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Significance

The Mondo complex (MML-1/
MXL-2) is required for multiple 
longevity-promoting pathways in 
Caenorhabditis elegans. However, 
the tissues involved in this 
function of MML-1/MXL-2 have 
remained elusive. Here, we found 
that neuronal MML-1/MXL-2 was 
preferentially involved in the 
longevity and maintenance of 
tissue integrity conferred by 
germline deficiency. Neuronal 
MML-1/MXL-2 activated 
transcription of the glutamate 
transporter glt-5, which 
modulated autophagic activity 
and redox homeostasis by 
increasing expression of the 
peroxidase mlt-7 in nonneuronal 
tissues of long-lived animals. Our 
study provides evidence that 
intertissue-communications by 
neuronal MML-1/MXL-2 result in 
systemic regulation that is crucial 
for controlling organismal aging.
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Accumulating evidence has demonstrated the presence of intertissue-communication 
regulating systemic aging, but the underlying molecular network has not been fully 
explored. We and others previously showed that two basic helix–loop–helix transcription 
factors, MML-1 and HLH-30, are required for lifespan extension in several longevity 
paradigms, including germlineless Caenorhabditis elegans. However, it is unknown what 
tissues these factors target to promote longevity. Here, using tissue-specific knockdown 
experiments, we found that MML-1 and its heterodimer partners MXL-2 and HLH-30 
act primarily in neurons to extend longevity in germlineless animals. Interestingly, 
however, the downstream cascades of MML-1 in neurons were distinct from those of 
HLH-30. Neuronal RNA interference (RNAi)-based transcriptome analysis revealed that 
the glutamate transporter GLT-5 is a downstream target of MML-1 but not HLH-30. 
Furthermore, the MML-1-GTL-5 axis in neurons is critical to prevent an age-dependent 
collapse of proteostasis and increased oxidative stress through autophagy and peroxidase 
MLT-7, respectively, in long-lived animals. Collectively, our study revealed that systemic 
aging is regulated by a molecular network involving neuronal MML-1 function in both 
neural and peripheral tissues.

longevity | autophagy | redox homeostasis | C. elegans

Aging has long been thought to be an uncontrollable event attributed to a passive increase 
in entropy over time. This hypothesis was refuted by the discovery of conserved signaling 
pathways that extend lifespan, including reduced insulin/insulin growth factor-1 signaling 
(IIS), dietary restriction, reduced target of rapamycin (TOR) signaling, reduced mito-
chondrial respiration, and germline removal (1, 2). Interestingly, although these pathways 
partially share certain features, they basically constitute independent transcriptional reg-
ulatory networks that regulate proteostasis, stress resistance, redox homeostasis, metabo-
lism, and immunity, thereby extending lifespan. For instance, in Caenorhabditis elegans 
(C. elegans) studies, it has been reported that IIS-mediated longevity requires the activities 
of several transcription factors, including DAF-16/FOXO, HSF-1, and SKN-1/NRF2 
(3–5). On the other hand, longevity via dietary restriction depends on SKN-1, 
PHA-4/FOXA, and NHR-62/HNF4, but not DAF-16 or HSF-1 (5–9).

There is mounting evidence that several transcription factors act in specific organs to 
extend lifespan. For example, DAF-16 activity in neurons and the intestine are required 
for IIS-mediated longevity (10, 11). In addition, activation of XBP-1 (X-box binding 
protein 1) in neurons was found to be sufficient to induce the neuronal endoplasmic 
reticulum (ER) unfold protein response (UPRER) to coordinate systemic aging (12–14). 
Furthermore, neuronal overexpression of the canonical heat shock transcription factor, 
HSF-1, significantly increased heat stress tolerance and lifespan in wild-type (WT) animals 
(15). Further characterization of the tissue specificities of these transcription factors and 
identification of the role of intertissue-signaling in lifespan extension will help elucidate 
the complex mechanism of aging at the organismal level.

The Myc superfamily basic helix–loop–helix (bHLH) transcription factor MML-1 
(Myc and Mondo-like 1) and its heterodimer partner MXL-2 (MAX-like 2) have recently 
been identified as modulators of longevity conferred by germline removal (16). In animals 
with germline deficiency, the MML-1/MXL-2 complex was translocated to the nucleus 
in cells throughout the body and contributed to lifespan extension by inducing autophagic 
activity, an evolutionally conserved intracellular bulk degradation system. Additionally, 
MML-1/MXL-2 knockdown impaired the nuclear localization and activation of bHLH 
transcription factor EB (TFEB), a master regulator of autophagy, lysosome biogenesis, 
and lipid catabolism in germlineless long-lived glp-1 mutants, and vice versa (17–19). Of 
note, the functions of MML-1/MXL-2 and HLH-30, in addition to the downstream 
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autophagic activity, were also required for the longevity by reduced 
insulin/IGF-I, reduced TOR signaling, dietary restriction reduced 
mitochondrial respiration in addition to germline removal  
(16, 20, 21). This suggests that MML-1 and HLH-30 are conver-
gent transcriptional regulators in multiple longevity pathways. 
Nevertheless, the tissue-specific roles of MML-1 and HLH-30 in 
extending lifespan remain largely unknown.

In this study, we investigated how MML-1/MXL-2 and HLH-30 
in different tissues contributed to lifespan extension. Using tissue- 
specific RNAi systems in C. elegans, we identified that neuronal 
MML-1/MXL-2 and HLH-30 played a critical role in longevity. 
Importantly, transcriptome analysis revealed that neuronal MML-1/  
MXL-2 targets a different set of genes than neuronal HLH-30. 
Moreover, neuronal MML-1/MXL-2 up-regulated the expression 
of the glutamate transporter GLT-5 in neurons, resulting in 
enhanced autophagic and peroxidase MLT-7 activity in peripheral 
tissues, which ultimately prolonged lifespan. Our findings show 
that neuronal MML-1/MXL-2 is a modulator of systemic aging 
that functions via autophagic activation and the maintenance of 
redox homeostasis.

Results

Neuronal MML-1/MXL-2 Is Required for the Longevity of 
Germlineless Animals. To determine the critical tissue in which 
MML-1 and its heterodimer partner, MXL-2, contribute to 
extending lifespan, we conducted tissue-specific knockdown of 
mml-1 and mxl-2 and examined their effect on the longevity of 
germlineless glp-1 mutants. To do this, we crossed germlineless 
glp-1 mutants with strains sensitive to RNAi of specific tissues, 
including TU3401 (neurons), VP303 (intestine), NR222 
(hypodermis), and NR350 (muscle) (22–24). We found that 
neuronal or hypodermal suppression of mml-1 completely 
abolished the longevity of glp-1 mutants (Fig. 1A and SI Appendix, 
Fig. S1A). On the contrary, neither intestine- nor muscle-specific 
mml-1 knockdown affected glp-1 longevity (SI Appendix, Fig. S1 
B and C). We also found that knockdown of mxl-2 in neurons 
abolished glp-1 longevity (Fig. 1B), while intestine-, hypodermis-, 
or muscle-specific inhibition had little or no effect (SI Appendix, 
Fig. S1 D–F). These results suggest that the neuronal MML-1/
MXL-2 complex preferentially plays a role in glp-1 longevity.

The evolutionarily conserved IIS is one of the best-characterized 
pathways involved in regulating lifespan (3, 25, 26). Given that 
the MML-1/MXL-2 complex is implicated in lifespan extension 
mediated by several pathways, including IIS (16), we asked whether 
neuronal MML-1/MXL-2 also contributes to IIS-dependent lon-
gevity. As expected, neuronal mml-1 or mxl-2 suppression signifi-
cantly abolished daf-2 longevity (Fig. 1 C and D), suggesting 
critical roles for neuronal MML-1/MXL-2 in IIS-mediated lon-
gevity, as in glp-1 longevity. Furthermore, worms expressing mml-1 
under the panneuronal rab-3p promoter showed an extended 
median lifespan (Fig. 1E) (27). Altogether, these findings indicate 
that neuronal MML-1/MXL-2 plays a crucial role in prolonging 
the lifespan of C. elegans.

In previous studies, several transcription factors that were 
shown to regulate longevity contributed to lifespan extension dur-
ing a specific period rather than throughout an organism’s lifetime 
(28–31). However, the temporal requirements of MML-1 for 
longevity were unknown. To address this, we conducted neuronal 
knockdown of mml-1 in glp-1 mutants in different stages of adult-
hood and found that neuronal MML-1 during early life was pre-
dominantly required for glp-1 longevity (Fig. 1F).

Our tissue-specific analysis revealed the critical role of neuronal 
MML-1/MXL-2 in lifespan regulation, we investigated whether these 

genes are expressed in neurons. Using WormSeq, a web interface that 
enables easy exploration of the whole-body transcriptional landscape 
of the adult C. elegans (32), we found that mml-1/mxl-2 was widely 
expressed in a variety of neuronal cells (SI Appendix, Fig. S1 G and H).  
We then used MML-1::GFP (Green Fluorescent Protein) transgenic 
worms and analyzed the MML-1::GFP nuclear enrichment upon 
germline deficiency. Importantly, nuclear MML-1::GFP was drasti-
cally increased in nerve-ring neurons of glp-1 mutants compared with 
WT animals (Fig. 1 G and H), indicating that germline deficiency 
provokes nuclear translocation of MML-1 in neurons. These data 
provide evidence in support of an important role for neuronal 
MML-1/MXL-2 in lifespan extension.

Neuronal HLH-30/TFEB Is Also Essential for the Longevity of 
glp-1 Mutants. HLH-30, the C. elegans homolog of TFEB, is 
translocated to the nucleus by germline removal and contributes 
to longevity by up-regulating autophagy and lysosomal gene 
expression (21, 33). Notably, we have previously shown that 
MML-1 and HLH-30 mutually regulate each other’s activities 
in germlineless animals (16). Therefore, we tested the hypothesis 
that HLH-30 also acts in neurons to regulate glp-1 longevity. 
Indeed, we found that suppression of hlh-30 in neurons partially 
abolished glp-1 longevity (SI Appendix, Fig. S2A), while targeting 
hlh-30 in the intestine, hypodermis, or muscle had little impact 
(SI  Appendix, Fig.  S2 B–D). We confirmed that adult only 
hlh-30 RNAi significantly suppresses the endogenous HLH-
30::mNeonGreen in each tissue in all tissue-specific knockdown 
strains within 4 d (SI Appendix, Fig. S2 F–M). Interestingly, unlike 
mml-1, knockdown of neuronal hlh-30 from day 5 or day 10 of 
adulthood suppressed glp-1 longevity to the same level as when it 
was suppressed from day 1 (SI Appendix, Fig. S2E). Taken together, 
these results suggest that neuronal hlh-30, as well as mml-1/mxl-
2 has an important role in the longevity of germline-deficient 
animals.

The effect of hlh-30 overexpression in neurons was then exam-
ined in WT worms, and those expressing rab-3p::hlh-30 did not 
exhibit an increased lifespan (SI Appendix, Fig. S2N). As with 
MML-1/MXL-2, therefore, neuronal HLH-30 is required for 
glp-1 longevity, but unlike MML-1, HLH-30 overexpression in 
neurons is not sufficient to prolong lifespan.

Neuronal Suppression of mml-1/mxl-2 Accelerates Aging-
Associated Phenotypes. We next evaluate the effects of neuronal 
knockdown of mml-1, mxl-2, and hlh-30 on several aging-
associated phenotypes. Intestinal autofluorescence caused by 
lipofuscin accumulation increases with age and is often used as 
a marker of aging (34–36). Germline removal attenuated the 
age-related increase in intestinal autofluorescence (SI Appendix, 
Fig. S3 A and B). However, this beneficial effect was abolished by 
neuronal suppression of mml-1, mxl-2, or hlh-30. Next, we used a 
multiworm tracking (MWT) system that enabled the tracking of 
individual worms to calculate their movement speeds on nematode 
growth medium (NGM) plates (37) to test the effect of them 
on locomotion activity. Inhibition of neuronal mml-1 or mxl-2 
significantly reduced the motility of glp-1 mutants compared to 
control worms, whereas neuronal knockdown of hlh-30 did not 
(SI Appendix, Fig. S3 C and D). Recent studies have shown that 
intestinal integrity is disrupted with aging in a variety of organisms 
(38, 39). To verify their influence on intestinal integrity, we assessed 
the leakage of blue food dye from the intestine (animals exhibiting 
this leakage are referred to as having the “Smurf” phenotype) (39). 
While the incidence of the Smurf phenotype increased with age 
in WT animals, it was significantly lower in germline-deficient 
animals (SI Appendix, Fig. S3 E and F). Notably, the intestinal 
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Fig. 1. Neuronal MML-1/MXL-2 is involved in the regulation of lifespan. (A) Neuronal knockdown of mml-1 suppressed the longevity of germline-deficient 
glp-1(e2141) mutants. TU3401 (a neuronal RNAi-sensitive strain) was used and knockdown was conducted from adult day 1. Representative data from three 
independent experiments are shown. See SI Appendix, Table S2 for details and repeats. (B) Neuronal mxl-2 was required for glp-1(e2141) longevity. Knockdown 
was conducted from adult day 1. (C) Suppression of neuronal mml-1 also abolished the longevity of IIS-deficient daf-2(e1370) mutants. Knockdown was conducted 
from adult day 1. (D) Neuronal mxl-2 was also essential for daf-2(e1470) longevity. Knockdown was conducted from adult day 1. (E) Neuronal mml-1 overexpression 
(rab-3p::mml-1::gfp) extended median lifespan in WT animals (20 °C). (F) Lifespans of glp-1 mutants after neuronal mml-1 knockdown from adult day 1 (AD1~), 
5 (AD5~), or 10 (AD10~). Suppression of neuronal mml-1 after day 5 or 10 shows little effect on the longevity of glp-1 mutants compared to that of knockdown 
on day 1. (G) The representative fluorescent images of MML-1::GFP transgenic worms in nerve-ring neurons of WT N2 and glp-1 worms at day 1 young adult 
stage. (H) Quantification of nuclear MML-1::GFP in nerve-ring neurons at day 1 young adult stage. Values represent mean ± SD from three biological replicates 
(10 worms each). P values (***P < 0.001) were determined by t test. (Scale bars, 20 μm [G].)
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integrity of glp-1 mutants was reduced by inhibition of neuronal 
mml-1 or mxl-2. In addition, suppression of neuronal hlh-30 also 
tended to increase the Smurf phenotype, although not statistically 
significant. Taken together, we found that neuronal suppression 
of these genes, especially mml-1 and mxl-2, accelerated several 
aging-associated phenotypes.

Neuronal MML-1/MXL-2 Is Essential for Autophagic Activity in 
Long-Lived Animals. Autophagy is an evolutionally conserved 
intracellular degradation process whose activation is essential for 
several longevity pathways, including germline longevity (20, 
40–43). A previous study revealed that MML-1/MXL-2 regulates 
autophagy essential for germline longevity (16). Since neuronal 
MML-1/MXL-2 was required for longevity in glp-1, we wondered if 
neuronal MML-1/MXL-2 also affects autophagy in specific tissues. 
Since germline deficiency increases the expression of autophagy-
related (atg) genes (42), we first asked whether neuronal MML-
1/MXL-2 regulates systemic ATG gene transcription. Neuronal 
suppression of mml-1/mxl-2 did not result in significant differences 
in ATG genes transcription (SI Appendix, Fig. S4 A–H), although 
it slightly tended to alter the expression of these genes. Then, to 
determine if neuronal MML-1/MXL-2 contributes to autophagy 
in glp-1 mutants, we performed an autophagy flux assay in glp-1 
mutants by treatment of autophagy inhibitor chloroquine, which 
blocks autophagosome fusion with lysosomes and quantified the 
numbers of autophagosomes labeled by GFP::LGG-1 in several 
tissues (40, 44). We observed an increased number of GFP::LGG-1 
punctae in nerve-ring neurons of glp-1 mutants after chloroquine 
treatment (Fig. 2 A and B). However, when neuronal mml-1 or 
mxl-2 was suppressed, chloroquine treatment did not significantly 
increase the number of GFP::LGG-1 punctae in neurons compared 
to control worms. Interestingly, we found that neuronal RNAi of 
mml-1/mxl-2 also reduced autophagy flux in the intestine (Fig. 2 
C and D) and muscle (Fig. 2 E and F). These results indicate that 
neuronal suppression of mml-1/mxl-2 decreases the autophagy flux 
in several tissues.

Aggregates of polyglutamine (polyQ) proteins, which are 
involved in Huntington’s disease and other neurodegenerative dis-
orders, are one of the substrates degraded by autophagy (45–47).  
To verify whether neuronal MML-1/MXL-2 contributes to auto-
phagic clearance of polyQ aggregates in distal tissue, we utilized 
worms expressing YFP-tagged polyQ in body-wall muscle. 
Suppression of neuronal mml-1/mxl-2 reversed the effect of reduced 
polyQ aggregation caused by germline loss (Fig. 2 G and H).  
This result provides further evidence that neuronal MML-1/MXL-2 
regulates muscle autophagy. Of note, longevity mediated by over-
expression of neuronal MML-1 was completely abolished by sys-
temic RNAi of an essential autophagy regulator, bec-1/Beclin1 
(Fig. 2I). Given the lack of neuronal response to systemic RNAi 
(24, 48), this finding indicates that autophagic activity in tissues 
other than neurons is required for the longevity conferred by neu-
ronal MML-1 overexpression. These results suggest that neuronal 
MML-1/MXL-2 contributes to extending lifespan by modulating 
autophagic activity in several tissues.

Neuronal MML-1/MXL-2 and HLH-30 Control Independent 
Downstream Targets. To better understand how neuronal MML-1 
and MXL-2 contribute to glp-1 longevity, we next conducted RNA 
sequencing (RNA-seq) analysis and compared transcriptomes of 
WT control worms (TU3401 control), control worms lacking 
germline (glp-1 TU3401 control), and glp-1 mutants with 
neuronal knockdown of mml-1 (glp-1 TU3401 mml-1i), mxl-
2 (glp-1 TU3401 mxl-2i), or hlh-30 (glp-1 TU3401 hlh-30i). 
Control worms lacking germline differentially expressed 14,732 

transcripts compared to WT control worms of these transcripts, 
87 and 78 were regulated by neuronal mml-1 and mxl-2 in 
the glp-1 background, respectively (SI  Appendix, Fig.  S5A and 
Dataset S1). Notably, of the 87 transcripts regulated by neuronal 
mml-1, 51 were shared with neuronal mxl-2. Surprisingly, almost 
all transcripts regulated by neuronal hlh-30 in glp-1 mutants were 
independent of neuronal mml-1 and mxl-2 (SI Appendix, Fig. S5B 
and Dataset S1), suggesting that neuronal HLH-30 contributes to 
lifespan extension via downstream pathway distinct from neuronal 
MML-1 and MXL-2.

Gene Ontology (GO) analysis of up- or down-regulated genes 
in glp-1 mutants with neuronal mml-1/mxl-2 knockdown compared 
with glp-1 worms revealed the enrichment of common biological 
processes, including UDP-glycosyltransferase activity, fatty acid 
degradation, oxidation-reduction processes, and carbohydrate met-
abolic processes (SI Appendix, Fig. S5 C and D). On the other hand, 
neuronal hlh-30-dependent differentially expressed genes (DEGs) 
in the glp-1 background included GO terms different from 
mml-1/mxl-2, such as the biological processes involved in interspe-
cies interactions between organisms, as well as stimulus responses 
and metabolism (SI Appendix, Fig. S5E). RNA-seq analysis consist-
ently indicated that neuronal MML-1/MXL-2 regulated aging via 
downstream mechanisms distinct from neuronal HLH-30.

Neuronal MML-1/MXL-2 Transcriptionally Regulates glt-5 
Expression in Neurons to Modulate Autophagy and Longevity. 
To identify longevity-modulating factors downstream of neuronal 
MML-1/MXL-2, we set three criteria to select candidates: i) It 
is contained in the neuronal mml-1/mxl-2 commonly regulated 
DEGs, ii) a putative human homolog exists, and iii) RNAi is 
contained in our C. elegans RNAi library. We suppressed 34 
genes that met these criteria from eggs in neurons of glp-1 
mutants and measured survival rates at 25 d. After removing 
several clones whose knockdown from eggs caused developmental 
defects such as mlt-7 and his-6, we decided to focus on glt-5 
for further analysis because only glt-5 is specifically expressed 
in neurons among the candidates that abolished glp-1 longevity 
(Fig. 3A and SI Appendix, Fig. S5F). GLT-5, an L-glutamate (Glu) 
transmembrane transporter, is predicted to prevent neurotoxic 
accumulation by excluding Glu from the synaptic cleft (49–
52). Significantly, the transcription level of glt-5 was increased 
by germline deficiency in a neuronal mml-1/mxl-2-dependent 
manner (Fig. 3B). Similarly, upregulation of glt-5 expression in 
glp-1 was impaired by depletion of mml-1 or mxl-2 (SI Appendix, 
Fig. S6A). Moreover, mml-1 overexpression in neurons resulted 
in a more than twofold increase in glt-5 transcription compared 
to WT animals (Fig.  3C). Using public scRNA-seq, We then 
found that glt-5 as well as mml-1/mxl-2 are expressed in neurons 
including PVR, ADL, and AVD (SI Appendix, Figs. S1 G and 
H and S6B). To gain further support for the MML-1/MXL-2-
GLT-5 axis, we generated mNeonGreen knock-in strains and 
confirmed the neuronal expression of GLT-5::mNeonGreen 
(SI Appendix, Fig. S6 D and E). Consistent with the transcriptional 
change, the intensity of GLT-5::mNeonGreen in neurons was 
increased by germline deficiency in a neuronal mml-1/mxl-2-
dependent manner (Fig. 3 D and E). These data further support 
our observation that neuronal mml-1/mxl-2 positively regulates 
glt-5 expression. Interestingly, glt-5 transcriptional upregulation in 
glp-1 mutants was not abolished by neuronal hlh-30 knockdown, 
indicating that neuronal glt-5 is a preferential target of MML-1/
MXL-2 (SI Appendix, Fig. S6C).

We next tested whether neuronal GLT-5, like MML-1/MXL-2, 
regulates the autophagic activity in several tissues of germline-deficient 
animals. Similar to the knockdown of mml-1/mxl-2, we found that 
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neuronal glt-5 knockdown significantly reduced autophagy flux in 
several tissues including intestine and muscle (Fig. 3 F-K), indicating 
that neuronal glt-5 downstream of mml-1/mxl-2 regulates autophagy 
in the peripheral tissues. Consistently neuronal glt-5i decreased 
Q35::YFP aggregation in the muscle of glp-1 mutants (Fig. 3 L and 
M). It is noted that autophagic flux in neurons was not completely 
inhibited by glt-5 knockdown, in contrast to mml-1/mxl-2 knockdown 

(Fig. 2 A and B), suggesting that mml-1/mxl-2 regulates neuronal 
autophagy partly independently from glt-5.

Given that GLT-5 acts in neurons to regulate autophagy and 
longevity, we wondered if glt-5 transcription is directly regulated 
by the MML-1/MXL-2 complex in neurons. MondoA/ChREBP, 
the human homolog of MML-1, recognizes the CACGTG E-box 
element subclass and activates transcription from it (53–56). We 
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Fig. 2. Neuronal MML-1/MXL-2 regulates systemic autophagy to extend lifespan. (A) Autophagosomes in neurons were measured in neuronal mml-1 or mxl-2 
knockdown glp-1 worms expressing rgef-1p::gfp::lgg-1. Newly generated strains were obtained by crossing MAH242 and TU3401 with glp-1(e2141) mutation, and 
images were taken on adult day 1. Knockdown was conducted from egg onward. Worms were treated with 5 mM chloroquine or mock control. Arrowheads 
indicate GFP::LGG-1 puncta. (B) Quantification of GFP::LGG-1 puncta in neurons. Values represent means ± SD (n = 30). P values (ns (not significant) > 0.05, ****P 
< 0.0001) were determined by two-way ANOVA with Tukey’s test. (C) Autophagosomes in the intestine were measured in neuronal mml-1 or mxl-2 knockdown 
glp-1 worms expressing lgg-1p::gfp::lgg-1. Images were taken on adult day 1. Knockdown was conducted from egg onward. Worms were treated with 5 mM 
chloroquine or mock control. (D) Values represent mean ± SD (n = 30). P values (ns > 0.05, ****P < 0.0001) were determined by two-way ANOVA with Tukey’s 
test. (E) Autophagosomes in muscle were measured in neuronal mml-1 or mxl-2 knockdown glp-1 worms expressing lgg-1p::gfp::lgg-1. Images were taken on 
adult day 1. Knockdown was conducted from egg onward. Worms were treated with 5 mM chloroquine or mock control. (F) Values represent mean ± SD (n = 30).  
P values (ns > 0.05, ****P < 0.0001) were determined by two-way ANOVA with Tukey’s test. (G) Images of body-wall muscle polyQ35::YFP with and without neuronal 
mml-1i or mxl-2i on adult day 4. Mml-1 or mxl-2 knockdown in neurons increased the age-dependent accumulation of polyQ aggregates in glp-1(e2141) mutants. 
(H) Quantification of the number of Q35::YFP aggregates in body-wall muscle. Values represent mean ± SD (n = 30). P values (****P < 0.0001) were determined 
by one-way ANOVA with Tukey’s test. (I) The longevity of rab-3p::mml-1::gfp animals was abolished by bec-1 RNAi. (Scale bars, 20 μm [A, C, and E], 200 μm [G].)
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Fig. 3. Neuronal MML-1/MXL-2 regulates systemic aging by regulating glutamate transporter GLT-5. (A) Neuronal glt-5 knockdown suppressed glp-1 (e2141) 
longevity. Knockdown was conducted from egg onward. (B) qRT-PCR analysis of glt-5 expression on adult day 1. The mRNA levels of glt-5 were increased by germline 
deficiency in a neuronal MML-1/MXL-2-dependent manner. Means ± SD from three independent experiments are depicted and were normalized to control TU3401 
day 1 samples. P values (***P < 0.001 and ****P < 0.0001) were determined by one-way ANOVA with Tukey’s test. (C) The transcription levels of glt-5 were increased 
in rab-3p::mml-1::gfp-expressing animals. Mean ± SD from three independent experiments are depicted and were normalized to control TU3401 day 1 samples. 
P values (**P < 0.01) were determined by one-way ANOVA with Tukey’s test. (D) The representative fluorescent images of GLT-5::mNeonGreen knockin worms in 
neurons of TU3401 and glp-1 TU3401 worms at day 1 young adult stage. Knockdown was conducted from egg onward. (E) Quantification of GLT-5::mNeonGreen 
in neurons. Values represent mean ± SD from three biological replicates (10 worms each). P values (**P < 0.01) were determined by one-way ANOVA with Tukey’s 
test. (F) Autophagosomes in neurons were measured in neuronal glt-5 knockdown glp-1 worms expressing rgef-1p::gfp::lgg-1. Images were taken on adult day 1. 
Knockdown was conducted from eggs of parental generation. Worms were treated with 5 mM chloroquine or mock control. Arrowheads indicate GFP::LGG-1 
puncta. (G) Quantification of GFP::LGG-1 puncta in neurons. Values represent mean ± SD (n = 30). P values (**P < 0.01, ***P < 0.001, and ****P < 0.0001) were 
determined by two-way ANOVA with Tukey’s test. (H) Autophagosomes in the intestine were measured in neuronal glt-5 knockdown glp-1 worms. Images were taken 
on adult day 1. Knockdown was conducted from eggs of parental generation. Worms were treated with 5 mM chloroquine or mock control. (I) Values represent 
mean ± SD (n = 30). P values (ns > 0.05, ****P < 0.0001) were determined by two-way ANOVA with Tukey’s test. (J) Autophagosomes in muscle were measured in 
neuronal glt-5 knockdown glp-1 worms. Images were taken on adult day 1. Knockdown was conducted from eggs of parental generation. Worms were treated 
with 5 mM chloroquine or mock control. (K) Values represent mean ± SD (n = 30). P values (ns > 0.05, ****P < 0.0001) were determined by two-way ANOVA with 
Tukey’s test. (L) Images of body-wall muscle polyQ35::YFP with and without neuronal glt-5 on adult day 4. Neuronal glt-5 knockdown increased the age-dependent 
accumulation of polyQ aggregates in glp-1(e2141) mutants. (M) Quantification of the number of Q35::YFP aggregates in body-wall muscle. Values represent mean 
± SD (n = 30). P values (***P < 0.001) were determined by one-way ANOVA with Tukey’s test. (Scale bars, 20 μm [D, F, H, and J], 200 μm [L].)
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found that a CACGTG E-box sequence that can bind to the 
MML-1/MXL-2 complex was conserved at about 550 base pairs 
upstream of the glt-5 cording region (SI Appendix, Fig. S6F). 
Moreover, chromatin immunoprecipitation sequencing (ChIP-seq) 
data performed using modENCODE and available in the public 
domain shows that MML-1::GFP binds to the promoters for glt-5 
(SI Appendix, Fig. S6G) (57), further supporting the direct tran-
scriptional regulation of glt-5 by MML-1/MXL-2.

MLT-7 Acts in Peripheral Tissues Downstream of Neuronal 
MML-1/MXL-2 to Regulate glp-1 Longevity. Since suppression 
of neuronal mml-1/mxl-2 accelerates aging in peripheral tissues, 
we hypothesized that neuronal MML-1/MXL-2 regulates the 
expression and/or activity of specific lifespan-regulating genes in 
distal tissues. To further elucidate the intertissue-signaling that 
regulates longevity via the neuronal MML-1/MXL-2-GLT-5 
axis, we explored genes that are down-regulated in glp-1 mutants, 
with neuronal mml-1, mxl-2, or glt-5i among the neuronal mml-
1/mxl-2-dependent DEGs. Through qRT-PCR-based screening, 
we identified that the expression of mlt-7, a heme peroxidase, was 

increased by germline deficiency in a manner dependent on the 
expression of neuronal mml-1/mxl-2 and glt-5 (Fig. 4 A and B and 
SI Appendix, Fig. S7 A and B). The fact that neuronal hlh-30 was not 
necessary for transcriptional activation of mlt-7 further substantiates 
that neuronal MML-1/MXL-2-mediated longevity is independent 
of neuronal HLH-30 (SI Appendix, Fig. S7C). We then examined 
whether MLT-7 was responsible for the longevity of germlineless 
animals and found that glp-1 longevity was completely abolished by 
adult only mlt-7 RNAi in WT and glp-1 worms but not in neuronal 
knockdown strains (Fig. 4C and SI Appendix, Fig. S7E). Of note, 
adult only knockdown of mlt-7 could bypass the requirement of this 
gene during development. Crucially, mlt-7 knockdown eliminated 
the beneficial effects of neuronal mml-1 on longevity (Fig. 4D). 
Considering the fact that neurons of WT worms are resistant 
to RNAi, these results suggest that neuronal MML-1-mediated 
longevity relies on nonneuronal MLT-7 function, implying the 
presence of neuron-to-peripheral communication.

To understand this neuron-to-peripheral communication, we 
examined whether mlt-7 induction by neuronal overexpression of 
mml-1 depends on UNC-31, which promotes neuropeptide 
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Fig. 4. MLT-7 contributes to lifespan extension downstream of neuronal MML-1/MXL-2-GLT-5 axis. (A) qRT-PCR analysis of mlt-7 expression on adult day 1. The 
mRNA levels of mlt-7 were increased by germline deficiency in a neuronal MML-1/MXL-2-dependent manner. Mean ± SD from three independent experiments 
are depicted and were normalized to control TU3401 day 11 samples. P values (**P < 0.01 and ***P < 0.001) were determined by one-way ANOVA with Tukey’s 
test. (B) qRT-PCR analysis of mlt-7 expression on adult day 1. Elevated transcription of mlt-7 in glp-1(e2141) mutants was canceled by neuronal inhibition of 
glt-5. Means ± SD from three independent experiments are depicted and were normalized to control TU3401 day 1 samples. P values (**P < 0.01 and ***P 
< 0.001) were determined by one-way ANOVA with Tukey’s test. (C) Inhibition of mlt-7 by RNAi suppressed glp-1(e2141) longevity. Knockdown was conducted 
from L4 stage. The log-rank test was conducted for statistical analysis. (D) Longevity conferred by overexpression of mml-1 in neurons was abolished by mlt-7 
knockdown. Knockdown was conducted from L4 stage. (E) qRT-PCR analysis of mlt-7 expression on adult day 1. Mlt-7 induction conferred by neuronal mml-1 
overexpression was abolished by unc-31(e169) mutation. Means ± SD from three independent experiments are depicted and were normalized to control N2 
day 1 samples. P value (ns > 0.05, ***P < 0.001) was determined by one-way ANOVA with Tukey’s test. (F) Longevity conferred by overexpression of mml-1 in 
neurons was abolished by unc-31(e169) mutation.
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release from dense core vesicles or UNC-13, which mediates neu-
rotransmitter release from synaptic vesicles (58, 59). We found 
that unc-31 mutation abolished the induction of mlt-7 on neu-
ronal mml-1 OE worms (Fig. 4E), while unc-13 depletion rather 
slightly increased mlt-7 expression (SI Appendix, Fig. S7F). 
Consistently, unc-31, but not unc-13 was required for the longev-
ity of neuronal mml-1 OE worms (Fig. 4F and SI Appendix, 
Fig. S7G). These results indicate that neuropeptides are involved 
in neuronal mml-1-dependent mlt-7 induction and longevity.

MLT-7 forms a complex with the dual oxidase (DUOX) protein 
BLI-3 at the plasma membrane and regulates H2O2 concentrations 
by converting BLI-3-generated H2O2 into H2O, thus contributing 
to pathogen defense, oxidative stress resistance, extracellular matrix 
integrity, and aging (60–65). These findings led us to consider 
that the DUOX system, not just MLT-7 alone, is essential for 
glp-1 longevity. In testing this hypothesis, we found that both 
RNAi and knockout of bli-3 fully abrogated the lifespan extension 
in glp-1 mutants (SI Appendix, Fig. S7 H and I). Interestingly, the 
expression of bli-3, tsp-15, and doxa-1, all of which are associated 
with DUOX systems, was up-regulated in germlineless animals, 
even though their upregulation was independent of neuronal 
mml-1/mxl-2 (SI Appendix, Fig. S7 J–L). In short, glp-1 longevity 
requires BLI-3 as well as MLT-7, but the upstream signaling reg-
ulating transcription is likely to differ between the two proteins.

Intestinal MLT-7 Promotes Longevity by Suppressing Age-
Associated Reactive Oxygen Species (ROS) Accumulation. To 
understand how peripheral MLT-7 modulates aging, we first 
verified whether MLT-7 influenced autophagy in germlineless 
animals. Systemic RNAi of mlt-7 did not affect the number of 
GFP::LGG-1 puncta in the pharynx, intestine, or muscle of glp-1 
mutants (SI Appendix, Fig. S8 A–D). In addition, suppression of 
autophagic activity by bec-1 or atg-9 RNAi did not affect mlt-7 
mRNA levels (SI Appendix, Fig. S8E), indicating that MLT-7 and 
autophagy regulate aging in parallel.

According to Harman’s free-radical theory of aging, lifespan is 
decreased by the accumulation of molecular damage by ROS gen-
erated as metabolic byproducts (66). Contrary to this theory, 
accumulated evidence shows that ROS is not just a metabolic 
byproduct, but a rather beneficial signaling molecule (67–69). 
Although this hypothesis is still under debate, it is now considered 
that ROS are molecules that have opposing effects on the survival 
of organisms. In C. elegans, it has been reported that adequate 
levels of ROS are beneficial (64, 70, 71), whereas excessive accu-
mulation is detrimental (72–74). Since MLT-7 can reduce ROS 
accumulation, we next hypothesized that MLT-7 activation leads 
to lifespan extension by preventing age-related accumulation of 
detrimental ROS. To analyze the effect of MLT-7 on redox home-
ostasis, we asked if mlt-7 inhibition increases age-dependent ROS 
accumulation in glp-1 mutants. Concentrations of dihydroethid-
ium (DHE), a fluorogenic dye useful to detect ROS levels, were 
lower in glp-1 mutants on adult day 8 compared to WT (Fig. 5 A 
and B). However, mlt-7 RNAi drastically increased age-related 
ROS accumulation in glp-1 mutants. To determine whether the 
reduced lifespan of glp-1 mutants by mlt-7 RNAi is caused by 
increased age-related ROS accumulation, we treated glp-1 worms 
with the ROS scavenger N-acetylcysteine (NAC) and then meas-
ured lifespans. Indeed, treatment with 2 mM NAC partially 
restored the reduced lifespan of glp-1 mutants caused by mlt-7 
knockdown (Fig. 5C), without affecting the lifespan of glp-1 con-
trol worms (SI Appendix, Fig. S9A) (70). These data support our 
theory that a reduction in age-related detrimental ROS by MLT-7 
slows aging in germlineless animals. Furthermore, the reduced 
lifespan of the glp-1 mutants by suppression of neuronal mml-1 

was also rescued by NAC administration (SI Appendix, Fig. S9B), 
highlighting the lifespan-regulating role of the signaling cascade 
from neuronal MML-1/MXL-2 to peripheral MLT-7.

We then tried to identify the critical tissues in which MLT-7 
acts to contribute to lifespan extension. As systemic RNAi of mlt-7 
increased ROS accumulation in the intestine (Fig. 5 A and B), we 
asked whether intestine-specific mlt-7 knockdown is sufficient to 
cancel glp-1 longevity. Suppression of mlt-7 in the intestine sig-
nificantly abolished glp-1 longevity (Fig. 5D). Moreover, the neg-
ative effect of intestine-specific mlt-7 inhibition was ameliorated 
by NAC administration (Fig. 5E). Taken together, these results 
indicate that to extend lifespan, it is important to prevent intes-
tinal ROS accumulation through MLT-7 activation.

Discussion

The MML-1/MXL-2 complex is known to be required for mul-
tiple longevity pathways, but the underlying mechanism was not 
well understood. Our findings provide critical insights into the 
tissue specificity of MML-1/MXL-2. Although germline defi-
ciency induces nuclear translocation of MML-1/MXL-2 through-
out the body, MML-1/MXL-2 is required in neurons for the 
regulation of systemic aging. Importantly, neuronal MML-1/
MXL-2 modulates autophagic and peroxidase MLT-7 activities 
in peripheral tissues via increased transcription of glt-5 in neurons, 
which ultimately prolongs lifespan (SI Appendix, Fig. S10).

A growing number of studies have indicated that nervous sys-
tem plays a central role in controlling health and aging in a variety 
of organisms, including worms, flies, and mammals (75). Our 
finding that neuronal MML-1/MXL-2 regulates systemic auto-
phagy and aging supports this idea. Surprisingly, even neuronal 
overexpression of mml-1 alone had a significant antiaging effect, 
suggesting that neuronal MML-1 could be an important potential 
target for regulating organismal health and aging. We also found 
that neuronal suppression of mml-1/mxl-2 and glt-5 influences 
autophagic activity in peripheral tissues in addition to neurons, 
suggesting that neuronal MML-1/MXL-2-GLT-5 axis regulates 
autophagy both in cell autonomous and cell nonautonomous 
manner. Actually, some atgs transcripts tended to be reduced by 
neuronal knockdown of mml-1/mxl-2 (SI Appendix, Fig. S4 and 
Dataset S1). Thus, it is possible that neuronal mml-1/ mxl-2 reg-
ulates atgs transcription in a cell-autonomous manner, but the 
changes are too small to be captured by a whole-organismal-level 
analysis. It is important to note that neuronal knockdown of glt-5 
did not completely abrogate autophagy flux, while knockdown of 
mml-1/mxl-2 did, suggesting that mml-1/mxl-2 regulates auto-
phagy in neurons partly independent from glt-5.

Although previous studies have suggested that MML-1 and 
HLH-30 are mutually regulated and share target genes at an 
organismal level (16), our data intriguingly suggest that they have 
largely different targets in neurons. The downstream mechanism 
of neuronal HLH-30 in lifespan extension remains elusive, but 
we confirmed that it was not involved in the transcriptional reg-
ulation of glt-5 and mlt-7. In addition, it is implied that the tem-
poral requirements of neuronal MML-1 and HLH-30 may be 
different in order to extend lifespan of glp-1 mutants, which pro-
vides further evidence that these factors can act independently, 
especially in neurons. While MML-1 overexpression sufficed to 
extend lifespan, HLH-30 overexpression did not. Interestingly, 
recent study shows that neuronal HLH-30 overexpression sufficed 
to improve heat stress resistance, suggesting that neuronal HLH-30 
has a beneficial role only under the stressed condition. Importantly, 
neuronal HLH-30 mediates heat tolerance via W06A11.1 (76), 
however, neuronal suppression of hlh-30 did not affect W06A11.1 
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transcript in our RNAseq data (Dataset S1), suggesting that pres-
ence of context-specific HLH-30 regulatory mechanism as shown 
in the previous work (77).

Glutamate is a major excitatory neurotransmitter that regulates 
functions such as memory and learning. Excessive glutamate con-
centrations in the synaptic cleft trigger glutamate excitotoxicity 
and damage neuronal cells (78, 79). Therefore, these concentra-
tions must be tightly controlled, and glutamate transporters play 
a role in this process. One highlight of our study is that cell non-
autonomous activation of autophagic and peroxidase activity by 
neuronal MML-1/MXL-2 was mediated by neuronal GLT-5. 
These observations raise the question of how elevated expression 
of glutamate transporters in neurons regulates systemic aging. 
Important insights into this issue were provided by previous obser-
vations showing that excitotoxicity, which contributes to neuronal 
injury and death in neurodegenerative diseases, is associated with 
EAAT2, the mouse homolog of GLT-5. Loss of EAAT2 function 
may be associated with chronic neurodegenerative diseases such 
as Alzheimer's disease and amyotrophic lateral sclerosis (80–82). 
Moreover, several lines of evidence indicate that approaches to 
increase EAAT2 activity have the potential to suppress excitotox-
icity and prevent neurodegenerative diseases (83, 84). Based on 
these reports, it is plausible that neuronal MML-1/MXL-2 exerts 
a neuroprotective effect against glutamate-induced cytotoxicity 
by up-regulating GLT-5 in neurons, which results in the stable 

production and/or release of specific signal molecules that activate 
autophagy and MLT-7 in peripheral tissues. Our epistatic analysis 
revealed that at least the release of neuropeptide mediates longevity 
and mlt-7 expression by neuronal mml-1 overexpression. Further 
detailed analysis is required to examine if the neuropeptides func-
tion downstream of GLT-5 and if so, what exactly kinds of neu-
ropeptides are involved in these processes. It could be also possible 
that lifespan is extended by enhanced glutamate metabolism and 
recycling via GLT-5 activation rather than protection from glu-
tamate neurotoxicity. Glutamate transported into astrocytes by 
EAAT2 is recycled in a process known as the glutamate–glutamine 
cycle. This process is closely associated with neuronal energy 
metabolism and is essential for maintaining glutamatergic neuro-
transmission (85, 86). In addition, glutamate in astrocytes can be 
converted to α-ketoglutarate by glutamate dehydrogenase, which 
then confluences with the tricarboxylic acid cycle. In any case, 
understanding how GLT-5 acts in neurons to regulate systemic 
aging is an important future goal.

Finally, this work reveals the importance of eliminating 
age-associated intestinal ROS by peroxidase MLT-7 to extend 
lifespan. Contrary to this finding, however, recent studies have 
suggested that ROS may provide beneficial effects on lifespan. For 
example, in a subpopulation of synchronized worms, those with 
higher ROS levels during early development tended to have higher 
stress tolerance and longer lifespan (71). Moreover, compared to 
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Fig. 5. MLT-7 regulates aging by eliminating detrimental ROS. (A) mlt-7 knockdown increased age-dependent ROS accumulation in glp-1(e2141) mutants. The 
levels of ROS accumulation were detected by DHE staining. (B) Quantification of ROS accumulation in worms. The fluorescence intensity of worms at adult day 
8 was quantified using ImageJ (Wayne Rasband) by determining the average intensity. Mean ± SD from three independent experiments are depicted. P values 
(*P < 0.05 and ****P < 0.0001) were determined by one-way ANOVA with Tukey’s test. (C) Systemic RNAi of mlt-7 abolished glp-1 longevity. The lifespan of glp-
1(e2141) mutants, which was reduced by mlt-7i, was rescued by administration of 2 mM NAC. Knockdown was conducted from L4 stage. (D) Intestinal knockdown 
of mlt-7 was sufficient to reduce glp-1(e2141) longevity. VP303 (a strain sensitive to intestine-specific RNAi) was used and knockdown was conducted in L4 worms. 
(E) The lifespan of glp-1(e2141) mutants, which was reduced by intestinal mlt-7i, was rescued by administration of 2 mM NAC. Knockdown was conducted from 
L4 stage. (Scale bars, 200 μm [A].)
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WT animals, those that are germline deficient have higher ROS 
levels detected by DHE at adult day 1 (70). This high level of ROS 
at young ages activates the transcription factor DVE-1-dependent 
mitochondrial UPR and extends lifespan. Importantly, when mlt-7 
was suppressed in glp-1 mutants, we found no increase in ROS 
accumulation at adult day 4, but a significant increase was seen 
at adult day 8. This implies that MLT-7 has little effect on ROS 
in early life and is mainly responsible for reducing age-associated 
detrimental ROS. Several recent studies (70, 71), in addition to 
our own, have manifested two opposite effects of ROS on longev-
ity: moderate exposure to ROS in young animals, especially during 
development, induces hormesis and has a positive effect on 
lifespan, while excessive ROS accumulation in older animals dis-
rupts cellular homeostasis and has a negative effect on lifespan.

Material and Methods

Worm Growth Conditions and Strains. Nematodes were maintained at  
20 °C using standard techniques on NGM plates with Escherichia coli strain 
OP50 unless otherwise noted (87). Strains with the temperature-sensitive glp-
1(e2141) mutation were maintained at 15 °C and grown at 25 °C to induce the 
germline-deficient phenotype. The list of all strains used in this study is presented 
in SI Appendix, Table S1.

Plasmid Construction and Transgenesis. For rab-3p::mml-1::GFP and rab-
3p::hlh-30::GFP translational fusion constructs, the rab-3 3-kb endogenous 
promoter and the mml-1/hlh-30 endogenous cording sequence were cloned 
into a pDC4 vector containing the EGFP tag. Microinjection of the construct was 
carried out with the coinjection marker lin-44p::RFP to generate rab-3p::mml-
1::GFP and rab-3p::hlh-30::GFP transgenic worms. The glt-5::mNeonGreen and 
hlh-30::mNeonGreen knock-in worms was generated by SunyBiotech.

RNAi. RNAi was carried out by feeding worms with HT115 (DE3) bacteria trans-
fected with the L4440 vector, which induces the expression of dsRNA against the 
targeted gene. Synchronized worms were cultured on the RNAi plates containing 
isopropyl β-D-thiogalactopyranoside and ampicillin. RNAi clones were obtained 
from the Ahringer C. elegans RNAi feeding library. RNAi against Luciferase 
(L4440::Luc) was used as nontargeting control.

Lifespan Analysis. Synchronous populations were obtained from 6 h egg lays 
on NGM plates with OP50 or RNAi plates. On day 1 of adulthood, 120 nema-
todes were transferred to six plates containing FUdR and grown at 20 °C. On 
day 5 of adulthood, they were placed on FUdR-free plates and then periodically 
transferred to new plates. Survivorship was assessed every 2 or 3 d. In the case 
of the glp-1(e2141) background, synchronized eggs were cultured at 25 °C for 
2 d and then transferred to 20 °C from the day 1 adult stage. Whether or not 
animals were alive or dead was determined by the presence or absence, respec-
tively, of a response to stimulation with a platinum wire. Worms were censored 
if they demonstrated internal hatching or bursting vulva, or if they crawled off 
the plates. In order to examine the temporal requirements of neuronal mml-
1 and hlh-30 in longevity, synchronized worms were cultured on RNAi plates 
against Luciferase and then transferred to the target RNAi plates from a specific 
day. For statistics, we used an in-house Microsoft Excel (Microsoft) data sheet 
that could run a log-rank test. The experiments were repeated two or three 
times. All lifespan experiments in worms, including repeats, are presented in 
SI Appendix, Table S2.

Microscopy and Quantification. For quantification of HLH-30::mNeonGreen, 
HLH-30::GFP, and GLT-5::mNeonGreen, animals were anesthetized in 0.5% 
1-Phenoxy-2-propanol or 0.1% sodium azide, and pictures were taken at the 
same exposure time using an FV3000 confocal microscope (Olympus) or SZX16 
stereomicroscope (Olympus). Fluorescence intensity in nerve-ring neurons (HLH-
30::mNeonGreen and GLT-5::mNeonGreen), the head region (HLH-30::GFP), 
the intestine (HLH-30::mNeonGreen), hypodermis (HLH-30::mNeonGreen), or 
muscle (HLH-30::mNeonGreen) was measured and quantified using Image J 
(Wayne Rasband). For the nuclear localization assay of MML-1::GFP, animals were 
anesthetized in 0.1% sodium azide at day 1 of adulthood and the numbers of 
animals carrying nuclear MML-1::GFP in nerve-ring neurons were quantified. 

Ten worms were scored in each experiment, and all experiments were repeated 
at least three times for all microscopy experiments.

RNA Extraction and qRT-PCR. C. elegans samples were harvested in QIAZOL 
(QIAGEN) at various time points. A total of 200 to 300 worms were collected per 
condition, and total RNA was extracted using the RNeasy® mini kit (QIAGEN). cDNA 
was generated using iScript (Bio-Rad). Power SYBR Green (Applied Biosystems) 
was used to perform qRT-PCR on a QuantStudio 7 Flex Real-Time PCR System 
(Thermo Fisher Scientific). Three or four technical replicates were conducted for 
each experiment. ama-1 was used as internal control. Sequences of primers for 
qRT-PCR are shown in SI Appendix, Table S3.

Locomotion Assay. Locomotion assay was conducted as previously described 
(88). Worms were transferred to 6 cm NGM plates 30 min before measurement. 
Plates with worms from a given experimental group were placed in one of four 
regions, and multiple experimental groups were evaluated at the same time. An 
adapted version of the MWT (37) was used to record locomotion on agar plates 
for 10 min under dark-field lighting conditions using a Toshiba-Teli Ultra High 
Resolution 12 megapixel CMOS sensor camera-link camera (CSC12M25BMP19-
01B), a lens (RICOH, FL-YFL3528), an adaptor (Toshiba-Teli, FTAR-2), and a 
ring LED light (CCS, LDR-206SW2-LA1). Recorded data were analyzed using 
Choreography (part of the MWT software), and organized and summarized using 
custom-written scripts. The initial 8 min of each recording were disregarded to 
allow tracker recognition to stabilize. Animal tracks were collected as time series of 
centroid positions for each frame in the final 2 min. The following Choreography 
filters were applied to prevent image artifacts: -shadowless and -t 10. The speed 
of an individual worm was calculated as the total distance between consecutive 
centroids, divided by the duration of the track. The mean and SEM, weighted by 
the length of an animal’s track, were used to summarize the experimental groups. 
The experiments were repeated three times.

Lipofuscin Accumulation Assay. Nematodes were anesthetized in 0.1% sodium 
azide after washing with M9 buffer. Worms were then aligned on foodless NGM 
plates, and images were acquired using an SZX16 stereomicroscope (Olympus) 
with a GFP filter set. The autofluorescence intensity was measured using ImageJ 
(Wayne Rasband) software. The experiments were repeated three times.

Intestinal Barrier Function Assay. The intestinal barrier function of C. elegans 
was assessed by counting the ratio of dye leakage from the intestine as previously 
described (39). Briefly, more than 50 animals were collected with M9 from plates 
on particular days and suspended for 3 h in liquid cultures of overnight-grown 
OP50 bacteria mixed with FD&C blue (5% w/v in water). Worms were then trans-
ferred to precooled plates and analyzed for the presence or absence of blue food 
dye in the body cavity using an SZX16 stereomicroscope (Olympus). For quan-
tification of the Smurf phenotype, we counted as leaked worms only those with 
a blue signal over the entire body. The experiments were repeated three times, 
each with approximately 40 animals per experimental group.

Heat-Stress Resistance Assay. Synchronized worms were grown at 25 °C until 
adult day 1. Twenty animals were transferred to a new plate and subjected to heat 
stress (35 °C) in an incubator for 8 h, and surviving animals were then counted. 
The experiments were repeated three times.

Quantification of Autophagy Flux. GFP::LGG-1-expressing worms at day 1 
adulthood were transferred onto RNAi plates with or without 5 mM chloroquine 
and incubated for 24 h to inhibit autophagic flux by decreasing autophagosome-
lysosome fusion in each tissue. Worms were anesthetized with 0.1% sodium azide 
and mounted on a 1% agarose pad. Images were acquired using an FV3000 
confocal microscope (Olympus). For each experiment, the Z position adopted 
was based on whether or not the following could be clearly observed: nucleus 
(for intestine), and striation (for muscle). GFP-positive puncta in the neuronal, 
intestinal, or muscular regions were counted and quantified. Images of 10 worms 
in each condition were captured and the experiments were repeated three times.

Quantification of polyQ Aggregates. Animals were raised as described above 
for the lifespan assay until day 4 of the adult stage. Ten animals were anesthetized 
with 0.1% sodium azide and placed on foodless plates, and images were acquired 
using an SZX16 stereomicroscope (Olympus). The number of Q35::YFP aggre-
gates was counted using ImageJ (Wayne Rasband). Aggregates were defined as 
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discrete structures with boundaries distinguishable from surrounding fluores-
cence on all sides. The experiments were repeated three times.

RNA-Seq. RNA-seq was carried out at the Center of Medical Innovation and 
Translational Research of Osaka University. The TruSeq Stranded mRNA Library 
Prep Kit (Illumina, 20020594) was used to prepare RNA-seq libraries, and cap-
illary electrophoresis was used to assess the quality and quantity of samples. 
Libraries were analyzed by qPCR, processed for immobilization in flow cells using 
cBot (Illumina), and then conducted sequence-by-synthesis with a NovaSeq 6000 
S4 system on a NovaSeq 6000 at Macrogen-Japan. GO annotation and enrich-
ment analysis was performed using DAVID.

ROS Measurement. ROS accumulation in C. elegans was detected using the 
ROS-sensitive dye DHE (Thermo Fisher Scientific, D11347). Synchronized worms 
on NGM plates were washed with M9 buffer and then incubated in M9 buffer 
containing 3 µM DHE for 30 min at room temperature. After incubation, worms 
were washed with M9 again and lined up on a pre-cooled plate. ROS signals 
were detected using an SZX16 stereomicroscope (Olympus). The experiments 
were repeated three times.

Western Blotting. Animals were lysed in lysis buffer (50 mM Tris/HCl [pH 7.4],  
150 mM NaCl, 1 mM EDTA, 0.1% NP-40) using a homogenizer. After centrifugation, 
the supernatants were heated at 95 °C for 7 min. The lysates were separated by SDS-
PAGE, and transferred to PVDF membranes that were then blocked and incubated 
with specific primary antibodies. Primary antibodies and dilutions were as follows: 
p38 MAPK (Cell Signaling Technology, #9212, 1:2,000), Phospho-p38 MAPK (Cell 
Signaling Technology, #9211, 1:2,000), and α-Tubulin (Sigma-Aldrich, A11126, 
1:10,000). The intensities were quantified using ImageLab (Bio-Rad).

Statistical Analysis. The experimental results were performed using GraphPad 
Prism 9 software (GraphPad Software) or Microsoft Excel (Microsoft). Statistical 
analysis was performed using either the t test or one-way ANOVA with Tukey’s 
test. Data are presented as vertical scatter plots with mean ± SD.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information. RNA-Seq data are deposited at the Gene 
Expression Omnibus (GSE234429, and GSE234430) (89, 90).
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