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Abstract

Several molecules can extend healthspan and lifespan across organisms. However, most are
upstream signaling hubs or transcription factors orchestrating complex anti-aging programs.
Therefore, these molecules point to but do not reveal the fundamental mechanisms driving
longevity. Instead, downstream effectors that are necessary and sufficient to promote longevity
across conditions or organisms may reveal the fundamental anti-aging drivers. Towards this goal,
we searched for effectors acting downstream of the transcription factor EB (TFEB), known as
HLH-30 in C. elegans, because TFEB/HLH-30 is necessary across anti-aging interventions and
its overexpression is sufficient to extend C. efegans lifespan and reduce biomarkers of aging

in mammals including humans. As a result, we present an Alcohol-dehydrogenase Mediated
anti-Aging Aesponse (AMAR) that is essential for C. elegans longevity driven by HLH-30
overexpression, caloric restriction, mTOR inhibition, and insulin-signaling deficiency. The sole
overexpression of ADH-1 is sufficient to activate AMAR, which extends healthspan and lifespan
by reducing the levels of glycerol — an age-associated and aging-promoting alcohol. Adhz
overexpression is also sufficient to promote longevity in yeast, and adh-1 orthologs are induced in
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calorically restricted mice and humans, hinting at ADH-1 acting as an anti-aging effector across

phyla.

Introduction

Advances in the field of aging include the discovery of several genetic and biochemical
pathways that shorten or extend lifespan. However, the molecules found to be necessary
and sufficient to extend health and lifespan have mostly been upstream signaling hubs (e.g.
mTOR) or intermediate transcription factors (¢.g. FOXO/DAF-16). Therefore, it remains
unclear whether there are downstream effectors that are necessary and sufficient for
longevity. This is relevant, as downstream molecules with robust anti-aging effects may
reveal the fundamental mechanisms that determine the rate of aging and may be safer and
more effective geroprotective targets.

An attractive approach to the discovery of downstream effectors of longevity is the study

of the transcription factors (TFs) responsible for activating anti-aging programs in multiple
pro-longevity conditions. A prominent anti-aging TF in this class is the Transcription Factor
EB (TFEB). Activation of TFEB, and its C. elegans ortholog HLH-30, is necessary to
extend healthspan and lifespan across anti-aging interventions!3, Furthermore, activating
HLH-30/TFEB is sufficient to promote longevity and reduce biomarkers of aging across
organismsl#-8. As a master regulator of autophagy and lysosomal biogenesis®, the current
model states that HLH-30/TFEB extends health and lifespan through the activation of
autophagy?, a cell rejuvenating process that is also thought to be required across anti-aging
interventions and organisms10-14,

While investigating the potential role of autophagy in the A/h-30 dependent longevity of

the mx/-3 C. elegans mutant, we found that the current model has exceptions. Since mx/-3-
driven longevity requires the activity of 4/h-30, HLH-30/TFEB is the master regulator

of autophagy, and autophagy is thought to be universally required for longevity, we
hypothesized that 4/A-30was promoting longevity in the mx/-3 mutants through the
activation of autophagy. However, contrary to expectation, we found that autophagy is

not activated in the /7x/-3mutant, and that neither autophagy nor lysosomal activity?

are required for the longevity phenotype observed in these mutant animals. Therefore,
mx/-3longevity is hlh-30-dependent but autophagy-independent. Instead, we found the gene
encoding the Alcohol DeHydrogenase ADH-1 induced in mx/-3and other A/h-30-dependent
anti-aging interventions, including caloric restriction (eaf-2 mutants), insulin-signaling
deficiency (daf-2 deficient) and mTOR-inhibition. More importantly, adh-1 is necessary

for the longevity phenotype of all these anti-aging interventions, and ADH-1 overexpression
is sufficient to extend C. elegans lifespan. We propose that ADH-1 extends lifespan through
metabolizing the otherwise toxic alcohol glycerol, which accumulates with age. Finally,

we present evidence suggesting that ADH-1’s anti-aging capacity may be conserved across
species. Altogether, we establish ADH-1 as an effector of longevity acting downstream of
multiple anti-aging interventions and propose it as a druggable enzyme whose activation
may suffice to promote healthspan and lifespan in organisms ranging from yeast to humans.
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Autophagy and lysosomal activity can be dispensable for hlh-30-dependent longevity

C. elegans mutants for the helix-loop-helix transcription factor mx/-3are long-lived. This
longevity phenotype is suppressed by inactivation of the gene encoding the transcription
factor HLH-30 (known as TFEB in mammals) (Figure 1A; Data S1A). Given that HLH-30/
TFEB is known as the master regulator of autophagy and lysosomal biogenesis, we
hypothesized that mx/-3's longevity was also dependent on autophagic and lysosomal
activity. However, the levels of autophagy in the long-lived mx/-3 animals are normal at

the transcriptional (Figure S1A), biochemical (Figure S1B) and cytological levels (Figure
S1C). Most importantly, (1) post-developmental inactivation by RNAI of two autophagy
genes that are lethal when mutated, /gg-1 (a.k.a. Atg-8 or LC3) and bec-1 (Figure S1D;
Data S1B), (ii) loss-of-function mutation of the non-lethal autophagy gene afg-18 (Figure 1B
and Data S1C), and (iii) chemical inhibition of all lysosomal enzymes with chloroquine do
not suppress or rescue mx/-3's longevity, respectively (Figure S1E; Data S1C). In fact, post-
developmental RNAI against afg-18, lgg-1 and bec-1 and post-developmental administration
of chloroquine further increased mx/-3 lifespan (Figure S1D, Figure S1E and Data S1B and
S1C), demonstrating that the treatments worked but, more importantly, that autophagic and
lysosomal activity are not always necessary for longevity.

adh-1 mediates HLH-30-driven longevity

To identify alternative effectors driving HLH-30-mediated longevity, we mined

published A/h-30 mutant transcriptomics!®, and HLH-30 overexpression (HLH-300F)
transcriptomics1®, proteomicsl6, and ChIP-Seq studies!”. The top gene that met the
following criteria: (i) MRNA and protein dysregulated in the A/4-30 mutant and HLH-30°F
strains, respectively, and (ii) a hit in the HLH-30 ChlIP-seq study, was K12G11.3, which
encodes for the alcohol dehydrogenase ADH-1. We therefore used the mx/-3 mutant model
to investigate adh-1’s potential role in A/h-30-driven longevity. In line with ADH-1 playing
arole in Alh-30-mediated longevity, adh-1 was induced in the mx/-3 mutant animals

in an A/h-30-dependent manner (Figure 1C). More importantly, loss-of-function mutation
of adh-1 suppressed mx/-3's longevity phenotype (Figure 1D & Data S1D). Therefore,
unlike autophagy, the activity of the alcohol dehydrogenase ADH-1 is necessary for A/h-30-
dependent mx/-3 longevity.

We then investigated whether agh-1 played a role in HLH-30-mediated longevity beyond
the mx/-3model. In C. elegans, the sole overexpression of HLH-30 is sufficient to

extend lifespanl. We confirmed this result, while also finding the pro-longevity effect of
overexpressing HLH-30 to be more pronounced in the C. elegans line OP43318 than in the
previously described MAH235 and MAH240 lines! (Data S1D). This, in addition to OP433
being the C. elegans line used in the referred ChlP-Seq and proteomics analyses, persuaded
us to use OP433 as the model for HLH-30 hyperactivation throughout this study (hereinafter
referred to as HLH-30CE; please refer to the Methods section “C. efegans lifespan assays”
for experimental conditions). In line with ADH-1 being an anti-aging effector downstream
of HLH-30, we found adh-1 induced in HLH-30CF animals (Figure 1E). More importantly,
loss-of-function mutation of agh-1 fully suppressed HLH-30CF longevity (Figure 1F, Figure
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S2, Data S1D & Data S1E). This result indicates that adh-1 plays a critical role in HLH-30-
driven longevity in contexts beyond the loss of mx/-3.

ADH-1 is necessary and sufficient to promote longevity

Given that //h-30is necessary for longevity across anti-aging interventions?, we then tested
whether adh-1 similarly contributes to longevity across interventions, namely: (i) caloric
restriction through the use of the eating-deficient mutant ear-Z, (ii) mTOR inhibition through
RNAI knockdown of its encoding gene /ef-363, and (iii) reduced insulin signaling through
RNAI knockdown of the insulin receptor-encoding gene daf-2. Mining published microarray
data suggested that agh-1 is induced in the eat-2° and daf-21920 models. We confirmed
these observations in dedicated transcriptional analyses and, critically, we found that A/h-30
is necessary for the induction of adh-1 in all three longevity models (Figure 2A). More
importantly, adh-1 inactivation partially suppressed the extended lifespan of C. efegans
subject to caloric restriction (Figure 2B & Data S1F) and mTOR deficiency (Figure 2C

& Data S1G) and, most strikingly, fully suppressed the extremely long lifespan of the
aaf-2-deficient animals (Figure 2D & Data S1H), demonstrating that adh-1 is a potent
downstream effector of longevity across anti-aging interventions.

Having found that adh-1 is necessary for lifespan extension across longevity models, we

set out to test whether hyperactivating adh-1 was sufficient to promote longevity. For

this, we generated three independent ADH-1 overexpressing C. elegans strains (GMW20,
GMW?21, GMW22 referred to as ADH-1CF). After backcrossing and confirming that all
three strains had increased adh-1 transcript levels (Figure S3A), we found all three to be
long-lived relative to the wild-type strain (Figure 2E, Figure S3C, Data S11 & Data S1J). We
also found that aged ADH-19F animals show improved locomotor endurance compared to
their age-matched WT counterparts (Figure 2F), suggesting that hyperactivation of ADH-1
may also extend healthspan. Therefore, ADH-1 is not only necessary for longevity across
anti-aging interventions, but it is also sufficient to extend lifespan and likely healthspan.

Next, we characterized the ADH-1°F animals. We found no difference in the size (Figure
S3D) or in the feeding rate (pharyngeal pumping) (Figure S3E) of ADH-19F animals
compared to WT animals, suggesting that overexpressing ADH-1 does not cause caloric
restriction in C. elegans. The defecation rate of ADH-1°F animals was also normal (Figure
S3F), suggesting normal passage of food through the digestive system. We also sought to
determine whether there was a trade-off between extended lifespan and fertility in ADH-1°F
animals, as this tradeoff occurs in several longevity models2122, Indeed, we found that the
ADH-19F animals exhibit reduced brood size compared to their WT counterparts (Figure
S3G and Figure S3H).

ADH-1 promotes longevity by reducing glycerol toxicity

Alcohol dehydrogenases are among the most conserved and studied enzymes due to their
biotechnological (e.g. wine production) and biomedical relevance (e.g. alcohol toxicity).
To gain insight into the mechanism through which ADH-1 extends C. elegans lifespan,
we tested the primary sequence prediction that ADH-1 can metabolize alcohols using a
specific in vivo alcohol dehydrogenase (AD) assay validated in organisms ranging from
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yeast to humans?3-25, In this assay, ADs convert allyl-alcohol (AA) into the lethal aldehyde
acrolein; hence, higher AD activity leads to higher lethality?8. ADH-1°F C. efegans showed
hypersensitivity to allyl-alcohol (Figure 3A), confirming these animals have increased
capacity to metabolize alcohols.

Using scRNA-Seq?’ (Figure S4A), we found aah-1 expressed in the distal tip cells of the
gonad, in the marginal and muscle cells of the pharynx (pm3_pm4_pm5 & pm6_pm?7),

in all body wall muscle cells, and in the anterior intestinal cells. We then used CRISPR/
Cas9 to knock-in wrmScarlet?8 in frame with the coding sequence of agh-1 to generate a
strain carrying aagh-1P::ADH-1::wrmScarlet::adh-1 3’'UTR in the adh-1 locus. In congruence
with the SCRNA-Seq expression pattern, we found ADH-1::wrmScarlet expressed in the
distal tip, pharynx, body-wall muscle, and the intestinal cells of adult C. elegans (Figure

3B, 3C and S4B). At the subcellular level, we noticed that ADH-1 was expressed

in droplet-like structures in the intestine, which was intriguing because homologous

alcohol dehydrogenases are mainly found in the cytoplasm or in the mitochondria29-30,
Co-expression of agh-1P::ADH-1::wrmScarlet::adh-1 3’'UTR with the intestinal lipid droplet
(LD) reporter daf-22P::PLIN1::GFP3! showed that ADH-1 colocalizes with LDs (Figure
3C).

Given that (i) ADH-1 is an alcohol dehydrogenase expressed in close proximity to LDs, (ii)
the major molecular class present in LDs is triglycerides, which are composed of fatty acids
and the alcohol glycerol, and (iii) glycerol had previously been shown to reduce lifespan32,
we hypothesized that ADH-1 extends C. elegans lifespan by reducing the levels of the
aging-promoting alcohol glycerol. In support of this hypothesis, we found that wild-type

C. elegans accumulate glycerol as they age (Figure 3D), and that ADH-1°F animals show
reduced glycerol levels relative to wild-type worms (Figure 3E) and are resistant to the pro-
aging effect of glycerol (Figure 3F & Data S1K & S1L). We also performed a food choice
assay to determine whether ADH-1CF animals show a differential attraction to glycerol.
Wild-type C. elegans showed no preference for glycerol at the doses used in the lifespan
assays (0.04% and 0.4%), and we observed no differences between the ADH-1°F and WT
genotypes (Figure S3I & S3J); therefore, ADH-19F animals are not living longer because
they are avoiding the glycerol or the glycerol-embedded food. Altogether, the data support
a model in which wild-type C. elegans accumulate glycerol as they age which results in
reduced lifespan. However, when adh-1 is induced, as in the HLH-30-dependent longevity
models, glycerol levels are lower, and lifespan is extended (schematic model in Figure 4F).
We name this lifespan-extending mechanism Alcohol dehydrogenase Mediated Anti-aging
Response or AMAR, which in Sanskrit means immortal. A prediction of the AMAR model
is that HLH-30CF animals would have reduced glycerol levels relative to WT worms, and
that this reduction would depend on the activity of ADH-1. Indeed, we find that HLH-30°F
animals have reduced glycerol levels compared to WT worms, and that this reduction is
suppressed when adh-1 is mutated (Figure 3G).

ADH-1 mediated longevity requires ALH activity

Another prediction of the AMAR model is that increased glycerol metabolism by
ADH-1 will lead to increased levels of another toxic and aging-promoting metabolite,
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glyceraldehyde33. We therefore hypothesized that aa-1-driven longevity would require
aldehyde dehydrogenase (ALH) activity to convert glyceraldehyde into its non-toxic salt,
glycerate. C. elegans has over 12 aldehyde dehydrogenase encoding genes. Therefore,

to determine whether ALH activity is required for ADH-1 mediated longevity, we used

the ALH-specific inhibitor cyanamide34:35. Treating ADH-1°F worms with cyanamide
fully rescued their longevity phenotypes (Figure 4A, Figure S3C & Data S11 and S1J).
Furthermore, cyanamide suppressed the extended lifespan of the A/A-30-dependent longevity
models mx/-3 (Figure 4B & Data S1M), eat-2 (Figure 4C & Data S1F), daf-2 (Figure 4D

& Data S1H), and, as predicted by the model, HLH-30°F animals (Figure 4E, Figure S2 &
Data S1E and S1M). Therefore, concerted alcohol- and aldehyde-dehydrogenase function is
required for lifespan extension across anti-aging interventions.

ADH-1 is a conserved anti-aging effector

Having found that adh-1 is necessary and sufficient for longevity in C. elegans, we

mined the literature in search for evidence of conservation. We found studies in yeast
demonstrating that alcohol dehydrogenase (AD) activity decreases with age36. On the

other hand, here we show that Adh1 protein levels increase in yeast subject to caloric
restriction (Figure 5A) and, more importantly, using an estradiol-based system to increase
Adhl levels (Figure S5A), we show that Adhl promotes a dose-dependent increase in yeast
chronological lifespan (Figure 5B). Adh1’s necessity and sufficiency to extend lifespan in C.
elegans, and sufficiency to extend yeast lifespan, suggest that this enzyme’s anti-aging role
might be conserved across species.

To test this notion, we mined the literature for transcriptomics analyses of mammals subject
to two life-extending treatments: fasting or caloric restriction. Data S1S lists all the studies
we found in which AdhZ, or other close homologs of C. elegans’ adh-1 such as Adh4, Adhs,
and Sord, were induced (see Data S1S). Briefly, we found 18 transcriptomic datasets where
the mouse orthologs of C. elegans adh-1 were induced in calorically restricted humans.
Similarly, we found 6 transcriptomic datasets where the human orthologs of C. elegans
adh-1 are induced in calorically restricted humans. Altogether, the data demonstrate that
ADH-1 is an anti-aging effector common to multiple anti-aging interventions and suggest
that it may promote longevity across species.

Discussion

The transcription factor HLH-30, known as Mitf in flies and TFEB in mammals, has been
the focus of intense study. At the molecular level, HLH-30/TFEB is known as the master
regulator of lysosomal biogenesis and autophagy because 777 vitro in cellular models37-38
and /n vivo in animal models, HLH-30/TFEB is necessary and sufficient for the expansion
of the lysosomal compartment and the activation of autophagy?°:39:40, At the organismal
level, HLH-30/TFEB promotes survival to acute stress*1~43 and reduces the incidence and
severity of the symptoms of aging across model systems®-844 and, in C. elegans, hih-30
is necessary for longevityl:3. Autophagy, a downstream output of HLH-30/TFEB activation
is also thought to be indispensable for extended lifespanl213, Therefore, it was reasonable
to hypothesize that the broad requirement of HLH-30/TFEB to promote survival was due
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to its role in the activation of the cellular rejuvenating process of autophagy. However,

work from the Antebi lab showed that the months-long survival of the germline in C.
elegans undergoing starvation, a survival program known as adult reproductive diapause
(ARD), depends on the activity of HLH-30 but not of autophagy*°. This indicates that
autophagy is not always necessary for HLH-30-driven survival to stress. Furthermore,
enhanced autophagy may not be sufficient to promote long-term survival. For instance,

C. elegans carrying a hypomorphic mutation in the gene encoding the insulin receptor daf-2
are long lived, and loss-of-function mutation of the transcription factor daf-16 (mammalian
Foxo) fully suppresses this longevity phenotype. However, daf-16 does not suppress the high
levels of autophagy observed in the gaf-2 mutant worms!. Therefore, daf-2.daf-16 double
mutant worms have high-levels of autophagy but are not long-lived. Together, the ARD and
aaf-Z,dar-16 studies suggest that autophagy is neither universally required nor sufficient to
promote long-term survival.

By contrast, HLH-30/TFEB seems necessary across anti-aging interventions and sufficient
to reduce the burden of aging across species. Therefore, common downstream effectors of
longevity could be discovered by investigating //4-30°s mechanism of lifespan extension.
To identify these effectors, we here characterized the C. elegans mutant mx/-3. On one
side, we chose this anti-aging intervention because the mx/-3's longevity phenotype is
completely suppressed by loss of A/h-30function. On the other hand, distinct from other
hih-30-dependent anti-aging interventions (e.g., mTOR or insulin receptor inactivation)
that perturb upstream signaling hubs with broad cellular impacts, mx/-3encodes for a
transcription factor with the same DNA-binding site as HLH-303. Therefore, the study of
the mx/-3-hlh-30longevity model was more likely to point us to critical anti-aging effectors
acting downstream of HLH-30.

The initial characterization of the mx/-3 C. elegans mutant showed that its longevity
phenotype does not require autophagy. It is worth noting here that, distinct from some
previous studies, we used post-developmental RNAI and post-developmental chloroquine
treatment to test the contribution of the autophagy and lysosomal machinery to mx/-3's
longevity. Post-developmental treatment was necessary because inactivation of autophagy
during development leads to several developmental defects ranging from developmental
arrest#647 to altered adult physiology (e.g., reduced fat accumulation8). We found that
post-developmental RNAI against atg-18, lgg-1, and bec-1, as well as complete inhibition
of lysosomal activity with chloroquine, further increased the lifespan of the mx/-3

mutant worms. Future studies may investigate whether this enhanced longevity is due

to a hormetic effect by which reduced autophagy promotes the activation of alternative
cellular homeostatic processes such as the heat-shock response, proteasomal function,

or other compensatory responses to dysfunctional autophagy, as previously observed /in
vitro*®30, Furthermore, our observations are in line with previous studies showing that
post-developmental inactivation of autophagy can extend C. efegans lifespan®! and a study
showing that chloroquine treatment can increase lifespan in rats, in part through the
modulation of autophagy®2. The results presented here indicate that longevity is possible
in the absence of enhanced autophagy and that the master regulator of autophagy, HLH-30/
TFEB, can promote longevity by mechanisms that are autophagy-independent.
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Our search for alternative mechanisms of longevity orchestrated by HLH-30 pointed us

to the alcohol dehydrogenase ADH-1. In the intestine of C. elegans, we found that

ADH-1 localizes to the surface of lipid droplets (LDs). The main component of LDs are
triglycerides, and triglycerides are composed of fatty acids and glycerol. Although most of
the attention given to lipotoxicity focuses on the detrimental effects of free fatty acids, the
alcohol glycerol can also be toxic. In fact, glycerol has been shown to shorten C. elegans
lifespan32, and we show here that it normally accumulates in aging worms. Therefore,
ADH-1 is in the right place in the cell to access and metabolize glycerol and, therefore,
reduce the pro-aging effects of this naturally occurring alcohol (working model in Figure
4F). In line with this model, ADH-19F worms have lower levels of glycerol compared to
wild type worms and are resistant to the pro-aging effects of glycerol. It is worth noting that
ADH-1 overexpression and aagh-1 loss of function mutation do not have opposite phenotypes
in C. elegans, which is similar to A/h-30itself. Loss of A/h-30function does not reduce

C. elegans lifespanl3 while A/h-30 overexpression promotes longevity. Nevertheless, we
here demonstrate that loss of adh-1 leads to higher levels of glycerol in the HLH-30°F
background, which otherwise shows low levels of glycerol. Therefore, ADH-1 activity
negatively correlates with the levels of glycerol, and glycerol levels negatively correlate with
lifespan. We propose that ADH-1 extends lifespan, at least in part, through alleviating the
toxic effects of glycerol likely derived from fat stores that normally increase with age.

Additionally, in line with adh-1 being a critical downstream effector of HLH-30 longevity,
loss of adh-1 function suppresses the longevity phenotype of all the A/A-30-dependent
longevity models tested (mx/-3, eat-2, daf-2and mTOR). Interestingly, although loss

of adh-1 function significantly suppresses the extreme longevity phenotype of daf-2 C.
elegans, inhibition of the next step in the metabolism of glycerol (aldehyde dehydrogenase)
only partially rescued daf-2longevity. There are at least two possible interpretations

for this observation. From a technical perspective, it is possible that the dose of

cyanamide was insufficient to fully inhibit all aldehyde dehydrogenase activity. From a
biological perspective, it is possible that ADH-1 contributes to longevity through additional
mechanisms.

Interestingly, the longevity models dependent on adh-1 either mimic fasting conditions (e.g.,
reduced insulin and mTOR signaling, and HLH-30 overexpression), or reduce food intake
(7.e., eat-2). Furthermore, the A/h-30-dependent but autophagy-independent ARD program
of germline-survival is activated in response to fasting*. Fasting and caloric restriction are
anti-aging interventions effective across species and because ADH-1 is a common mediator
of fasting-like anti-aging interventions, we hypothesized that ADH-1 may promote lifespan
extension across species. We here confirmed this hypothesis in Saccharomyces cerevisiae,
where we observed that overexpressing Adh1 is sufficient to extend chronological lifespan.
We also found several studies showing that alcohol-dehydrogenase levels decrease in aging
flies, rodents, and humans®3-57, and our mining of published transcriptomics studies of
mammals subject to fasting or caloric restriction identified adh-1 orthologs induced in 18
mouse and 6 human transcriptomic datasets. Furthermore, a meta-analysis of transcriptomic
studies of calorically restricted mice, rats, pigs, and rhesus monkeys identified ADHI as

the most induced gene®8. A separate meta-analysis of mouse transcriptomic data identified
ADH!1 as induced in response to several longevity-promoting interventions including caloric
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restriction, every-other-day feeding, and rapamycin treatment®®. Additionally, comparing
the mouse inbred lines C3H and C57BL/6J, showed that C57BL/6J has twice as much

liver ADH1 activity50 and correspondingly, on average, C57BL/6J mice outlive CH3 by
more than 100 days®1. Admittedly, these studies are correlative, however, coupled to our C.
elegans and yeast causal tests they suggest that Ad/hZ may be a universal anti-aging effector.
Indeed, two causal studies in mice support this hypothesis. Tissue-specific overexpression of
AdhI protects mice against neurodegeneration®2 and cardiac dysfunction®3. In summary, the
evidence points to the AMAR, as a convergent anti-aging effector acting across longevity
programs and possibly across organisms including humans.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains and husbandry

C. elegans N2 (Bristol, UK), adh-1 (0k2799), mxlI-3 (0k1947), atg-18 (gk378),

eat-2 (ad456), OP433 [hiIh-30.:TY1::EGFP.:3xFLAG + unc-119(+)], MAH235 (sqls19
[hlh-30p:: hlh-30.:GFP + rol-6(su1006)]) and MAH240 (sqls17 [Alh-30p::hih-30::GFP +
rol-6(su1006)]) were obtained from the Caenorhabditis Genetics Center (CGC). The
CRISPR-Cas9 adh-IKI strain (PHX2365) and the 3 independent ADH-1CF strains
(PHX2888, PHX2889, PHX2890) were generated for this study by SunyBiotech (China).
After UV-driven integration, PHX2888, PHX2889, and PHX2890 were backcrossed =3
times; the respective backcrossed strains are referred to as GMW20, GMW21, GMW?22.
XD3971 strain (xdIs143[Pdarf-22::PLIN1::GFP; rol-6(su1006)]) was a generous gift from
Dr. Monica Driscoll and Dr. Xun Huang. Genetic crosses were performed to generate
mxl-3:adh-1, mxi1-3:atg-18, HLH-30°F; agh-1, and pLIPIN::GFP;adh-1::wrmScarlet strains.
For maintenance, C. elegans were grown at 20°C on NGM plates seeded with £. colistrain
OP50. All experiments (except the glycerol supplementation aging experiments) including
those not involving RNAi were performed using £. coli XU363%4 carrying L4440 (empty
vector) or L4440 plus the gene of interest. We used £. coli XU363 to avoid changing the
bacterial background.

Yeast strains and culture

The estradiol-inducible ADHI overexpression strain SY1144 is isogenic to diploid

strain Y15090 (MATala [HAPI-NatMX-ACTI1pr-Z3EV-ENOZterml/HAPIL ura3A0/URA3
[caniA::STE2pr-SpHIS5)/CANI his3A1/his3A1 lyp1A/L YPI)55. Estradiol supplementation
of the media causes translocation of a constitutively expressed Z3EV artificial transcriptional
activator into the nucleus. Z3EV activates the expression of the ADH1 gene, which was
engineered to contain six Z3EV binding sites in the promoter®®. Yeast strains were grown in
Synthetic Complete (SC) media with 2% glucose for the chronological lifespan and western
blotting assays. To induce ADH1 expression, p-estradiol (dissolved in DMSO) was added

to the liquid cultures at a final concentration of 6.25 or 200nM. All liquid cultures and agar
plates were grown at 30°C.
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METHOD DETAILS

C. elegans lifespan assays

Gravid worms of the strains of interest were bleached and the embryos rocked at 20°C for
18 hours to synchronize the hatchlings. After estimating the concentration of hatchlings by
counting the number of hatchlings in =5x 5ul drops, around 200 hatchlings were seeded on
NGM + 1mM IPTG + 25pug/mL carbenicillin plates (RNAI plates) seeded with £. colistrain
XU363 carrying an empty L4440 plasmid (control). To initiate the lifespan assays, 30-40
young-adult worms were picked onto 6cm RNAI plates supplemented with 100pg/mL FUdR
(RPI, United States) and seeded with £. coli XU363 carrying the L4440 control plasmid
(EV) or a dsRNA-producing plasmid. For RNAI against /gg-1, knockdown was confirmed
by western blotting (Figure S1E). When stated, cyanamide (1mM) or chloroquine (1mM)
were added to plates right before transferring the young adults.

Aging experiments in the absence of FUdR (Figures S2 and S3C) were performed as
described above but omitting the FUdR. Once worms reached adulthood, they were moved
every day to fresh NGM plates seeded with £. coli XU363 L4440 (empty plasmid) until
progenies were no longer produced.

For lifespan assays on glycerol, glycerol was added to the molten agar at a final
concentration of 0.04% or 0.4%. Hatchlings were seeded on NGM plates without glycerol.
Once worms reached the L4 stage, they were moved to glycerol containing-NGM plates
seeded with OP50 and 50pM FUdR as previously described®8. Survival was scored daily
or every other day. Worms were scored as dead if they did not respond to prodding

with a platinum pick. Animals that escaped or died by bursting through the vulva were
censored. Results were analyzed on SPSS using the Kaplan-Meier estimate with log rank
test comparison across different strata. Figures were made using GraphPad Prism.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were considered statistically significant when p < 0.05 by Kaplan-Meier estimator with
log rank test comparison across different strata (for aging experiments), unpaired Student’s
t-test or one-way and two-way ANOVA (for non-aging experiments) as indicated in the
Figure, Figure legends or experimental methods. Asterisks denote corresponding statistical
significance: ns = not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. For aging
experiments all p-values are reported in Data S1. Individual data points are presented where
relevant, in addition to the mean and standard error of the mean (SEM) denoted by the error
bars. The number of biological replicates for each experiment is stated in the legend of every
figure or in the corresponding supplementary tables. In the figure legends or supplementary
tables, N refers to the number of animals and n refers to the number of biological replicates.
All statistical analyses were performed on SPSS (for aging experiments) or GraphPad Prism
(for non-aging experiments).

Yeast lifespan assays

For yeast chronological lifespan assays (CLS), 10 mL of Synthetic Complete (SC) media
with 2% glucose was inoculated with 100 I of overnight culture and incubated on a roller
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drum (TC-7, New Brunswick Scientific) in glass tubes with metal caps allowing for gas
exchange. After 72 hours, the first measurement of colony forming units (CFUs) on YPD
agar plates was made and this was treated as day 1 for the experiment (100% starting
viability), to which all the other CFU data was normalized. Measurements were taken every
2 days as previously described®7:68, Briefly, at each time point, 20 pl of the cell suspension
were removed from each tube and 10-fold serially diluted three times with sterile water.
Next, 2.5 pl aliquots of each dilution were spotted onto a YPD plate. After 16 hours,
images of the spots were taken under a Nikon Eclipse E400 brightfield microscope at 30x
magnification. Microcolonies within the spots were automatically counted from the digital
images using OrganoSeg®, with the parameters adjusted for yeast colony counting®. After
accounting for the dilution factor, colony numbers from each day were divided by the
number of colonies from the first time point (day 1) to calculate the viability score. Mean
lifespan (in days) and the 95% confidence intervals were calculated using OASIS 259,

Worms were grown and synchronized as described in “Lifespan assays”. Approximately
1,500 synchronized L1 worms were seeded per 10cm RNA. plates containing control E. coli
XU363. Once they reached the young adult stage, worms were transferred to RNAI plates
containing 100ug/mL FUdR. At day 8 of adulthood, the animals were harvested using a
mesh to remove the dead eggs, and worms were flash frozen in liquid nitrogen and preserved
at -80°C until processing.

RNA extraction was performed on frozen worms using TRI Reagent (MRC, United States)
as described by the manufacturer. The purity and concentration of the RNA samples

were determined using a NanoDrop. 3ug of RNA were then used to synthesize 20uL of
complementary DNA (cDNA).

Quantitative PCR was finally carried out by running a mixture of cDNA, SYBR green and
primers for the genes of interest (Table S1) in a real time PCR thermal cycler (Biorad,
United States). Fold changes were calculated using the Pfaffl method’? and statistical
significance compared to the WT control was calculated using an unpaired Student’s t-test.

C. elegans western blotting

Worms were grown and synchronized as described in “Lifespan assays”. Approximately
2,000 synchronized L1 worms were seeded onto 10cm RNA. plates containing £. coli
XU363 control. After growing the worms to day 1 adults, half the worms were transferred
to RNA. plates containing 20mM chloroquine (Sigma, United States) while the other half of
the worms (controls) were harvested, meshed to remove any laid eggs, and then flash frozen
in liquid nitrogen. After 8 hours of treatment with chloroquine (CQ), CQ-treated animals
were harvested, meshed, and flash frozen in liquid nitrogen.

RIPA buffer (Cold Spring Harbor protocols) was added to 100uL of packed worm pellets
which were subsequently sonicated at 40% amplitude for 10 secs, a total of 5 times (keeping
them on ice in between cycles). Protein content in the lysate was estimated using a Bradford
assay (Thermo Scientific, United States), and lysates were then stored at —20°C after adding
protein loading buffer. From each lysate, 30ug of protein were loaded and resolved in a
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4-12% Bis-Tris precast gel (Thermo Scientific, United States, Cat #: NP0322BOX) and
then transferred to a nitrocellulose membrane. The membrane was blocked using Intercept
(PBS) Blocking Buffer (Li-cor, United States) for 4 hours at room temperature, followed
by an overnight incubation in 1:250 of our previously published anti-LGG-172 or in 1:5,000
anti-tubulin (DSHB, United States) primary antibodies. The next day, after washing, the
membranes were incubated for an hour in the secondary antibody, Alexa Fluor® 800cw
anti-rabbit (Li-cor, United States) or IRDye 800cw anti-mouse (Li-cor, United States). The
proteins were visualized using a Li-cor Odyssey imaging system (Li-cor, United States) and
the bands were quantified using densitometry analysis on ImageJ. Statistical significance
compared to the WT and/or untreated control was calculated using an unpaired Student’s
t-test.

Yeast western blotting

Western blots for yeast proteins were performed as previously described’3. Cells were
pelleted and stored at —80°C. To extract protein, cells were thawed on ice and resuspended
in 0.5mL 20% trichloroacetic acid (TCA) at 4°C and then vortexed with glass beads 4

times for 30 seconds with 15 second rests on ice in between. Cell lysates were transferred

to new microcentrifuge tubes. The beads were washed twice with 0.5mL 5% TCA at 4°C
and the washes combined with the lysates, then centrifuged at 3,000 rpm for 10 minutes.
Supernatants were discarded and the crude protein pellets were resuspended in 200pL of
sample buffer (50 mM Tris HCI, pH 6.8, 2% SDS, 10% glycerol, 0.1% bromophenol

blue, 5% 2-mercaptoethanol). After resuspension, 50uL of 2M Tris base was added and
proteins were boiled for 5 minutes at 100°C. Samples (20 pl) were run on a 10% SDS
polyacrylamide gel, then transferred onto PVDF membranes using a Biorad semi-dry
transfer apparatus at 25 volts for 60 minutes. Membranes were blocked overnight with

5% non-fat milk in TBST at 4°C. Membranes were then incubated with either anti-alcohol
dehydrogenase antibody (Rockland Immunochemicals, 200-4143-0100) at 1:1,000 or anti-
alpha-tubulin antibody (Invitrogen, MA1-80017) at 1:5,000 in blocking buffer for 1 hour at
room temperature. Membranes were washed in TBST once for 10 minutes followed by 3
washes for 5 minutes each. Membranes were then incubated in a secondary antibody, either
HRP-conjugated anti-rabbit IgG (Promega Corporation, W4018) or HRP-conjugated anti-rat
1gG (Abcam, ab6734) for 1 hour at room temperature. The membrane was washed again and
then soaked for 5 minutes in HRP peroxidase substrate (Millipore, WBKLS0500), followed
by a 1-minute soak in luminol (Millipore, WBKLS0500). Proteins were visualized using

an Amersham ImageQuant 800 (Cytiva Life Sciences, 29399481) and the resulting bands
were quantified using densitometry analysis on ImageJ. Statistical significance comparing
Adhl levels in CR relative to the non-restricted (NR) condition was determined by two-way
ANOVA. Significance of estradiol induced Adh1 overexpression was determined by one-
way ANOVA.

For caloric restriction, yeast cells were grown in Synthetic Complete (SC) media with 0.5%
glucose. For no restriction (NR), they were grown in SC media containing 2% glucose. For
Adhl overexpression, beta-estradiol dissolved in DMSO was added to the SC NR media at
the time of inoculation of yeast cells in concentrations of OnM, 6.25nM and 100nM.
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Immunostaining

Whole-body immunostaining against LGG-1 was performed as recently reported®3. Briefly,
adult worms were treated with mock or chloroquine as described above and then fixed in
60% isopropanol. They were then immobilized on slides using a polyacrylamide gel where
they were treated with p-mercaptoethanol and collagenase. Worms were then incubated in a
blocking solution before being incubated in anti-LGG-1 antibody (1:250) overnight at 4°C.
Worms were then washed and incubated in a goat anti-rabbit antibody (1:500) (Invitrogen,
United States) at room temperature for 2 hours. Images were taken using a Leica spinning
disk confocal microscope (Leica, Germany) and analyzed using ImageJ.

Allyl alcohol survival assay

Worms were grown and synchronized as described in “Lifespan assays”. Fifty day-1 adults
were transferred to RNAI plates supplemented with 0.3% Allyl Alcohol (Sigma, United
States). Worms were scored 4 hours post-treatment; animals not responding to prodding
with a platinum pick were scored as dead. Statistical significance relative to the appropriate
control was calculated using an unpaired Student’s t-test.

Fluorescent imaging

Worms were grown and synchronized as described in “Lifespan assays”. On day 1 of
adulthood, ~100 worms were harvested and immobilized with 100mg/mL levamisole.
Worms were then mounted on agar pads and imaged using a Leica spinning disk

confocal microscope (Leica, Germany) at 60x magnification (numerical aperture: 1.4).
The daf-22P::PLIN1::GFP was excited and visualized with a CSU-488 laser (emission
filter 540 nm) and the adh-1P::ADH-1::.wrmScarlet::adh-13’UTR was excited and
visualized with a CSU-561 laser (emission filter 600 nm). We also imaged the
PLINL::GFP;adh-1.:WrmScarlet strains in the blue channel (CSU-405 laser; emission
filter 488 nm) to ensure that the signal observed in the other channels was not due to
autofluorescence from the gut granules (Figure S4C). Images were analyzed using ImageJ.
Statistical significance relative to the appropriate control was calculated using an unpaired
Student’s t-test.

Glycerol measurement

Glycerol quantification was performed as previously described with some modifications’®.
Worms were grown and synchronized as described in “Lifespan assays”. On day 1 (young)
or 8 (aged) of adulthood, ~2,000 worms were harvested, flash-frozen in liquid nitrogen
and stored at —80°C. Day 8 was picked because it is the last day that worms can be
harvested without including a large number of dead animals in the samples. Additionally,
by day 8, the worms already show significant signs of aging including damaged tissues,
tubular lysosomes, atrophied intestine, and loss of self-fertility. To prepare worm lysates,
85uL of water was added to the frozen pellets of worms which were then sonicated for

10 seconds 5 times, keeping them for 2 minutes on ice between each sonication pulse.
Samples were then centrifuged at 18,6009 for 5 minutes at 4°C. Part of the supernatant was
kept for protein quantification using a BCA assay, while the rest was deproteinized using
trichloroacetic acid (TCA) and then neutralized following the manufacturer’s instructions
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(AAT Bioquest, United States). The neutralization solution (AAT Bioquest, United States)
was added to the samples until the pH was between 6.7-7.5. Glycerol was then measured
in the deproteinized samples using a commercial kit following the manufacturer’s protocol
(R-Biopharm, Germany, Cat #: NC9662370). The measured amount of glycerol was then
normalized to the corresponding sample’s amount of protein, and to a standard glycerol
curve per manufacturer instructions. Statistical significance relative to the appropriate
control was calculated using an unpaired Student’s t-test.

For glycerol measurement of HLH-30CF animals, the same protocol was followed except
L1 worms were grown on E. coli XU363 carrying L4440 + GFP plasmids before being
switched to £. coli XU363 carrying L4440 (empty plasmid) at the L4 stage for 24 hours.
The worms were then harvested as described above. This approach allowed us to perform an
acute overexpression of HLH-30.

Locomotor endurance assay

Approximately twenty-four 12-days old worms were picked into individual wells of 24-well
RNA. plates. Worms were allowed to adapt to the well for ~1h. Wells were then flushed

one at a time with S-buffer and one-minute videos were taken using an Olympus SZX7
microscope fitted with an Olympus U-CMAD3 camera. Videos were then analyzed using the
wrMTrck plugin on ImageJ’®. Statistical significance relative to the appropriate control was
calculated using an unpaired Student’s t-test.

Egg laying assay

As soon as the N2 and GMW20 (ADH-1°F) worms reached the adult stage, single worms
were picked into ten individual 6¢cc RNAI plates seeded with £. coli XU363 bacteria. Each
of the ten worms was moved to fresh individual RNAI plates every 12h until reproduction
ceased. The progenies laid during each 12h-period were allowed to develop until the L3-L4
stage at 20°C, and then counted. Statistical significance relative to the appropriate control
was calculated using an unpaired Student’s t-test.

Glycerol choice assay

Eight 10uL spots of £. coli XU363 were seeded on 10cc RNA. plates equidistant from the
plate-center and from each other. Alternating between the spots, glycerol was added to 4 of
the £. coli XU363 spots. In parallel 1-day old worms were harvested, washed with S-buffer,
and the concentration of worms in the suspension was estimated by counting worms in five
5ul drops. Worms were concentrated to five worms per microliter by centrifugation. To start
the assay, approximately 200 synchronized adult worms (40ul) were seeded in the center of
the plate. Plates were incubated at 20°C. After 3h, 6h, 12h and 24h, the number of worms

on each spot was counted. Statistical significance was calculated using an unpaired Student’s
t-test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were considered statistically significant when p < 0.05 by Kaplan-Meier estimator with
log rank test comparison across different strata (for aging experiments), unpaired Student’s
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t-test or one-way and two-way ANOVA (for non-aging experiments) as indicated in the
Figure, Figure legends or experimental methods. Asterisks denote corresponding statistical
significance: ns = not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. For aging
experiments all p-values are reported in Data S1. Individual data points are presented where
relevant, in addition to the mean and standard error of the mean (SEM) denoted by the error
bars. The number of biological replicates for each experiment is stated in the legend of every
figure or in the corresponding supplementary tables. In the figure legends or supplementary
tables, N refers to the number of animals and n refers to the number of biological replicates.
All statistical analyses were performed on SPSS (for aging experiments) or GraphPad Prism
(for non-aging experiments).

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Dr. Eyleen O’Rourke (ejorourke@virginia.edu).

Materials availability

C. elegans strains generated in this study will be made publicly available through the
Caenorhabditis Genetics Center (CGC) after the first personal request.

Data and code availability

. All data generated in this study are available in the main paper, supplemental
information and supplemental excel file. This paper also analyzes existing,
publicly available datasets: the accession numbers for the datasets are listed in
the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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eTOC blurb

Ghaddar, Mony et al. show that longevity caused by activation of the transcriptional
activator of autophagy, TFEB/HLH-30, may not always require autophagy. Instead,
they present the Alcohol-dehydrogenase Mediated anti-Aging Aesponse (AMAR) as
an HLH-30/TFEB-dependent, but more importantly, necessary and sufficient anti-aging
effector acting across interventions and organisms.

Highlights:
. AMAR is required for longevity across anti-aging interventions
. AMAR is sufficient to promote longevity in C. elegans and yeast

. AMAR extends lifespan, at least in part, by metabolizing glycerol

. AMAR is activated in response to geroprotective interventions in mice and
humans
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Figure 1. adh-1 activation drives HLH-30-mediated longevity.
(A) The master regulator of autophagy and lysosomal biogenesis, TF A/h-30/Tfeb, is

required for the longevity phenotype of the mx/-3 C. elegans mutant (representative of

3 biological replicates; see Data S1A). (B) Loss-of-function mutation of the non-lethal
autophagy gene afg-18does not suppress mx/-3 longevity (representative of 3 biological
replicates; see Data S1C). In addition, autophagy levels are not elevated at the transcriptional
(Figure S1A), biochemical (Figure S1B), or cellular (Figure S1C) levels in the mx/-3
mutant, and post-developmental RNAI against the lethal autophagy genes bec-1 and /fgg-1
or full inhibition of lysosomal activity and autophagy with chloroquine do not suppress
mx/-3longevity (Figure S1D-E). (C) As measured by RT-gPCR, adh-1 transcript levels are
elevated in the mx/-3 mutant in an //h-30 dependent manner (n=5-7 biological replicates).
See Table S1 for RT-gPCR primers. (D) The longevity of the mx/-3 mutant is suppressed

by loss-of-function mutation of adh-1 (representative of three biological replicates; see Data
S1D). (E) adh-1 transcript levels are elevated in the HLH-30°F animals (n=>5 biological
replicates). (F) Loss-of-function mutation of adh-1 fully suppresses the extended lifespan of
the HLH-30CE animals (representative of 3 biological replicates; see Data S1D and Figure
S2). (A-F) Error bars denote SEM. ns= not significant, *p<0.05, **p<0.01, ***p<0.001,
****<0.0001; Alh-300 = hih-30 RNAI. All experiments were performed using £. coli
XU363 carrying L4440 (empty vector) or L4440 + the gene of interest.
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Figure 2. adh-1 is necessary and sufficient to extend lifespan and healthspan.
(A) adh-1is induced in an A/h-30-dependent manner in the longevity models caloric

restriction (eat-2), insulin insensitivity (daf-2), and mTOR inhibition (/ef-363 RNAI) (n=3
to 5 biological replicates). See Table S1 for RT-gPCR primers. (B-D) In C. elegans, adh-1

is required for longevity driven by (B) caloric restriction, (C) mTOR inhibition, and (D)
deficient insulin-signaling (representative of three biological replicates; see Data S1F-H).
(E) Overexpressing ADH-1 (ADH-19E) is sufficient to promote longevity in C. elegans.
Survival curves for three independent overexpression lines (GWM20-22) are presented
(representative of three biological replicates; see Data S11). (F) ADH-1 promotes locomotor
endurance as measured by thrashing in liquid medium in 12-days old ADH-1°F and wild-
type C. elegans (representative of three biological replicates; repeats in Data S1IN). Also see
Figure S3 for further characterization of C. elegans overexpressing ADH-1. (A-F) Error bars
denote SEM. ns= not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (A-D)
daf-2 = daf-2 RNAI, hih-30 = hih-30 RNAI, adh-1i = adh-1 RNA., /let-3631 = let-363 RNAI.
All experiments were performed using £. coli XU363 carrying L4440 (empty vector) or
L4440 + the gene of interest.
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Figure 3. adh-1 extends lifespan by preventing the accumulation of the aging-promoting

metabolite glycerol.

(A) ADH-1CE strains are hypersensitive to allyl alcohol, indicating increased in vivo

alcohol dehydrogenase activity (n=3 biological replicates). (B) Whole-body expression of
the ADH-1 protein as observed in N2 C. elegans carrying wrmScarlet knocked-in in-frame

in the adh-1 locus via CRISPR/Cas9 (scale bar = 100um). Two exposure times of the
same image are depicted. At the 1.5s exposure time, muscle and intestinal signals are

visible. See also Figure S4A-B for additional information on the anatomical localization of
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1007

507

-501

-100-

ADH-1. (C) ADH-1 co-localizes with intestinally expressed D. melanogaster perilipin, a
lipid droplet marker expressed from the integrated transgene Pdaf-22:PLIN1::GFP3! (scale
bar = 5um). Exposure times are depicted. See Figure S4C for autofluorescence control.
(D) Wild type worms accumulate glycerol as they age. Young corresponds to day-1 adult,
and aged corresponds to day-8 adult, the latest day we can harvest live worms free of
contaminating dead worms (n=3 biological replicates). (E) Three independent ADH-1°F
lines show decreased glycerol levels relative to wild type (n=5 biological replicates). (F)
ADH-19F animals are resistant to the pro-aging effect of glycerol (representative of three

biological replicates; see Data S1K & Data S1L). (G) Loss-of-function mutation of adh-1

suppresses the otherwise low glycerol levels observed in HLH-30CF animals. Statistical

significance relative to wild-type controls (n=3 biological replicates). (A-G) Error bars
denote SEM. ns= not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. All

experiments (except the glycerol supplementation experiment) were performed using £.

coli XU363 carrying L4440 (empty vector). The glycerol supplementation experiment was

performed using E. coli OP50 bacteria.
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Figure 4. adh-1 mediated lifespan requires aldehyde dehydrogenase activity.
(A-E) Treatment with the aldehyde dehydrogenase inhibitor cyanamide rescues the extended

lifespan driven by (A) ADH-19F (GWM20-22 are three independent ADH-1CF lines), (B)
mx/-3 mutation, (C) Caloric restriction (eat-2 mutation), (D) reduced insulin sensitivity
(daf-2 RNAI), and (E) HLH-30CE. See also Data S1F, Data S1H, Data S1l, and Data

S1M. (F) Working model of the Alcohol and aldehyde dehydrogenase- Mediated Anti-aging
Response (AMAR= immortal in Sanskrit). # Indicates that it remains to be defined how

the three inhibitors of HLH-30 tested here (food, the insulin receptor DAF-2, and mTOR)
interact among them (or not) to regulate HLH-30 activity. (A-F) Error bars denote SEM.

ns = not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. All experiments were
performed using E. coli XU363 carrying L4440 (empty vector) or L4440 + the gene of

interest.
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Figure 5. Adhl is induced upon caloric restriction and is sufficient to extend chronological

lifespan in yeast.

(A) Adh1 protein levels are increased in calorically restricted (CR) compared to non-
restricted yeast as assessed by Western blot. CR duration indicates time since entering
the diauxic shift (n=3 biological replicates). (B) Adhl overexpression extends yeast
chronological lifespan under non-restricted conditions (representative of n=3 biological
replicates). Two different doses of estradiol were added to cultures to induce Adhl
expression. See also Figure S5. (A-B) Error bars denote SEM. *p<0.05, **p<0.01,

**%n<0,001, ****p<0.0001.
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KEY RESOURCES TABLE
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-LGG-1 Ke et al, 20207 N/A

Rabbit anti-Adh1 (for yeast ADH1 western blotting) Rockland Immunochemicals Cat #: 200-4143-0100

Mouse anti-tubulin DSHB Cat #: 4A1-s

Rat anti-alpha-tubulin Invitrogen Cat #: MA1-80017

Alexa Fluor 800cw goat anti-rabbit Li-cor Cat #: 926-32211

IRDye 800cw goat anti-mouse Li-cor Cat #: 92632210

HRP-conjugated anti-rabbit 1I9gG Promega Corporation Cat #: W4018

HRP-conjugated anti-rat 19G Abcam Cat #: ab6734

Alexa Fluor 594 goat anti-rabbit Invitrogen Cat #: A11012

Bacterial and Virus Strains

E. coli strain OP50 CGC N/A

E. colistrain XU363 CGC N/A

Chemicals, Peptides, and Recombinant Proteins

5-fluoro-2-deoxyuridine (FUDR) Research Products Cat #: F10705-1.0
International

Chloroquine Diphosphate Salt Sigma-Aldrich Cat #: C6628

Cyanamide Sigma-Aldrich Cat #: 187364-5G

Glycerol Fisher BioReagents Cat #: BP229-1

Allyl alcohol Thomas Scientific Cat #: C984215/240532-100ML

Carbenicillin, Disodium salt Genesee Scientific Cat #: 25-532

TRI Reagent Molecular Research Center Cat#: TR 118

FastSYBR Mixture CoWin Biosciences, Inc. Cat #: CWO0955H

Intercept (PBS) Blocking Buffer Li-cor Cat #: 927-70001

Critical Commercial Assays

ReadiUse TCA Deproteinization Sample Preparation Kit AAT Bioquest Cat #: 19501

Glycerol assay kit R-Biopharm Cat #: NC9662370

BCA protein assay kit Fisher Scientific Cat #: 23227

Deposited Data

RNA-Seq of human adipose tissue after long term caloric restriction

Armenise et al, 201776

Accession number: GSE95640

DNA microarray of human adipose tissue after long term caloric
restriction

Capel et al, 200877

PMID: 18782868

DNA microarray of human adipose tissue after long term caloric
restriction

Tareen et al, 202078

Accession number: GSE77962

DNA microarray of human adipose tissue after long term caloric
restriction

Capel et al, 200979

Accession number: GSE11975

DNA microarray of human adipose tissue after long term caloric
restriction

Mutch et al, 201180

Accession number: GSE24432

DNA microarray of human adipose tissue after long term caloric
restriction

Nookaew et al, 201381

Accession number: GSE35710
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REAGENT or RESOURCE SOURCE IDENTIFIER
DNA microarray of mouse heart tissue after short term caloric Noyan et al, 201582 Accession number: GSE68646
restriction
DNA microarray of mouse adipose tissue after short term caloric Kim et al, 201683 Accession number: GSE60596
restriction
DNA microarray of mouse adipose tissue after long term caloric Higami et al, 200484 PMID: 14688200
restriction
DNA microarray of mouse liver tissue after long term caloric restriction | Mitchell et al, 201685 Accession number: GSE81959
DNA microarray of mouse liver tissue after short term caloric Tsuchiya et al, 200486 PMID: 15039484
restriction
DNA microarray of rat liver tissue after long term progressive caloric Pohjanvirta et al, 200887 Accession number: GSE9121
restriction
DNA microarray of mouse intestinal tissue after long term fasting Hakvoort et al, 201188 Accession number: GSE24504
DNA microarray of mouse gastrocnemius muscle after long term Lanza et al, 201289 Accession number: GSE36285
caloric restriction
DNA microarray of mouse kidney tissue after long term fasting Jongbloed et al, 201490 Accession number: GSE52982
DNA microarray of mouse cochlea after long term caloric restriction Someya et al, 200691 Accession number: GSE4786
DNA microarray of mouse liver tissue after long term caloric restriction | Aon et al, 202092 Accession number: GSE124294

Experimental Models: Organisms/Strains

C. elegans strain: N2 Bristol CGC N/A
C. elegans strain: adh-1 (0k2799) CGC N/A
C. elegans strain: mxI-3 (0k1947) CGC N/A
C. elegans strain: atg-18 (gk378) CGC N/A
C. elegans strain. eat-2 (ad456) CGC N/A
C. elegans strain: OP433 [hlh-30::TY1:EGFP::3xFLAG + unc-119(+)] | CGC N/A
C. elegans strain: MAH235 (sqls19 [hlh-30p::hlh-30::GFP + CGC N/A
rol-6(su1006)])

C. elegans strain: MAH240 (sqls17 [hlh-30p::hlh-30::GFP + CGC N/A
rol-6(su1006)])

C. elegans strain: PHX2365 gene knock-in This study N/A
(adh-1P::ADH-1::wrmScarlet::adh-1 3’'UTR)

C. elegans strain: GMW20 integrated arrays backcrossed 3x This study N/A
(adh-1P::ADH-1::wrmScarlet::adh-1 3’'UTR)

C. elegans strain: GMW21 integrated arrays backcrossed 3x This study N/A
(adh-1P::ADH-1::wrmScarlet::adh-1 3’'UTR)

C. elegans strain: GMW22 integrated arrays backcrossed 3x This study N/A
(adh-1P::ADH-1::wrmScarlet::adh-1 3’'UTR)

C. elegans strain: XD3971 (xdIs143[Pdaf-22::PLIN1::GFP; Liu et al, 201431 N/A
rol-6(su1006)])

Yeast strain: Y15090 (MATala [HAPI-NatMX-ACTI1pr-Z3EV- Calico labs N/A
ENOZ2termJ/HAP1 ura3BA0/URAS3 [canlA..STEZpr-SpHIS5]/CAN1

his3A1/his3A1 lyplA/LYPI)

Oligonucleotides

Primers for qRT-PCR, see Table S1 This study N/A
Software and algorithms

SPSS IBM N/A
GraphPad Prism GraphPad N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
OASIS 2 Han et al, 201670 N/A
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