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Abstract 1 
 2 
During the early stages of limb and fin regeneration in aquatic vertebrates (i.e. fishes and 3 
amphibians) blastema undergo transcriptional rewiring of innate immune signalling pathways to 4 
promote immune cell recruitment. In mammals, a fundamental component of innate immune 5 
signalling in mammals is the cytosolic DNA sensing pathway, cGAS-STING. However, to what 6 
extent the cGAS-STING pathway influences regeneration in aquatic anamniotes is unknown. In 7 
jawed vertebrates, negative regulation of cGAS-STING activity is accomplished by suppressors 8 
of cytosolic DNA such as Trex1, Pml and PML-like exon 9 (Plex9) exonucleases. Here, we 9 
examine the expression of these suppressors of cGAS-STING, as well as inflammatory genes 10 
and cGAS activity during caudal fin and limb regeneration using the spotted gar (Lepisosteus 11 
oculatus) and axolotl (Ambystoma mexicanum) model species, and during age-related senescence 12 
in zebrafish (Danio rerio). In the regenerative blastema of wounded gar and axolotl, we observe 13 
increased inflammatory gene expression, including interferon genes and interleukins 6 and 8. We 14 
also observed a decrease in axolotl Trex1 and gar pml expression during the early phases of 15 
wound healing which correlates with a dramatic increase in cGAS activity. In contrast, the 16 
plex9.1 gene does not change in expression during wound healing in gar. However, we observed 17 
decreased expression of plex9.1 in the senescing cardiac tissue of aged zebrafish, where 2′3′-18 
cGAMP levels are elevated. Finally, we demonstrate a similar pattern of Trex1, pml and plex9.1 19 
gene regulation across species in response to exogenous 2′3′-cGAMP. Thus, during the early 20 
stages of limb-fin regeneration, Pml, Trex1 and Plex9.1 exonucleases are downregulated, 21 
presumably to allow an evolutionarily old cGAS-STING activity to promote inflammation and 22 
the recruitment of immune cells. 23 
 24 
 25 
  26 



Introduction 1 
 2 

Tissue regeneration occurs in many different animal species, with the capacity for 3 
regeneration varying significantly among even highly related animals (Alibardi, 2017; Brockes 4 
& Gates, 2014; Dwaraka & Voss, 2021; Goss & Holt, 1992; McLaughlin, Rathbone, Liversage, 5 
& McLaughlin, 1983; Nogueira et al., 2016; Simon & Tanaka, 2013; Tomlinson, Tomlinson, & 6 
Tassava, 1985).  Not only do these different vertebrate species share an ability to regenerate but 7 
there is an overlap in the molecular pathways involved in regeneration between the early 8 
blastema of ray-finned fish and lobe-finned vertebrates (Darnet et al., 2019). For example, the 9 
transcriptional changes are remarkably similar during the early stages of tetrapod limb and 10 
actinopterygian fin regeneration between bichir (Polypterus senegalus) and axolotl (Darnet et al., 11 
2019) in pathways that control inflammatory responses and innate immune signalling (e.g., 12 
interferon a [IFNa]-like signalling). These pathways are critical for the recruitment of 13 
macrophages and other immune cells to the wound (Brockes & Gates, 2014; Darnet et al., 2019; 14 
Godwin, Pinto, & Rosenthal, 2013; Nogueira et al., 2016).  15 

 16 
In addition to inflammation, numerous cellular pathways are involved in facilitating the 17 

wound healing response such as the proliferation of progenitor cells, the maintenance of their 18 
genome integrity, cell differentiation with positional memory, extracellular matrix remodelling 19 
and the prevention of apoptosis (McCusker et al., 2015). Key signalling proteins and their 20 
respective pathways such as fibroblast growth factors, bone morphogenetic proteins, and Wnt, all 21 
contribute to the process (McCusker et al., 2015). Intriguingly, DNA damage response associated 22 
genes are also activated in response to regeneration in these model systems (Darnet et al., 2019). 23 
The DNA damage response is critical for early blastema proliferation during vertebrate 24 
regeneration, presumably as a contributor to downstream immune signalling during wound 25 
healing (Garcia-Lepe, Cruz-Ramirez, & Bermudez-Cruz, 2021; Garcia-Lepe, Torres-Dimas, 26 
Espinal-Centeno, Cruz-Ramirez, & Bermudez-Cruz, 2022; Sousounis et al., 2020).  27 
 28 

Innate immunity and the DNA damage response are united through the highly conserved 29 
cyclic GMP-AMP synthase - stimulator of interferon response cGAMP interactor 1 (cGAS-30 
STING) pathway (Hopfner & Hornung, 2020; T. Li & Chen, 2018). The cGAS-STING axis is 31 
activated to promote interferon (IFN) stimulated gene expression in response to stress in the form 32 
of viral infection, DNA damage, mitochondrial dysfunction, and long interspersed nuclear 33 
element 1 (LINE-1) retroelement expression (Hopfner & Hornung, 2020; T. Li & Chen, 2018; 34 
Maekawa et al., 2019; Ni, Ma, & Damania, 2018). Linking all of these activators of cGAS-35 
STING is the sensing of cytosolic DNA; for example, DNA damage response proteins either 36 
directly (e.g. MUS81, MRE11) or indirectly sense cytosolic DNA via other DNA sensors like 37 
IFI16 (e.g. PARP1), which together contribute to activate cGAS-STING induce the expression of 38 
type I IFN genes (reviewed in (Hopfner & Hornung, 2020) and (Lin, Tang, & Zheng, 2022)).  39 
 40 

In mammals, the cGAS-STING pathway is also involved in the early stages of wound 41 
healing and regeneration of the peripheral nervous system, liver and intestinal wall in mammals, 42 
where it contributes to the inflammation and the recruitment of macrophages to the site of injury 43 
(Leibowitz et al., 2021; Morozzi et al., 2021; X. Wang et al., 2023). During mammalian 44 
regeneration, CGAS expression is upregulated to promote STING-dependent innate immune 45 
signalling (Morozzi et al., 2021). During mammalian aging, cGAS-STING is also associated 46 



with the activation of the senescence-associated secretory phenotype (SASP), and expression of 47 
inflammatory cytokines such as interleukin 6 and 8 (IL6, IL8) which can promote aging (Hopfner 48 
& Hornung, 2020; Hui Yang, Hanze Wang, Junyao Ren, Qi Chen, & Zhijian J Chen, 2017).  49 

 50 
Several additional observations from aquatic models suggest that cGAS-STING has an 51 

evolutionarily conserved role: During axolotl regeneration, progenitor limb blastema cells 52 
secrete IL-8 (Tsai, Baselga-Garriga, & Melton, 2019) and STING-dependent IL-6 signalling (C. 53 
Wang et al., 2023) is one of the most enriched overlapping pathways between fin and limb 54 
regeneration (Darnet et al., 2019). Finally, similar changes in inflammatory gene expression have 55 
also been observed in zebrafish, where immune cells accumulate in elderly animals in response 56 
to STING, with numerous chemokines being upregulated (Reuter et al., 2022).   This 57 
phenomenon has been termed “inflammaging”, and the age-related activation of endogenous 58 
retroelements such as LINE-1 in senescent cells can promote further aging by inducing 59 
additional IFN and inflammatory cytokine production through the cGAS-STING pathway 60 
(Andrade et al., 2022; Schmitz, Maurmann, Guma, Bauer, & Barbe-Tuana, 2023). Taken 61 
together, the cGAS-STING axis plays a critical role in tissue homeostasis, facilitating both tissue 62 
regeneration and senescence in both mammals and aquatic anamniotes. 63 
 64 

Although DNA sensors are important for activating cGAS-STING, the molecular 65 
“brakes” on this pathway are just as important for tissue homeostasis. A key brake on cGAS-66 
STING is mammalian TREX1, an exonuclease that degrades cytoplasmic DNA and suppresses 67 
LINE-1 to prevent cGAS activation (Ablasser et al., 2014; Mathavarajah, Salsman, & Dellaire, 68 
2019; Thomas et al., 2017). Recently, we showed that in aquatic vertebrates, the promyelocytic 69 
leukemia (Pml) protein and newly discovered DEDDh exonucleases known as PML-like exon 9 70 
(Plex9) proteins can suppress the cGAS-STING pathway through their exonuclease function and 71 
through exonuclease-independent suppression of LINE-1, akin to mammalian TREX1 72 
(Mathavarajah et al., 2023). Despite the known role of cGAS-STING in wound healing and 73 
tissue regeneration discussed above, it remains unclear the extent to which the exonuclease 74 
suppressors of this pathway play a deeply conserved role in tissue regeneration in other 75 
vertebrate species, or if the pathway is an evolutionary innovation of the mammalian lineage. 76 
 77 

Here, we survey the expression of inflammatory genes in three different anamniote 78 
species, including fin and limb regeneration in the non-teleost fish spotted gar (Lepisosteus 79 
oculatus) and the amphibian axolotl (Ambystoma mexicanum), and during zebrafish (Danio 80 
rerio) cardiac aging. Taken together, our results indicate that Pml, Plex9.1, and Trex1 share 81 
strikingly similar gene regulation in these aquatic vertebrate species during regeneration and 82 
aging, where they are downregulated to promote cGAS-STING activity and downstream pro-83 
inflammatory signalling. This suggests an evolutionary old function of cGAS-STING program 84 
that evolved in fish ancestor of living jawed vertebrates, if not earlier.  85 
 86 
Methods 87 
 88 
Cell Lines and 2′3′-cGAMP treatment 89 
 90 

Previously derived cell lines from the longnose gar, Lepisosteus osseus (GARL, liver 91 
derived fibroblasts (F. Liu, Bols, Pham, Secombes, & Zou, 2019)), axolotl (AL-1 limb dermal 92 



fibroblast derived cell line (Denis, Sader, Ferretti, & Roy, 2015)) and zebrafish (ZKS, zebrafish 93 
kidney stromal cells (Stachura et al., 2009)) were used. Gar-L cells were maintained in Leibovitz 94 
L15 (L-15) medium supplemented with 10% newborn bovine calf serum (NCBS, New Zealand 95 
origin, ThermoFisher), and 1% Pen/Strep (100 U/ml penicillin and 100 μg/mL streptomycin) in 96 
CO2-independent and dark conditions. AL-1 cells were grown in a mixed media (62.5% MEM 97 
(Gibco) and 25% water) with 10% fetal bovine serum (ThermoFisher) supplemented with 100 U 98 
penicillin-streptomycin, glutamine, and insulin within a humidified incubator at 25°C with 2% 99 
CO2. ZKS cells were maintained in culture media consisting of 10% fetal bovine serum (FBS; 100 
ThermoFisher), 55% L-15, 32.5% Dulbecco modified Eagle medium (DMEM) (Gibco) and 101 
12.5% Ham F-12 (Gibco). ZKS media was supplemented with 150 mg/L sodium bicarbonate, 102 
2% penicillin/streptomycin (10 U/mL stock), 1.5% N-2-hydroxyethylpiperazine-N′-2-103 
ethanesulfonic acid (HEPES), 1% l-glutamine and 0.1 mg/mL gentamycin. ZKS cells were 104 
grown at 32°C and 5% CO2. 2′3′-cGAMP (InvivoGen) was transfected into cells using 105 
Lipofectamine 2000 (Invitrogen) or JetPRIME (PolyPlus) at 100ng or 2 µg. Untreated cells 106 
received the Lipofectamine 2000 or JetPRIME lacking 2′3′-cGAMP. For conditioned media 107 
experiments, cells were transfected, and then media was collected 48 hours later. The 108 
conditioned media was added to fresh media at a ratio of 1:1 and the naïve cells were incubated 109 
for 24 hours, after which, RNA was collected. All cell lines were passaged at a 1:2 split when 110 
cells reached 80-90% confluency.  111 
 112 
Regeneration experiments 113 
Spotted Gar (n-12, 19-25cm standard length) were anesthetized in 160mg/L MS-222 (Sigma) 114 
and caudal fins were amputated via a vertical cut using the ventral apex as a landmark to begin 115 
the cut. This amputated, posterior part of the caudal fin from 0dpa was put in RNA later and 116 
stored at -80C. Gar with amputated fins were monitored until a time of secondary sampling at 117 
7dpa (n=4), 16dpa (n=4), and 32dpa (n=4) upon which time the regenerating caudal fin was 118 
sampled under anesthesia by via another vertical cut anterior to the initial 0dpa cut site.  This 119 
resulted in a thin strip of fin tissue (up to ~1cm in width) that contained original caudal fin tissue 120 
as well as all regenerated tissue up to that time point. Day 0 samples were collected for all 121 
animals and then matched to the animals for each timepoint when regenerating tissue was later 122 
collected. Thus, we refer to day 0 as Amputated Fin (AF) for each individual animal and the re-123 
sampled regenerative blastema as Regenerative Blastema (RB) throughout the manuscript.  All 124 
7dpa, 16dpa, and 32dpa tissues was put in RNA later and stored at -80C. All gars were 125 
euthanized at the end of the experiment in 300mg/L MS-222. 126 
 127 
The axolotl limbs were amputated at the level of the zeugopod (forearm, through the radius and 128 
ulna bones) under anesthesia using buffered MS222 0.1X dissolved in 40% Holtfreter’s solution. 129 
Blastema from the regenerating limb were then isolated at different stages of the regenerating 130 
bud (early - ~6 days post amputation; medium – 8-9 days post amputation; late - 10-12 days post 131 
amputation)(Stocum, 1979). 132 
 133 
RNA extractions from isolated tissue 134 
 135 

Dissected tissues were lysed and homogenized using Trizol reagent (Thermo) according 136 
to the manufacturer's directions and frozen at -80°C for further analysis. Blastema RNA from gar 137 
and axolotl were isolated from single tissue samples. Hearts were pooled from 3 animals for 138 



zebrafish samples. Zebrafish included young adult (6-10 months post fertilization) and aged (20-139 
24 months post fertilization) cohorts. The samples were then processed for RNA using the 140 
Ambion PureLink RNA Mini Kit (Thermo) according to the manufacturer's protocol and an on-141 
column DNase I digestion. Quality and quantity of RNA was measured using a Nanodrop 2000 142 
spectrophotometer (Thermo). Absorbance measurements A260/A280 and A260/A230 with ratios 143 
~2.0 were accepted for downstream analysis by RT-qPCR.  144 
 145 
RT-qPCR 146 
 147 

cDNA was generated from 1 µg of RNA (for axolotl) or 500 ng of RNA (for zebrafish 148 
and spotted gar) using the BioRad 5X iScript RT supermix kit (BioRad Laboratories Canada; 149 
Mississauga, ON, CA) for RT-qPCR, after which samples were diluted 1:1 with nuclease-free 150 
water. Control samples lacking reverse transcriptase were included to confirm no genomic DNA 151 
contamination. Quantitative PCR (qPCR) was performed on cDNA samples using the 2X 152 
SsoAdvanced Universal SYBR Green Supermix (BioRad). The reactions were performed using 153 
BioRad CFX Connect and all experiments were done in triplicate. Primers were designed using 154 
NCBI Primer Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and are included in 155 
Supplementary Table 1. Gene expression data were normalized to at least two reference genes 156 
from each species (spotted gar –actb and gapdh; axolol – gapdh and rpl4; zebrafish - rplp0 and 157 
actb1) and analyzed using the BioRad CFX Maestro Software. Data were collected and analyzed 158 
as per the MIQE guidelines (Bustin et al., 2009).  159 
 160 
2’3’- cGAMP quantification 161 
 162 

Gar blastema and axolotl blastema were weighed, washed 3x with PBS and then lysed 163 
using M-PER (Thermo Scientific). Individual zebrafish hearts were washed 3x with PBS, 164 
homogenized using a grinder and then lysed using M-PER. Lysates were incubated on ice for 30 165 
minutes with gentle agitation every 10 minutes, before being spun down with 16,000 x g at 4° C 166 
for 10 min. Samples were quantified using a 2′3′-cGAMP ELISA kit (Cayman Chemical) 167 
according to the manufacturer’s instructions.  168 
 169 
Immunohistochemistry  170 
 171 
For immunofluorescence assessment of the presence and distribution of γ-H2AX in the zebrafish 172 
heart, ventricles were isolated from zebrafish expressing eGFP under the myocyte-specific myl7 173 
promoter (tg(myl7:eGFP)) for visualisation of the cardiac musculature. As previously described 174 
(Stoyek, Rog-Zielinska, & Quinn, 2018), the hearts were fixed overnight in 4% 175 
paraformaldehyde (Electron Microscopy Sciences) with 1% DMSO (Sigma-Aldrich) in 176 
phosphate-buffered saline (Sigma-Aldrich). The hearts were then rinsed three times for 15 min 177 
each in PBS and transferred to a solution containing 0.1% Triton X-100 (PBS-T; T9284, Sigma-178 
Aldrich) in PBS with mouse monoclonal anti-H2a.x (1:100; JBW301; Millipore) and incubated 179 
for 3 days with agitation at 4ºC. Tissues were rinsed three times for 15 min each in PBS-T and 180 
transferred to PBS-T containing the appropriate secondary antibody (1:300, AlexaFluor555; A-181 
21429, Fisher Scientific) for 2 days with agitation at 4ºC. Final rinsing was done in PBS and 182 
specimens were placed in Scale CUBIC-R1 clearing solution (Susaki et al., 2014) overnight at 183 
room temperature with gentle agitation. Ventricles were sectioned roughly in half with midline 184 



cut on the axial plane and hearts were then mounted on glass slides in CUBIC-R1 for confocal 185 
microscopy. Processed specimens were examined as whole-mounts using an LSM 710 confocal 186 
microscope using Zeiss Zen software (Carl Zeiss, Toronto, Canada).  187 
 188 
 189 
 190 
Animal ethics 191 
 192 

Spotted gar work was approved by the Institutional Animal Care and Use Committee at 193 
Michigan State University (protocol no. PROTO201900309). All the experiments done with 194 
axolotls were approved by the Université de Montréal institutional animal care committee in 195 
accordance with the Canadian Council on Animal Care. All experimental procedures with 196 
zebrafish were approved by the Dalhousie University Committee for Laboratory Animals 197 
(protocol number 20-074) and followed the guidelines of the Canadian Council on Animal Care. 198 
 199 
 200 
Statistical analyses 201 
 202 

For statistical analyses between groups of 3 or more (for gar, axolotl and cell line 203 
experiments), significance was determined using a One-way ANOVA, with Tukey’s post-hoc 204 
analysis used for comparison. For zebrafish aging experiments where comparison was made 205 
between 2 cohorts, significance was determined using a Student's t-test (two-tailed). All 206 
statistical analyses were completed using GraphPad Prism 9. 207 
 208 
 209 
Results 210 
 211 
Immune signalling is upregulated in the early stages of gar caudal fin regeneration 212 
 213 

We examined regenerative blastema isolated from spotted gar at various stages of caudal 214 
fin regeneration and assessed whether innate immune signalling associated genes differed in 215 
expression (Figure 1A). We found changes to Ifn genes such as ifnb and ifnc1, which were 216 
upregulated ~98-fold and ~96-fold respectively at the earliest stage of 7 days post-amputation (7 217 
dpa) (Figure 1B). In addition, orthologs of inflammatory interleukins Il6 and Il8, were also found 218 
to be significantly upregulated 7 dpa in the regenerative blastema. By 16 dpa, ifnb, ifnc1, il6 and 219 
il8 returned to baseline levels.  220 
 221 

Since cGAS-STING is a conserved regulator of type I IFNs and interleukins such as IL6 222 
and IL8 in mammals (Chernyavskaya et al., 2017; Ge et al., 2015; Glück et al., 2017), we next 223 
measured cGAS activity in our gar model by measuring the levels of 2′3′-cGAMP, the product of 224 
cGAS. Consistent with cGAS-STING activation, we found that the 7 dpa blastema had 225 
significantly elevated amounts of 2′3′-cGAMP (Figure 1C). However, the expression of cGAS 226 
and STING orthologs in the gar fin regenerative blastema did not significantly change. We next 227 
surveyed two recently identified suppressor proteins of cGAS activity in gar, Plex9.1 and Pml 228 
(Mathavarajah et al., 2023). While we observed no changes to plex9.1 expression, there was a 229 
~8-fold reduction in pml gene expression at 7 dpa.  230 



 231 
 232 
Cross-species conservation of cGAS-STING activation in early stages of regeneration 233 
 234 

We next examined inflammatory gene expression, cGAS-STING activity, and the 235 
expression of cGAS suppressors during axolotl limb regeneration. First, we measured the gene 236 
expression of axolotl il6 and il8 in tissue isolated from regenerating axolotl at the early stages of 237 
regeneration (timepoints of 0h, 6h, 24h, 48h, 96h) and at three major stages of limb regeneration 238 
(i.e. the early, medium and late bud stage) (Figure 2A). Intriguingly, il8 was significantly 239 
upregulated within the first 48 hours of regeneration and remained elevated throughout the 240 
medium and late bud stage (Figure 2B). In contrast, il6 was upregulated within 96 hours (Figure 241 
2B) and remained elevated only through the early bud stage.  242 

 243 
We then assessed cGAS activity and found elevated levels of 2′3′-cGAMP only during 244 

the early bud stage of limb regeneration (Figure 2C). Similar to the gar regenerative blastema, 245 
we did not observe significant changes in the expression of axolotl cgas or sting during the 4 246 
days of wound healing or at the different limb bud stages (Figure 2D). Since the axolotl genome 247 
does not encode plex9.1 or pml paralogs (Mathavarajah et al., 2023), we next examined the 248 
expression of axolotl Trex1, which suppresses axolotl cGAS-STING as in mammals (Figure 2E) 249 
(2). We observed a significant and immediate ~48-fold decrease in Trex1 gene expression in the 250 
blastema within 6 hours of limb removal, with Trex1 expression only restored at the late bud 251 
stage (Figure 2D). Collectively, these data indicate that during limb-fin regeneration, Trex1 and 252 
Pml, appear to be downregulated to promote type I IFN signalling during regeneration in axolotl 253 
and gar, respectively. 254 
 255 
 256 
Plex9 enzymes have elevated expression in the cardiac tissue of aged fish 257 
 258 

The Plex9.1 enzyme is also capable of suppressing cGAS-STING (Mathavarajah et al., 259 
2023); however, we did not observe significant changes in Plex9.1 expression during gar 260 
regeneration.  Therefore, we sought to determine if Plex9.1 may be differentially regulated to 261 
influence cGAS-STING signalling in another biological process, such as aging. During aging, 262 
the cGAS-STING pathway promotes SASP and inflammatory cytokine expression that underlies 263 
cellular senescence (Hui Yang et al., 2017). However, since the spotted gar is collected from 264 
wild spawns, we used the laboratory spawned and maintained zebrafish model for comparing 265 
young versus elderly fish. Another experimental advantage of the zebrafish and other teleost 266 
fishes is a lack of orthologs for either Pml and Trex1 (Mathavarajah et al., 2023), making it an 267 
ideal model to observe plex9.1 gene expression and its impact on cGAS-STING activity without 268 
overlapping contributions of Pml and Trex1 to cGAS suppression.  269 

 270 
Zebrafish Plex9.1 expression is highest in the adult heart (data not shown) and for that 271 

reason, we used hearts from young and elderly zebrafish as our model for studying cGAS-272 
STING in senescence. When we examined the hearts of aged zebrafish for STING-dependent 273 
immune signalling genes, we found elevated levels of ifnphi1, il8 and isg15 (Figure 3A). 274 
Similarly, markers of senescence such as p21 and p53 were also upregulated in the hearts of 275 
elderly fish (Figure 3B). In addition, γH2AX, a cellular senescence marker, is upregulated in the 276 



elderly fish cardiomyocytes (Figure 3C). When we examined cGAS activity in hearts from 277 
young versus aged zebrafish, we found significantly increased levels of 2′3′-cGAMP in the 278 
hearts from aged animals (Figure 3D). However, we did not observe changes in either cgasa or 279 
sting1 expression relative to age (Figure 3E), and we could not detect any cgasb expression in 280 
cardiac tissue. In contrast, we did observe a ~68-fold drop in plex9.1 expression between the 281 
young and aged zebrafish hearts (Figure 3E).  282 
 283 
 284 
Pml, plex9.1 and Trex1 are downregulated in response to 2′3′-cGAMP 285 
 286 

Since spotted gar pml and axolotl Trex1 expression is reduced during the early stages of 287 
fin and limb regeneration, and zebrafish plex9.1 expression is reduced in the cardiac tissue of 288 
aged zebrafish, we hypothesized that 2′3′-cGAMP may play a feedback role in controlling the 289 
expression of these suppressors of cGAS-STING. To address this hypothesis, we employed cell 290 
culture models derived from gar, axolotl and zebrafish (GARL, AL-1 and ZKS cells, 291 
respectively) to decipher which stimuli alter pml, Trex1 and plex9.1 expression. We transfected 292 
cells with 2′3′-cGAMP at low (100 ng) and high (2 µg) concentrations to activate the cGAS-293 
STING pathway and examined gene expression of the exonucleases. We found that in gar, 294 
axolotl and zebrafish cells, pml, Trex1 and plex9.1 gene expression (respectively) decreased in 295 
response to low 2′3′-cGAMP levels (Figure 3F). However, at higher concentration of 2′3′-296 
cGAMP, the expression of all three enzymes significant increased. This increase in exonuclease 297 
expression at higher 2′3′-cGAMP concentrations, however, did not correspond to further changes 298 
in the expression of interferon or senescence-associated genes from each species (Supplementary 299 
Figure 1). Thus, 2′3′-cGAMP levels and therefore resulting the activity of cGAS, directly 300 
impacts the gene expression of pml, Trex1 and plex9.1.  301 

We also further examined if the cGAMP response we observed was cell intrinsic or had a 302 
paracrine signalling component in the three species. For these experiments, we focused on 303 
interleukin 8 (Il8) expression as it was significantly upregulated in response to aging and 304 
regeneration across the three species, and in response to low dose 2′3′-cGAMP treatment 305 
(Supplementary Figure 2). Consistent with a paracrine component to the cGAMP response, 306 
conditioned media from transfected cells when applied to naïve untreated cells, induced a 307 
significant increase in Il8 expression in the gar, zebrafish and axolotl cells (Supplementary 308 
Figure 2). There was no significant difference between incubation with conditioned media and 309 
transfection with 2′3′-cGAMP for zebrafish and axolotl (Supplementary Figure 1). However, 310 
while we observed a ~15-fold increase in il8 expression in response to cGAMP treatment in gar 311 
cells, conditioned media elicited an attenuated but significant increase of only ~5 fold 312 
(Supplementary Figure 2). Although the reason for the reduced il8 induction in gar cells treated 313 
with conditioned media is unclear, we do note that gar cells are grown at room temperature 314 
which we speculate may affect secretion of paracrine factors. 315 

 316 
Discussion 317 
 318 

The spotted gar was recently shown to be capable of regenerating its caudal fin after 319 
amputation to the endoskeleton (Darnet et al., 2019). In axolotl, a similar regenerative blastema 320 
is associated with activation of innate immune signalling (Darnet et al., 2019), however, it is 321 
unclear whether activation of innate immune signalling in regenerative blastema is conserved 322 



across species. We found that the early stage of regenerative blastema in the spotted gar and 323 
axolotl share similarities in the transcriptional changes that promote STING-dependent immune 324 
signalling during regeneration. Specifically, Il-6 and Il-8, two key cytokines expressed in 325 
response to STING activation are upregulated in both gar and axolotl regenerative blastema 326 
(Figure 1 and 2). Il-8 was recently shown to be essential for axolotl limb regeneration (Tsai et al., 327 
2019), and IL-6 is a well-established factor involved in mammalian liver regeneration, which has 328 
been shown to also be involved fin regeneration in axolotl and bichir (Streetz, Luedde, Manns, & 329 
Trautwein, 2000).  Therefore, there is conserved reprogramming of regenerative blastema 330 
towards a highly active innate immune signalling state in the early stages of spotted gar fin 331 
regeneration, similar to what has been observed in other species capable of regeneration. 332 

 333 
The similar upregulation of both in early gar fin regeneration seen in the current study 334 

suggests that STING activity is increased by cells at the site of injury is a conserved program 335 
across bony vertebrates, which corresponds to an increase in 2′3′-cGAMP as we observed in gar 336 
blastema (Figure 2). However, while not examined in the current study, it is possible that the 337 
downregulation of exonucleases could impact other DNA-based sensors in the cytoplasm. This 338 
could include AIM2 that promotes inflammatory signalling via the inflammasome after sensing 339 
(Motwani et al., 2019). In addition, sensing of RNA could also influence this process as the RNA 340 
sensor RIG-I has been shown to promote type I IFN signalling during intestinal regeneration in 341 
mice (Fischer et al., 2015). While we establish cGAS as a contributing factor to limb-fin 342 
regeneration, more work is required to understand how these other sensors could also be 343 
involved in vertebrate tissue regeneration.  344 

 345 
IFN genes likely arose in the earliest jawed vertebrates, as these genes are present in 346 

extant cartilaginous and bony fish (Redmond, Zou, Secombes, Macqueen, & Dooley, 2019). 347 
Paralogous genes representing all three IFN subgroups (I-III) can be found in the spotted gar 348 
genome (Braasch et al., 2016) In a gar cell line, IFNc1 but not IFNb paralogs are upregulated in 349 
response to viral mimicry using poly (I:C) treatment  that activates IFN gene expression via the 350 
retinoic acid inducible gene I (RIG-I) pattern recognition receptor and the mitochondrial antiviral 351 
signalling protein (MAVS) (F. Liu et al., 2019). However, here, both IFNc1 and IFNb are 352 
expressed in the regenerative blastema, which is regulated by cGAS activation (Figure 1). Thus, 353 
in gar it appears that IFNc1 responds to both viral mimicry and fin damage, whereas IFNb 354 
expression is specific to wound healing and cGAS activation. In the future, it will be of interest 355 
to determine if these differences in IFN gene regulation can be exploited to further explore the 356 
evolutionary conservation of specialized innate immune responses to different cell stresses (viral 357 
infection, DNA damage, wound healing) and their corresponding pattern recognition receptors in 358 
early jawed vertebrates. 359 

 360 
In fishes, the cGAS-STING pathway has been shown to play an important role in their 361 

antiviral and antibacterial immune responses (de Oliveira Mann et al., 2019; Z. F. Liu et al., 362 
2020; Sellaththurai et al., 2023). Our results extend these observations to the conservation of 363 
cGAS-STING function in tissue regeneration and aging. Moreover, we also provide the first data 364 
regarding the regulation of key suppressors of cGAS (Pml, Trex1 and Plex9.1) in jawed 365 
vertebrates during wound healing and aging. Specifically, during ray-finned fish and amphibian 366 
fin and limb regeneration, we demonstrate that the expression of pml, Trex1 and plex9.1 is tied to 367 
the activity of cGAS, providing a potential feedback mechanism to potentiate or dampen 368 



downstream IFN and senescence gene regulation (Figure 3). Importantly, our study demonstrates 369 
that in diverse bony vertebrates the cellular response to tissue damage or aging appears to rely on 370 
the initial downregulation of suppressor exonucleases, to promote cGAS-STING signalling.  371 

 372 
Another important element of these conserved responses to tissue damage and aging, is 373 

the contribution of specific cell types to inflammatory signalling during injury and regeneration. 374 
Although there is little published work on plex9.1 and pml regarding tissue level expression in 375 
zebrafish and gar, we did find that Trex1 is specifically expressed in the epithelial cells of 376 
different axolotl tissues (Ye et al., 2022). Thus, it appears that epithelial cells are likely important 377 
players in initiating inflammatory signalling through cGAS-STING within damaged tissues, but 378 
generalization of these data to other species requires further study.  379 

 380 
We also observe that key cytokines involved in inflammaging (i.e. IL6 and IL8) are 381 

upregulated in our aquatic vertebrate models during both tissue regeneration (Figure 1 and 2) and 382 
aging (Figure 3). The secretion of cGAMP-stimulated factors contributes to induction of 383 
interferon and senescencerelated genes in the cell lines derived from the different animals 384 
(Supplementary Figure 2).  This is consistent with the fact that a significant number of cells at 385 
the site of injury senesce (H. Li et al., 2021). These cells are then cleared by macrophages after 386 
their recruitment (H. Li et al., 2021). In addition, recent work on axolotl limb regeneration has 387 
revealed that senescent cells create a pro-proliferative niche for progenitor cell expansion and 388 
blastema outgrowth (Yu et al., 2022). Thus, cGAS-STING activation and cGAS suppressor 389 
downregulation during regeneration promotes cell senescence while simultaneously creating an 390 
environment primed for immune cell recruitment and tissue remodelling.  391 
 392 

Previous work identified plex9.1 among the downregulated genes during cardiomyocyte 393 
regeneration akin to pml during gar caudal fin regeneration (Wu et al., 2015). We observe that 394 
ray-finned fish plex9.1, which functions akin to tetrapod Trex1 (Mathavarajah et al., 2023) is 395 
also downregulated in the hearts of aged zebrafish, which correlates to elevated cGAS activity 396 
(Figure 3). This is consistent with Plex9.1 playing a potentially important role in maintaining 397 
cardiac function in teleost fish during aging, as previous work found that mice lacking Trex1 398 
exhibit severe inflammatory myocarditis, cardiomyopathy and eventually circulatory failure 399 
(Morita et al., 2004; Stetson, Ko, Heidmann, & Medzhitov, 2008). Thus, the reduced expression 400 
of cGAS suppressor enzymes likely contributes to normal biological aging and senescence across 401 
different bony vertebrate species (De Cecco et al., 2019; H. Yang, H. Wang, J. Ren, Q. Chen, & 402 
Z. J. Chen, 2017). The de-repression of retroelements also occurs during aging and can activate 403 
cGAS (De Cecco et al., 2019). For example, LINE-1 retroelements were recently shown to 404 
promote the senescence associated secretory phenotype through the activation of cGAS-STING 405 
(De Cecco et al., 2019). Previously, we have demonstrated that Pml, Trex1 and Plex9.1 406 
collectively suppress LINE retroelements as an exonuclease-independent function to limit cGAS 407 
activation (Mathavarajah et al., 2023). Considering that cardiac tissue from older zebrafish had 408 
higher levels of 2′3′-cGAMP, coupled with a decrease in cGAS-suppressor plex9.1 expression, 409 
the activation of cGAS-STING in senescing cells seems to be a conserved pathologic process in 410 
vertebrates.  411 

In the future, we anticipate that the comparative biomedical investigation of aquatic 412 
vertebrate model systems such as the gar, zebrafish and axolotl will provide a useful 413 
experimental paradigm for studying the co-evolution of endogenous retroelements and the genes 414 



that suppress their pathological consequences during development, regenerative wound healing 415 
and aging. 416 
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Figures 606 
 607 

 608 
Figure 1. Early-stage gar regenerative blastema transition into a pro-inflammatory state 609 
with elevated cGAS activity. (a) Spotted gar caudal fins were amputated and regeneration was 610 
observed over a 32-day period, with regenerative blastema being collected at the indicated 611 
timepoints for molecular analysis. Scale bar indicates 1 cm (b) Interferons and Interleukins are 612 
upregulated in blastema at 7dpa before returning to baseline levels (n=3). Gene expression of 613 
ifnb, ifnc1, il6 (Interleukin 6), and il8 (Interleukin 8-like) was assessed and significantly different 614 
from the original amputated fin (AF) only a 7 dpa. (c) 2’3’- cGAMP levels are elevated 615 
specifically at 7dpa in regenerative blastema. 2’3’-cGAMP concentrations were determined from 616 
the same caudal fins used for RNA isolation. (d) Gene expression analysis of cGAS-STING 617 
pathway orthologs in gar indicate that pml is downregulated to facilitate immune signalling via 618 
the cGAS-STING axis. Variation between groups was assessed with a one-way ANOVA, with 619 
Tukey’s post-hoc analysis for pairwise comparison between groups. ****p < 0.0001 620 
  621 



 622 
 623 
Figure 2. Trex1 is downregulated in the limb regenerative blastema of axolotl. (a) Axolotl 624 
limbs were amputated at the level of zeugopod and regeneration was observed at different stages 625 
of limb regeneration. (b) An increase in the expression of interleukin 6 (Il6) and interleukin 8 626 
(Il8) was observed in the early stages of axolotl limb regeneration. Blastema from the 627 
regenerating limb was isolated within the first 96 hours and then at three different stages of limb 628 
regeneration (early, medium and late bud). (c) 2’3’- cGAMP levels are elevated in the early bud 629 
of the regenerating axolotl limb. 2’3’-cGAMP concentrations were determined from the same 630 
axolotl regenerative blastema used for RNA isolation. (d) Gene expression analysis of the cGAS-631 
STING pathway orthologs in axolotl indicate that Trex1 is downregulated during the stages of 632 
regeneration where cGAS activity is elevated. (e) Comparison of the cGAS-STING pathway in 633 
the spotted gar and axolotl. Variation between groups was assessed with a one-way ANOVA, 634 
with Tukey’s post-hoc analysis for pairwise comparison between groups. *p < 0.05, **p < 0.01, 635 
***p < 0.001, ****p < 0.0001  636 



 637 
 638 

Figure 3. cGAMP is elevated in hearts from elderly zebrafish and regulates the expression 639 
of pml, Trex1, and plex9.1. (a,b) Gene expression analysis of zebrafish hearts from young and 640 
aged cohorts shows differences in innate immune signalling markers (a) and senescence markers 641 
(b). (c) γ-H2AX foci, a marker of senescence are present in a greater abundance of cells in the 642 
hearts of elderly zebrafish. Myocytes were visualized using a tg(myl7:eGFP) reporter that the 643 
transgenic animals express. Scale bar is 50 µm. (d) cGAS activity is elevated in the elderly 644 
zebrafish. 2’3’-cGAMP concentrations were determined from individual hearts isolated from 645 
young and aged zebrafish. (e) Gene expression analysis of the cGAS-STING pathway orthologs 646 
in axolotl indicate that plex9.1 expression is reduced in hearts from aged zebrafish. cgasb 647 
expression could not be detected in the zebrafish heart samples. (f) Treating cell lines derived 648 
from gar (GARL), axolotl (AL1) and zebrafish (ZKS) with cGAMP altered expression of the 649 
different cGAS suppressors. Gene expression in zebrafish hearts was compared with an unpaired, 650 
two-tailed Student's t-test (two-tailed). Variations between treatment groups was assessed with a 651 
one-way ANOVA, with Tukey’s post-hoc analysis for pairwise comparisons between treatments. 652 
*p < 0.05, **p < 0.01, ****p < 0.0001 653 
  654 



 655 

Supplementary Figure 1. High levels of cGAMP transfection does not impact basal 656 
interferon and senescence-related gene expression. Gene expression analysis of different 657 
interferon and senescence-associated genes in gar, axolotl, and zebrafish cell lines after 658 
transfection with a high amount of 2’3’-cGAMP (2 µg). Gene expression was compared with an 659 
unpaired, two-tailed Student's t-test (two-tailed). 660 

  661 



 662 
Supplementary Figure 2.  Conditioned media from cGAMP treated cells induces the 663 
upregulation of interleukin 8. Gene expression analysis of interleukin 8 orthologs in gar, 664 
axolotl and zebrafish cell lines after transfection with 2’3’-cGAMP (100 ng) or with conditioned 665 
media from transfected cells. The conditioned media was obtained from each cell line 48 hours 666 
after 2’3’-cGAMP transfection and added to naïve cells with fresh media (1:1 ratio), then 667 
expression was analyzed 24 hours post-treatment. Variation between groups was assessed with a 668 
one-way ANOVA, with Tukey’s post-hoc analysis for pairwise comparison between groups. 669 
****p < 0.0001, ***p < 0.001 670 
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Supplementary Figure 1. High levels of cGAMP transfection does not impact basal 2 
interferon and senescence-related gene expression. Gene expression analysis of different 3 
interferon and senescence-associated genes in gar, axolotl, and zebrafish cell lines after 4 
transfection with a high amount of 2’3’-cGAMP (2 µg). Gene expression was compared with an 5 
unpaired, two-tailed Student's t-test (two-tailed). 6 
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Supplementary Figure 2.  Conditioned media from cGAMP treated cells induces the 9 
upregulation of interleukin 8. Gene expression analysis of interleukin 8 orthologs in gar, 10 
axolotl and zebrafish cell lines after transfection with 2’3’-cGAMP (100 ng) or with conditioned 11 
media from transfected cells. The conditioned media was obtained from each cell line 48 hours 12 
after 2’3’-cGAMP transfection and added to naïve cells with fresh media (1:1 ratio), then 13 
expression was analyzed 24 hours post-treatment. Variation between groups was assessed with a 14 
one-way ANOVA, with Tukey’s post-hoc analysis for pairwise comparison between groups. 15 
****p < 0.0001, ***p < 0.001 16 
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