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Highlights 28 

 Submaximal SERCA inhibition with inhibitors or RNAi increases C. elegans 29 
lifespan.  30 

 Lifespan extension required functional mitochondria, and both AMPK and TOR 31 
pathways. 32 

 Instead, the insulin signaling pathway and the sirtuin pathway were not involved.  33 
 ER-mitochondria Ca2+ signaling may play a role in the aging process.  34 
 The SERCA pump may be a new pharmacological target to act on longevity.  35 

 36 

 37 

 38 

Abstract 39 

We have reported recently that submaximal inhibition of the Sarco Endoplasmic 40 
Reticulum Ca2+ ATPase (SERCA) produces an increase in the lifespan of C. elegans worms. 41 
We have explored here the mechanism of this increased survival by studying the effect of 42 
SERCA inhibition in several mutants of signaling pathways related to longevity. Our data 43 
show that the mechanism of the effect is unrelated with the insulin signaling pathway or the 44 
sirtuin activity, because SERCA inhibitors increased lifespan similarly in mutants of these 45 
pathways. However, the effect required functional mitochondria and both the AMP kinase 46 
and TOR pathways, as the SERCA inhibitors were ineffective in the corresponding mutants. 47 
The same effects were obtained after reducing SERCA expression with submaximal RNAi 48 
treatment. The SERCA inhibitors did not induce ER-stress at the concentrations used, and 49 
their effect was not modified by inactivation of the OP50 bacterial food. Altogether, our data 50 
suggest that the effect may be due to a reduced ER-mitochondria Ca2+ transfer acting via 51 
AMPK activation and mTOR inhibition to promote survival.  52 

 53 
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1. INTRODUCTION 56 

The molecular mechanisms that modulate aging and longevity are starting to be uncovered 57 
mainly thanks to studies in model organisms such as the nematode C. elegans. These studies 58 
have revealed that several metabolic signaling pathways play a crucial role to control 59 
lifespan. These signaling pathways include the insulin/insulin-like growth factor, the AMP-60 
activated protein kinase (AMPK), the target of rapamycin (TOR), the sirtuins and 61 
mitochondrial respiration and function (López-Otín et al., 2013; Riera et al., 2016). C. 62 
elegans strains with mutations in different components of these pathways have become 63 
essential to investigate the involvement of these pathways in the regulation of longevity and 64 
the interrelationships among them. For example, mutations in the insulin-like receptor (daf-65 
2) nearly double lifespan, while mutations in its downstream transcription factor DAF-66 
16/FOXO (negatively regulated by the insulin-like receptor) significantly reduce lifespan 67 
(Castillo-Quan et al., 2015; Lapierre and Hansen, 2012; Mukhopadhyay et al., 2006). 68 
Similarly, mutations in the AMPK α-subunits reduce C. elegans lifespan, while mutations in 69 
the TOR pathway increase it (Blackwell et al., 2019; Castillo-Quan et al., 2015; Lapierre and 70 
Hansen, 2012). Knock-out of the sirtuin gene SIR-2.1 shortens lifespan (Castillo-Quan et al., 71 
2015; Mukhopadhyay et al., 2006), and many mutations in the mitochondrial respiratory 72 
chain lead to an increased lifespan (Wang and Hekimi, 2015). 73 

These pathways do not work isolated, instead they keep complex interactions at several levels 74 
that sometimes make difficult to evaluate the role of a particular pathway in a given 75 
phenomenon. Among others, Ca2+ signaling appears to be one of the key factors controlling 76 
the function and interconnection of these signaling pathways related to longevity. In 77 
particular, AMPK, TOR and mitochondrial function appear to be the main routes controlled 78 
by Ca2+, although the precise mechanisms are still not well understood.  79 

The canonical mechanism for activation of AMPK includes phosphorylation by Ca2+-80 
calmodulin protein kinase β, so that an increase in cytosolic Ca2+ should activate AMPK 81 
(Jeon, 2016; Woods et al., 2005). In addition, AMPK is a well-characterized cellular energy 82 
sensor, which becomes activated by increases in the AMP/ATP ratio (Jeon, 2016). As the 83 
rate of mitochondrial ATP production is controlled by the mitochondrial [Ca2+], changes in 84 
the mitochondrial Ca2+ fluxes also modulate AMPK activation. In turn, it has been recently 85 
described that AMPK activates the mitochondrial Ca2+ uniporter, thus facilitating Ca2+ entry 86 
into mitochondria to increase ATP production (Zhao et al., 2019). On the other hand, AMPK 87 
reduces endoplasmic reticulum (ER) Ca2+ release by inhibiting either inositol 1,4,5-88 
trisphosphate receptors (InsP3R) (Arias-del-Val et al., 2019) or ryanodine receptors (RyR) 89 
(Yavari et al., 2017), but upregulates SERCA2a in mice hearts (Morissette et al., 2019). This 90 
kind of effects may modulate the ER to mitochondria Ca2+ transfer, a Ca2+ flux that seems to 91 
have very important roles in the control of mitochondrial metabolism and autophagy 92 
(Ahumada-Castro et al., 2019; Gomez-Suaga et al., 2017). Finally, AMPK has been recently 93 
associated to store operated Ca2+ entry via modulation of STIM, the ER Ca2+-sensor 94 
responsible of activating Ca2+ entry through the plasma membrane after ER Ca2+ depletion. 95 
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AMPK-mediated phosphorylation of STIM1 has been reported to inhibit the store-operated 96 
Ca2+ entry (Nelson et al., 2019), while Ca2+-mediated activation of AMPK is regulated by 97 
binding of AMPK to STIM2 (Chauhan et al., 2019). 98 

The effects of Ca2+ on TOR signaling are less clear. AMPK inhibits the TORC1 complex, 99 
and therefore Ca2+-induced AMPK activation should inhibit TORC1 (Bootman et al., 2018), 100 
although the mechanism of this effect is unclear in C. elegans (Blackwell et al., 2019). 101 
However, some studies have also shown a direct activation of TOR by cytosolic Ca2+ 102 
increases, induced either by amino acids (Carroll et al., 2015) or by physical exercise (Ito et 103 
al., 2013). In addition, TOR has also been shown to activate plasma membrane store-operated 104 
Ca2+ channels (Ogawa et al., 2012; Peng et al., 2013) and InsP3 receptors in the ER 105 
(MacMillan et al., 2005; Régimbald-Dumas et al., 2011), favoring the increase in cytosolic 106 
[Ca2+].  107 

Therefore, changes in cytosolic and mitochondrial [Ca2+] regulate in a complex manner the 108 
activity of these two essential kinases, AMPK and TOR, and Ca2+ dynamics in these 109 
compartments depends directly on ER [Ca2+] levels, ER Ca2+ release and ER to mitochondria 110 
Ca2+ transfer. We have recently described that submaximal concentrations of inhibitors of 111 
the SERCA pump increase the lifespan in C. elegans worms (García-Casas et al., 2018). In 112 
this work, we have investigated further the mechanism of this effect by studying the effects 113 
of the SERCA inhibitors in several C. elegans mutants of different signaling pathways related 114 
to longevity. We have also obtained similar effects on lifespan using submaximal SERCA 115 
(sca-1) RNAi, confirming that the effect of SERCA inhibitors is due to SERCA inhibition. 116 
We suggest that the increase in lifespan induced by SERCA inhibitors may be mediated by a 117 
decrease in the ER to mitochondria Ca2+ transfer, leading to AMPK activation and TOR 118 
block.  119 

 120 

2. MATERIALS AND METHODS  121 

2.1 C. elegans strains and maintenance.  122 

The effect of the SERCA inhibition on C. elegans lifespan was studied in the following 123 
mutant strains: nuo-6(qm200), daf-15(m81)/unc-24(e138), daf-2(e1370), daf-16(mu86), aak-124 
1(tm1944);aak-2(ok524), and sir-2.1(ok434), mcu-1(ju1154) and unc-68(r1161). The strain 125 
SJ4005 (zcIs4 [hsp-4::GFP]), kindly supplied by Dr. Malene Hansen, Sanford Burnham 126 
Prebys Medical Discovery Institute, La Jolla, USA, was used to measure ER stress. The other 127 
strains were obtained from the Caenorhabditis Genetics Center. Worms were maintained and 128 
handled on NGM agar plates seeded with Escherichia coli (OP50), as previously described 129 
(Stiernagle, 2006).  130 

2.2 Administration of the SERCA inhibitors and RNAi.  131 

2,5-di-tert-butylhydroquinone (2,5-BHQ) was dissolved directly in the Nematode Growth 132 
Medium (NGM) agar by strong stirring at 250µM. In the case of thapsigargin, it was added 133 
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directly to the plate. 10µl of 10µM thapsigargin were added on top of the 10ml OP50-seeded 134 
NGM agar to obtain a final concentration (assuming homogeneous distribution) of 10nM.  135 

The HT115 RNAi clone for sca-1 (K11D9.2, Ahringer library) and empty vector (L4440) 136 
were kindly provided by Dr. Malene Hansen. HT115 sca-1 RNAi and L4440 bacteria were 137 
cultured overnight at 37ºC in LB medium containing 125µM ampicillin. Once they reached 138 
a DO595 = 0.6, sca-1 RNAi and empty vector L4440 bacteria were mixed to the desired 139 
percentage and then 100µl of the mixture were seeded onto 35mm plates containing NGM 140 
agar with 1mM isopropyl-b-D-thiogalactoside (IPTG), 50µM carbenicillin and 30µM 141 
fluorodeoxyuridine, and incubated for 3 days at 20ºC. Ten young adult worms (day 1) were 142 
then transferred onto the plates for lifespan assays.  143 

2.3 C. elegans lifespan assay 144 

Synchronized eggs were obtained as described previously (Stiernagle, 2006) and transferred 145 
to NGM plates seeded with E. coli (OP50), either control plates or plates prepared in the 146 
presence of the required drug. 15µM Fluorodeoxyuridine was added to every plate to avoid 147 
progeny. For each lifespan assay, at least 10 synchronized young adults (day 1) were 148 
transferred to each E. coli (OP50) seeded NGM plate (35 mm plates, 10 plates per condition 149 
with 10 worms/plate, at least 100 worms per condition). Control and drug-containing assays 150 
were always carried out in parallel and kept together in the incubator set at 20ºC. Plates were 151 
scored for dead worms every day. Worms that did not respond to touch with a platinum wire 152 
were considered dead. Age refers to days following adulthood. Missing worms, individuals 153 
with extruded gonad or desiccated by crawling in the edge of the plate were censored, as well 154 
as plates with fungal contamination during the first 10 days. Statistics was made with the 155 
SPSS software using the Kaplan-Meier estimator and the log-rank routine for significance.  156 

For the experiments with dead bacteria, OP50 were grown overnight at 37ºC and then heat 157 
inactivated at 65ºC for 30 min. The resulting heat-killed bacteria were used to seed NGM 158 
plates and the rest of the assay was as described above. These experiments were carried out 159 
using the AQ2038 (N2 expressing the YC2.1 Ca2+ sensor in the pharynx, (Alvarez-Illera et 160 
al., 2016) strain as a control. Its lifespan was not significantly different from that of the N2 161 
strain (data not shown).  162 

2.4 C. elegans ER stress measurement by fluorescence.  163 

ER stress was measured in the strain SJ4005 (zcIs4 [hsp-4::GFP]) (Kapulkin et al., 2005), 164 
which contains a GFP reporter transgene under the control of the hsp-4 promoter. Induction 165 
of ER stress leads to a strong increase in GFP expression, reflecting the upregulation of the 166 
hsp-4 gene. Worms were treated as described above with the SERCA inhibitors or with the 167 
corresponding amount of DMSO for the controls. After 3 days, some worms of each plate 168 
were transferred to plates with 10µg/ml tunicamycin and the same treatments, to obtain the 169 
maximum possible induction. Fluorescence images were then taken 6h afterword using a 170 
Leica M165 FC stereo microscope equipped with a Leica DFC7000 T camera. Analysis of 171 
the images was made by calculating the mean fluorescence of 40-42 worms of each condition 172 
using ImageJ. Significance was obtained with the ANOVA test.  173 
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2.5. RT-qPCR.  174 

RT-qPCR was performed as described previously (Alvarez-Illera et al., 2020). Worms at day 175 
5 of adult life were harvested by centrifugation and washed with water. Total RNA was 176 
obtained by freeze/thaw using Trizol (Invitrogen, Waltham, MA, USA) and homogenization 177 
using the Minibeadbeater-8, and RNA was then extracted using the RNeasy mini kit (Qiagen, 178 
Madrid, Spain), treated with the RNase-Free DNase Set (Qiagen) and then precipitated with 179 
ethanol and resuspended in water. RNA concentrations and quality were measured using a 180 
NanoDrop spectrophotometer. Reverse transcription reaction was carried out with the 181 
iScript™ cDNA Synthesis Kit (BioRad, Madrid, Spain) using random primers. RT-qPCR 182 
was carried out using the LightCycler 480 PCR system (Roche Applied Science). Reactions 183 
were performed using the SYBR Green Master Mix (Applied Biosystems/Thermo Fisher 184 
Scientific, Waltham, MA, USA) using the following primers: hsp-3; forward, 185 
ACCGTCACCATCCAGGTC; reverse, TCCGGTGAGGTCGAACTTT (Kozlowski et al., 186 
2014). hsp-4; forward, ACGACCACAATCGTCTCAGTCC; reverse, 187 
CTTCGTCAGTGAGCTTTCCTCC (Kozlowski et al., 2014). sca-1; forward, 188 
CTTCCAGCCACTGCTCTCGGATTC; reverse, CTGGTAGTAGGTGATCTGTGGTCC. 189 
The actin 1 gene (act-1) was used as the endogenous control gene. The following program 190 
parameters were used for all amplifications: 95°C for 10 min, followed by 45 cycles at 95°C 191 
for 15s, 60°C for 30s and 72ºC for 30s, and finally one cycle at 95°C for 20 min, 65°C for 1 192 
min, and 97°C for 5 min. Assays were performed using three biological replicates, each 193 
consisting of technical triplicates.  194 

2.6 Materials.  195 

2,5-BHQ (code 419648) was from Sigma-Aldrich, Madrid, Spain. Thapsigargin was from 196 
Abcam, Madrid, Spain. FuDR was from Alfa Aesar, Karlsruhe, Germany. Other reagents 197 
were from Sigma, Madrid, Spain or Merck, Darmstadt, Germany.  198 

 199 

3. RESULTS 200 

We have reported before that the SERCA inhibitors thapsigargin and 2,5-BHQ produce an 201 
10-15% increase in lifespan in wild-type C. elegans worms. Similar effects were obtained in 202 
the eat-2(ad1113) strain (García-Casas et al., 2018), which has a defect in pharynx pumping 203 
that leads to dietary restriction and lifespan increase (Jia and Levine, 2007). This suggested 204 
that the mechanism of the effect of the SERCA inhibitors was not related with dietary 205 
restriction, but gave no further clues on what could be the real mechanism. We have then 206 
studied here the effect of the SERCA inhibitors in several mutants of signaling pathways 207 
known to be related to longevity.  208 

3.1 Effect of SERCA inhibitors on C. elegans mutants of the insulin or sirtuin 209 
signaling pathways.  210 

We first studied their effect in two mutants on the insulin signaling pathway. The DAF-2 211 
gene encodes for the insulin-like growth factor 1 (IGF-1) receptor and the daf-2(e1370) 212 
mutant shows a severe disruption of this pathway that leads to an important extension of the 213 
lifespan (Dorman et al., 1995). Activation of the IGF-1 receptor triggers a signaling cascade 214 
including activation of phosphoinositide 3-kinase and Akt/Protein Kinase B, that ends up by 215 
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phosphorylating the transcription factor DAF-16/FOXO, that in this form remains inactive 216 
in the cytosol (Sun et al., 2017). In the absence of IGF-1 signaling (e.g., in daf-2 mutants), 217 
DAF-16 dephosphorylates, enters the nucleus and activates a transcriptional program that 218 
nearly doubles worms lifespan (Kenyon et al., 1993). Fig. 1, panels a-b, shows that the 219 
SERCA inhibitors extended the lifespan of daf-2 mutants as much as in the wild-type (García-220 
Casas et al., 2018), in spite of the much larger lifespan of these mutants. Thapsigargin 221 
increased lifespan by 13.0±2.5% and 2,5-BHQ by 11.4±1.3%, in both cases with all the trials 222 
statistically significant (see Table S1a). Therefore, our data suggest that the increase in 223 
lifespan induced by the SERCA inhibitors is independent or additive to that induced when 224 
the DAF-16 transcription factor enters the nucleus. However, SERCA inhibitors produced a 225 
much smaller effect in daf-16 mutants (Fig. 1, panels c-d). These mutants have a shorter 226 
lifespan, and thapsigargin only increased it by 7.1±2.0%, with only 2 of the 3 trials 227 
significant. Similarly, 2,5-BHQ increased lifespan by only 5.1±4.7%, with 2 of the 3 trials 228 
significant (see Table S1b). Therefore, the absence of the DAF-16 transcription factor 229 
partially impairs the effect of the SERCA inhibitors. This means that at least part of the effect 230 
of the SERCA inhibitors requires the presence of DAF-16/FOXO.  231 

We have then explored the involvement of sirtuins by using the sir-2.1 mutant. The SIR-2.1 232 
gene is a homologous of human SIRT1, it has histone deacetylase activity and is involved in 233 
longevity. In particular, it is required for lifespan extension by caloric restriction, independent 234 
of the insulin/IGF-1 signaling pathway, and the sir-2.1 mutant has a slight decrease in 235 
lifespan (Wang and Tissenbaum, 2006). Fig. 1, panels e-f and table S1c show the effects of 236 
the SERCA inhibitors in this mutant. Thapsigargin extended the lifespan by 9.4±0.9%, with 237 
all the 3 trials significant and 2,5-BHQ extended lifespan by 10.2±5.9%, although only 2 of 238 
the trials produced significant differences. The effects are therefore similar to those obtained 239 
in the wild-type (García-Casas et al., 2018), suggesting that SIR-2.1 is not involved in the 240 
effect of the SERCA inhibitors. 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 
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 252 

Figure 1. Effect of SERCA inhibitors on the lifespan of daf-2, daf-16 and sir-2.1 mutants. 253 
Panels show representative survival plots corresponding to parallel lifespan trials (control vs 254 
drug) performed in daf-2 mutants (panels a-b), daf-16 mutants (panels c-d) and sir-2.1 255 
mutants (panels e-f) using either 10nM thapsigargin (panels a,c,e) or 250µM 2,5-BHQ 256 
(panels b,d,f). In each panel, the trace labelled “Control” was obtained with the corresponding 257 
mutant, and the other was obtained in the same mutant treated with the indicated drug from 258 
day 1 of adult life. The trials shown correspond to those marked in bold in Table S1 (more 259 
details and statistics of all the assays in Table S1). 260 

 261 
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 271 

 272 

Figure 2. Effect of SERCA inhibitors on the lifespan of daf-15/unc-24 and rsks-1 273 
mutants. Panels show representative survival plots corresponding to parallel lifespan trials 274 
(control vs drug) performed in daf-15/unc-24 mutants (panels a-b) and rsks-1 mutants (panels 275 
c-d) using either 10nM thapsigargin (panels a,c) or 250µM 2,5-BHQ (panels b,d). In each 276 
panel, the trace labelled “Control” was obtained with the corresponding mutant, and the other 277 
was obtained in the same mutant treated with the indicated drug from day 1 of adult life. The 278 
trials shown correspond to those marked in bold in Table S2 (more details and statistics of 279 
all the assays in Tables S1 and S2). 280 

 281 

3.2 Effect of SERCA inhibitors on C. elegans mutants of the TOR pathway. 282 

The possible involvement of the TOR pathway has been investigated using two different 283 
mutants, daf-15/unc-24 and rsks-1. The DAF-15 gene encodes for the RAPTOR-like subunit 284 
of TORC1 in C. elegans. Homozygotic daf-15 mutants are dauer constitutive, but 285 
heterocygotes show a significant reduction in the activity of the pathway and increase in 286 
lifespan, and combination with unc-24 facilitates strain maintenance (Jia et al., 2004). Fig. 2, 287 
panels a-b, shows that none of the SERCA inhibitors produced any effect in the heterocygote 288 
daf-15/unc-24 mutant (see table S2a for more details). Therefore, the TORC1 activity is 289 
necessary for the effect of the SERCA inhibitors. Regarding the RSKS-1 gene, it is a 290 
homologous of the S6 kinase (S6K), one of the main downstream targets of TORC1. In this 291 
mutant, the SERCA inhibitors were instead very effective. Thapsigargin produced an 292 
increase in lifespan similar to that observed in the wild-type (García-Casas et al., 2018), 293 
10.1±2.1%, with all the trials significant, and 2,5-BHQ induced a much larger increase in 294 
lifespan of almost 25% (see fig 2, panels c-d, and table S2b).  295 
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S6K has been reported to be essential to mediate lifespan extension by dietary restriction via 296 
HIF-1 and PHA-4-dependent mechanisms (Kapahi et al., 2010). In this sense, the fact that 297 
thapsigargin and 2,5-BHQ are still effective in the rsks-1 mutant is consistent with the fact 298 
that they were also effective in the eat-2 dietary restriction mimicking mutant (García-Casas 299 
et al., 2018). In conclusion, the effects of the SERCA inhibitors requires the presence of 300 
TORC1, but it is not mediated by S6K. As an alternative, the effect could be mediated by the 301 
inhibitory interaction between TORC1 and DAF-16 (Zhao and Wang, 2016).  302 

 303 

3.3 Effect of SERCA inhibition with RNAi on C. elegans lifespan.  304 

To obtain further evidence for the involvement of the SERCA Ca2+ pump in the effect of 305 
thapsigargin and 2,5-BHQ, we used RNAi against the only SERCA gen present in C. elegans, 306 
known as SCA-1. Loss of function mutation of sca-1 results in embryonic and larval lethality 307 
(Cho et al., 2000; Zwaal et al., 2001). Therefore, we decided to assay several dilutions of sca-308 
1 RNAi to search for the one able to mimic the effect of the SERCA inhibitors. Fig. 3 shows 309 
that 5 and 10% dilutions of sca-1 RNAi increased C. elegans lifespan by about 20%, while 310 
dilutions above 25% reduced C. elegans lifespan by a similar amount (see Table S3 form 311 
more details). Therefore, partial reduction of sca-1 expression also increased C. elegans 312 
lifespan, confirming that the effect of submaximal concentrations of thapsigargin and 2,5-313 
BHQ is mediated by inhibition of SERCA. Fig. 3d shows the effects of 10% and 100% sca-314 
1 RNAi on the SCA-1 mRNA expression. In the presence of 10% sca-1 RNAi, SCA-1 mRNA 315 
expression was reduced to 27±2% of the control, and 100% sca-1 RNAi reduced SCA-1 316 
mRNA expression to 13±4% of the control (mean±s.e., n=3).  317 

 318 

 319 

 320 

 321 
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 322 

Figure 3. Effect of sca-1 RNAi on C. elegans lifespan. Panels a and b show representative 323 
survival plots corresponding to parallel lifespan trials (control vs drug) performed in N2 wild-324 
type worms using several dilutions of sca-1 RNAi. Panel a shows the effect of 5% and 10% 325 
sca-1 RNAi, which both increase the lifespan, and panel b shows the effect of 50%, 75% and 326 
100% sca-1 RNAi, which all reduce the lifespan with respect to the N2 controls. The trials 327 
shown correspond to those marked in bold in Table S3. Panel c shows the mean changes in 328 
lifespan induced by the different dilutions (more details and statistics of the assays in Tables 329 
S1 and S3). Panel d shows the SCA-1 mRNA expression at day 5 of adult life in control 330 
worms or in worms treated with 10% or 100% sca-1 RNAi from day 1 of adult life.  331 
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 332 

Figure 4. Effect of SERCA inhibition on the lifespan of aak-1;aak-2 and nuo-6 mutants. 333 
Panels show representative survival plots corresponding to parallel lifespan trials (control vs 334 
drug) performed in aak-1;aak-2 mutants (panels a-c) or nuo-6 mutants (panels d-f) using 335 
either 10nM thapsigargin (panels a,d), 250µM 2,5-BHQ (panels b,e) or 10% sca-1 RNAi 336 
(panels c,f). In each panel, the trace labelled “Control” was obtained with the corresponding 337 
mutant, and the other was obtained in the same mutant treated with the drug or sca-1 RNAi 338 
from day 1 of adult life. The trials shown correspond to those marked in bold in Table S4 339 
(more details and statistics of all the assays in Tables S1 and S4). 340 

 341 

3.4 Effect of SERCA inhibitors on C. elegans AMPK or mitochondrial respiratory 342 
chain mutants.  343 

We have then investigated the possible involvement of the AMP-activated kinase (AMPK) 344 
in the effect of the SERCA inhibitors. The C. elegans genome encodes two homologs of the 345 
α-catalytic subunits of mammalian AMPK, which are known as aak-1 and aak-2 (Sun et al., 346 
2017). We have studied the effects of the SERCA inhibitors in the double aak-1;aak-2 mutant 347 
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(Fig. 4, panels a-b, table S4a) and we found that they had no effect at all. Consistently, 10% 348 
sca-1 RNAi was unable to increase the lifespan of this mutant (Fig. 4, panel c). Therefore the 349 
increase in lifespan induced by SERCA inhibitors is somehow mediated by AMPK activity.  350 

To explore the effect of mutations affecting the mitochondrial respiratory chain, we have 351 
used the nuo-6 mutant, which has a mutation in a conserved subunit of mitochondrial 352 
complex I. The mutation reduces the function of complex I and results in low oxygen 353 
consumption, slow growth, slow behavior, and increased lifespan (Yang and Hekimi, 2010a). 354 
Fig. 4, panels d-f and table S4b show that neither SERCA inhibitors nor sca-1 RNA-i 355 
produced lifespan extension at all in this mutant. In fact, most of the trials produced either 356 
not significant differences or even a decrease in lifespan. These results show that 357 
mitochondrial function is clearly involved in the effect of the SERCA inhibitors.  358 

To exclude a possible interference in our results of the metabolism of SERCA inhibitors by 359 
E. coli bacteria, we have studied the effects of these compounds in wild-type worms fed with 360 
inactivated OP50. Fig. S1 and table S5 show that the results were similar to those obtained 361 
in the presence of live OP50. Thapsigargin and 2,5-BHQ increased lifespan by 7.5±3.2% and 362 
18.8±2.5%, respectively.  363 

 364 

3.5 Effect of SERCA inhibition on mutants of Ca2+ pathways.  365 

One of the targets of the Ca2+ released from the ER is mitochondria, and the only Ca2+ channel 366 
known to transport Ca2+ through the inner mitochondrial membrane is the mitochondrial Ca2+ 367 
uniporter (MCU) (De Stefani et al., 2011). To explore the possible role of this channel in the 368 
mechanism of the effect of SERCA inhibition, we have studied the effect of sca-1 RNAi in 369 
the mutant mcu-1 strain (Xu and Chisholm, 2014), which harbor a large deletion in the pore 370 
region of the mcu-1 gene, the worm orthologue of the MCU channel. We have to mention, 371 
however, that mitochondrial Ca2+ oscillations in pharynx muscle cells continue unchanged in 372 
the mcu-1 mutant (Álvarez-Illera et al., 2020), indicating that there must be another 373 
independent Ca2+ pathway that mediates mitochondrial Ca2+ uptake in these mutants.    374 

Fig. 5a and Table S6 show that mcu-1 mutants have a nearly 10% increased lifespan with 375 
respect to the N2 wild-type worms. Addition of sca-1 RNAi (10% dilution) produced an 376 
increase in lifespan both in the N2 wild-type strain and in the mcu-1 mutants, and the 377 
combination of sca-1 RNAi and the mcu-1 mutation produced an increase in lifespan which 378 
was significantly larger than those induced by sca-1 RNAi or the mcu-1 mutation alone, and 379 
almost additive, in all the three trials performed (see Table S6). This suggests that the MCU 380 
Ca2+ channel is not essential for the effect on lifespan of SERCA inhibition.  381 

We have also studied the effect of sca-1 RNAi on the unc-68(r1161) null mutant. UNC-68 is 382 
the only representative in C. elegans of the ryanodine receptor, one of the endoplasmic 383 
reticulum Ca2+ channels. Fig. 5b and table S7 show that sca-1 RNAi increased the lifespan 384 
also in this mutant, but only by about 8%, about half the effect obtained in wild-type worms. 385 
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This suggests that ryanodine receptors may contribute in part to the increase in lifespan 386 
induced by sca-1 RNAi.  387 

 388 

 389 

Fig. 5. Effect of sca-1 RNAi on the lifespan of mcu-1 and unc-68 mutants. Panel a shows 390 
representative survival plots corresponding to parallel lifespan trials performed with N2 391 
worms, N2 worms treated with 10% sca-1 RNAi, mcu-1 mutants and mcu-1 mutants treated 392 
with 10% sca-1 RNAi from day 1 of adult life. The trials shown correspond to those marked 393 
in bold in table S6. Panel b shows representative survival plots corresponding to parallel 394 
lifespan trials performed with unc-68 mutants treated or not with 10% sca-1 RNAi from day 395 
1 of adult life. The trials shown correspond to those marked in bold in table S7. More details 396 
and statistics of all the assays in Tables S1, S6 and S7.  397 

 398 
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 399 

Figure 6. Effect of SERCA inhibitors on ER stress. Panels a and b show the mean 400 
fluorescence obtained from SJ4005 (expressing hsp-4::GFP) worms after different 401 
treatments. Panel a shows the effects of 3 days treatment with thapsigargin or 2,5-BHQ. Panel 402 
b shows the effects of the same treatments either in the absence or in the presence of 403 
tunicamycin. Controls were added the corresponding amount of DMSO. ***, p<0.001. Error 404 
bars are s.e.m. (n=40-42 worms analyzed in each condition). Panels c and d show the effect 405 
of sca-1 RNAi on mRNA expression of HSP-3 and HSP-4 measured by RT-qPCR at day 5 406 
of adult life. Bars show mean±s.e., n=3.   407 

 408 

3.6 Effect of SERCA inhibitors on ER stress.  409 

Finally, we have investigated the effects of the SERCA inhibition on ER stress in wild-type 410 
worms. It is well know that thapsigargin is able to induce ER stress as a consequence of the 411 
ER Ca2+ depletion (Foufelle and Fromenty, 2016). However, we wanted to know if the 412 
submaximal concentrations of SERCA inhibitors used in our study were able to induce it in 413 
the worms. To study ER stress, we have first used the SJ4005 strain, which contains a GFP 414 
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reporter transgene under the control of the hsp-4 promoter. Induction of ER stress leads to a 415 
strong increase in GFP expression, reflecting the upregulation of the hsp-4 gene. Fig. 6a and 416 
6b show the mean worm fluorescence and Fig. S2 shows the fluorescence images. Fig. 6a 417 
shows that none of the compounds increased hsp-4 expression. Fig. 6b shows the increase in 418 
fluorescence induced by incubation with tunicamycin in each of the conditions of Fig. 6a. In 419 
addition, we have also studied mRNA expression of two markers of ER stress, HSP-3 and 420 
HSP-4. Fig. 6c and 6d show that 10% sca-1 RNAi did not increase mRNA expression of 421 
these markers. Our data therefore show that neither inhibition of SERCA by thapsigargin or 422 
2,5-BHQ, at concentrations that increase C. elegans lifespan, nor decrease in mRNA 423 
expression by 10% sca-1 RNAi, does not induce ER stress.  424 

 425 

4. DISCUSSION 426 

We have reported recently that submaximal concentrations of SERCA inhibitors increase the 427 
lifespan of C. elegans worms (García-Casas et al., 2018). The mechanism was not related 428 
with dietary restriction, as the SERCA inhibitors produced similar effects in the eat-2 mutant, 429 
which has a defect in pharynx pumping that impairs feeding and has a longer lifespan as a 430 
consequence of the reduced food ingestion (Jia and Levine, 2007). We have used here C. 431 
elegans strains harboring mutations in several pathways known to be involved in the control 432 
of longevity, and we have looked for overlaps among the mechanisms activated by the 433 
SERCA inhibitors and the pathways inactivated in the mutants. In addition, we show that the 434 
effects of the SERCA inhibitors are not due to induction of ER stress at the concentrations 435 
used, and they are also independent on the E. coli metabolism of the drugs.  436 

To inhibit SERCA in the worms, we have used the potent and specific inhibitor thapsigargin 437 
and the widely used compound 2,5-BHQ. SERCA (SCA-1 in C. elegans) is highly conserved 438 
between mammals and C. elegans, and SCA-1 shows about 70% amino acid identity and 439 
80% similarity to the three human SERCA proteins. In particular, the amino acids present in 440 
the binding pocket for thapsigargin (Paula and Ball, 2004) are completely conserved in SCA-441 
1 (Cho et al., 2000), and SCA-1 also conserves the two amino acids, Asp59 and Pro308, that 442 
make hydrogen bonding with the hydroxyl groups of 2,5-BHQ in human SERCA (Elam et 443 
al., 2011; Lape et al., 2008). In addition, thapsigargin has been shown before to produce the 444 
same effects in C. elegans that depletion of the SCA-1 gene (Zwaal et al., 2001). Similarly, 445 
in C. elegans models of neurodegeneration where thapsigargin behaves as a protective agent, 446 
the effect of thapsigargin is redundant with SCA-1 depletion with RNAi (Griffin et al., 2019). 447 
Therefore, there is evidence that thapsigargin inhibits SCA-1 in C. elegans. Regarding 2,5-448 
BHQ, there is no direct evidence that it is inhibiting SERCA in the worms, but the 449 
conservation of the amino acids responsible for BHQ binding suggests that it should also be 450 
able to do it.  451 

In addition, we have shown that partial inhibition of SCA-1 expression with submaximal 452 
concentrations of RNAi increased lifespan in the same way that SERCA inhibitors, while 453 
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larger concentrations of RNAi reduced lifespan. This provides further evidence that the 454 
increase in lifespan in all the cases is mediated by submaximal inhibition of SERCA.   455 

Our results show that SERCA inhibitors were still able to increase longevity in daf-2 456 
(insulin/IGF-1 receptor) and sir-2.1 (sirtuin 1 homolog) mutants nearly as much as in the 457 
wild-type worms (García-Casas et al., 2018). Therefore, the effect is not mediated by these 458 
pathways. Instead, the effect of the SERCA inhibitors was clearly blocked in daf-459 
15/RAPTOR mutants and double aak-1;aak-2 (AMPK α-subunits) mutants. Therefore, the 460 
effect requires the activity of both TORC1 and AMPK.  461 

The effect of SERCA inhibition also disappeared in nuo-6 mitochondrial respiratory chain 462 
complex I mutants. nuo-6 mutants are defective in a subunit of complex I of the mitochondrial 463 
respiratory chain, and they have reduced mitochondrial function and display lower oxygen 464 
consumption, slow growth, slow movement, decreased ATP levels and a significant lifespan 465 
extension (Yang and Hekimi, 2010a, 2010b). They have also increased mitochondrial 466 
superoxide production, which is important for the increase in longevity (Yang and Hekimi, 467 
2010b; Yee et al., 2014). In fact, an increase in lifespan is a common fact of many mild 468 
mitochondrial respiratory chain mutants (Senchuk et al., 2018) and ROS appear to play an 469 
important role in the increased longevity. When we use SERCA inhibitors or sca-1 RNAi in 470 
nuo-6 mutants, we see that not only do they not produce an increase in longevity, but they 471 
actually decrease the lifespan of the mutants. This suggests that the mechanism of the effect 472 
of SERCA inhibition overlaps completely with that induced by the mitochondrial defect, and 473 
the presence of intact mitochondria is essential for the effect on longevity of SERCA 474 
inhibition to be observed. 475 

Regarding the daf-16 mutant, we have seen that SERCA inhibitors produce some increase in 476 
lifespan, but clearly smaller than that obtained in the wild-type (García-Casas et al., 2018). 477 
Therefore, it is probably also involved in the effect of the SERCA inhibitors, or at least in 478 
part of it. The DAF-16 gene is placed at the crossroads of multiple signaling pathways and is 479 
modulated by the flow of the insulin-activated pathway and the AMPK, TOR and sirtuin 480 
pathways, among others (Lapierre and Hansen, 2012; Sun et al., 2017; Wang and 481 
Tissenbaum, 2006; Zhao and Wang, 2016). Therefore, if the TORC1 and AMPK were 482 
implicated in the effect, it is quite reasonable that DAF-16 was too. In addition, the 483 
involvement of DAF-16 is consistent with the fact that mitochondrial mutants, including nuo-484 
6, show upregulation of DAF-16/FOXO target genes and that DAF-16 is required for the 485 
increased longevity of these mitochondrial mutants (Senchuk et al., 2018).  486 

The connection between the effects of the SERCA inhibitors and the pathways involved must 487 
occur somehow through changes in Ca2+ signaling. Submaximal inhibition of the Ca2+ pump 488 
of the sarcoplasmic and endoplasmic reticulum should lead to a reduction in the level of Ca2+ 489 
in these compartments. The immediate consequence would be a decrease in the amount of 490 
Ca2+ released during cell stimulation, either through the inositol 1,4,5-trisphosphate receptor 491 
(IP3R) or through the ryanodine receptor (RyR). Among many other functions, Ca2+ release 492 
from the endoplasmic reticulum is very important to activate mitochondrial metabolism. In 493 
the last few years, the importance of the close contacts between endoplasmic reticulum and 494 
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mitochondria, also known as mitochondria-associated ER membranes (MAMs), has been 495 
increasingly acknowledged. In fact, these ER-mitochondria contacts have been proposed to 496 
be signaling hubs with critical roles in the development of many diseases, including cancer, 497 
neurodegenerative diseases or aging (Gómez-Suaga et al., 2018; Kerkhofs et al., 2018; 498 
Moltedo et al., 2019). One of the proposed functions of these MAMs is the transfer of Ca2+ 499 
from ER to mitochondria via IP3R in the ER, voltage-dependent anion channels 500 
(VDAC/porin) in the outer mitochondrial membrane and the mitochondrial Ca2+ uniporter 501 
(MCU) in the inner mitochondrial membrane. The large local accumulation of Ca2+ close to 502 
the IP3R would be enough to activate the mitochondrial Ca2+ uniporter and allow a fast 503 
transfer of Ca2+ among the two organelles (Moltedo et al., 2019).  504 

Of course, the route for mitochondrial Ca2+ entry plays an essential role in this mechanism. 505 
The MCU is the only channel known up to date to mediate mitochondrial Ca2+ uptake. 506 
However, it has been shown that knockout mice lacking MCU were viable and showed a very 507 
mild phenotype (Holmström et al., 2015; Pan et al., 2013). Similarly, a C. elegans strain with 508 
a large deletion in the MCU pore region (mcu-1) has a nearly normal phenotype with only 509 
minor defects in wound closure (Xu and Chisholm, 2014). And we have recently shown that 510 
mitochondrial Ca2+ oscillations in C. elegans pharynx are fully preserved in the mcu-1 mutant 511 
(Álvarez-Illera et al., 2020), indicating that a different mitochondrial Ca2+ entry pathway 512 
must be present. In any case, we have tested here the effect of SERCA inhibition in the mcu-513 
1 mutants. Our results show first that the mcu-1 mutant has a nearly 10% increase in lifespan 514 
with respect to the N2 wild-type worms. The origin of this increased longevity is obscure. 515 
Perhaps the absence of MCU could facilitate long-term survival by preventing mitochondrial 516 
Ca2+ overload under some stress conditions. In any case, sca-1 RNAi (10% dilution) induced 517 
a significant further increase in longevity in the mcu-1 mutants, indicating that the presence 518 
of MCU is not essential for the effect. This result certainly does not rule out that Ca2+ transfer 519 
from ER to mitochondria is important for the effect of SERCA inhibitors on longevity, since 520 
there must be an alternative pathway for Ca2+ entry into mitochondria.  521 

Regarding the route for ER-Ca2+ release, the two main Ca2+ channels of the ER are IP3R and 522 
RyR. IP3R are very good candidates, because it is the ER Ca2+ channel that accumulates in 523 
the MAMs (Moltedo et al., 2019) and has been recently shown to promote aging via ER-524 
mitochondria contacts (Ziegler et al., 2021). However, C. elegans null IP3R (itr-1) mutants 525 
have severe limitations and cannot be used for lifespan studies (Dal Santo et al., 1999). We 526 
have studied instead mutants of the RyR and we have seen that sca-1 RNAi still increases 527 
longevity in this mutants, although the effect is only about half that obtained in the wild-type 528 
worms. This indicates that this ER Ca2+-channels may contribute in part to the effect.  529 

Whatever is the mechanism responsible for mitochondrial Ca2+ uptake, SERCA inhibitors or 530 
sca-1 RNAi, by reducing the level of Ca2+ in the ER, would reduce the possibility that an 531 
excess Ca2+ transfer would lead under pathological conditions to mitochondrial Ca2+ overload 532 
and apoptosis. Moreover, on a more physiological basis, SERCA inhibitors should reduce 533 
the amount of Ca2+ transfer from ER to mitochondria and the subsequent activation of 534 
mitochondrial metabolism. The fact that the increase in lifespan induced by the SERCA 535 
inhibitors disappears in the nuo-6 mitochondrial respiratory chain complex I mutant suggests 536 
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that these changes in ER-mitochondria Ca2+ transfer are important for the effect. The reduced 537 
respiratory chain electron flux in the nuo-6 mutant reduces the mitochondrial membrane 538 
potential, which is the main driving force for mitochondrial Ca2+ uptake. Therefore, ER-539 
mitochondria Ca2+ transfer must be already reduced in this mutant, explaining why the 540 
SERCA inhibitors do not produce any further effect.  541 

The decrease in ER-mitochondria Ca2+ transfer should slow down mitochondrial metabolism 542 
and ATP production, increasing the AMP/ATP ratio and thus activating AMPK. The lack of 543 
effect of the SERCA inhibitors in the double aak-1;aak2 mutant suggests that this mechanism 544 
is essential for the effect. This effect may seem contradictory with the recently reported 545 
AMPK-induced activation of the mitochondrial Ca2+ uniporter (Zhao et al., 2019). However, 546 
although this mechanism may serve to keep some mitochondrial Ca2+ uptake in the presence 547 
of a reduced ER [Ca2+] release, it will operate only as long as AMPK is persistently activated 548 
by a decreased ER-mitochondria Ca2+ transfer. Activation of AMPK may increase lifespan 549 
by several mechanisms, but one of the key ones is the inhibition of TORC1 by several 550 
mechanisms, one of them by direct phosphorylation of daf-15/RAPTOR (Boutouja et al., 551 
2019; Gwinn et al., 2008). The lack of effect of SERCA inhibitors in the daf-15 mutant 552 
suggests that this point is also essential. Thus, in the daf-15 mutant, TORC1 signaling is 553 
already reduced, lifespan has been already increased and the SERCA inhibitors cannot 554 
produce any further effect.  555 

In conclusion, our results suggest that the increase in lifespan induced by SERCA inhibitors 556 
is mediated by a reduced ER-mitochondria Ca2+ transfer that would activate AMPK and 557 
inhibit TORC1. This would increase survival by several mechanisms, including activation of 558 
autophagy and improved energy homeostasis. DAF-16 may also be involved in some degree, 559 
as both AMPK and TORC1 are known to modulate it (Sun et al., 2017). Fig. 7 shows a 560 
cartoon explaining this mechanism.  561 

Consistently with this model, low concentrations of SERCA inhibitors have been shown 562 
before to have a protective effect against neurodegeneration, both in neuronal cell cultures 563 
(Lampe et al., 1995) and in C. elegans models of neurodegeneration (Betzer and Jensen, 564 
2018; Griffin et al., 2019). Instead, high thapsigargin concentrations increase 565 
neurodegeneration in other C. elegans models (Aggad et al., 2014; Xu et al., 2001). These 566 
data have been interpreted to suggest a role for ER [Ca2+] release also in the process of 567 
neurodegeneration. 568 
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 569 

Figure 7. Cartoon showing the proposed mechanism for the effect of the SERCA 570 
inhibitors. Ca2+ transfer from ER to mitochondria takes place in the MAMs, where IP3R in 571 
the ER membrane, VDAC porins in the outer mitochondrial membrane and MCU channels 572 
in the inner mitochondrial membrane create a Ca2+ pathway between both organelles. RyR 573 
also contribute to release Ca2+ close to mitochondria. In panel A, under control conditions, 574 
Ca2+ transfer from ER to mitochondria increases mitochondrial metabolism and ATP 575 
production. The increase in the ATP/AMP ratio inhibits AMPK, activating TORC1, which 576 
has a negative impact on lifespan, in part via inhibition of DAF-16. In panel B, in the presence 577 
of the SERCA inhibitors, the decrease in the ER Ca2+ content reduces ER to mitochondria 578 
Ca2+ transfer. Mitochondrial metabolism is reduced and the ATP/AMP ratio decreases. AMP 579 
increase leads to activation of AMPK, inhibition of TORC1 and increase in lifespan, in part 580 
via DAF-16 activation. 581 

 582 

 583 
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FIGURE LEGENDS 841 

Figure 1. Effect of SERCA inhibitors on the lifespan of daf-2, daf-16 and sir-2.1 mutants. 842 
Panels show representative survival plots corresponding to parallel lifespan trials (control vs 843 
drug) performed in daf-2 mutants (panels a-b), daf-16 mutants (panels c-d) and sir-2.1 844 
mutants (panels e-f) using either 10nM thapsigargin (panels a,c,e) or 250µM 2,5-BHQ 845 
(panels b,d,f). In each panel, the trace labelled “Control” was obtained with the corresponding 846 
mutant, and the other was obtained in the same mutant treated with the indicated drug from 847 
day 1 of adult life. The trials shown correspond to those marked in bold in Table S1 (more 848 
details and statistics of all the assays in Table S1). 849 

 850 

Figure 2. Effect of SERCA inhibitors on the lifespan of daf-15/unc-24 and rsks-1 851 
mutants. Panels show representative survival plots corresponding to parallel lifespan trials 852 
(control vs drug) performed in daf-15/unc-24 mutants (panels a-b) and rsks-1 mutants (panels 853 
c-d) using either 10nM thapsigargin (panels a,c) or 250µM 2,5-BHQ (panels b,d). In each 854 
panel, the trace labelled “Control” was obtained with the corresponding mutant, and the other 855 
was obtained in the same mutant treated with the indicated drug from day 1 of adult life. The 856 
trials shown correspond to those marked in bold in Table S2 (more details and statistics of 857 
all the assays in Tables S1 and S2). 858 

 859 

Figure 3. Effect of sca-1 RNAi on C. elegans lifespan. Panels a and b show representative 860 
survival plots corresponding to parallel lifespan trials (control vs drug) performed in N2 wild-861 
type worms using several dilutions of sca-1 RNAi. Panel a shows the effect of 5% and 10% 862 
sca-1 RNAi, which both increase the lifespan, and panel b shows the effect of 50%, 75% and 863 
100% sca-1 RNAi, which all reduce the lifespan with respect to the N2 controls. The trials 864 
shown correspond to those marked in bold in Table S3. Panel c shows the mean changes in 865 
lifespan induced by the different dilutions (more details and statistics of the assays in Tables 866 
S1 and S3). Panel d shows the SCA-1 mRNA expression at day 5 of adult life in control 867 
worms or in worms treated with 10% or 100% sca-1 RNAi from day 1 of adult life.  868 

 869 

Figure 4. Effect of SERCA inhibition on the lifespan of aak-1;aak-2 and nuo-6 mutants. 870 
Panels show representative survival plots corresponding to parallel lifespan trials (control vs 871 
drug) performed in aak-1;aak-2 mutants (panels a-c) or nuo-6 mutants (panels d-f) using 872 
either 10nM thapsigargin (panels a,d), 250µM 2,5-BHQ (panels b,e) or 10% sca-1 RNAi 873 
(panels c,f). In each panel, the trace labelled “Control” was obtained with the corresponding 874 
mutant, and the other was obtained in the same mutant treated with the drug or sca-1 RNAi 875 
from day 1 of adult life. The trials shown correspond to those marked in bold in Table S4 876 
(more details and statistics of all the assays in Tables S1 and S4). 877 

 878 
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 879 

Fig. 5. Effect of sca-1 RNAi on the lifespan of mcu-1 and unc-68 mutants. Panel a shows 880 
representative survival plots corresponding to parallel lifespan trials performed with N2 881 
worms, N2 worms treated with 10% sca-1 RNAi, mcu-1 mutants and mcu-1 mutants treated 882 
with 10% sca-1 RNAi from day 1 of adult life. The trials shown correspond to those marked 883 
in bold in table S6. Panel b shows representative survival plots corresponding to parallel 884 
lifespan trials performed with unc-68 mutants treated or not with 10% sca-1 RNAi from day 885 
1 of adult life. The trials shown correspond to those marked in bold in table S7. More details 886 
and statistics of all the assays in Tables S1, S6 and S7.  887 

 888 

Figure 6. Effect of SERCA inhibitors on ER stress. Panels a and b show the mean 889 
fluorescence obtained from SJ4005 (expressing hsp-4::GFP) worms after different 890 
treatments. Panel a shows the effects of 3 days treatment with thapsigargin or 2,5-BHQ. Panel 891 
b shows the effects of the same treatments either in the absence or in the presence of 892 
tunicamycin. Controls were added the corresponding amount of DMSO. ***, p<0.001. Error 893 
bars are s.e.m. (n=40-42 worms analyzed in each condition). Panels c and d show the effect 894 
of sca-1 RNAi on mRNA expression of HSP-3 and HSP-4 measured by RT-qPCR at day 5 895 
of adult life. Bars show mean±s.e., n=3.   896 

 897 

Figure 7. Cartoon showing the proposed mechanism for the effect of the SERCA 898 
inhibitors. Ca2+ transfer from ER to mitochondria takes place in the MAMs, where IP3R in 899 
the ER membrane, VDAC porins in the outer mitochondrial membrane and MCU channels 900 
in the inner mitochondrial membrane create a Ca2+ pathway between both organelles. In panel 901 
A, under control conditions, Ca2+ transfer from ER to mitochondria increases mitochondrial 902 
metabolism and ATP production. The increase in the ATP/AMP ratio inhibits AMPK, 903 
activating TORC1, which has a negative impact on lifespan, in part via inhibition of DAF-904 
16. In panel B, in the presence of the SERCA inhibitors, the decrease in the ER Ca2+ content 905 
reduces ER to mitochondria Ca2+ transfer. Mitochondrial metabolism is reduced and the 906 
ATP/AMP ratio decreases. AMP increase leads to activation of AMPK, inhibition of TORC1 907 
and increase in lifespan, in part via DAF-16 activation. 908 

 909 

 910 

 911 

 912 
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Table S1a. Treatment of daf-2 mutant worms with SERCA inhibitors 

DRUG 
Lifespan 

Drug 
(days) 

N Drug 
Lifespan 
Control 
(days) 

N 
Control 

% 
Lifespan 
increase 

p value 
Drug vs 
Control 

Mean % 
lifespan 
increase 

Thaps   
10nM 

27.5 98/110 25.3 87/99 8.6 <0,05 
13.0±2.5 33.2 86/107 29.4 67/91 13.1 <0,0001 

30.2 108/145 25.7 75/146 17.3 <0,0001 

2,5-BHQ 
250µM 

28.0 83/108 25.3 87/99 10.7 <0,001 
11.4±1.3 32.2 77/103 29.4 67/91 9.6 <0,0001 

29.3 100/143 25.7 75/146 14.0 <0,0001 
 3 

Table S1b. Treatment of daf-16 mutant worms with SERCA inhibitors 

DRUG 
Lifespan 

Drug 
(days) 

N Drug 
Lifespan 
Control 
(days) 

N 
Control 

% 
Lifespan 
increase 

p value 
Drug vs 
Control 

Mean % 
lifespan 
increase 

Thaps   
10nM 

13.0 87/104 12.2 81/101 7.0 <0,014 
7.1±2.0 13.4 96/111 12.9 90/103 3.8 0,118 

16.6 97/118 15.0 88/99 10.7 <0,0001 

2,5-BHQ 
250µM 

11.8 76/82 12.2 81/101 -2.9 0,128 
5.1±4.7 13.5 98/114 12.9 90/103 4.7 <0,04 

17.0 80/95 15.0 88/99 13.4 <0,0001 
 4 

Table S1c. Treatment of sir-2.1 mutant worms with SERCA inhibitors 

DRUG 
Lifespan 

Drug 
(days) 

N Drug 
Lifespan 
Control 
(days) 

N 
Control 

% 
Lifespan 
increase 

p value 
Drug vs 
Control 

Mean % 
lifespan 
increase 

Thaps   
10nM 

19.8 97/107 17.9 88/101 10.4 <0.01 
9.4±0.9 23.4 90/104 21.7 81/90 7.5 0.05 

17.6 97/108 16.0 83/86 10.1 <0.001 

2,5-BHQ 
250µM 

18.0 100/103 17.9 88/101 0.2 0.9 
10.2±5.9 23.9 98/107 21.7 81/90 9.8 <0.02 

19.3 90/98 16.0 83/86 20.6 <0.0001 

 5 

Table S1. Lifespan assays performed with SERCA inhibitors in daf-2 and daf-16 6 
mutant worms. The table shows the drug concentration used in each series of assays, 7 

the half-life (T½) of the worms incubated with the drug obtained from the Kaplan-Meier 8 

analysis, the number of worms in the drug-containing assay (final/total), the half-life 9 

(T½) of the control worms, the number of worms in the control assay (final/total), the % 10 



 

increase in the half-life, the statistical significance of the difference between control and 11 

treated worms, obtained from the log-rank test, and the mean±s.e. increase in half-life 12 

from all the series made with the same drug concentration. In bold, series shown in the 13 

survival plots of Fig. 1.  14 

 15 

 16 

 17 
 18 

 19 

 20 

Table S2a. Treatment of daf-15/unc-24 mutant worms with SERCA 
inhibitors 

DRUG 
Lifespan 

Drug 
(days) 

N Drug 
Lifespan 
Control 
(days) 

N 
Control 

% 
Lifespan 
increase 

p value 
Drug vs 
Control 

Mean % 
lifespan 
increase 

Thaps   
10nM 

19.9 71/90 19.6 69/91 1.3 0,8 
-4.8±6.1 

18.0 89/104 20.2 82/93 -10.9 <0,0001 

2,5-BHQ 
250µM 

17.7 85/103 18.2 81/100 -2.8 0.38 
-1.7±1.2 19.8 77/100 19.6 69/91 0.7 0.82 

19.6 79/96 20.2 82/93 -3.0 0.17 
 21 

 22 

Table S2b. Treatment of rsks-1 mutant worms with SERCA inhibitors 

DRUG 
Lifespan 

Drug 
(days) 

N Drug 
Lifespan 
Control 
(days) 

N 
Control 

% 
Lifespan 
increase 

p value 
Drug vs 
Control 

Mean % 
lifespan 
increase 

Thaps   
10nM 

24.7 117/153 22.2 116/143 11.3 <0.001 
10.1±2.1 23.6 144/151 22.3 146/155 6.1 <0.01 

19.9 139/155 17.6 132/154 13.0 <0.0001 

2,5-BHQ 
250µM 

24.8 142/155 19.8 135/146 24.8 <0.0001 

24.9±2.2 
30.1 134/155 24.2 116/146 24.7 <0.0001 
28.9 152/159 22.2 116/143 30.5 <0.0001 
26.7 133/141 22.3 146/155 19.7 <0.0001 

 23 

Table S2. Lifespan assays performed with SERCA inhibitors in daf-15/unc-24, 24 
rsks-1 mutant worms. Details as in Table S1. In bold, series shown in the survival plots 25 

of Fig. 2.  26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 



 

 35 
 36 
 37 

 38 

Table S3. Treatment of N2 worms with sca-1 RNAi 

sca-1 
dilution 

Lifespan 
sca-1 
(days) 

N Drug 
Lifespan 
Control 
(days) 

N 
Control 

% 
Lifespan 
increase 

p value 
sca-1 vs 
Control 

Mean % 
lifespan 
change 

5% 

17.6 65/82 14.5 72/82 21,3 <0,001 

19.2±2.1 
17.7 86/89 14.4 97/107 23,4 <0,001 
18.3 73/80 15.5 71/74 18,4 <0,001 
17.9 66/82 15.7 75/84 13.9 <0,001 

10% 

17.8 76/83 14,5 72/82 23,2 <0,001 

19.3±2.6 

18.0 77/84 14.4 97/107 25.3 <0.001 
18.2 75/76 15.5 71/74 17.5 <0.001 
17.5 78/85 15.7 75/84 11.7 <0.001 
18.7 76/79 14.9 84/87 25.5 <0.001 
19.7 158/186 17.5 161/165 12.6 <0.005 

25% 

19.9 48/50 21.7 21/29 -8.3 <0.005 

-13.7±2.4 
17.8 71/81 23.0 41/61 -22.5 <0.001 
18.8 136/160 22.0 127/160 -14.9 <0.001 
19.9 62/69 22.2 63/71 -10.7 <0.001 
18.2 62/87 20.7 62/73 -12.3 <0.001 

50% 

18.0 60/66 20.8 38/49 -13.7 <0.001 

-22.7±3.8 
17.5 79/87 21.7 21/29 -19.2 <0.001 
16.0 64/67 23.0 41/61 -30.1 <0.001 
14.4 72/90 19.9 42/65 -27.7 <0.001 

75% 
17.7 30/37 20.8 38/49 -15.1 <0.001 

-18.1±3.1 18.5 64/69 21.7 21/29 -14.8 <0.001 
17.4 79/82 23.0 41/61 -24.4 <0.001 

100% 

19.0 46/52 20.8 38/49 -8.9 <0.005 

-18.0±3.7 
18.4 82/88 21.7 21/29 -15.1 <0.001 
17.4 59/65 23.0 41/61 -24.1 <0.001 
15.2 72/84 19.9 42/65 -23.7 <0.001 

 39 

 40 

Table S3. Lifespan assays performed with several dilutions of sca-1 RNAi in 41 
wild-type N2 worms. Details as in Table S1. In bold, series shown in the survival plots 42 

of Fig. 3.  43 

 44 
 45 

46 



 

 47 
 48 

 49 

 50 

 51 

Table S4a. Treatment of aak-1;aak-2 double mutant worms with SERCA 
inhibitors 

DRUG 
Lifespan 

Drug 
(days) 

N Drug 
Lifespan 
Control 
(days) 

N 
Control 

% 
Lifespan 
increase 

p value 
Drug vs 
Control 

Mean % 
lifespan 
increase 

Thaps   
10nM 

14.8 89/112 15.0 102/121 -1.2 0.4 
0.3±1.5 

13.8 86/117 13.6 86/109 1.7 0.6 

2,5-BHQ 
250µM 

15.3 99/154 15.6 93/156 -1.7 0.2 

-1.0±1.0 
14.5 105/122 14.5 101/112 0.5 1.0 
14.5 102/118 15.0 102/121 -3.5 <0.02 
13.7 98/115 13.6 86/109 0.9 0.7 

sca-1 
RNAi 
10% 

12,3 107/120 12,6 147/156 -2,5 <0.05 

-1.6±0.5 13,1 137/173 13,3 144/177 -1,7 0.32 

12,6 84/128 12,6 129/159 -0,7 0.54 
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Table S4b. Treatment of nuo-6 mutant worms with SERCA inhibitors 

DRUG 
Lifespan 

Drug 
(days) 

N Drug 
Lifespan 
Control 
(days) 

N 
Control 

% 
Lifespan 
increase 

p value 
Drug vs 
Control 

Mean % 
lifespan 
increase 

Thaps   
10nM 

25.7 94/105 26.4 76/102 -2.7 0.14 
-2.6±3.7 26.0 89/101 25.1 70/89 3.7 0.9 

21.7 90/100 23.8 80/104 -9.0 <0.001 

2,5-BHQ 
250µM 

24.5 90/103 26.4 76/102 -7.1 < 0.01 
-4.4±2.1 25.1 83/92 25.1 70/89 -0.2 0.1 

22.4 75/93 23.8 80/104 -5.8 0.07 

sca-1 
RNAi 
10% 

24.1 116/125 30.3 120/124 -20.6 <0.001 
-11.9±4,4 23.8 74/93 25.6 59/75 -7,2 0.1 

25.4 106/127 27.6 128/144 -8.0 <0.005 
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Table S4. Lifespan assays performed with SERCA inhibitors and sca-1 RNAi in 54 
aak1;aak2 double mutant worms and nuo-6 mutant worms. Details as in Table S1. 55 

In bold, series shown in the survival plots of Fig. 4.  56 

 57 

58 



 

 59 

 60 

 61 

 62 

 63 

Table S5. Control experiment: effect of treatment with SERCA inhibitors in 
wild-type worms fed with dead OP50 

DRUG 
Lifespan 

Drug 
(days) 

N Drug 
Lifespan 
Control 
(days) 

N 
Control 

% 
Lifespan 
increase 

p value 
Drug vs 
Control 

Mean % 
lifespan 
increase 

Thaps   
10nM 

23.3 75/105 22.4 81/107 4.3 0.06 
7.5±3.2 

23.6 73/89 21.3 84/100 10.8 <0.002 

2,5-BHQ 
250µM 

26.0 79/102 22.4 81/107 16.2 <0.0001 
18.8±2.5 

25.8 74/100 21.3 84/100 21.3 <0.0001 
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Table S5. Lifespan assays performed with SERCA inhibitors in wild-type worms 65 
fed with dead OP50. Details as in Table S1. In bold, series shown in the survival plots 66 

of Fig. S1.  67 

 68 

 69 
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 71 
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 75 

 76 
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Table S6. Effect of sca-1 RNAi on mcu-1 mutants 

 Lifespan 
Treatm. 
(days) 

N 
Treat 

Lifespan 
Control 
(days) 

N    
Contr 

% 
Lifespan 
increase 

p value 
vs  
N2 

p value 
vs  

sca-1 

p value 
vs 

mcu-1 

Mean % 
lifespan 
increase 

sca-1 18.7 76/79 14.9 84/87 25.5 <0.001  ns 

sca-1 
15.2±5.3 

 
mcu-1 

10.9±1.3 
 

sca-1 
+mcu-1 
23.3±5.5 

 
mean±s.e 

mcu-1 16.9 97/99 14.9 84/87 13.1 <0.001 ns  

sca-1+ 
mcu-1 

20.0 80/85 14.9 84/87 34.2 <0.001 <0.05 <0.001 

         
sca-1 

19.7 
158/ 
186 

17.5 
161/ 
165 

12.6 
<0.005  ns 

mcu-1 
19.0 

165/ 
188 

17.5 
161/ 
165 

8.5 <0.001 ns  

sca-1+ 
mcu-1 20.8 

152/ 

162 17.5 
161/ 
165 

18.5 <0.001 <0.001 <0.05 

         

sca-1 
20.0 

146/ 

162 18.6 
126/ 

156 
7.6 <0.05  <0.05 

mcu-1 
20.7 

143/ 

151 18.6 
126/ 

156 
11.0 <0.001 <0.05  

sca-1+ 
mcu-1 21.8 

113/ 

120 18.6 
126/ 

156 
17.1 <0.001 <0.001 <0.05 

 101 

 102 

Table S6. Lifespan assays performed with mcu-1 mutants with or without 10% 103 

sca-1 RNAi. N2 wild-type worms were carried out in parallel as a control. Details 104 

as in Table S1. In bold, series shown in the survival plots of Fig. 5.  105 

 106 
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Table S7. Treatment of unc-68 mutants with sca-1 RNAi 

sca-1 
dilution 

Lifespan 
unc-68+ 

sca-1 RNAi 
(days) 

N Treat 
Lifespan 
unc-68 
(days) 

N 
Control 

% 
Lifespan 
increase 

p value 
sca-1 vs 
Control 

Mean % 
lifespan 
change 

10% 
15.7 129/141 14.5 140/154 8.7 <0,001 

8.0±0.4 
 17.7 113/129 16.5 130/147 7.8 <0.001 

18.7 140/148 17.4 138/145 7.4 <0.001 
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Table S7. Lifespan assays performed with unc-68 mutants with or without 10% sca-1 113 

RNAi. Details as in Table S1. In bold, series shown in the survival plots of Fig. 5.  114 
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 153 

Figure S1. Effect of SERCA inhibitors on the lifespan of wild-type C. elegans 154 
worms grown with inactivated OP50. Panels show representative survival plots 155 

corresponding to parallel lifespan trials (control vs drug) performed in C. elegans 156 

worms grown with inactivated OP50 using either 10nM thapsigargin (panel a), 157 

250µM 2,5-BHQ (panel b) or 250µM 2,6-BHQ (panel c). The trials shown 158 

correspond to those marked in bold in Table S5 (more details of all the assays in 159 

Table S1).  160 
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 164 

Fig. S2a. Effect of thapsigargin on ER stress. SJ4005 worms were treated with or 165 

without thapsigargin and some of the worms in each condition were also treated 166 

with tunicamycin, as detailed in Methods. The level of fluorescence indicates the 167 

expression of hsp-4::GFP as an ER stress reporter. The insets show the brightfield 168 

image. Bar is 200µm.  169 
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Fig. S2b. Effect of 2,5-BHQ and 2,6-BHQ on ER stress. SJ4005 worms were 172 

treated with or without the compounds and some of the worms in each condition 173 

were also treated with tunicamycin, as detailed in Methods. The insets show the 174 

brightfield image. Bar is 200µm.  175 

 176 


