vivo.

The above experiments, combined with existing knowledge, will help elucidate the
mechanism underlying cGAS-mediated genomic stability. If cGAS is genotoxic in vivo and
we observe decreased fragmentation of genomic DNA in cGAS KO tissues, then this indeed
could be caused by cGAS impairing homologous recombination systems, and the
upregulation of its components might reflect a compensatory mechanism. If cGAS is
genoprotective in vivo and we continue to see increased DNA damage in cGAS KO tissues
at both basal level and within minutes after irradiation, then this is likely not due to
retrotransposable elements, chromosome end-joining or replication forks. In that case,
we suspect that the effect of cGAS on chromatin organization itself might confer its
protective role. Indeed, one of the above studies observed increased chromatin
accessibility in cGAS KO cells (Martinez et al. 2024). Heterochromatin might prevent
certain DNA repair mechanisms (Wu, Qu, and Liu 2024), but it also confers genomic

stability (Schumacher et al. 2021; Fortuny et al. 2021).

7.3 Uncoupling nuclear and cytosolic function of cGAS - finding putative balance

between DNA damage and inflammaging

All above studies related to cGAS and genomic stability attribute their findings to nuclear,
rather than cytoplasmic, cGAS. Nuclear cGAS is enzymatically inactive due to the
repurposing or inaccessibility of its DNA-binding regions and blocked dimerization
(Kujirai et al. 2020), and thus does not initiate downstream inflammatory signaling
(Gentili etal. 2019). Our work demonstrated that in young fish, the absence of basal cGAS
expression results in constitutive low-grade inflammation and a slight increase in double-
strand breaks in primary fibroblasts. This suggests a detrimental impact of cGAS
deficiency on cellular physiology in early life. Conversely, in aged fish, cGAS deficiency is
associated with reduced senescence, SASP, and other aging markers, along with lower
rates of infection and tissue pathology. These findings highlight the dual nature of cGAS:

nuclear cGAS may provide a protective role in maintaining genomic stability, while
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cytoplasmic cGAS appears to promote senescence, SASP, and contribute to inflammaging

and immunosenescence.

No study to date has investigated cGAS localization in tissues during normative
ageing. DNA damage generally accumulates with age (Schumacher et al. 2021) and cGAS
translocates to the nucleus during DNA damage (Liu et al. 2018), therefore cGAS is
suspected to show increased nuclear localization with age. However, nuclear cGAS is not
immunostimulatory (Gentili et al. 2019) and during ageing we observed reduced pro-
inflammatory SASP marker expression in cGAS KO tissues. We speculate there might be
an imbalance in cGAS shuttling with age. Therefore, we plan to perform
immunohistochemistry or -fluorescence against endogenous cGAS in different tissues in
young and old WT organisms. This would be straightforward using mouse tissues. But, in
killifish we will first need to generate antibodies against killifish cGAS or CRISPR knock-
in a tag in the endogenous cGAS protein. The former being the safest option with regards

to cGAS folding and localization.

Whether cGAS localization shifts during ageing or not, it would still be interesting
to investigate the physiological impact of these different modes. We first plan to generate
nuclear-localized and cytoplasmic-localized mutants of the cGAS protein and investigate
the impact on genomic stability in each case. Due to lack of cross-reacting antibodies for
killifish cGAS, we will first investigate this effect in human cells. A valuable model for the
initial in vitro investigation is the HEK293T cell line which is a non-cancer immortalized
cell line that is naturally cGAS-muted (Sun et al. 2013). We mentioned that cGAS has two
putative nuclear localization signals (NLSs) and one nuclear export sequence (NES).
However, mutating NLS1 did not affect cGAS localization and mutating NLS2 causes
degradation of cGAS (Kim et al. 2023), while mutated NES only affects cGAS localization
after DNA damage (Wu etal. 2022; Sun et al. 2021). One strategy we can employ, is to add
an additional NLS or NES signal to shift the balance in cGAS localization in the desired
direction (Lu et al. 2021).

Since overexpression of cGAS has been shown to increase DNA fragmentation, it
would be more informative to use CRISPR knock-in of above cGAS mutants. Using
lentiviral delivery systems, we can CRISPR knock-in expression cassettes of all above
cGAS variants and investigate DNA damage by yH2AX, RAD51 and comet assay, as well as

senescence and SASP expression at basal levels and post-irradiation. Through these
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experiments, we will get a first glimpse of the impact of nuclear and cytoplasmic cGAS,
but also verify whether our system works well, by immunofluorescence using antibodies
against cGAS. By including a tag, along with the NLS or NES signals, we can also perform
this experiment in Kkillifish cGAS KO fibroblasts. Using antibodies against the tag, we can
investigate whether cGAS shows the desired localization. Collectively, we can more
accurately define whether nuclear-bound or cytoplasmic-bound cGAS impact genomic

stability as well as senescence and inflammatory SASP expression.

The last step would be to CRISPR the endogenous cGAS gene in killifish in the same
manner we generated and verified in our cell culture systems. By investigating the ageing
physiology and lifespan of WT, nuclear- and cytoplasmic-cGAS mutant fish, we will
further expand our understanding of cGAS function in vivo. We also stand to shed more
light on the mechanism behind the beneficial and detrimental effects of cGAS. Finally, if
indeed one mode of cGAS action is more beneficial than the other during ageing, we can
reshape and improve our efforts in developing cGAS targeting drugs, a number of which
are already under clinical trials (Li et al. 2021). Such drugs could potentially mask cGAS
NLS or NES motifs to shift the balance in the desired direction.

7.4 cGAS/STING regulation of senescence outside DNA damage

In accord with published work, we show that cGAS and STING KO fibroblasts and
tissues have decreased DNA damage-induced senescent marker expression when
compared to WT fibroblasts. During ageing, we also observe reduced senescent marker
expression, which could also derive from DNA damage accumulating during ageing.
Senescence, however, can also be initiated by natural factors beyond DNA damage, such
as during development (Storer et al. 2013) and wound healing in mice (Demaria et al.
2014). In line with wound healing in mammals, fin amputation in zebrafish leads to
increased senescence in the regenerating region and senolytic treatment results in
severely impaired regeneration (Da Silva-Alvarez et al. 2020). Since killifish are also able
to regenerate amputated fins, it would be interesting to investigate senescence initiation

and fin regeneration in cGAS/STING KO organisms.
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Towards that aim, we already investigated the regeneration of fins in young male
killifish. Briefly, we clipped the fins of young (65 days old) male fish and 5 days later, we
sacrificed the fish and obtained their entire fins for -gal staining and regeneration
measurement. Since male GRZ Kkillifish fins are heavily pigmented, we first bleached the
fins using 3% H202 at 55 degrees for 1h. Then proceeded to stain for [3-gal staining
according to the Kkit's instructions (Cell Signaling #9860). Surprisingly, the cGAS KO
regenerating fins had equal (3-gal staining as WT fins (Figure XXa, b). This is the first time

any study has observed the same or even a trend for increased -gal staining in cGAS KO

cells. The study in zebrafish noted that different regions of the fin regenerate at different

rates (Da Silva-Alvarez et al. 2020), so we separated the regenerating regions into 3 equal
parts for each fin and measured regeneration in each part separately. cGAS KO fins
appeared to regenerate as well as WT fins and in the inner part of the fin, they actually

tended to regenerate faster (Figure XXc).

cGAS KO

B-gal staining Fin regeneration
0.164 0.146 0.461 0.046

B-Gal puncta / area

Regeneration in mm
o =] o
w o ©
I 1 1 1
= j
o=

T T 0 T =)
WT cGAS KO Outer Middle Inner
Fin location

Figure XX. Loss of cGAS does not decrease senescence during wound healing-
induced senescence. a, 3-gal staining of WT and cGAS KO regenerating fins 5 days after
amputation. The length of the regenerating fin is divided into 3 equal parts, namely inner,
middle and outer regenerating region. Scale bar = 1mm. b, b-gal staining puncta
normalized to regenerating area in WT and cGAS KO fins. Student’s t-test was performed
for statistical analysis. ¢, Regeneration measured in the center of each region (inner,
middle and outer) of regenerating fin in WT and cGAS KO fish. Student’s t-test was
performed for statistical analysis. WT fins n = 4, cGAS KO fins n = 5.

In mammals (Gao et al. 2024) and teleosts (Nguyen-Chi et al. 2015), during wound
healing, monocytes migrate to the wounded area where they initially differentiate into
M1 (pro-inflammatory) macrophages. M1 macrophages are essential in the initial phase

after wounding, since they fight off infections and promote angiogenesis and fibroplasia.
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After the initial phase, however, macrophages need to transition to their M2 (anti-
inflammatory) type, where they stimulate proliferation of keratinocytes and fibroblasts.
If the transition between M1 and M2 happens too early or too late, human injuries have
poorly healing outcomes (Alhamdi et al. 2019). cGAS activity has been shown to polarize
macrophages towards the pro-inflammatory M1 state and cGAS-deficiency alleviated
sepsis-induced acute lung injury in mice (Shen et al. 2023). Therefore, it is tempting to
speculate that cGAS not only does not impair wound healing-induced senescence, but it

might also reduce the regenerative capacity in favor of increased immunity.

The above hypothesis has significant translational potential, but it must be
carefully investigated. Teleosts have an exceptional regenerative capacity that goes
beyond fin regeneration. Killifish can also regenerate heart (Wang et al. 2020) and brain
(Van Houcke et al. 2021) after injury. By inducing different types of injuries, we intend to
investigate whether cGAS KO positively or negatively impacts regeneration in different
tissues. However, due to the enhanced regeneration in teleosts, the impact of cGAS on
wound healing might lack conservation in mammals. Thus, it would be important to test
skin wound healing in cGAS KO mice as well. If the phenotype is conserved, cGAS or
cGAMP modulators might hold promise for skin and tissue regeneration in human
injuries. If the features are not conserved, then differences in cGAS activity or mode of
action could be one of the evolutionary diversions that led to reduced mammalian

regenerative capacity in favor of other immune responses.

If the above data are replicable and there is an impact on tissue regeneration, it
would be important to get a deeper understanding of the mechanism behind this. One
approach would be to dissociate the regenerating fin and perform scRNAseq. This way,
we will be able to investigate the population dynamics of monocytes as well as senescent
and proliferating mesenchymal cells within the blastema (apical epithelial cap of

regenerating region).

7.5 Deciphering tissue-specific effects of cGAS/STING activity

In the current work, we demonstrated that lack of cGAS leads to a higher degree

of transcriptional regulation in the kidney compared to the gut, even though the gut
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displayed a clearer age-related senescence signature. In addition, our pathophysiology
only showed a significant impact of STING in ovarian infections. We also know that there
is a large discrepancy between tissues on age-related senescence accumulation in
mammals, with the intestine exhibiting the highest increase (Yousefzadeh et al. 2020).
Different tissues also vary in senescent and immune responsiveness to DNA damage. Five
days after 10Gy y-radiation in Kkillifish, the tissues exhibiting the highest increase in
senescent and immune marker expression were the skin and spleen (Figure XX).
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Figure 28. Senescence and immunity markers vary in expression across different
tissues after irradiation. a, 60 days old WT male Killifish were irradiated with 10Gy of
y-radiation and 5 days later their tissues were harvested for RNA extraction and
subsequent qPCR. Data represent fold-change expression in non-irradiated and
irradiated tissues. In both conditions n = 3 and all tissues derive from the same fish.

Student’s t-test was performed for statistical analysis with Holm-Sidak correction for

multiple comparisons. ns = not significant, * indicates p < 0.05.

For a more comprehensive analysis of the impact of cGAS/STING in the ageing
physiology, itis important to investigate additional tissues apart from the ones presented
in this work. Especially considering that this pathway also causes both beneficial
(genoprotection and ageing transcriptome attenuation) and adverse effects (increased
basal inflammation in young age, reduced DNA repair with old age and increased
infection rates). By understanding the impact on different tissues, we can then address

the mechanisms more directly through tissue-specific knock outs of cGAS and STING.
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Such an approach presents the opportunity to preserve cGAS function in some tissues
and allow anti-viral and anti-tumor effects of cGAS, while reducing deleterious effects

where present in other tissues.

7.6 Examining time-specific effects of cGAS/STING pathway

Along the same lines as tissue-specificity, the balance between positive and
negative effects of cGAS/STING can be time-dependent as well. In young immune systems
of cGAS KO fish, we observe increased basal pro-inflammatory levels, as well as lysosomal
and apoptotic regulators. On the other hand, in old cGAS-deficient tissues, SASP
components and other age-dependent transcriptional signatures are dampened. It is
conceivable, that late-life knock-out or inhibition of the cGAS/STING pathway might
impact organismal physiology, and potentially lifespan, in a different manner than the

one we observed from whole-life deletion.

Lifespan-extending modalities often exhibit a degree of time-dependent efficacy.
For example, the longest extension of lifespan from dietary restriction comes from early-
life-initiated regimes (Hahn et al. 2019). On the other hand, senolytics such as Dasatinib
and Quercetin (Xu et al. 2018) or Fisetin (Yousefzadeh et al. 2018) have only been shown
to extend lifespan when administered later in life. Also, while removal of pl6
(p16INK4a)-positive cells in adult mice extends lifespan (Baker et al. 2016), p16
knockout mice die prematurely from tumors (Sharpless et al. 2004). Since cGAS/STING
also impacts senescence, we hypothesize late-life inhibition might prove more beneficial

in organismal physiology and potentially lifespan.

Both tissue-specificity and time-specificity can be achieved by using a Cre-ERT2
system (Indra et al. 1999). In short, LoxP sites are knocked in within the gene of interest
in such a way that they flank the sequence to be deleted. Then a second construct is
knocked in, which involves the Cre recombinase fused to ERT?2 downstream of a tissue-
specific gene promoter. The ERT? fragment keeps Cre inactive in the cytoplasm until
recombination is desired. The gene of interest can be irreversibly knocked out of the

tissue of interest by administering tamoxifen at any point in the organism’s lifespan.
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7.7 Evaluating sex-specific effects of cGAS/STING pathway

Lifespan and lifespan-extending regimes are frequently divergent between sexes
(Austad and Fischer 2016). As noted earlier, a key limitation of our study is that we have
only examined the impact of the cGAS/STING pathway in male transcriptomes. While our
lifespan data suggest a potential reduction in lifespan in male STING KO fish, the sample
size is insufficient to detect subtle, sex-specific differences with statistical confidence. To
gain a holistic understanding of the pathway’s role in organismal and aging physiology,
both our transcriptomic analyses and all above-mentioned future experimental

directions need to encompass both sexes.
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8. Material and methods

Fish husbandry

All experiments were performed on adult (young, aged 7-8 weeks; and old, aged
18-19 weeks) African turquoise Killifish N. furzeri laboratory strain GRZ-AD. Adult fish
were housed singularly in 2.8 L tanks from the second week of life. Water parameters
were pH 7-8, kH 3-5 and temperature of 27.5°C. The system was automatically
replenished with 10% fresh water daily. Fish were raised in 12 h of light and 12 h of
darkness and fed with 10 mg of dry pellet (BioMar INICIO Plus G) and Premium Artemia
Coppens twice a day, with total amount of daily food delivered equivalent to 2 - 3% of
fish body weight. The first feeding occurred at 8:30, the second at 13:30. For breeding, 3
female fish and one male fish were housed in a 9.5 L breeder tank and a plastic container
with autoclaved sand was placed at 8:00am. At 12:00 noon, the sand box was collected,
the sand is rinsed through a mesh and the eggs are collected into a petri dish with 100
puL/L methylene blue (Sigma-Aldrich, # M9140) in sterilized aquarium system water.
Eggs are kept at 28 °C dry incubator for 3 weeks until eggs reach diapause III. Water is
replaced and dead eggs are removed daily while eggs remain within methylene blue tank
water. After this period, eggs are transferred on top of Whatman paper, soaked with
autoclaved 1 g/L Humic acid (Roth, #7821.1) in system water. When the eye of the fish
has completely developed (~1 week later), eggs are placed in a 1 L plastic container
connected with a bubbling system (pressurized air released by needle-size holes from
otherwise closed plastic tubes). The hatching medium is 20°C autoclaved 1 g/L Humic
acid in system water for hatching. The next day after hatching, and every following day,
half of the water is replaced by autoclaved system water without Humic acid. Seven days
after hatching, fries are transferred to the system housed as 4 fries per 0.8 L tank
equipped with 400 pm fry screen. Finally, seven days afterwards the fish are housed

singularly in 2.8 L tanks as described above.

For tissue collection, fish were euthanized by rapid chilling using the setting
described in Figure 29. When the water temperature reaches 1-2°C fish are quickly
transferred from normal system temperature water into the tank containing chilled

water, ensuring complete immersion. After 10 seconds, signs of life cease due to the
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abrupt decrease in temperature and resulting reduction of blood flow to the brain. After
opercular movements stop, fish remain in the cold water for an additional 10 minutes
(for adults) or 20 minutes (for hatchlings 5-6 days post hatching). Temperature is
monitored throughout the procedure and more ice is added if necessary to keep

temperature at 1-2°C.

Internal tank

Thermometer filled with system water

External tank
filled with ice and water

Figure 29. Setting required for rapid chilling euthanasia. A tank containing aquarium
systems water is placed inside another tank containing 5:1 (v/v) ice : water. Alternatively,
a perforated container or mesh sieve may be placed directly into a tank containing ice
and system water. A thermometer is placed inside the top tank containing systems water

only.

Tissues were quickly dissected, snap-frozen in liquid nitrogen and stored at -80°C.
For irradiation experiments, fish from each genotype were taken out of the system at
15:00 (after both feeding times are complete) and pooled together in a 5 L tank, irradiated
with 15 Gy of y-radiation in a Biobeam 8000 device (~4-5 min for 15Gy), and then
returned to single housed tanks. Five days post irradiation, fish were sacrificed at 15:00
for tissue collection. Animal experiments were conducted in accordance with relevant
guidelines and approved by ‘Landesamt fiir Natur, Umwelt und Verbraucherschutz

Nordrhein-Westfalen’ under license number 2023.A109.
Generation of cGAS KO and STING KO lines

CRISPR/Cas9 genome editing was performed as described previously (Harel,
Valenzano, and Brunet 2016). All the single guide RNAs (sgRNAs) were designed based
on the CHOP-CHOP web-based tool (https://chopchop.cbu.uib.no). Alt-R S.p. HiFi Cas9
Nuclease and the Alt-R sgRNA were purchased from IDT (see Table 1 for sgRNA

sequences).
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Table 1. sgRNAs used for CRISPR/Cas9 in Kkillifish.

Name Sequence 5' -> 3'
sgRNA targeting cGAS AAGGCTCCATTGTCGTCGAAAGG
sgRNA targeting upstream STING AGTTTAGGCAATTCCCCCCGAGG
sgRNA targeting downstream STING TGTCAGGCATCTGCGAGGGGAGG

One-cell-stage embryos were injected with 1 - 2 nl of injection solution containing
Cas9 enzyme (200 ng pl-1), sgRNA (20 ng pl-1), KC1 (0.2 M) and 1% phenol red. Injection
solution can be used directly or stored at -80°C for future injections. The FO generation
was genotyped by fin-clipping to identify potential founders, which were then
backcrossed with the GRZ-AD strain for at least four generations to remove potential off-

target mutations induced by CRISPR editing.

For fin clipping, fish are removed from the system and anaesthetized in a container
with 0.15 g/l MS222 (tricaine dissolved in aquarium water) (Sigma-Aldrich, # E10521).
In about 5-10 minutes, the fish stops swimming, the muscle movements are significantly
reduced and it no longer shows any motor reflexes. Then the fish is completely
anaesthetized. The fish is then gently placed on a tray and a small section (approx. 2 mm?)
of the caudal or anal fin is quickly cut off with a blade. This procedure needs to take place
quickly and in no more than 30 seconds. The fish are then immediately returned to the
fish holding system, where they are observed until they have fully recovered from the
anesthetic. The fish are inspected every day for 2 days after fin clipping. If an animal
reaches a termination criterion, the fish is euthanized immediately.The fin is placed in a

1.5 mL Eppendorf and quickly placed in ice. Within 1h DNA extraction takes place.

For DNA extraction the fin biopsy is submersed in 20 uL. of 25mM NaOH, 0.2mM
EDTA (stored at room temperature). The Eppendorf is placed in a 90°C heatblock for 20
min. Then, the Eppendorf is returned in ice and 20 uL of 1 M Tris-HCL pH 5.5 are added
and then the tube is spined at 10.000 g for 1 min to pellet tissue debris. The aqueous

phase can be used directly as template for genotyping PCR reactions.
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Table 2. Genotyping PCR solutions and reactions.

PCR reagents PCR cycles

DreamTaq PCR Master | 25ulL | 95°C 3 min 1 cycle
Mix (2X) (Thermo
Scientific, #K1081)

Forward primer 1uM | 95°C 30s 30 cycles
Reverse primer 1uM | 57°C(all 30s
genotyping
primer sets)
Template 2 uL 72°C 40 s (all
genotyping
primer sets)
Nuclease free water 21uL | 72°C 5 min 1 cycle
4°C Hold Hold

Table 3. Genotyping PCR primer sets.

Name Forward Reverse Notes
cGAS KO | GTTAAGGAACCCCTTCG | TTGCCGTCATCTCCCATTCT | Used for
genotypi | CACT G genotyping cGAS
ng mutant fish
STING TTTCTGCGTAACCACAT | GAGGGGAACTCCAGAAACCA | Used for
KO 1 CCCC C genotyping
genotypi STING upstream
ng mutation
STING GCAGCAGAGACATGGG | AAACTCAGACCTAAAGCAGA | Used for
KO 2 GATG ACCTC genotyping
genotypi STING
ng downstream

mutation

Establishment of Killifish fin fibroblast primary cell cultures
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Killifish primary fibroblasts were established as described by Astre et al.(Astre et
al. 2023) with modifications. Specifically, 10-week-old male WT, cGAS KO and STING KO
killifish were sacrificed by rapid chilling and their caudal fin excised, washed twice with
Dulbecco’s PBS (DPBS, Gibco), and then transferred under a sterile laminar flow hood for
subsequent procedures. The fins were washed another two times with sterile DPBS, and
then disinfected for 10 min with 25 ppm iodine solution (PVP-I, Sigma-Aldrich) in DPBS.
The fins were then washed once with DPBS and the samples further sterilized for 2 h in
antibiotic solution with Gentamicin (50ug/ml Gibco) and Primocin® (50ug/ml
InvivoGen) in DPBS at room temperature. The fins were then washed again with DPBS
and then digested for 20 min in Collagenase P solution (1mg/ml, Merck Millipore) in
Leibovitz’s L-15 medium, 2 mM L-glutamine (Gibco). Without washing, the fins were
transferred to cell culture plates where they were cut into small pieces using sterile
scalpels. The tissues were left on the plate with covers open under the hood for 10
minutes, allowing the digestion solution to evaporate and tissues to adhere to the plate.
Plates were then filled with 10 ml L-15 medium supplemented with 15% FBS,
Gentamycin (50 ug/ml) and Primocin® (50 ug/ml). The plates were carefully washed
with DPBS so that the tissues did not detach, and media was refreshed every 4 days. When
egress of cells from the tissues became visible, the tissues were removed while the cells
were then detached with Trypsin-EDTA 0.05% (Gibco) and passaged onto a new plate.
For the first 5 passages, cells were grown in media containing Gentamycin and Primocin

(50 ug/ml each), and thereafter grown without antibiotics.
Cell culture maintenance

cGAS KO and STING KO human THP1 monocytes were purchased from Invivogen
(THP1-Dual™ KO-cGAS Cells and THP1-Dual™ KO-STING Cells). THP1 cells were cultured
under 5% CO2 at 37°C in RPMI 1640 (Gibco), 4.5 g/L D-Glucose, 2.383 g/L HEPES, 2 mM
L-glutamine, 1.5 g/L Sodium Bicarbonate, 110 mg/L Sodium Pyruvate, 50 pM 2-
Mercaptoethanol (Gibco), 20% (v/v) heat-inactivated fetal bovine serum (FBS; 30 min at
56°C for heat inactivation). Killifish fin fibroblasts were cultured in a humidified 28°C
incubator with no addition of COz in Leibovitz’s L-15 medium (Gibco), 2 mM L-glutamine,

15% (v/v) fetal bovine serum.
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Both human and Kkillifish cells were repeatedly tested for mycoplasma infection
using Eurofins Genomics Mycoplasmacheck Service testing for all mycoplasma species

listed in the European Pharmacopoeia 2.6.7.

Primary cell culture irradiation and senescence-associated f-galactosidase

staining

Killifish primary cells were irradiated with 10 Gy of y-radiation in a Biobeam 8000
device 24h after the last passage, while still in the medium-filled plate. The time the cells
are kept outside the 28 °C incubator in total should not exceed 20 min (irradiation of 10Gy
requires ~3-4 min). For senescence-associated 3-galactosidase staining, cells were fixed
and stained nine days post-irradiation using the Senescence [3-Galactosidase Staining Kit
(Cell Signaling #9860) according to the manufacturer’s instructions. Images of the cells
were taken using an EVOS FL Auto 2 microscope and analyzed with the EVOS FL Auto 2
Cell Imaging System software. Imaging took place using true color camera under bright
field (Trans mode) at 4X magnification. Since after 9-days within the same well, cells
reach homogeneity within the wells, so one image was taken at the center of all wells
within the plates used (3 wells per genotype per condition per biological replicate).
Stained and non-stained cells were counted manually using the EVOS FL Auto 2 image
analysis tool, which allows marking each cell positive or negative. Percentage of SA-3-gal
positive to total cells were then calculated for each image. Samples were always blinded

to prevent bias.
Plasmids

All plasmids were generated using the pSBbi-GN backbone, designed by Eric
Kowarz (Kowarz, Loscher, and Marschalek 2015) (Addgene ID #60517). The kcGAS and
KSTING genes were amplified from cDNA (reaction described in table 4 and primers in
table 5) obtained from the Kkillifish primary cell cultures using primers with overhangs
matching the Gibson Assembly regions on pSBbi-GN. Similarly, the hcGAS and hSTING
genes were amplified from WT THP1 (InvivoGen) cDNA (reaction described in table 4
and primers in table 5). The pSBbi-GN vector was linearized with Sfil (NEB), run in 1%
agarose gel (TEA buffer with 5 uL Roti® -GelStain) at 60V for 60 min, gel extracted using
kit (QIAquick Gel Extraction Kit, Qiagen, #28704) and the linear plasmid backbone was
combined with the amplified cDNAs for Gibson Assembly (NEBuilder® HiFi DNA
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Assembly, NEB) (reaction described in table 6). Gibson Assembly is accomplished by

incubation at 50°C for 60 min and then hold-stage at 4°C. All cloning products used in the
experiments have been submitted to Addgene (kcGAS: #225274, hcGAS #225275, kcGAS
KO #225276, kSTING #225277, hSTING #225278, kKSTING KO #225279).

Table 4. kcGAS, hcGAS, KSTING and hSTING gene amplification PCR solutions and

reactions.
PCR reagents PCR cycles
Phusion™ DNA 0.5 uL 98°C 30s 1 cycle
Polymerase (Thermo
scientific (#F530)
Forward primer 1uM 98°C 10s 30 cycles
Reverse primer 1uM 57°C 30s
(all
primer
sets)
cDNA 20 ng (1uL 72°C 50 s (all
from 20 primer sets)
ng/ul cDNA)
5X Phusion™ HF 10 uL 72°C 5 min 1 cycle
Buffer
10 mM dNTPs 1uL 4°C Hold Hold
DMSO 1.5 uL
Nuclease free water 34 uL

Table 5. kcGAS, hcGAS, KSTING and hSTING gene amplification primers.

Name

Forward

Reverse

Notes

AA

kcGAS | ctaccccaagctggectctgCG
Gi-As | CGTAGCAGTTTCAGCC

TTCA

atccccaagcttggectgacCC
CCAGTTTCTACCTGGGA

Used to clone kcGAS into
pSBbi-GN using Gibson
Assembly
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KSTIN | ctaccccaagctggectctgAC | atccccaagettggectgacCT | Used to clone KSTING

G Gi- | GACACACCGAGATTCG | CATCGGTTCAGGTCGAG | into pSBbi-GN using

As TC G Gibson Assembly

hcGAS | CTACCCCAAGCTGGCCT | atccccaagcttggectgacTG | Used to clone hcGAS into
Gi-As | CTGCCGCCAGTAGTGCT | TATTCTCCAGGATTTAG | pSBbi-GN using Gibson
TGGTTT GGTGAC Assembly

hSTIN | ctaccccaagctggectctgTC | atccccaagettggectgacCT | Used to clone hSTING
G Gi- | GTCATCATCCAGAGCA | GCTGGACATTCAGCCAC | into pSBbi-GN using
As GC T Gibson Assembly

Table 6. Gibson assembly reaction volumes.

Reagent Amount

Vector 100 ng

Insert 3:1 inster:vector molar count

NEBuilder HiFi DNA Assembly 10 uL.
Master Mix

Nuclease free water 10 uL - volume of vector and instert

Cell culture transfections

THP1 cells were transfected using GeneXPlus (ATCC) according to the

manufacturer’s instructions. Detailed protocol:
A. Preparation of the cells for transfection

The day of transfection:

1. Count and measure cells for density and viability.

2. Plate 1.0 x 106 cells per well in 2.0 mL of complete growth medium (RPMI-1640 +
10% FBS + 0.05 mM 2-mercaptoethanol).

3. Incubate cells at 37°C with 5% CO2.

B. Preparation of the DNA: TransfeX transfection complexes
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Warm GeneXPlus, plasmid DNA, and Opti-MEM I Reduced-Serum Medium to room
temperature and vortex gently to mix.

Pipette 200 pL Opti-MEM I Reduced-Serum Medium into a sterile microcentrifuge
tube.

Add 1.0 pL (1.0 pg/pL) plasmid DNA.

Mix thoroughly with gently pipetting.

Add 3.0 pL GeneXPlus Reagent to the diluted DNA mixture. Note: Do not let the
pipette tip or the reagent come into contact with the sides of the plastic tube.

Mix GeneXPlus complexes thoroughly using either a vortex or by pipetting briefly.
Collect contents at bottom of the tube using a mini-centrifuge.

Incubate GeneXPlus:DNA complexes at room temperature for 15 minutes.

C. Addition of DNA:GeneXPlus transfection complexes to the cells

1.

Distribute the complexes to the cells by adding the complexes drop-wise to
different areas of the wells.
Gently rock the culture vessel back and forth and from side to side to evenly

distribute the GeneXPlus:DNA complexes.

D. Post-Transfection Handling

1.

Incubate for 48 hours. Replace transfection medium with fresh complete growth
medium every 24 hours post transfection.

48 h after transfection, the cells were split in three equal parts. One part was used
for 2°,3’-cGAMP measurement, one part was used for RNA extraction and qPCRs

and one part was used for flow cytometry to determine transfection efficiency.

LC-MS-based targeted metabolomic measurements of cyclic nucleotides

The method was adapted from our previous work (Annibal et al. 2021). Briefly,

cells were extracted using a two-phase extraction method with a mixture of

DW:MeOH:CHCI3 (1:2:2). After centrifugation, the separated upper and lower layers

were dried under a vacuum evaporator and stored at -80 °C until further analysis. The

protein content in the cell pellet was then used for normalization, determined by the

PierceTM BCA protein assay kit (Thermo Fisher Scientific).

122



Compounds were separated using a reversed-phase column (HSS T3 column 1.8
pum, 100 mm x 2.1 mm, Waters) at 40 °C by the Vanquish UHPLC system (ThermoFisher
Scientific GmbH, Bremen, Germany) coupled to a triple quadrupole mass spectrometer

(TSQ Altis, ThermoFisher Scientific GmbH, Bremen, Germany).

The mobile phases consisted of 1% formic acid in H20 (A) and 1% formic acid in
ACN (B) with a flow rate of 0.3 mL/min. The gradient was set as follows: 1% B was
maintained for 1 min, then ramped up to 15% B over 3 min and reached 50% in an
additional 1 min. At min 7, it reached 70% B and was maintained for 1.5 min. The gradient

then quickly decreased to 1% B and re-equilibrated for 3 min.

2'3'-cGAMP (m/z 675.67) was quantified using a fragment ion at m/z 476.01 and
validated by an ion at m/z 505.9. The signal was calculated by dividing the peak area by
an internal standard peak area (adenosine-13C10,15N5-5"-monophosphate, m/z 363.12
- m/z 146.08) and further normalized to protein concentration. Data were analyzed

using Skyline Version 22.2.0.527.
RNA extraction and qPCR analysis

Killifish tissues were ground in a liquid nitrogen filled mortar using a pestle until
completely pulverized. The powder was then thawed in 200 uL RLT buffer (QIAGEN) with
1% B-ME v/v on ice. Samples were then centrifuged at 10.000 g for 10 min at 4°C. The

supernatant was collected for subsequent RNA extraction.

As non-adherent cells, THP1 cells were collected by centrifugation at 500 g for 4
min at room temperature. The pellet was washed once with DPBS and then snap frozen
in liquid nitrogen. The frozen pellets were thawed in 30 uL/million cells (~300 uL per
confluent flask) RLT buffer (QIAGEN) with 1% B-ME v/v on ice for subsequent RNA

extraction.

Nine days postirradiation, killifish fibroblasts on culture dishes were washed with
PBS, then 400 uL RLT buffer (QIAGEN) with 1% -ME v/v was added for each 6-well and
the plate was kept on ice for 5 min, before the cells were scraped and used for subsequent

RNA extraction. 400 uL RLT buffer is added to each 6-well

For all above samples in RLT, RNA extraction was performed using the RNeasy

Mini kit (QIAGEN) according to the manufacturer’s instructions. The optional DNase step
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was always performed using the RNase-Free DNase Set kit (QIAGEN) according to the
manufacturer’s instructions. The concentration and purity of the RNA were measured by
NanoDrop. 1 ug of RNA was always used for cDNA synthesis which was generated using
iScript (Bio-Rad). gPCR with reverse transcription was performed with Power SYBR
Green (Applied Biosystems) on a ViiA 7 Real-Time PCR System (Applied Biosystems)
(reaction described in table 7, reaction volumes in table 8 and qPCR primers in table 9).
Four technical replicates were averaged for each sample per primer reaction. GAPDH for
cell cultures and EIF3C for killifish tissues were used as internal controls for killifish
samples, GAPDH was used for human THP1 cells. Results were analyzed using Livak AACt

after normalizing to internal control.

Table 7. qPCR reaction

Stage | Step Temperature | Duration | Ramp | Cycles
(°C) Rate
(°C/s)
Hold | Initial 50 2:00 1.6 1
Stage | Denaturation
PCR | Denaturation | 95 10:00 1.6 40
Stage Annealing 95 0:15 1.6
Extension 60 1:00 1.6
Melt | Denaturation | 95 0:15 1.6 1
Curve
Stage | Annealing 60 1:00 1.6
Melting 95 0:15 0.05
Curve

Table 8. qPCR reaction volumes in a single well of the 384-well plate.

cDNA template (1 uL template from 1 ng of RNA) | 0.7 ul

Forward primer (10 uM stock) 0.5ul

Reverse primer (10 uM stock) 0.5ul
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2x Power SYBR Green Master Mix (ABI) 5ul

ddH20 3.3ul

total volume 10 ul

Table 9. Primers used for qPCR.
Killifish primer list
Name Forward Reverse Notes

Eif3c ggttaccagcagaagcagtc tgttgaggaatgaagacgacg Used for qPCR

GAPDH | CGACGATATCAAGAAG | CAAAGATGGAGGAGTGG | Used for gPCR
GTTGTG CAGTC

cGAS GTTTGGCGGGTTTCCTT | TCTTGACGTGGTAGGAG | Used for gPCR
TTCT CAG

STING | CCGAACCCTAACCACCA | ACAATGAGCTCAGTAGC | Used for gPCR
CTT CTCC

p15 AGCTGCGGTGAACGGG | GTCGTGCAACGGGGTGG | Used for qPCR

(CDKN | GTG TC

2B)

p21 TGCCCTACAGATCCAGC | TTCCGTCTCTGATGTTGT | Used for gPCR

(CDKN | GTC CTC

1A)

IF144 CCAGAGATGTGAGTGA | TGGAACGATGTAGGAGG | Used for gPCR
GGTC TGG

ISG20 TTACAACACGTCTTCTG | ACCTTTCCTCCCAGCCTG | Used for qPCR
AGTCG TATC

Human primer list
Name Forward Reverse Notes

GAPDH | GAGTCAACGGATTTGG | GACAAGCTTCCCGTTCTC | Used for gPCR
TCGT AG

[FNa-all | AATCTCTCCTTTCTCCT | TCTGACAACCTCCCAGGC | Used for qPCR. Binds
G ACA to a region common to

all IFNa isoforms.
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IFNb CTTCTCCACTACAGCTC | GCCAGGAGGTTCTCAAC | Used for gqPCR. Binds

TTTCC AAT to IFNb1 cDNA
[F144 GTGAGCCTGTGAGGTC | CCTCCCTTAGATTCCCTA | Used for qPCR
CAAG TTTGCT

Flow cytometry

THP1 cells were pelleted by centrifugation at 500 g for 4 min, then washed once
with DPBS (Gibco) and pelleted again the same way. Cell pellets were resuspended in cold
2% (v/v) FBS in DPBS and passed through a 35 um nylon mesh cell strainer to obtain
single cells. 0.1 pug/mL DAPI was added to each sample and at least 10.000 cells were then
immediately recorded using a BD FACSCanto II flow cytometer. THP1 cells were gated by
FSC-A/SSC-A followed by gating on singlets by FSC-A/FSC-W and SSC-A/SSC-W. Live
singlets were determined by FSC-A/DAPI-A and GFP positive by GFP-A/APC-A. Gates for
viability and GFP positive cells were defined based on the expression profiles of
unstained /untransfected and FMO controls. Data were analyzed using FloJo software.
Briefly, cells were gated based on forward and side scatter and doublets were excluded.
Gates for GFP positive cells were adjusted by comparison to untransfected THP1 cells.
Gates for DAPI positive cells were adjusted by comparison to samples without DAPI.
Compensation between DAPI and GFP was made using samples without DAPI and/or

GFP.
Immunofluorescence

Killifish cells were plated on glass slide chambers (Nunc™ Lab-Tek™ II) where they
were allowed to attach for 24 h. Then starting with the 24 h timepoint, the chambers were
irradiated with 10 Gy of y-radiation in a Biobeam 8000 device and then placed back in a
humidified 28°C incubator without CO2 supplementation. The time the cells are kept
outside the 28 °C incubator in total should not exceed 20 min (irradiation of 10Gy
requires ~3-4 min). After all timepoints were completed (8 h, 4 h, 2 h and non-irradiated
0 h), the slides were processed together at room temperature unless otherwise specified.
They were washed with DPBS (Gibco) once and then fixed in freshly prepared 4% (w/v)
paraformaldehyde (Sigma-Aldrich) in PBS with adjusted pH 7.2 for 15 min. They were
then washed three times with DPBS and permeabilized with 0.5% (v/v) Triton-X100
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(Sigma-Aldrich) in DPBS for 10 min. They were washed again 3 times with DPBS and then
blocked for 1 hin 8% (v/v) FBS, 0.3% (v/v) Triton-X100 in DPBS. After blocking, primary
antibody for YH2AX (#9718 Cell Signaling) was used at 1:200 dilution in 5% (v/v) FBS,
0.1% (v/v) Triton-X100 in DPBS and incubated at 4°C overnight. The slides were washed
three times with DPBS and then incubated for 1 h with Alexa Fluor™ 488-conjugated
secondary antibody (#A21206, Invitrogen) diluted 1:1000 in 5% (v/v) FBS, 0.1% (v/v)
Triton-X100 in DPBS. The secondary antibody solution was washed off the slides 3 times
and the slides were mounted using Fluoromount-G™ with DAPI (Invitrogen). Images
were taken under a Leica DMI6000 B microscope at 63X oil-immersion objective, using
360/4 (UV) for DAPI and 480/40 excitation filter with 470/40 and 527 /30 suppression
filter, respectively. Exposure (~50ms - 500ms for both DAPI and Alexa Fluor™ 488)
varied between biological replicates but kept consistent within each replicate. Images
were analyzed with FIJI. Specifically, a stringent intensity threshold was set such that only
intense and separate puncta were counted. Due to blinding, images with distinct puncta
were chosen randomly to set the threshold, which was then applied across all images.
After thresholding, only objects with size 1-50 pixels were counted per cell in order to

avoid clumps. At least 50 cells per slide were imaged.
RNAseq analysis

Kidneys and guts (stomach and intestine) from cGAS KO as well as kidneys from
STING KO fish were collected for RNAseq analysis. The young irradiated and non-
irradiated kidneys from STING KO fish were processed in one batch, while all other
samples were processed in another. Both WT and KO mutants derived from offspring of
heterozygous parents to ensure similar genetic backgrounds. To reduce circadian
variability, fish in each batch were killed all at once within 2 h in the early afternoon.
Collected tissues were snap-frozen in liquid nitrogen and stored at -80°C. RNA extraction

of all samples in each batch was performed at the same time.

Libraries were prepared from 500 ng total RNA. ERCC RNA Spike-In Mix 1
(Thermo Fischer) was added to the samples before library preparation. Enzymatic
depletion of ribosomal RNA with the Ribo-Zero Gold rRNA Depletion kit (Illumina) was
followed by library preparation with the TruSeq Stranded Total RNA sample preparation
kit (Illumina). The depleted RNA was fragmented and reverse transcribed with random

hexamer primers, second strand synthesis with dUTPs was followed by A-tailing, adapter
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ligation and library amplification (15 cycles). Next, library validation and quantification
(Agilent Tape Station) were performed, followed by pooling of equimolar amounts of
libraries. The library pools were then quantified using the Peqlab KAPA Library
Quantification Kit and the Applied Biosystems 7900HT Sequence Detection System and
sequenced on an Illumina NovaSeq6000 sequencing instrument with a PE100 protocol

aiming for 50 million clusters per sample.

After removal of residual rRNA and tRNA reads, remaining reads were pseudo
aligned to the reference genome (Nfu_20140520) using Kallisto (v.0.45.0) (Bray et al.
2016) and RSeQC/4.0.0 was used to identify mapping strand (Wang, Wang, and Li 2012).
A strand was identified by having more than 60% of reads mapped to it. Cases with less
than 60% of reads in each strand were defined as unstranded. Genes with fewer than ten
overall reads were removed. After normalization of read counts making use of the
standard median ratio for estimation of size factors, pairwise differential gene expression
analysis was performed using DESeq2 (v.1.24.0) (Love, Huber, and Anders 2014). The
log2 fold changes were shrunk using approximate posterior estimation for GLM
coefficients. Gene Set Enrichment Analysis (GSEA) (Subramanian et al. 2005; Mootha et
al. 2003) and Principal Component Analysis (PCA) were performed for all comparisons

using Flaski (https://flaski.age.mpg.de/).

Tissue fixation, H&E staining, and Acid-Fast Bacteria staining

Fish within the lifespan cohorts were monitored 4 times a day to check for
viability. Dead fish were collected, their visceral cavity was opened, and then they were
placed in 10% Formalin solution at room temperature. Fish with severe post-mortem
autolysis typically due to 16-24 hr between death and detection, were not included in the
study. The fish were kept in Formalin until the completion of the lifespan experiment. 141
samples were then submitted for processing and histopathologic evaluation by IDEXX
BioAnalytics. Briefly, all fish were paraffin embedded and 4 sections were taken from
each fish. After deparaffinization the sections were stained for either H&E or Acid-Fast
Bacteria (AFB) staining. The presence or absence of neoplastic, proliferative but non-
neoplastic, degenerative, non-infectious inflammatory, and infectious inflammatory
lesions were recorded for a routine tissue list including the brain, epidermis, gills, heart,
digestive tract (headgut, foregut, midgut, hindgut), kidney, liver, gonads (ovary or testes),

skeletal muscle, spinal cord, swim bladder, and vertebral column.
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Lifespan analysis

For both cGAS and STING mutants, PO heterozygous fish were bred to produce the
F1 KO fish that were the parents of all F2 fish used in the lifespan. All fish used in the
lifespan derived from eggs collected within the span of 10 days. After hatching, larvae
were housed together (seven larvae per 1.1 L tank), until they reached 2 weeks of age.
Then they were single-housed in 2.8 L tanks for the remaining lifespan. Fish mortality
was scored starting at the sixth week, when full sexual maturation was reached. By that
time, no fish had detectable abnormalities in body size or swimming and as such no fish
were censored from the study. Senescent fish (> 28 weeks) that showed visible signs of
stress, lethargy, anorexia, and abnormal swimming behaviors were sacrificed for humane
reasons. The age of fish sacrificed for such reasons was recorded as the estimate time of
natural death. Survival curves were calculated using the Kaplan-Meier estimator.

Statistical significance was calculated by the Mantel Cox log-rank test.
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