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SUMMARY

Reducing the rate of translation promotes longevity in multiple organisms, repre-
senting a conserved mechanism for lifespan extension. Aminoacyl-tRNA synthe-
tases (ARSs) catalyze the loading of amino acids to their cognate tRNAs, thereby
playing an essential role in translation. Mutations in ARS genes are associated
with various human diseases. However, little is known about the role of ARSs in
aging, particularly whether and how these genes regulate lifespan. Here, using
Caenorhabditis elegans as a model, we systematically characterized the role of
all three types of ARS genes in lifespan regulation, including mitochondrial, cyto-
plasmic, and cyto-mito bifunctional ARS genes. We found that, as expected,
RNAi knockdown of mitochondrial ARS genes extended lifespan. Surprisingly,
knocking down cytoplasmic or cyto-mito bifunctional ARS genes shortened
lifespan, though such treatment reduced the rate of translation. These results
reveal opposing roles of mitochondrial and cytoplasmic ARSs in lifespan
regulation, demonstrating that inhibiting translation may not always extend
lifespan.

INTRODUCTION

mRNA translation is a highly regulated multi-step process (Sonenberg and Hinnebusch, 2007). Inhibiting

translation slows down growth and development, yet paradoxically extends lifespan in multiple organisms,

including yeast, worms and flies (Chen et al., 2007; Ching et al., 2010; Chiocchetti et al., 2007; Curran and

Ruvkun, 2007; Demontis and Perrimon, 2010; Hansen et al., 2007; Heissenberger et al., 2020; Hu et al., 2018;

Pan et al., 2007; Rogers et al., 2011; Schosserer et al., 2015; Steffen et al., 2008; Syntichaki et al., 2007; Tiku

et al., 2017; Xie et al., 2019). For example, reducing the expression or inhibiting the function of various com-

ponents in the translation machinery, such as translation initiation factors (Chen et al., 2007; Ching et al.,

2010; Curran and Ruvkun, 2007; Hansen et al., 2007; Pan et al., 2007; Rogers et al., 2011; Syntichaki et al.,

2007), elongation factors (Xie et al., 2019), ribosomal RNAs (Essers et al., 2015; Heissenberger et al.,

2020; Schosserer et al., 2015; Tiku et al., 2017), and ribosomal proteins (Chen et al., 2007; Chiocchetti

et al., 2007; Curran and Ruvkun, 2007; Hansen et al., 2007; Houtkooper et al., 2013; Molenaars et al.,

2020), all promote longevity. Although the underlying mechanisms remain unclear, it has been suggested

that inhibiting translation may selectively increase the relative expression levels of stress response genes

that promote somatic maintenance, thereby extending lifespan (Rogers et al., 2011).

tRNA charging is a crucial step in translation, which is catalyzed by aminoacyl-tRNA synthetases (ARSs) (An-

tonellis and Green, 2008). These enzymes are ubiquitously expressed and are responsible for loading

amino acids to their cognate tRNAs in the cytoplasm and mitochondria (Antonellis and Green, 2008;

Kuo and Antonellis, 2020). Each amino acid has its specific ARS, with the exception of glutamine in mito-

chondrial proteins. In human mitochondria, the glutamyl-tRNA synthetase charges tRNAGln as well as

tRNAGlu with glutamate. A second enzyme, GatCAB aminoacyl-tRNA amidotransferase, then converts

Glu-tRNAGln to Gln-tRNAGln (Friederich et al., 2018; Nagao et al., 2009). Most ARSs have evolved into sepa-

rate genes which encode cytoplasm-specific or mitochondria-specific ARSs, producing charged tRNAs for

mRNA translation in the cytoplasm and mitochondria, respectively. Notably, a few ARS genes are bifunc-

tional (Antonellis and Green, 2008), encoding both cytoplasmic and mitochondrial isoforms via alternative

translation initiation (Chihara et al., 2007) or alternative splicing (Tolkunova et al., 2000). Cytoplasmic ARSs
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are responsible for the synthesis of the vast majority of proteins in the cell, whereas mitochondrial ARSs

merely mediate the synthesis of 12 or 13 proteins that participate in oxidative phosphorylation (Mishra

and Chan, 2014). Dysfunction of ARSs suppresses cytoplasmic and/or mitochondrial protein synthesis,

and mutations in several ARS loci lead to a variety of human diseases, including peripheral neuropathies

(Antonellis et al., 2003; Jordanova et al., 2006; Latour et al., 2010; Tsai et al., 2017; Vester et al., 2013), senso-

rineural hearing loss (Santos-Cortez et al., 2013; Zhou et al., 2017), infantile liver diseases (Casey et al., 2012,

2015; Peroutka et al., 2019), and brittle hair and nails (Kuo et al., 2019; Theil et al., 2019). Nevertheless,

despite their essential role in translation, little is known about the role of ARSs in aging.

In this study, we systematically examined the role of ARS genes in lifespan regulation in Caenorhabditis

elegans, a genetic model organism widely used for aging research (Kenyon, 2010). We first characterized

a mutant allele of ears-2 gene that encodes the mitochondrial glutamyl-tRNA synthetase, and found that

ears-2 mutant worms or worms with ears-2 knocked down by RNAi are long-lived. This long-lived pheno-

type is mediated by UPRmt. Much to our surprise, knockdown of ears-1 gene, which encodes the cyto-

plasmic homolog of ears-2, substantially shortened lifespan, though the rate of translation is reduced in

these worms. We then characterized all the remaining ARS genes in the C. elegans genome, and found

that RNAi of mitochondria-specific ARS genes all extended lifespan, whereas RNAi of cytoplasm-specific

or cyto-mito bifunctional ARS genes all shortened lifespan. These results identify opposing roles of mito-

chondrial and cytoplasmic ARSs in lifespan regulation, revealing the rather complex nature of translation in

aging. We suggest that global suppression of cytoplasmic protein synthesis is detrimental to animals, lead-

ing to shortened lifespan. Thus, reducing the rate of translation may not always promote longevity.
RESULTS

ears-2 mutant worms are long-lived

In search of long-lived mutants, we found that xu120, a mutant in our collection, showed increased lifespan

(Figure 1A and Table S1). By whole-genome sequencing, we mapped the mutation to the ears-2 gene that

encodes the sole C. elegans mitochondrial glutamyl-tRNA synthetase. A single C to T transition in xu120

leads to a predicted change of amino acid residue 152 from methionine to isoleucine (Figure 1B). To verify

the phenotype, we inactivated ears-2 by RNAi and found that RNAi of ears-2 extended lifespan, similar to

the phenotype of ears-2(xu120) mutant worms (Figure 1C and Table S1). Of interest, mutations in another

mitochondrial ARS gene lars-2/lrs-2, also extend lifespan (Lee et al., 2003). These data together support the

notion that inactivation of mitochondrial ARS genes prolongs longevity.
Inactivation of ears-2 alters mitochondrial function and activates UPRmt

ears-2 encodes a mitochondrial ARS. Mitochondrial ARSs catalyze the loading of tRNA with cognate amino

acids, which represents a key step in the translation of proteins encoded by the mitochondrial genome. In

C. elegans, themitochondrial genome encodes 12 proteins, all of which participate in the oxidative phosphor-

ylation process essential for ATP production (Okimoto et al., 1992). We therefore examined whether inactiva-

tion of ears-2 affects normal mitochondrial functions. We measured the ATP content and reactive oxygen

species (ROS) level in ears-2(RNAi)worms, and found that RNAi of ears-2markedly reduced the ATP level while

increasing the production of ROS (Figures 1D and 1E), indicating compromised mitochondrial functions.

In addition to compromising mitochondrial functions, interfering with mitochondrial mRNA translation is

also known to trigger UPRmt, resulting in lifespan extension (Houtkooper et al., 2013). We thus wondered

if inactivation of ears-2 induces UPRmt. Using hsp-6::GFP as a UPRmt reporter (Benedetti et al., 2006), we

observed that ears-2 RNAi induced UPRmt, similar to the effect of cco-1 RNAi (Figures 1F and 1G), which

served as a positive control (Durieux et al., 2011). The observed UPRmt in ears-2(RNAi) worms is specific,

since RNAi of ears-2 did not activate UPR in the ER (UPRER); nor did it stimulate heat shock response or

DAF-16 signaling pathway (Figure S1). Taken together, these results demonstrate that inactivation of

ears-2 compromises mitochondrial functions and triggers UPRmt.
ears-2-dependent lifespan extension requires UPRmt

We then asked if ears-2-dependent lifespan extension requires UPRmt. To address this question, we exam-

ined atfs-1, a key player in UPRmt (Nargund et al., 2012), and found that mutations in atfs-1 suppressed the

lifespan-extending phenotype of ears-2 RNAi worms (Figure 2A and Table S1). As a control, we also as-

sayed mutants of several lifespan regulating transcription factors, such as daf-16, nhr-49, hif-1, skn-1 and
2 iScience 25, 105266, November 18, 2022
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Figure 1. Inactivation of ears-2 extends lifespan and alters mitochondrial functions

(A) ears-2(xu120) mutant worms are long-lived.

(B) Genetic mapping of the ears-2(xu120) mutant allele.

(C) ears-2 RNAi extends lifespan. All lifespan assays were performed at 20�C and were repeated at least twice. See

Table S1 for lifespan statistics. Logrank (Kaplan-Meier) was used to calculate p values.

(D) ears-2 RNAi decreases the ATP level. The same number (�120) of day1 adult worms treated by feeding RNAi were

used for ATP level test. n = 3. ***p< 0.001 (t test).

(E) ears-2 RNAi enhances the ROS level. 10 mMol/L DCFH-DA was used for ROS measurement. n = 10. ***p< 0.001 (t test).

(F–G) ears-2 RNAi induces UPRmt, similar to the effect of cco-1 RNAi. Representative images (F) and quantification graph

(G) are shown. Scale bars, 300 mm. n = 11–15. Error bars represent SE of mean. ***p< 0.001, ****p< 0.0001 (ANOVA with

Dunnett’s test). Also see Figure S1.
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hlh-30, and found that they are not required for ears-2-dependent lifespan extension (Figures 2B–2F and

Table S1). Notably, ears-2(RNAi) appears to suppress the short-lived phenotype of hlh-30 mutant worms,

suggesting a genetic interaction between the two genes (Figure 2B and Table S1). These data suggest

that ears-2-dependent lifespan extension requires UPRmt, indicating an essential role of UPRmt in medi-

ating ears-2 longevity.

Inactivation of ears-1 shortens lifespan

While EARS-2 uploads glutamic acid to its cognate tRNA in the mitochondria, its cytoplasmic homolog

EARS-1 does so in the cytoplasm. To evaluate whether inactivation of ears-1 can also extend lifespan,

we knocked down ears-1 by RNAi. Surprisingly, RNAi of ears-1 greatly shortened lifespan (Figure 3A and

Table S1). This is rather surprising because it is well known that reducing translation extends lifespan. In

the case of EARS-1, a key enzyme that produces charged tRNAglu needed for the synthesis of all the pro-

teins in the cytosol, its inactivation should presumably reduce the rate of translation and thereby extend

lifespan. Indeed, using an FRAP-based assay to quantify the rate of translation of a fluorescent reporter
iScience 25, 105266, November 18, 2022 3
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Figure 2. EARS-2-dependent lifespan regulation requires atfs-1

(A) atfs-1(gk3094) mutation fully suppresses the long-lived phenotype of ears-2 RNAi worms.

(B–F) hlh-30(tm1978) (B), daf-16(mgDf47) (C), nhr-49(nr2041) (D), hif-1(ia4) (E) or skn-1(zu135) (F) mutation fails to fully

suppress the long-lived phenotype of ears-2 RNAi worms. B-F shared the same WT; vector RNAi curve and WT; ears-2

RNAi curve as they were done at the same time. All lifespan assays were performed at 20�C and repeated at least twice.

See Table S1 for lifespan statistics. Logrank (Kaplan-Meier) was used to calculate p values.
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protein expressed in the cytoplasm (Papandreou et al., 2020), or using the O-propargyl-puromycin (OPP)

incorporation assay to quantify the translation rate of total proteins (Somers et al., 2022), we found that

RNAi of ears-1 indeed substantially inhibited the translation rate of the reporter protein (Figure 3B) or total

proteins (Figure 3C). As a control, RNAi of ears-2 only had a minimal effect (Figures 3B and 3C). We thus

conclude that unlike ears-2, inactivation of its cytoplasmic homolog ears-1 shortened lifespan, though

such treatment indeed reduced the rate of translation.
ARS genes encoded in the C. elegans genome

The observation that the mitochondria-specific ARS gene ears-2 and the cytoplasm-specific ARS gene

ears-1 possess opposing roles in lifespan regulation prompted us to ask the question whether this is a phe-

nomenon unique for glutamic acid-specific ARS genes like ears-1 and ears-2 or a general phenomenon for

all ARS genes. We thus decided to systematically examine the role of all C. elegans ARS genes in longevity.

As a first step to address this question, we surveyed the C. elegans genomic database (Wormbase) for ARS

genes. There are 34 ARS genes encoded in the C. elegans genome, with 15 predicted to act exclusively in

the cytoplasm, 13 in the mitochondria, and 6 in both the cytoplasm and mitochondria that are thus consid-

ered bifunctional (Table 1). These genes are named in a way similar to ears-1 and ears-2, with cytoplasmic/

bifunctional ARS members named class ‘‘1’’ genes and mitochondrial ARS members class ‘‘2’’ genes (An-

tonellis and Green, 2008). However, four genes do not follow this nomenclature, i.e. aars-1, aars-2,

vars-1, and vars-2. Specifically, based on the sequence homology, aars-1 and vars-1 are predicted to be

mitochondria-specific ARS genes, whereas aars-2 and vars-2 are expected to encode cytoplasm-specific

ARSs (Table 1); yet their gene names are switched. To clarify this, we set out to determine the subcellular

protein localization of these four ARSs by expressing them as an mCherry fusion protein in transgenic an-

imals. We focused on body wall muscles, a cell type commonly used for visualizing mitochondrial

morphology. We found that as expected, AARS-1::mCherry and VARS-1::mCherry co-localized with a
4 iScience 25, 105266, November 18, 2022
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Figure 3. Inactivation of ears-1 shortens lifespan and inhibits protein synthesis

(A) ears-1 RNAi shortens lifespan while ears-2 RNAi extends lifespan. All lifespan assays were performed at 20�C and were

repeated at least twice. See Table S1 for lifespan statistics. Logrank (Kaplan-Meier) was used to calculate p values.

(B-C) ears-1 RNAi inhibits protein translation.

(B) FRAP translation analysis was used to quantify the rate of mCherry protein translation expressed as a transgene in the

intestine under the ges-1 promoter. n = 14–19. Error bars represent SE of mean. n.s. indicates no significant difference.

****p< 0.0001 (ANOVA with Tukey’s test).

(C) O-propargyl-puromycin (OPP) translation analysis was used to quantify the rate of total protein translation. n = 22–23.

Error bars represent SE of mean. n.s. indicates no significant difference. ****p< 0.0001 (ANOVA with Tukey’s test). Also

see Figure S2.
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mitochondrial GFP marker (mitoGFP), similar to the case with EARS-2::mCherry (Figure 4). By contrast,

AARS-2::mCherry and VARS-2::mCherry did not, but rather exhibited a more diffuse pattern similar to

EARS-1::mCherry (Figure 4). We thus conclude that as predicted by their gene sequences, aars-1 and

vars-1 likely encode mitochondrial ARSs, while aars-2 and vars-2 may instead encode cytoplasmic ARSs.
Opposing roles of cytoplasmic and mitochondrial ARSs in lifespan regulation

We then inactivated all these 34 ARS genes by RNAi and assayed their lifespan. As was the case with ears-2,

RNAi of all the 13 mitochondrial ARS genes extended lifespan (Figure 5). Similarly, inactivation of these

mitochondrial ARS genes also induced UPRmt (Figures 6 and S3), but not UPRER (Figure S4), heat shock

response (Figure S5) or DAF-16 signaling pathway (Figure S6). By contrast, inactivation of all the 15 cyto-

plasmic ARS genes shortened lifespan, similar to the case with ears-1 (Figure 5 and Table S1). RNAi of

nars-1 was previously reported to extend lifespan (Chen et al., 2007). We thus repeated this experiment us-

ing multiple conditions and observed a similar short-lived phenotype (Figures S7B–S7D). Thus, inactivation

of cytoplasm- and mitochondria-specific ARS genes shortens and extends lifespan, respectively.

We performed RNAi on worms beginning at the L4 stage to avoid affecting growth and development. Indeed,

we found that if initiated at the egg stage, RNAi knockdown of cytoplasmic-specific ARS genes caused lethality

or larva arrest. As cytoplasmic ARSs mediate the translation of the vast majority of proteins in the cell, global

shutdown of translation is expected to be detrimental to worms, thereby affecting their growth and develop-

ment. By contrast, this phenomenon was not observed when we knocked down those 13 mitochondria-specific

ARS genes. In fact, if we inactivatedmitochondria-specific ARS genes beginning at the egg rather than L4 stage,

the lifespan-extending effect from some of these genes, such as pars-2, was even more robust (Figure 5G vs.

Figure S7A and Table S1). These results provide additional data supporting that inactivation of cytoplasm-

and mitochondria-specific ARSs shortens and extends lifespan, respectively.

Notably, inactivation of those 6 cyto-mito bifunctional ARS genes all shortened lifespan (Figure 7 and

Table S1), similar to the case with ears-1. As RNAi of tars-1 was previously reported to extend lifespan

(Chen et al., 2007), we repeated this experiment under multiple conditions and observed a similar

short-lived phenotype (Figures S7E–S7G). We thus conclude that inactivation of cyto-mito bifunctional

ARS genes shortens lifespan. Because inhibiting the expression of these bifunctional ARS genes would

reduce translation in both the cytoplasm and mitochondria, this suggests that the lifespan-shortening
iScience 25, 105266, November 18, 2022 5



Table 1. C. elegans aminoacyl-tRNA synthetases (ARSs)

Amino acid Gene ID Gene Other names Human ortholog

Predicted subcellular

localization for C. elegans ARS Identity

Arginine F26F4.10 rars-1 rrt-1 RARS1 (Cyto) cytoplasm 46.379%

C29H12.1 rars-2 rrt-2 RARS2 (Mito) mitochondrion 23.974%

Phenylalanine T08B2.9 fars-1 frs-1, let-396 FARSA (Cyto) cytoplasm 60.294%

Y60A3A.13 fars-2 frs-3 FARS2 (Mito) mitochondrion 45.952%

F22B5.9 fars-3 frs-2 FARSB (Cyto) cytoplasm 59.290%

Alanine W02B12.6 aars-1 ars-1, alas AARS2 (Mito) mitochondrion 27.944%

F28H1.3 aars-2 ars-2, let-366 AARS1 (Cyto) cytoplasm 56.18%

Leucine R74.1 lars-1 lrs-1 LARS1 (Cyto) cytoplasm 56.334%

ZK524.3 lars-2 lrs-2 LARS2 (Mito) mitochondrion 35.183%

Isoleucine R11A8.6 iars-1 irs-1 IARS1 (Cyto) cytoplasm 56.083%

C25A1.7 iars-2 irs-2 IARS2 (Mito) mitochondrion 33.730%

Tryptophane Y80D3A.1 wars-1 wrs-1 WARS1 (Cyto) cytoplasm 61.965%

C34E10.4 wars-2 wrs-2 WARS2 (Mito) mitochondrion 42.727%

Proline T20H4.3 pars-1 prs-1 EPRS1 (Cyto) cytoplasm 53.909%

T27F6.5 pars-2 prs-2 PARS2 (Mito) mitochondrion 93.305%

Valine ZC513.4 vars-1 vrs-1 VARS2 (Mito) mitochondrion 31.267%

Y87G2A.5 vars-2 vrs-2, glp-4 VARS1 (Cyto) cytoplasm 43.676%

Aspartic acid B0464.1 dars-1 drs-1 DARS1 (Cyto) cytoplasm 63.786%

F10C2.6 dars-2 drs-2 DARS2 (Mito) cytoplasm 42.105%

Glutamic acid ZC434.5 ears-1 ers-2, qrs-3 EPRS1 (Cyto) cytoplasm 48.956%

T07A9.2 ears-2 ers-3, qrs-6 EARS2 (Mito) mitochondrion 38.351%

Asparagine F22D6.3 nars-1 nrs-1, let-389 NARS1 (Cyto) cytoplasm 59.259%

Y66D12A.23 nars-2 nrs-2 NARS2 (Mito) ND 36.806%

Serine C47E12.1 sars-1 srs-2 SARS1 (Cyto) cytoplasm 65.779%

W03B1.4 sars-2 srs-1, SerRS SARS2 (Mito) mitochondrion 41.587%

Tyrosine Y105E8A.19 yars-1 YARS1 (Cyto) ND 57.143%

K08F11.4 yars-2 yrs-2 YARS2 (Mito) cytoplasm/mitochondrion 29.448%

Histidine T11G6.1 hars-1 hrs-1 HARS1 (Cyto) cytoplasm/mitochondrion 51.504%

HARS2 (Mito) 45.951%

Methionine F58B3.5 mars-1 mrs-1, let-65 MARS1(Cyto) cytoplasm/mitochondrion 32.087%

MARS2 (Mito) 14.478%

Cysteine Y23H5A.7 cars-1 crs-1 CARS1 (Cyto) cytoplasm/mitochondrion 43.059%

Y23H5A.1 cars-2 pseudogene

CARS2 (Mito) 23.11%

Threonine C47D12.6 tars-1 trs-1 TARS1 (Cyto) cytoplasm/mitochondrion 57.93%

TARS2 (Mito) 45.007%

Lysine T02G5.9 kars-1 krs-1 KARS1 (Cyto-Mito) cytoplasm/mitochondrion 57.358%

Glycine T10F2.1 gars-1 grs-1 GARS1 (Cyto-Mito)

cytoplasm/mitochondrion

51.299%

Glutamine Y41E3.4 qars-1 ers-1, qrs-5 QARS1 (Cyto) cytoplasm 54.488%
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effect resulting from the inhibition of cytoplasmic translation predominates. This is expected, as nearly all

the proteins in the cell are translated in the cytoplasm, whereas the mitochondria are merely in charge of

the synthesis of 12 proteins. Together, these data demonstrate that reducing translation in the cytoplasm

andmitochondria shortens and extends lifespan, respectively, revealing opposing roles of cytoplasmic and

mitochondrial translation in lifespan regulation.
6 iScience 25, 105266, November 18, 2022
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Figure 4. Subcellular localization of EARS-1, EARS-2, AARS-1, AARS-2, VARS-1 and VARS-2

(A–F) EARS-2::mCherry (B), AARS-1::mCherry (C) and VARS-1::mCherry (E) co-localize with mitoGFP, a mitochondria-

targeted GFP marker, in body-wall muscle cells. EARS-1::mCherry (A), AARS-2::mCherry (D) and VARS-2::mCherry (F) do

not co-localize with mitoGFP, but rather exhibit a more diffuse pattern in body-wall muscle cells. Transgenes were

expressed in body wall muscle cells under themyo-3 promoter, except ears-2::mCherry that was expressed under its own

promoter. A commercial structured illumination microscope (HiS-SIM, High Sensitivity Structured Illumination

Microscope) was used to acquire and reconstruct the images. Scale bars, 10 mm.
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DISCUSSION

The notion that reducing translation can increase adult lifespan has been widely accepted, although the

underlying mechanisms are largely unknown (Gonskikh and Polacek, 2017; Kennedy and Kaeberlein, 2009;

Steffen and Dillin, 2016; Tavernarakis, 2008). Thus far, this view has been supported by experiments

testing the major components in the translation apparatus, such as eIFs, eEFs, ribosomal proteins and

ribosomal RNAs (Chen et al., 2007; Ching et al., 2010; Chiocchetti et al., 2007; Curran and Ruvkun,

2007; Essers et al., 2015; Hansen et al., 2007; Heissenberger et al., 2020; Houtkooper et al., 2013; Pan

et al., 2007; Rogers et al., 2011; Schosserer et al., 2015; Syntichaki et al., 2007; Tiku et al., 2017; Xie

et al., 2019). Nevertheless, whether this is the case for ARSs, a group of enzymes that play an essential

role in translation, has not been extensively explored. In this study, we systematically assessed the role

of all the ARS genes in longevity in C. elegans. We found that while inactivation of mitochondrial ARS

genes extends lifespan and does so via UPRmt, inhibiting those ARSs acting in the cytoplasm, surprisingly,

suppressed longevity, although such treatment indeed reduced the rate of translation. Thus, simply

reducing the rate of translation may not extend lifespan.

While our observation that inactivation of mitochondrial ARS genes extends lifespan is consistent with

the notion that reducing translation extends lifespan, our findings regarding cytoplasmic ARS genes

are not. The question arises as to how to reconcile these findings with those demonstrating that

reducing cytoplasmic translation extends lifespan. Notably, a previous study reported the intriguing

observation that RNAi knockdown of the eukaryotic translation initiation factor 4G (eIF4G) results in

a relative increase in the expression of stress response genes with long mRNA, although the overall

rate of translation is reduced (Rogers et al., 2011). Knockdown of some of these stress response genes

can suppress the long-lived phenotype induced by eIF4G inhibition, suggesting that a relatively

increased expression of a select group of genes may underlie the longevity phenotype associated

with eIF4G inhibition (Rogers et al., 2011). It is possible that inhibiting the expression or function of

other eIFs, eEFs, and ribosomal proteins and RNAs may extend lifespan through a similar mechanism.

One common feature of many such factors, such as eIFs and ribosomal proteins, is that they play a

regulatory, rather than an essential role, in translation (Jackson et al., 2010; Wilson and Doudna

Cate, 2012). For some other factors that are essential for translation such as eEF2 and ribosomal

RNAs, the interventions that led to lifespan extension did not directly target such factors, but instead

targeted their regulators that are likely not essential for translation (Heissenberger et al., 2020; Schoss-

erer et al., 2015; Tiku et al., 2017; Xie et al., 2019). However, ARSs, particularly cytoplasmic ARSs, are

enzymes essential for the synthesis of all the proteins in the cytoplasm, as each such ARS catalyzes the

production of tRNA charged with a specific amino acid and thereby participates in the translation of

nearly all the proteins in the cell (Kuo and Antonellis, 2020). Thus, direct inactivation of ARS genes

would uniformly reduce the expression of all the proteins in the cytoplasm or mitochondria, making

it less likely to induce a relatively increased expression of a select group of genes as shown for

eIF4G. This may contribute to the short-lived phenotype associated with knockdown of cytoplasmic

ARS genes.

By contrast, as the mitochondrial genome merely encodes 12 or 13 proteins, knockdown of mitochondria-

specific ARSs would only affect a very small number of proteins. Thus, it is less likely for such knockdown to

induce a severe detrimental effect on the cell; yet it can trigger UPRmt that is known to promote longevity.

We therefore suggest that the differential effects resulting from knockdown of cytoplasmic and mitochon-

drial ARS genes may underlie their opposing roles in lifespan regulation.

As an essential group of enzymes required for protein synthesis, ARSs are associated with a variety of hu-

man inherited diseases, ranging from peripheral neuropathies to infantile liver diseases and sensorineural

hearing loss (Antonellis et al., 2003; Casey et al., 2012; Santos-Cortez et al., 2013). Of interest, mutations in
8 iScience 25, 105266, November 18, 2022
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Figure 5. Inactivation of mitochondrial aminoacyl-tRNA synthetase genes extends lifespan, but inactivation of

cytoplasmic aminoacyl-tRNA synthetase genes shortens lifespan

(A–L) RNAi of mitochondrial arginyl tRNA synthetases gene rars-2 (A), phenylalanyl tRNA synthetases gene fars-2 (B),

alanyl tRNA synthetases gene aars-1 (C), leucinyl tRNA synthetases gene lars-2 (D), isoleucinyl tRNA synthetases gene

iars-2 (E), tryptophanyl tRNA synthetases gene wars-2 (F), prolyl tRNA synthetase gene pars-2 (G), valinyl tRNA synthetase
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Figure 5. Continued

gene vars-1 (H), aspartyl tRNA synthetase dars-2 (I), asparaginyl tRNA synthetase gene nars-2 (J), serinyl tRNA

synthetase gene sars-2 (K) and tyrosyl tRNA synthetase gene yars-2 (L) extend lifespan. (A-M) RNAi of cytoplasmic

arginyl tRNA synthetases gene rars-1 (A), phenylalanyl tRNA synthetases gene fars-1 (B), alanyl tRNA synthetases gene

aars-2 (C), leucinyl tRNA synthetases gene lars-1 (D), isoleucinyl tRNA synthetases gene iars-1 (E), tryptophanyl tRNA

synthetases gene wars-1 (F), prolyl tRNA synthetase gene pars-1 (G), valinyl tRNA synthetase gene vars-2 (H), aspartyl

tRNA synthetase dars-1 (I), asparaginyl tRNA synthetase gene nars-1 (J), serinyl tRNA synthetase gene sars-1 (K),

tyrosyl tRNA synthetase gene yars-1 (L) and glutaminyl tRNA synthetase gene qars-1 (M) shorten lifespan. RNAi of

cytoplasmic phenylalanyl tRNA synthetases gene fars-3 (B) does not affect lifespan. A, C-E share the same vector RNAi

curve as they were done at the same time. B, G and H share the same vector RNAi curve as they were done at the same

time. I-L share the same vector RNAi curve as they were done at the same time. All lifespan assays were performed at

20�C and were repeated at least twice. See Table S1 for lifespan statistics. Logrank (Kaplan-Meier) was used to

calculate p values.
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different human ARS genes are linked to distinct clinical symptoms; yet they all are ubiquitously expressed

in the same tissues/cells and all play a similar role in protein synthesis (Antonellis and Green, 2008; Kuo and

Antonellis, 2020). The underlying mechanisms are not clear. Clearly, much remains to be learned about

these enzymes. Our research in C. elegans points to a novel, complex role of ARSs in aging. Work in C. el-

egans has also revealed other roles of these enzymes in mediating stress responses such as resistance to

hypoxia and starvation (Anderson et al., 2009; Webster et al., 2017). As ARSs genes are highly conserved

from worms to mammals, research in C. elegans will continue to provide valuable insights into the function

of ARS genes in health and disease.
Limitations of the study

We show that RNAi knockdown of the cytoplasmic glutamyl-tRNA synthetase gene ears-1 greatly shortens

lifespan and substantially inhibits the translation rate of the reporter protein or total proteins. Nevertheless,

we do not rule out the possibility that a slight reduction in the expression level of all cytosolic proteins

might exhibit a beneficial effect, whereas too much of such reduction would be deleterious. To test this

possibility, it would require more precise manipulation of the translation rate than that offered by the

RNAi approach used in this study.
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Figure 6. Inactivation of mitochondrial aminoacyl-tRNA synthetase genes activates UPRmt

(A–M) RNAi of all the mitochondrial aminoacyl-tRNA synthetase genes induces UPRmt. (A) rars-2, (B) fars-2, (C) aars-1, (D)

lars-2, (E) iars-2, (F)wars-2, (G) pars-2, (H) vars-1, (I) dars-2, (J) ears-2, (K) nars-2, (L) sars-2, (M) yars-2, (N) cco-1. As a positive

control, cco-1 RNAi induced UPRmt. hsp-6p::GFP transgene was used as a reporter for UPRmt. A–G share the same vector

RNAi control as they were done at the same time. I-N share the same vector RNAi control as they were done at the same

time. n = 11–16, Error bars represent SE of mean. ****p< 0.0001 (t test). Also see Figures S3–S6.

ll
OPEN ACCESS

iScience 25, 105266, November 18, 2022 11

iScience
Article



0 10 20 30
0

20

40

60

80

100

Age (days)

vector RNAi
gars-1 RNAi

0 10 20 30
0

20

40

60

80

100

Age (days)

vector RNAi
cars-1 RNAi

A B C 

D E F 

0 10 20 30
0

20

40

60

80

100

Age (days)

vector RNAi
tars-1 RNAi

Al
iv

e%%evilA Al
iv

e%

0 10 20 30
0

20

40
60

80

100

Age (days)

vector RNAi
hars-1 RNAi

%evilA

0 10 20 30
0

20
40
60

80

100

Age (days)

vector RNAi
kars-1 RNAi

Al
iv

e%

0 10 20 30
0

20

40

60

80

100

vector RNAi
mars-1 RNAi

Age (days)

Al
iv

e%

Figure 7. Inactivation of bifunctional aminoacyl-tRNA synthetase genes shortens lifespan

(A–F) RNAi of all bifunctional aminoacyl-tRNA synthetase genes shortens lifespan. (A) histidyl tRNA synthetase gene

hars-1, (B) lysyl tRNA synthetase gene kars-1, (C) methionyl tRNA synthetase gene mars-1, (D) cysteinyl tRNA synthetase

gene cars-1, (E) glycyl tRNA synthetase gene gars-1, (F) threonyl tRNA synthetase gene tars-1. B and C share the same

vector RNAi curve as they performed at the same time. D–F share the same vector RNAi curve as they were done at the

same time. All lifespan assays were performed at 20�C and repeated at least twice. See Table S1 for lifespan statistics.

Logrank (Kaplan-Meier) was used to calculate p values. Also see Figure S7.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli: OP50 CGC OP50

E. coli: OP50(xu363) CGC OP50

Chemicals, peptides, and recombinant proteins

FUdR Sigma Cas# 50-91-9

Tetramisole Sigma Cas# 16595-80-5

Polystyrene beads solution Polysciences Cat# 00876-15

Carbenicillin Sigma Cat# 4800-94-6

isopropyl-b-D-thiogalactoside Sigma Cat# 367-93-1

Critical commercial assays

ATP Assay Kit Beyotime Cat# S0026

Reactive Oxygen Species Assay Kit Beyotime Cat# S0033S

Click-iT� Plus OPP Alexa Fluor� 647 Invitrogen Cat# C10458

Experimental models: Organisms/strains

N2 CGC N2

ears-2(xu120) IV This paper 3574

zcIs13[hsp-6p::GFP] CGC SJ4100

zcIs4[hsp-4p::GFP] CGC AGD926

pkIs1605[hsp-16.2p::GFP::LacZ + rol-6 (su1006)] CGC NL3401

muIs84[(pAD76) sod-3p::GFP + rol-6 (su1006)] CGC CF1553

atfs-1(gk3094) V CGC VC3201

hlh-30(tm1978) IV CGC JIN1375

daf-16(mgDf47) I Gary Ruvkun LAB https://doi.org/10.1038/40194

nhr-49(nr2041) I CGC STE68

hif-1(ia4) V CGC ZG31

skn-1(zu135) IV Bruce Bowerman LAB https://doi.org/10.1016/0092-8674(9290078-q)

zcIs17[ges-1p::mtGFP] CGC SJ4143

Ex411[ges-1p::SL2::mCherry2] This paper 3572

Oligonucleotides

For information regarding oligonucleotide sequences

used in this study please refer to Tables S2 and S3

This paper Tables S2 and S3

Recombinant DNA

Plasmid: L4440 vector RNAi addgene #1654

Plasmid: L4440 ears-1 RNAi This paper p-527

Plasmid: L4440 ears-2 RNAi This paper p-528

Plasmid: L4440 hars-1 RNAi This paper p-529

Plasmid: L4440 rars-1 RNAi This paper p-530

Plasmid: L4440 rars-2 RNAi This paper p-531

Plasmid: L4440 kars-1 RNAi This paper p-532

Plasmid: L4440 fars-1 RNAi This paper p-533

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: L4440 fars-2 RNAi This paper p-534

Plasmid: L4440 fars-3 RNAi This paper p-535

Plasmid: L4440 aars-1 RNAi This paper p-536

Plasmid: L4440 aars-2 RNAi This paper p-537

Plasmid: L4440 lars-1 RNAi This paper p-538

Plasmid: L4440 lars-2 RNAi This paper p-539

Plasmid: L4440 iars-1 RNAi This paper p-540

Plasmid: L4440 iars-2 RNAi This paper p-541

Plasmid: L4440 wars-1 RNAi This paper p-542

Plasmid: L4440 wars-2 RNAi Ahringer RNAi library N/A

Plasmid: L4440 pars-1 RNAi This paper p-543

Plasmid: L4440 pars-2 RNAi This paper p-544

Plasmid: L4440 vars-1 RNAi This paper p-545

Plasmid: L4440 vars-2 RNAi This paper p-546

Plasmid: L4440 dars-1 RNAi This paper p-547

Plasmid: L4440 dars-2 RNAi This paper p-548

Plasmid: L4440 nars-1 RNAi This paper p-549

Plasmid: L4440 nars-2 RNAi This paper p-550

Plasmid: L4440 sars-1 RNAi This paper p-551

Plasmid: L4440 sars-2 RNAi This paper p-552

Plasmid: L4440 yars-1 RNAi This paper p-553

Plasmid: L4440 yars-2 RNAi This paper p-554

Plasmid: L4440 ears-1 RNAi This paper p-555

Plasmid: L4440 ears-2 RNAi This paper p-556

Plasmid: L4440 mars-1 RNAi This paper p-557

Plasmid: L4440 hars-1 RNAi This paper p-558

Plasmid: L4440 kars-1 RNAi This paper p-559

Plasmid: L4440 cars-1 RNAi This paper p-560

Plasmid: L4440 gars-1 RNAi This paper p-561

Plasmid: L4440 qars-1 RNAi This paper p-562

Plasmid: L4440 tars-1 RNAi This paper p-563

Plasmid: PBS77::ges-1p::SL2::mCherry2 This paper p-564

Plasmid: PBS77::ears-2p::ears-2 (cDNA)::mCherry2 This paper p-565

Plasmid: PBS77::myo-3p:: ears-1 (cDNA)::mCherry2 This paper p-566

Plasmid: PBS77::myo-3p:: aars-1 (cDNA)::mCherry2 This paper p-567

Plasmid: PBS77::myo-3p:: aars-2 (cDNA)::mCherry2 This paper p-568

Plasmid: PBS77::myo-3p:: vars-1 (cDNA)::mCherry2 This paper p-569

Plasmid: PBS77::myo-3p:: vars-2 (cDNA)::mCherry2 This paper p-570

Software and algorithms

ImageJ NIH https://imagej.net/software/fiji/

GraphPad Prism GraphPad Version 8.0.2

SPSS Statistics IBM Version 21.0.0.0

MetaMorph Molecular Devices Inc. Version 7.8.0.0
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, X.Z. Shawn Xu (shawnxu@umich.edu).
Material availability

Plasmids and C. elegans strains used or generated in this study are listed in the key resources table, which

will be available upon reasonable request.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper did not generate original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

d The datasets generated and analyzed during this study are either included within the manuscript or are

available from the authors upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Worms were fed standard E. coli strain OP50 on NGMagar plates at 20�C.Mutants were verified using PCR-

based genotyping and sequencing. All the strains used in this study are listed in the key resources table.

Worms carrying extrachromosomal arrays were generated by injecting plasmid DNA into the hermaphro-

dite gonad.Mutant strains and integrated transgenic strains were outcrossed at least four times before use.

All strains were kept as hermaphrodites without males. Day 1 adult worms were used for ATP quantification,

ROS quantification and FRAP assay. Day 2 adult worms were used for OPP assay and HiS-SIM imaging. Day

3 adult worms were used for other microscopy assays.
METHOD DETAILS

Worms synchronization

Strains were grown at 20�C for at least three generations before lifespan determination. Twenty day 2 adult

worms were transferred to fresh 60-mm nematode growth medium (NGM) plates. The adult worms were

removed from the plates after laying eggs for 4 h. The plates were placed at 20�C for two days. L4 larva

were used to start the normal lifespan or RNAi assays.
Lifespan assay

Lifespan assays were performed on 60 mm NGM plates at 20�C as previously described (Chun et al., 2015).

�120 worms of each genotype were used for lifespan assays and transferred every other day to fresh NGM

plates. Survival rate was scored every 1–2 days. Worms were censored if they crawled off the plate, bagged,

or exhibited protruding vulva. In all cases, the first day of adulthood was scored as day 1. Lifespan data was

analyzed with GraphPad Prism 8 (GraphPad Software, Inc.) and IBM SPSS Statistics 21 (IBM, Inc.). Log-rank

(Kaplan-Meier) was used to calculate p values.
RNA interference(RNAi) assay

RNAi was performed using the RNAi-compatible OP50 bacterial strain OP50(xu363) as previously

described (Xiao et al., 2015). RNAi plates included carbenicillin (100 mg/mL, Sigma, Cas#4800-94-6) and iso-

propyl-b-D-thiogalactoside (1 mM, Sigma, Cas#367-93-1). OP50(xu363) bacteria with vector or RNAi

plasmid were seeded on RNAi plates 2 days before experiment. Worms were fed RNAi bacteria from L4

stage. In a few cases, HT115 bacteria were used for RNAi with or without 5-Fluoro-2’-deoxyuridine

(FUdR, Sigma, Cas#50-91-9) in those lifespan assays involving nars-1 and tars-1 genes in an effort to repro-

duce published results (Chen et al., 2007).
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Quantification of ATP levels

Total ATP content was quantified with the ATP assay Kit by following manufacture’s instructions (Beyotime,

S0026). �120 day 1 adult worms were used for each measurement. The luminescence was recorded with a

MultiSkan SkyHigh Microplate Spectrophotometer (Thermo Fisher Scientific).

Quantification of ROS levels

Day 1 adult worms were incubated for 40 min in 10 mMol/L DCFH-DA (Beyotime, S0033S, diluted in M9

buffer), washed three times in M9 buffer, and mounted on 2% agarose pads for microscopy. Images

were acquired on IX73 invert microscope (Olympus) under a 10X objective using MetaMorph (Molecular

Devices Inc.) and analyzed with ImageJ (NIH).

Imaging analysis

To quantify hsp-6p::GFP, hsp-16.2p::GFP, hsp-4p::GFP and sod-3p::GFP fluorescence intensity, �15 day 3

adult worms were anesthetized with 10mM tetramisole (Sigma, Cas#16595-80-5) on 2% agarose pads. Im-

ages were acquired on IX73 invert microscope (Olympus) under 10X objectives with MetaMorph (Molecular

Devices Inc.) and analyzed with ImageJ (NIH).

Fluorescence recovery after photobleaching (FRAP) assay

FRAP studies were performed as previously described (Kim et al., 2013; Papandreou et al., 2020). Day 1

adult worms were immobilized on 5–10% agarose pads with 10 mL polystyrene beads solution (Polyscien-

ces, 0.1mm, Cat# 00876-15). Next, the immobilized worms were placed under a 20 X objective on IX73 invert

microscope (Olympus), and the reference fluorescent image was acquired before and after photobleach-

ing. The samples were photobleached for 10min until the fluorescent signal was quenched to 30-50% of the

initial intensity. Worms were then individually recovered in NGM plates, and the fluorescent images were

acquired 6 h after. Fluorescent images were analyzed with ImageJ (NIH). The fluorescence recovery ratio

was calculated according to the formula:

Fluorescence Recoveryð%Þ = ðR � DÞOðO � DÞ
WhereO, D and R represents themean gray value of the images from unbleached, bleached and recovered

worms, respectively.

O-propargyl-puromycin (OPP) translation assay

OPP translation assay was performed as previously described (Somers et al., 2022). RNAi bacteria were

diluted to 2 3 109 CFU/mL and incubated with 1% PFA for an hour. PFA was washed out with M9 buffer

three times. PFA-killed bacteria were re-suspended to 2 3 108 CFU/mL with NGM. �100 N2 worms were

cultured on RNAi bacteria lawn from the L1 stage. Day 2 adult worms were incubated for 3 h at 20�C
with gentle shaking in 2 3 108 CFU/mL of PFA-killed bacteria with 10 mM OPP (Invitrogen, Cat# C10458).

Worm pellets were washed three times with PBS. For fixation, 100 mL 4% PFA was added for 1 h at 10�C
with shaking. After fixation, the worm pellet was washed three times with PBS. The fixed worms were incu-

bated in 500 mL solution with 440 mL Click-iT reaction buffer, 2.5 mL of 500 mM Alexa Fluor picolyl azide 647,

10 mL 100 mM copper protectant, and 50 mL of the reaction buffer additive (Invitrogen, Cat# C10458). The

worms were incubated overnight (16 h) at 10�C with shaking. The worm pellets were then washed three

times in PBS with shaking for 30 min each time to remove unconjugated Alexa Fluor 647. Fluorescent im-

ages were acquired with a confocal laser scanningmicroscope (Olympus FV3000) and analyzed with ImageJ

(NIH).

High sensitivity structured illumination microscopy (HiS-SIM)

zcIs14[myo-3p::mtGFP] were micro-injected with PBS77::myo-3p::ears-1(cDNA)::mCherry2, PBS77::ears-

2p::ears-2(cDNA)::mCherry2, PBS77::myo-3p::aars-1(cDNA)::mCherry2, PBS77::myo-3p::aars-2(cDNA)::

mCherry2, PBS77::myo-3p::vars-1(cDNA)::mCherry2, PBS77::myo-3p::vars-2(cDNA)::mCherry2, PBS77::

myo-3p::hars-1(cDNA)::mCherry2 plasmids, respectively. Primers for cDNAs cloning are shown in Table S3.

Progeny (F1) of injected parents was directly used for imaging analysis. Briefly, day 2 adult F1 worms ex-

pressing mCherry were immobilized with 10 mM tetramisole (Sigma, Cas#16595-80-5) and mounted on

2% agarose pads. The procedure for Hessian imaging was performed as previously described (Huang

et al., 2018). A commercial structured illumination microscope (HiS-SIM) was used to acquire and
18 iScience 25, 105266, November 18, 2022
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reconstruct the worm images. To further improve the resolution and contrast in reconstructed images,

sparse deconvolution was used as previously described (Zhao et al., 2021). Images were further processed

with software ImageJ (NIH).
QUANTIFICATION AND STATISTICAL ANALYSIS

For the lifespan assays, survival graphs were generated using Prism 8 (GraphPad Software, Inc.) and IBM

SPSS Statistics 21 (IBM, Inc.) software. Log-rank (Kaplan-Meier) was used to calculate p values. ImageJ

Fiji (NIH) was used to analyze fluorescent images. The statistical analysis was performed in GraphPad Prism

8 (GraphPad Software, Inc.) software using t-test, ANOVA with Tukey’s test or ANOVA with Dunnett’s test

to calculate p values. p values less than 0.05 were considered statistically significant.
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