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Abstract

While autophagy genes are required for lifespan of long-lived animals, their tissue-specific roles in
aging remain unclear. Here, we inhibited autophagy genes in Caenorhabditis elegans neurons, and
found that knockdown of early-acting autophagy genes, except afg-16.2, increased lifespan, and
decreased neuronal PolyQ aggregates, independently of autophagosomal degradation. Neurons
can secrete protein aggregates via vesicles called exophers. Inhibiting neuronal early-acting
autophagy genes, except atg-16.2, increased exopher formation and exopher events extended
lifespan, suggesting exophers promote organismal fitness. Lifespan extension, reduction in PolyQ
aggregates and increase in exophers were absent in atg-16.2 null mutants, and restored by full-
length ATG-16.2 expression in neurons, but not by ATG-16.2 lacking its WD40 domain, which
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mediates noncanonical functions in mammalian systems. We discovered a neuronal role for C.
elegans ATG-16.2 and its WD40 domain in lifespan, proteostasis and exopher biogenesis. Our
findings suggest noncanonical functions for select autophagy genes in both exopher formation and

in aging.

Macroautophagy (hereafter autophagy) is an intracellular recycling process by which
cytosolic cargo is subjected to lysosomal degradation, referred to here as canonical
autophagy. Autophagy plays important roles in numerous late-onset diseases including
neurodegenerative disorders and has been directly linked to aging in multiple model
organisms including the nematode C. efegans. In this organism, RNA interference (RNAI)
of multiple autophagy (Afg) genes during adulthood abrogates lifespan extension in long-
lived mutants, which together with data from other organisms suggest that autophagy

is required for longevity?. In contrast, RNAI inhibition of autophagy genes in wild-type
(WT) C. eleganstypically has limited effects on lifespan?, indicating that basal autophagy
is not restricting normal aging. Still, the tissue-specific contributions of autophagy to
organismal fitness and longevity remain unclear. The role of autophagy genes in neurons

is of special interest because neuronal signaling plays key roles in several longevity
paradigms2. Moreover, neuronal overexpression of Atg or Atg8extends Drosophila
lifespan3#, whereas loss of either the autophagy gene Atg5 or Atg7 specifically in neurons
causes neurodegeneration in mice®6. While RNAI inhibition of several autophagy genes
similarly increases neuronal protein aggregation in C. elegans’=%, neuronal autophagy gene
functions remain to be systemically investigated in C. elegans, where neurons are generally
refractory to RNAj10-13,

Multiple conserved autophagy (ATG) proteins function in the autophagy process, which
comprises at least five steps: (i) initiation; (ii) nucleation and formation of a double-
membrane structure (phagophore); (iii) phagophore elongation and ATG8 conjugation,
followed by the enclosure to form an autophagosome that incorporates cargo including
aggregated proteins; (iv) autolysosome formation by fusion of the autophagosome

with single-membrane, acidic lysosomes; and, finally, (v) cargo degradation in the
autolysosomel4. ATG proteins acting in the initial steps of forming, elongating and
closing the phagophore (i—iii) are encoded by early-acting autophagy genes, whereas
proteins functioning in autolysosome formation and cargo degradation (iv and v) are
encoded by late-acting autophagy genes®. During the early steps of canonical autophagy,
phagophore elongation requires the conjugation of ATG8 to phosphatidylethanolamine (PE)
by the ATG5-ATG12/ATG16 complex at both the inner and outer membranes of the
growing double-membrane phagophorel6, making ATG8 proteins common reporters for
autophagosomes in model systems, including C. eleganst’18.

In recent years, emerging studies in mammalian tissue cultures have shown that, in
addition to their roles in canonical autophagy, some early-acting autophagy proteins can
also carry out functions in other cellular processes, such as phagocytosis and secretion.

In these noncanonical activities, ATG8 is conjugated to single-membrane vesicles by

the ATG5-ATG12/ATG16 complex!®-21, While it remains underexplored how the ATG5-
ATG12/ATG16 complex differentiates between double-membrane and single-membrane

Nat Aging. Author manuscript; available in PMC 2024 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Results

Page 3

vesicles, the WD40 domain in the C terminus of ATG16L1 is specifically required for

its noncanonical function in ATG8/LC3-associated phagocytosis in murine macrophages2’,
highlighting this domain of ATG16L1 as a key molecular entity that can separate its
canonical and noncanonical functions, at least in phagocytosis. While a recent study has
indicated a role for the WD40 domain of ATG16L1 in preventing Alzheimer’s disease

in mice22, noncanonical functions for autophagy proteins have primarily been studied in
mammalian cell culture23, and the relevance of noncanonical autophagy activities has yet to
be studied in the context of organismal aging.

To comprehensively investigate the role of autophagy proteins in the neurons of a live
animal, we used RNAI to inhibit autophagy genes functioning in each step of the autophagy
process in a new C. elegans strain with increased specificity to neuronal RNAi. We found
that neuronal inhibition of early-acting, but not late-acting, autophagy genes extended
lifespan upon both whole-life and adult-only inhibition. This lifespan extension was
accompanied by an unexpected decrease in neuronal aggregates of proteins with expanded
polyglutamine (polyQ) stretches, a model for Huntington’s disease and an increase in the
secretion of vesicles called exophers?4, a recently identified extrusion event in neurons

and muscle of C. elegans®*23, as well as in mammalian cells?627, Notably, animals

that formed exophers early in life in mechanosensory touch neurons, were significantly
longer lived, suggesting a link of this extrusion event to organismal fitness. Importantly,

the lifespan, polyQ aggregation and exopher phenotypes were all atg-16.2 dependent and
could be rescued by pan-neuronal expression of ATG-16.2, an ortholog of mammalian
ATG16L1, provided the ATG-16.2 protein included an intact WD40 domain. Our studies
thus discovered that ATG-16.2 and its highly conserved WD40 domain are required for

the induction of exophers in neurons experiencing proteotoxic stress and for the observed
positive effects on polyQ aggregation, exopher formation and lifespan extension upon early-
acting autophagy gene inhibition. Collectively, our findings highlight the possibility that
noncanonical functions of autophagy proteins may be critical for tissue and organismal
fitness via alternative secretory pathways, which could be relevant for disposal of misfolded
proteins.

Neuronal inhibition of early Atg genes extends lifespan

C. elegans neurons are generally refractory to RNAI because they lack the RNA channel/
transporter protein SID-1 required for RNA uptakel®-13, Previous studies investigating
autophagy (Atg) genes by systemic or whole-body RNAI approaches have therefore not
fully assessed the role of autophagy genes in neurons. To address this limitation, we
constructed a new C. elegans strain capable of RNA. specifically in neurons by expressing
SID-1 under the pan-neuronal rgef-1 promoter in sid-1(gt9) loss-of-function mutants, which
avoids some complications of the commonly used wnc-119 promoter28, which is not fully
neuronal specific2%30, We validated our neuronal-specific RNAI strain in multiple ways,
including by showing that the rgef-1 promoter remained expressed in neurons into late
adulthood (Extended Data Fig. 1a). Feeding bacteria expressing double-stranded RNA
(dsRNA) against genes with nonneuronal functions did not elicit phenotypes in this strain
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(Extended Data Fig. 1b—f), while knockdown of neuronal fluorescent markers and genes
led to a 40-50% reduction of fluorescence (Extended Data Fig. 1g,h) and close to 100%
phenotype penetration (Extended Data Fig. 1i), respectively. Moreover, the strain generally
displayed a normal lifespan (in 14 of 16 experiments testing multiple independent lines;
Supplementary Table 1).

Next, we tested the effect of neuronal-only knockdown of autophagy genes on C. elegans
lifespan, using RNAI clones that have previously been shown to shorten the lifespan

of longevity mutants upon whole-body RNAI treatment (all of the analyzed genes are
expressed in C. elegans neurons?9). Strikingly, we observed an extended lifespan for
neuronal-only inhibition, initiated either from hatching (that is, whole-life) or from the
first day of reproductive adulthood (that is, day 1, or adult-only), of genes with functions
early in the pathway (that is, unc-51/ULK/Atg1, atg-13, bec-1/BECN1/Beclini, atg-9,
atg-7, atg-4.1 and lgg-1/ATGS, Fig. 1a), whereas knockdown of late-acting autophagy
genes (that is, cup-5/MCOLN, epg-5, vha-13and vha-15) were incapable of doing so,

and vha-16 inhibition even shortened lifespan (Fig. 1b and Supplementary Tables 2 and

3). Interestingly, neuronal-only RNAIi knockdown of early-acting gene afg-16.2 behaved
differently with no lifespan extension in six experiments (Fig. 1b,c and Supplementary
Table 3), making afg-16.2inhibition an exception to other early-acting autophagy genes,
which all showed beneficial effects following neuronal-only knockdown. These findings
were particularly interesting considering a recent report in which neuronal inhibition of
bec-1/BECNI (using a sid-1(pk3321); unc-119p.:sid-1 transgenic strain28) caused extended
lifespan in aged, post-reproductive animals, whereas no lifespan extension was observed
when young, reproductively active animals were subjected to neuronal bec-1/BECN1
RNAi3L. This observation, along with the finding that systemic RNAI of several other
early-acting autophagy genes could extend lifespan when initiated late in life, led the
authors to hypothesize that autophagy gene function is subject to antagonistic pleiotropy

in a neuronal-specific manner3L. Our data contradict this hypothesis, because we show that
neuronal-only inhibition of multiple early-acting autophagy genes, including bec-1/BECNA,
extended lifespan even when inhibited from hatching (used throughout the rest of this
study).

We next used afg-7and lgg-1/ATG8 RNAI clones, two representative, early-acting
autophagy gene RNA. clones with highly reproducible phenotypes, to test the effects of
neuronal-only knockdown on healthspan measures, and found that these animals displayed
unchanged swimming ability, pharyngeal pumping and progeny production (Extended Data
Fig. 2a—c). Because defects in ciliated sensory neurons increase lifespan in C. elegans®?, we
also tested if neuronal-only RNAI against atg-7or lgg-1/ATG8 affected the morphology of
ciliated sensory neurons in dye-filling assays. Animals subjected to RNAI displayed normal
dye-filling phenotypes compared to control animals on day 5 of adulthood (Extended Data
Fig. 2d), indicating that defects in ciliated sensory neurons are not responsible for lifespan
extension after neuronal-only knockdown of atg-7or lgg-1/ATG8. To further test whether
neuronal autophagy gene reduction affected neuronal physiology, we counted neuronal
branches in mechanoreceptor neurons, such as the anterior and posterior lateral microtubule
cells ALML/R, and PLML/R, the anterior and posterior ventral microtubule cells AVM and
PVM, at an older age—a phenotype associated with neuronal dysfunction33:34, Animals
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treated with empty vector control showed branches originating from ALM and PLM
mechanoreceptor neurons at old age (day 15)33:34, but not animals subjected to neuronal-
only RNAI against afg-7or [gg-1/ATGE (Extended Data Fig. 2e), suggesting that inhibition
of early-autophagy genes improves age-related decline in neuronal morphology. Finally, we
tested the ability of animals to move toward a chemical attractant in chemotaxis assays and
found that 5-day-old animals subjected to neuronal-only RNAI against atg-7or lgg-1/ATG8
had improved chemotaxis to the attractant butanone (Extended Data Fig. 2f), suggesting
improved neuronal function.

Taken together, we observed that neuronal-only knockdown of an extensive panel of
early-acting autophagy genes, except atg-16.2, extended lifespan. The benefits induced by
neuronal-only inhibition of at least atg-7and /gg-1/ATG8 came with no notable effects on
muscle-related healthspan measures, progeny production but improved neuronal morphology
and function. These results demonstrate a differential role for early-acting versus late-acting
autophagy genes in C. efegans neurons, and the differential effect indicates that the observed
lifespan extension associated with their knockdown may not be a result of impairing
lysosomal degradation per se.

Neuronal inhibition of Atg genes impairs autophagy

Our neuronal-only RNAI strain displayed unchanged autophagy dynamics in neurons
(Extended Data Fig. 3a,b), intestine and body-wall muscle (Extended Data Fig. 3c,d).

We next used these reagents to assess autophagy status after neuronal inhibition of
autophagy genes. We used animals stably expressing GFP::LGG-1/ATG8, commonly used
for the assessment of pre-autophagosomal phagophores and autophagosomes3®, from the
pan-neuronal rgef-1 promotor36. We subjected these animals to neuronal-only RNAI of

the panel of autophagy genes and found that RNAi clones for all early-acting autophagy
genes, with the exception of bec-1/BECNI1 and atg-16.2, significantly decreased neuronal
GFP::LGG-1/ATG8 punctae counts (Fig. 2a), consistent with early-acting autophagy
genes being important for the formation of autophagosomes3!. Late-acting autophagy
genes, important for autophagosome-lysosome fusion and lysosomal degradation, either
increased or did not change neuronal GFP::LGG-1/ATG8 punctae humbers, as expected
(Fig. 2a). We repeated this experiment in neuronal-only RNAI strains expressing
GFP::LGG-1(Gly116Ala) in neurons®. GFP::LGG-1(Gly116Ala) is lipidation deficient and
lacks Gly116, which is important for conjugation to autophagosome membranes; as a
consequence, GFP::LGG-1 (Gly116Ala) should be evenly distributed in the cytosol®:37:38,
However, and as reported by us earlier®, a low level of GFP-positive punctae was observed
in neurons of GFP::LGG-1(Gly116Ala)-expressing animals (Fig. 2b). While the nature

of these GFP::LGG-1(Gly116Ala) structures remains to be fully characterized, they may
represent protein aggregates3®. Interestingly, GFP::LGG-1(Gly116Ala) expressing animals
subjected to neuronal-only inhibition of all early-acting autophagy genes, including bec-1/
BECNI and atg-16.2, along with two late-acting genes, displayed a significant increase

in the numbers of neuronal GFP::LGG-1(Gly116Ala) punctae (Fig. 2b), consistent with

an accumulation of protein aggregates from autophagy block. To further corroborate

this, we additionally performed autophagy flux assays*? by injecting the late-stage
autophagy inhibitor bafilomycin Al (BafA; a compound that blocks acidification of

Nat Aging. Author manuscript; available in PMC 2024 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 6

lysosomes*1). As predicted, BafA did not lead to an increase in GFP-positive punctae

in WT animals expressing the lipidation-deficient LGG-1(Gly116Ala) reporter, consistent
with GFP::LGG-1(Gly116Ala) punctae not being competent autophagosomes (Fig. 2c).
While BafA injection in animals subjected to bacteria expressing empty vector control
increased the number of neuronal GFP::LGG-1/ATG8 punctae, as a reflection of active
autophagy3842, the number of neuronal GFP::LGG-1/ATG8 punctae was not increased when
BafA was injected into animals after neuronal-only reduction of atg-7and /lgg-1/ATGE8
(Fig. 2d), consistent with a block in neuronal autophagy. The alterations we observed in
autophagy markers appeared specific to neurons because we did not observe any changes

in GFP::LGG-1/ATG8 punctae in the intestine or in body-wall muscle after neuronal-only
inhibition of early-acting autophagy genes atg-7and /gg-1/ATG8 (Extended Data Fig. 3¢,f).

To further assess autophagy status in neurons, we used neuronal-only RNAI strains
expressing a GFP-tagged version of the autophagy receptor p62/SQSTM1 (SQST-1 in C.
elegans), which is a substrate for degradative autophagy, and mainly detected in neurons
and pharynx, the feeding organ of C. efegans®. SQST-1::GFP significantly accumulated

in the head after neuronal-only inhibition of afg-16.2and most other early-acting genes
(bec-1/BECNI, atg-7, atg-4.1 and lgg-1/ATG8) and two late-acting genes (cup-5/MCOLN
and epg-5; Fig. 2e; RNAI of other atg genes were also increased, but did not reach statistical
significance), indicating that these neuronal-only RNAI treatments generally resulted in

an inhibition of canonical, degradative autophagy of at least SQST-1/p62 receptor-related
substrates. Taken together, these autophagy reporter analyses illustrate that neuronal gene
inhibition of early-acting autophagy genes impaired neuronal autophagy activity or cargo
degradation.

Neuronal inhibition of early Atg genes reduces polyQ aggregation

Since neuronal deletion of Afg5and Atg7 induces neurodegenerative phenotypes in mice®8,
we investigated protein aggregation models in C. elegans neurons. Consistent with previous
work, we found that whole-body reduction (that is, primarily in nonneuronal tissues) of

all tested autophagy genes increased the aggregation of YFP-tagged polyQ (that is, 40
glutamine (Q) repeats) in C. elegans neurons (Fig. 3a)’~9. We next asked if neuronal
aggregate load was similarly affected when autophagy genes were reduced in neurons

only. While no changes were observed in polyQ aggregation in sig-1(gt9) mutants or upon
neuronal expression of SID-1 (Extended Data Fig. 4a), we unexpectedly observed that
neuronal-only knockdown of all early-acting genes, except afg-16.2, decreased neuronal
polyQ aggregate load. Knockdown of late-acting autophagy genes had no effect or increased
the number of neuronal polyQ aggregates (Fig. 3b,c), paralleling the differential effect of
early-versus-late autophagy gene knockdown we observed on lifespan extension (Fig. 1b).
Moreover, whole-life, neuronal-only RNAI against atg-7or lgg-1/ATG8 extended lifespan in
short-lived animals expressing neuronal polyQ aggregates (Fig. 3d and Supplementary Table
4), indicating that the decreased aggregation load conferred by neuronal-only inhibition of
autophagy genes correlates with consequential effects on longevity.
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Neuronal inhibition of early Atg genes increases exopher formation

Similarly to human neurodegenerative diseases, neurons in C. elegans can rid themselves

of toxic protein aggregates via biogenesis of large vesicles called exophers that jettison
cytosolic material including polyQ aggregates from neurons into surrounding tissues?4.
Since whole-body RNAI in combination with RNAI in touch neurons (that is, using WT
animals expressing mec-18p..sid-1) against early-acting autophagy genes bec-1/BECNI,
atg-7and lgg-1/lgg-2/ATG8 increases exopher generation in ALMR touch neurons, the
neuronal subtype that most frequently produces exophers24, we tested the effect of neuronal-
only knockdown of the panel of autophagy genes on exopher biogenesis in ALMR neurons
using a transgenic mCherry reporter expressed from the mec-4 promoter (Fig. 4a)2443,
While baseline exopher numbers were unchanged in neuronal RNA. strains (Extended Data
Fig. 4b), we found that neuronal-only knockdown of our panel of early-acting genes, but not
late-acting genes, significantly increased exopher formation (Fig. 4b). In contrast, neuronal-
only knockdown of afg-16.2, which did not extend lifespan (Fig. 1b) and increased neuronal
aggregation of polyQ proteins (Fig. 2b), did not increase exopher generation (Fig. 2b), again
highlighting afg-16.2 as an exception among the early-acting autophagy genes. Neuronal-
only RNAI inhibition of atg-7and /fgg-1/ATG8 also extended lifespan in the mCherry touch
neuron reporter background (Supplementary Table 4). Furthermore, adult-only neuronal
inhibition of afg-7and lgg-1/ATG8 was sufficient to induce exopher formation on day

2 of adulthood, while whole-body reduction (that is, primarily in nonneuronal tissues)

of atg-7and /gg-1/ATG8did not increase exopher formation (Extended Data Fig. 4c,d).
These findings further corroborate the correlation between exopher formation and lifespan
extension caused by the neuronal reduction of early-acting autophagy genes. Q40::YFP was
extruded in exophers in day 2 animals (Fig. 4c), and animals subjected to neuronal atg-7
and /gg-1/ATG8 RNAI produced significantly more exophers compared to control RNAI
animals (Fig. 4d). These observations support exophers as a polyQ extrusion route, which
may contribute to the reduced neuronal polyQ aggregate counts of day 5 animals subjected
to neuronal-specific, early-autophagy gene RNAi (Fig. 3b).

To test if exopher formation could be directly linked to organismal lifespan, we analyzed
mec-4p::mCherry expressing animals every day between day 1 and day 5 (refs. 24,43) for
exophers from touch neurons, separating populations based on the presence or absence of
exopher(s) and measured the lifespan of the two ‘binned’ populations. Remarkably, animals
positive for exopher events in touch neurons were ~10-30% longer lived than those who did
not (P < 0.009, log-rank, in four of five experiments; Fig. 4e and Supplementary Table 5).
This suggests that exopher events in touch neurons (and likely other neurons not directly
assayed) may contribute to improvements in organismal fitness. Moreover, when we plotted
all our data obtained with the panel of autophagy RNAI clones and compared lifespan,
polyQ and exopher data, we found a significant negative correlation between lifespan and
polyQ aggregation (r= 0.9, £< 0.0001) between polyQ aggregation and exophers (r= 0.7,
P=0.008), and a positive correlation between lifespan and exophers (r=0.06, £=0.03;
Extended Data Fig. 4g), consistent with links between these organismal phenotypes.
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atg-16.2, but not atg-4.1, is required for exopher biogenesis

Considering that atg-16.2 inhibition in neurons did not extend lifespan, reduced protein
aggregation, and increased exophers, we examined an atg-16.2(0k3224) null mutant
alongside another early-acting autophagy null mutant, atg-4.1(bp501), for exopher
formation. Exopher production on day 2 of adulthood in atg-16.2(0k3224) mutants

was significantly decreased (Fig. 5a), unlike RNA. treated animals, which may reflect
insufficient neuronal RNAI effects, or cell-nonautonomous contributions. In contrast,
atg-4.1(bp501) mutants had increased exopher formation (Fig. 5a), similarly to neuronal-
only RNAI inhibition of early-autophagy gene inhibitions (Fig. 4b)24. These findings
highlight the requirement for atg-16.2in exopher biogenesis.

To confirm that the observed exopher phenotypes were independent of defects in

neuronal degradative autophagy, we assayed autophagy status in neurons of atg-16.2

and atg-4.1 mutants. As previously reported in C. elegans embryos**#°, both mutants
displayed increased SQST-1::GFP levels compared to WT animals (Fig. 5b), consistent
with a block of autophagy. Moreover, the two autophagy mutants displayed pronounced
neuronal GFP::LGG-1 phenotypes. In contrast to neuronal-only RNAI (Fig. 2a),
atg-16.2(0k3224) and atg-4.1(bp501) mutants displayed no reduction of GFP::LGG-1
punctae in nerve-ring neurons, and a significant increase in neuronal, lipidation-independent
GFP::.LGG-1(Gly116Ala) (Fig. 5¢) punctae was observed, similarly to neuronal-only RNAI
(Fig. 2b). To corroborate the block in neuronal autophagy in these mutants, we again
performed autophagy flux assays*? and found no increase in neuronal GFP::LGG-1
punctae when BafA was injected into atg-16.2(0k3224) and atg-4.1(bp501) mutants (Fig.
5d). Taken together, our results are consistent with neuronal autophagy being blocked

in atg-16.2(0k3224) and atg-4.1(bp501) mutants. In conclusion, we identified a novel
requirement for atg-16.2in exopher biogenesis, which is seemingly independent of defects
in neuronal degradative autophagy.

atg-16.2 is required for benefits of neuronal autophagy inhibition

We next tested whether afg-16.2was required for the benefits of neuronal autophagy

gene inhibition. Neuronal inhibition of afg-7or lgg-1/ATG8 RNAI increased lifespan and
decreased polyQ aggregates in atg-4.1(bp501) but not atg-16.2(0k3224) mutants (Fig. 5e—h
and Supplementary Table 6). Consistently, atg-16.2was required for the increased exopher
formation upon neuronal-only afg-7and lgg-1/ATG8 RNA. (Fig. 5i). The absence of
phenotypes in afg-16.2(0k3224) mutants was not because these animals were refractory

to RNA, as they responded normally to RNAI clones for genes expressed outside neurons
(Extended Data Fig. 5), and neuronal inhibition of the insulin/IGF-1-like receptor daf-2
increased lifespan in atg-16.2(0k3224) mutants (Supplementary Table 7), similarly to WT
animals (Supplementary Table 3). Taken together with our autophagy analyses (Fig. 5b—

d), these results indicate that neuronal-only RNAI of at least afg-7and /lgg-1/ATG8 can
reduce neuronal polyQ aggregates, and induce exopher formation, as well as extend lifespan,
irrespective of whether canonical autophagy is engaged, consistent with a cargo degradation-
independent mechanism in neurons. Our data highlight that this underlying mechanism
involves atg-16.2, which was required for all the abovementioned phenotypes.
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ATG-16.2’s WD40 domain is required for exopher formation

To further address a mechanistic role for ATG-16.2 in exopher biogenesis, we next tested its
cell-autonomous functions by rescuing ATG-16.2 expression in neurons of afg-16.2 mutants.
ATG16 is a conserved protein (Extended Data Fig. 6a), containing an ATG5-interacting
motif, a coiled-coil domain and a seven-bladed B-propeller WD40 domain that mediates
protein interactions at its C terminus®® (Fig. 6a,b). The Saccharomyces cerevisiae ATG16
ortholog does not contain a WD40 domain (Extended Data Fig. 6a), and the WD40

domain seems dispensable for canonical, degradative autophagy in metazoans2°. To test

the function of the C. elegans ATG-16.2 WD40 domain, we created and analyzed a truncated
protein devoid of the C-terminal WD40 domain (ATG-16.2AWD40)*° (Fig. 6a). In parallel,
we also constructed and investigated a protein with mutations in two conserved residues
(Extended Data Fig. 6a), i.e., phenylalanine 394 to alanine and isoleucine 509 to methionine
(ATG-16.2(Phe394Ala, 11e509Met). Phe394, corresponding to Phe467 in human ATG16L1,
is a surface-facing residue on Blade 4 of the WD40 domain (Fig. 6b) that creates a surface
pocket with residues of Blade 5, and whose mutation to alanine in mammalian cells inhibits
non-canonical autophagy functions of the WD40 domain?0. We discovered the lle509Met
point mutation during the final stages of the publication process. 11e509, corresponding

to 11e580 in human ATG16L1 and located between Blades 6—7 of the WD40 domain,

is not surface exposed (Fig. 6b), and unlikely to play a functional role. However, future
studies are needed for a comprehensive characterization and validation of any functional
role of 1le509Met mutation in ATG16.2. We expressed each of these proteins, as well as a
full-length ATG-16.2 from the rgef-1 promoter in neurons of afg-16.2(0k3224) mutants with
similar gene expression levels to WT (Extended Data Fig. 6b). atg-16.2(0k3224) mutants
displayed an increased number of GFP::LGG-1/ATG8 punctae (Fig. 5¢,d) due to blocked
autophagy (Fig. 5b,d), but the neuronal rescue of full-length ATG-16.2, ATG-16.2AWD40
and ATG-16.2(Phe394Ala) all significantly reduced the elevated number of neuronal
GFP::LGG-1/ATGS8 punctae observed in atg-16(0k3224) mutants to levels equal or close

to those of WT (Fig. 6¢). Thus, the three ATG-16.2 constructs make functional transgenes
that are at least partially sufficient in rescuing autophagy deficiencies in atg-16(0k3224)
mutants, and the ATG-16.2 WD40 domain is not required for neuronal autophagy in adult C.
elegans, as in C. elegans embryos*® and mammalian cells2C,

Since atg-16.2was required for exopher biogenesis (Fig. 5a,i), we next tested whether
ATG-16.2 and its WD40 domain were cell-autonomously required for exopher formation.
atg-16.2(ok3224) mutants expressing full-length ATG-16.2, but neither of the WD40
domain-defective ATG-16.2 constructs AWD40 and Phe394Ala/lle609Met, significantly
increased exopher numbers to WT levels (Fig. 6d). Collectively, these results indicate that
a neuronal function of ATG-16.2 involving its WD40 domain is important for exopher
formation.

ATG-16.2’s WD40 domain is required for benefits of neuronal autophagy inhibition

To analyze if neuronal ATG-16.2 was involved in the effects mediated by neuronal
inhibition of early-acting autophagy genes, we created atg-16.2(0k3224) mutants capable of
neuronal-only RNAI and expressing full-length neuronally expressed ATG-16.2, or WD40
domain-deficient ATG-16.2AWD40 and ATG-16.2(Phe394Ala/lle509Met). We subjected
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these strains to neuronal-only RNAI of afg-7or lgg-1/ATG8 and examined them for
lifespan (Fig. 7a—c and Supplementary Table 7), neuronal polyQ aggregates (Fig. 7d—f) and
exopher production (Fig. 7g—i). In the animals rescued with full-length ATG-16.2, neuronal
knockdown of atg-7or lgg-1/ATG8 extended lifespan (Fig. 7a), reduced neuronal polyQ
(Fig. 7d) and increased exopher production (Fig. 7g), similarly to WT animals. In contrast,
neuronal expression of ATG-16.2AWD40 or ATG-16.2(Phe394Ala/lle509Met) failed to
rescue lifespan extension (Fig. 7b,c), neuronal polyQ reduction (Fig. 7e,f) or exopher
formation (Fig. 7h,i). These results demonstrate that the WD40 domain of ATG-16.2

is autonomously required for lifespan extension, neuronal polyQ aggregate reduction

and increased exopher production in afg-16.2(0k3224) mutants following neuronal-only
knockdown of early-acting autophagy genes.

Collectively, our results show a role for the WD40 domain of neuronal ATG-16.2 in
exopher biogenesis and provide a potential mechanism by which pan-neuronal inhibition of
early-acting autophagy genes decreases polyQ aggregation, possibly via increased exopher
formation in at least some neurons. Increased exopher formation may also, at least in part,
explain the lifespan extension induced by early-autophagy gene inhibition in C. elegans
neurons.

Discussion

Here we demonstrated that RNAI of early-acting autophagy genes in C. efegans neurons
significantly extended lifespan, autonomously improved neuron morphology and function
in aged animals, reduced neuronal polyQ aggregates and increased the extrusion of
neuronal exophers, which are large extracellular vesicles. These effects were independent
of canonical, degradative autophagy, because downregulation of late-acting autophagy
genes did not induce the same benefits. Moreover, atg-4.1 mutants, which have defects

in autophagy, displayed the same phenotypes as WT animals following neuronal-only
inhibition of early-acting autophagy genes. Instead, we found that extended lifespan,
decreased polyQ aggregate number and increased exopher biogenesis after neuronal
inhibition of early-acting autophagy genes required ATG-16.2, and particularly its WD40
domain-related functions. The ATG-16.2 WD40 domain is involved in the formation of
exophers, which have been shown to secrete cytosolic material, including polyQ aggregates
from C. elegans neurons, especially upon disruption of proteostatic pathways2447. We thus
propose a model in which the inhibition of early-acting autophagy genes leads to the
ATG-16.2 WD40 domain-dependent formation of exophers, which may contribute to the
decrease in neuronal protein aggregation and the observed lifespan extension in a direct or
indirect fashion.

Mammalian ortholog ATG16L1 functions in the ATG12-ATG5/ATG16 complex to mediate
ATG8 conjugation via PE to double-membrane autophagosomes, but can also via its

highly conserved WD40 domain facilitate association of ATG8/LC3 to non-autophagosomal
membranes, including endolysosomal membranes or single-membrane vesicles involved

in LC3-associated phagocytosis in mouse macrophages2°, by conjugation to both PE

and phosphatidylserine (PS)*8. We here found that the WD40 domain of C. elegans
ATG-16.2 is required for basal exopher formation and for increased exopher formation
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upon neuronal inhibition of early-acting autophagy genes atg-7and /gg-1/ATG8. In addition
to C. elegans?®27, exophers have been observed in mammalian cardiomyocytes3® and
neurons3®, but exopher biogenesis is not well understood molecularly. Our observations
raise interesting questions to address in future studies, including whether C. elegans
ATG-16.2, via its WD40 domain and potential ATG16 WD40-specific binding partners
like V-ATPase*?, can get recruited to exopher membranes, and whether such potential
noncanonical functions of ATG-16.2 would involve the recruitment and conjugation of
ATGS8 proteins to exopher membranes via both PE and PS in a manner dependent on

the ATG12—-ATG5 complex. To this end, neuronal-only reduction of fgg-12/ATG& not

only increased exopher formation but also reduced neuronal polyQ aggregation load,

and increased lifespan similarly to other early-acting autophagy genes. While this could
point toward an ATG8-independent function of ATG-16.2, the partial knockdown of
neuronal /gg-2/ATG8 (~40-50% remaining after the RNAi knockdown treatment) could be
sufficient for noncanonical autophagy but insufficient for canonical autophagy. Alternatively,
ATG-16.2 could have an autophagy-independent function, that is, independent of its role

in ATGS8 lipidation, similarly to mammalian ATG16L1, which can facilitate hormone
secretion via dense-core vesicles®® and exosome production®® in cellular models, as well
as neuropeptide production in Drosophil2®? in an autophagy-independent manner. Future
experiments are needed to address the mechanism by which ATG-16.2 regulates exopher
formation in touch neurons and possibly other neuronal subtypes after neuronal-only
autophagy gene knockdown in C. elegans. We note that the C. efegans paralog ATG-16.1
is not expressed in touch neurons, but may play roles in other cell types, which will be
important for future investigation.

Neuronal autophagy is important for protein homeostasis in the nervous system, as
conditional knockdown of autophagy genes Afg5and Atfg7in the central nervous system
of mice leads to neurodegenerative phenotypes®6 and loss-of-function mutations in the
endolysosomal pathway frequently cause neurological disorders>354. Autophagy has been
shown to degrade aggregating proteins, including proteins with polyQ stretches®. In line
with these observations, systemic/whole-body inhibition of all autophagy-related genes
tested in WT C. elegans increased neuronal polyQ formation (this study and refs. 7-9).

In contrast to nonneuronal knockdown, we report here that neuronal-only inhibition of
early-acting autophagy genes reduced polyQ aggregate load in neurons. Our finding is
consistent with recent studies demonstrating that polyQ proteins and aggregates can be
transmitted from cell-to-cell in C. elegans®®, in Drosophilz®” and in induced pluripotent
stem cells derived from patients with Huntington’s disease and transplanted into mouse
brains®8, possibly via extracellular vesicles®®:60. Moreover, inhibition of autophagosome
formation by silencing early-acting autophagy genes Azg5 or Vps34/Pik3c3in neuronal cell
culture models from mice and humans promotes exosomal secretion of aggregate-prone
proteins, such as a-synuclein®l, prions®2 or an amyloid precursor53. Here, we observed
neuronal polyQ-exopher extrusions in touch (ALM) neurons of young animals subjected to
neuronal-only inhibition of early-acting autophagy genes. These observations raise several
mechanistic questions, including what the biochemical properties and fate of the secreted
polyQ proteins are and how they contribute to preventing polyQ aggregation at an older
age. Likewise, it will be important to better understand the physiological role of potentially
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secreted, aggregated proteins as well as other exopher cargo in cell-to-cell communication,
noting that our studies demonstrated a correlation between decreased neuronal aggregate
load, increased exopher formation and lifespan extension upon neuronal inhibition of early-
acting autophagy genes. One possibility may be that a general handoff of aggregates for
remote degradation by their neighbors may maintain important neuronal functions that
promote long life.

An especially surprising observation of this study was that neuronal-only inhibition

of early-acting autophagy genes from hatching or the start of reproductive adulthood,
using the same RNA. bacterial clones that shorten the lifespan of several long-lived

C. elegans mutants (which would experience gene inhibition primarily in non-neuronal
tissues)!, caused normal C. elegans to live ~20-30% longer. While we were not able to
determine the extent of knockdown of autophagy-dependent genes in C. elegans neurons,
neuronal-specific knockdown of fluorescent markers expressed in neurons led to 40-50%
reduction in fluorescence. This reduction was sufficient to inhibit neuronal autophagy.
The accompanying lifespan results are notable as autophagy gene RUBCN (Run domain
Beclin-1-interacting and cysteine-rich domain-containing protein) negatively regulates
autophagy, and whole-life, neuronal-only RNAI of rub-1/RUBCN using a sid-1(pk3321),
unc-119p::sid-1 transgenic strain?8 extends lifespan by increasing autophagy flux®4. Thus,
canonical autophagy induction in neurons can induce beneficial effects on lifespan in C.
elegans. Our data, on the other hand, suggest that the neuronal-only inhibition of early-
autophagy genes triggers a longevity mechanism independent of degradative autophagy and
mediated by the WD40 domain of ATG-16.2. Considering the requirement of this highly
conserved domain in noncanonical autophagy gene functions in mammals, we propose a
similar role in adult C. elegans neurons involving possible secretion of lifespan-extending
signals, either in exophers or in different types of afg-16.2-dependent secretory events. It
will be interesting to address if and how the neuronal secretome may be affected in C.
elegans atg-16.2 mutants.

In sum, we demonstrate that the inhibition of early-acting autophagy genes in neurons
extended C. elegans lifespan, improved neuronal proteostasis and increased exopher
formation mediated by the autonomous, WD40 domain-related function of ATG-16.2. If
this mechanism is conserved in other organisms, modulating neuronal autophagy genes may
provide a method to improve lifespan and neuronal proteostasis. In addition, as the WD40
domain of C. elegans ATG-16.2 was critical for lifespan determination, we speculate that
noncanonical ATG16 functions may play a broader role in organismal aging than has been
previously anticipated.

C. elegans strains and maintenance

C. elegans strains were maintained and cultured at 20 °C using Escherichia coli OP50

as a food source®® unless RNAI was initiated. All experiments were conducted using
hermaphrodites. For RNAI experiments, animals were grown on HT115 bacteria from the
time of RNAI initiation (see below). See Supplementary Table 8 for all strains used and
created for this study. For maintenance and selection of animals expressing a hygromycin
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resistance marker, animals were grown on 6-cm NGM plates that were supplemented with
250 pul of 5 mg ml~1 of hygromycin B (GoldBio) in M9.

Construction of transgenic strains

The rgef-1p::sid-1 vector was made by Gateway cloning. The rgef-1 pan-neuronal promoter,
sia-1 open reading frame and the wnc-54 3" untranslated region (UTR) were cloned into
the Gateway destination vector pDEST_R3R4. The final product rgef-1p..sid-1 (pPMH1141)
was verified by sequencing. To construct the rgef-1p.:atg-16.2 vector, cDNA of afg-16.2
was amplified by PCR from vector afg-16.2p:.atg-16.2:.9fc*® and ligated with pMH1307
(pSM vector56 containing rgef-1 promotor between Nhel and Sall) by Gibson assembly.
The final product and open reading frame of rgef-1p::atg-16.2 (pMH1387) was verified

by sequencing. pMH1387 was used to change phenylalanine 394 (TTT) to alanine 394
(GCT) by site-directed mutagenesis to generate pMH1388. However, after acceptance of
this manuscript, an additional mutation, 11e509Met, was discovered in pMH1388, and
confirmed present in transgenic C. elegans strains MAH1038, ZB5329, and KUM48
(Supplementary Table 8), which all encode rgef-1p..:atg-16.2(Phe394Ala, 1/e509Met). To
construct the rgef-1p.:atg-16.2AWD40 vector, cDNA of atg-16.2delC, which encodes
ATG-16.2(1-223), was amplified by PCR from afg-16.2p..atg-16.2 vector*® with added
stop codon and ligated with pMH1307 (between Nhel and Sall) by Gibson assembly. The
final product rgef-1p::atg-16.2AWD40 (pMH1389) was verified by sequencing. Plasmid
DNA was prepared using the Miniprep kit (Qiagen). Transgenic animals expressing an
extrachromosomal array were created by gonadal microinjection of plasmids of interest with
the indicated co-injection marker into indicated strains in Supplementary Table 8. A list

of plasmids used and made in this study is provided in Supplementary Table 9. Primer
information for plasmid construction is available in Supplementary Table 10.

RNA interference

RNAI was performed by feeding C. elegans with bacteria expressing dsSRNA against the
gene of interest. RNAI clones used in this study (Supplementary Table 9) were obtained
from the Ahringerl0 or the Vidal®” RNAI libraries. All RNAI clones were verified by
sequencing. Two empty vector controls were used; the original L4440 plasmid, and L4440,
digested with Eco RV and religated, which eliminated 114 bp (Eco RV restriction site was
used to insert dsSRNA; pMH1355). For RNAI experiments, HT115 bacteria were grown in
liquid LB medium containing 0.1 mg mI~2 carbenicillin (Bio Pioneer), and 80-ul aliquots
of bacteria were spotted onto 6-cm NGM plates with carbenicillin. Bacteria were allowed
to grow for 1-2 days at room temperature. Before use, 80 pl 0.1 M IPTG (Promega) was
added to the bacterial lawn to induce dsSRNA expression before eggs (whole-life RNAI),
larvae (L1 or L4 stage) or adults (adult-only RNAI) were transferred onto RNAI plates.
Neuronal RNAI was performed in sid-1(gt9) mutants with s/id-1 rescue under control of
the pan-neuronal promoter rgef-1p. RNAI efficiency in mutants and neuronal RNA. strains
was assessed with whole-life RNAI treatment on day 2 of adulthood. For RNAI specific
against genes with muscle function, unc-112and unc-22 RNAI penetrance was measured
by paralysis and twitch-like movements, respectively. For RNAI specific against genes with
hypodermal function, #sp-15and b/i-1 RNAI penetrance was determined by the appearance
of blisters. For RNAI specific against genes with intestinal function, e/-2 RNAI penetrance
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was determined by a small phenotype and a clear and restricted appearing intestine. RNAI
against the ubiquitously expressed sp/-2 led to larval arrest. RNAI specific against genes
with neuronal function, snb-1 and unc-13, caused shrinker phenotype following gentle touch
of the body with hair.

Fluorescence intensity measurements

Fluorescence intensity of GFP in nerve-ring neurons was measured in animals capable of
neuronal RNA. to determine neuronal RNAi knockdown efficiency after feeding animals
bacteria carrying empty vector control or expressing dsRNA against gfp. Fluorescence
intensity of SQST-1::GFP was measured in either the head region or the whole body on the
indicated days of adulthood either raised on OP50 bacteria or after animals were subjected
to the indicated neuronal RNAI treatment. Animals were imaged on empty NGM plates after
anesthetization with M9 medium containing 0.1% sodium azide. Images were acquired with
a Leica DFC310 FX camera at 400 ms of exposure. The mean fluorescence intensity was
measured in the nerve-ring neurons by outlining the same-sized circular region of interest
using F1JI software (National Institutes of Health (NIH)) per animal and in whole body by
outlining each worm, normalized to day 1 of adulthood or control RNA..

Lifespan analysis

Lifespan was measured at 20 °C%. Synchronized animals were transferred onto 6-cm NGM
plates seeded with £. coli OP50. Six plates were used for each strain with 20 animals per
plate. The L4 larval stage was recorded as day 0 of lifespan, and animals were transferred
every other day to a new NGM plate throughout the reproductive period. For lifespan
experiments on RNAI bacteria, animals were fed dsRNA-expressing or control bacteria from
hatching (whole-life), from larvae (L1 or L4 stage) or as adults (adult-only RNAI). For the
exopher binning lifespans, strain ZB4065 (bz/s166/mec-4p.::mCherry]) was used. Around
20-30 eggs were picked on a total of 60 P6 NGM plates with OP50 bacteria. From day

1 to day 5 of adulthood, animals were observed daily under a fluorescence microscope

for exopher events, and animals with exophers (‘+ exopher’ group), assessed in a binary
manner, were transferred onto P6 OP50 lifespan plates. Because exopher formation and
subsequent clearance in the hypodermis takes ~3 days, our daily scoring assured that we
would not miss exopher events#3:69, On days 2 and 4, all animals were transferred away
from their progeny. Animals that did not have exopher events by day 5 were transferred onto
separate P6 OP50 lifespan plates for the ‘— exopher’ control group. Animals were scored

as dead if they failed to respond to gentle prodding with a platinum-wire pick. All lifespan
experiments performed for this study were numbered to indicate which RNAI clones were
tested together in the same experiment (Supplementary Tables 1 and 3-7).

Healthspan measurements

Thrashing ability (that is, swimming), pharyngeal pumping and progeny production were
assayed as measures of healthspan. For thrashing assays, animals on the indicated days
of adulthood were transferred onto a 6-cm NGM media plate containing a drop of M9
medium, and body bends of 14-20 animals were counted for 20 s on a Leica stereoscope.
Pharyngeal pumping was measured on the indicated days of adulthood by counting the
grinder movements in the terminal pharyngeal bulb of 14-20 animals for 30 s on a Leica
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stereoscope. For the assessment of progeny production, 10 animals were singled on 6-cm
NGM plates at the L4 larval stage and transferred daily onto fresh plates during the self-
fertile reproductive span. The number of eggs/larvae produced by each animal per day was
counted.

Dye-filling assay

Dye-filling experiments were performed on day 5 of adulthood. Animals were raised at 20
°C on corresponding RNA. plates for whole-life RNAI. On the day of experiment, 20 worms
were transferred into 150 ul of a 10 ng I~ Dil (Invitrogen) solution diluted in M9 buffer.
Animals were incubated for 2 h at 20 °C and then transferred to a fresh NGM plate seeded
with OP50 bacteria to let them crawl for 1 h. Animals were mounted on a 2% agarose pad

in M9 medium containing 0.1% sodium azide and imaged using a Zeiss Imager Z1 including
apotome.2 with a Hamamatsu orca flash 4LT camera and Zen 2.3 software.

Neurite-branching analysis

Chemotaxis

Neurite branches were counted in sid-1; rgef-1p::sid-1+ rgef-1::gfp animals33. Eggs were
raised on control HT115 bacteria or RNAI bacteria plates for whole-life RNAI. Branches
from ALM and PLM mechanosensory neurons were counted on day 15 of adulthood. A
branch was scored when a visible GFP-labeled branch was observed emanating from ALM
or PLM mechanosensory neurons visualized using a Zeiss Imager Z1 including apotome at
x63 magnification.

experiment

Chemotaxis assays were performed on day 5 of adulthood’%:71, For each condition, ~250
animals were cultured at 20 °C on 6-cm semi-high growth media plates (25 g 17! agar,

11.25 g I"1 Bacto Peptone, 3 g I"1 NaCl, 5 pg |71 cholesterol in 100% ethanol, 1 mM

CaCly, 1 mM MgSQy, 25 mM KPO, buffer pH 6 and 0.26 M carbenicillin in distilled
water) and fed from hatching with bacteria expressing empty control vector or afg-7and
lg9-1/ATG8 dsRNA. At the L4 larval stage, animals were transferred onto plates coated
with 50 pM 5-fluoro-2’-deoxyuridine. On day 5 of adulthood, animals were washed into
1.5-ml microcentrifuge tubes with M9 buffer and washed twice with M9 buffer. An empty
10-cm semi-high growth media carbenicillin plate for chemotaxis was prepared by pipetting
1 pl of 1 M sodium azide + 1 pl of 10% butanone in 95% ethanol (attractant), and 1 pl

of 1 M sodium azide + 1 pl 95% ethanol (control) on either side of the plate. Animals

were spotted in equal distance from the attractant and control at the origin and allowed to
incubate for 1 h at room temperature. After incubation, animals within a 1.5-cm radius of the
attractant, control and origin were counted. A chemotaxis index (Cl) was then calculated: ClI

= [(Mattractant = Neontron)] / [(total = Norigin)]-

Autophagy measurements

GFP::LGG-1 and lipidation-deficient GFP::LGG-1(Gly116Ala) punctae were counted

in the nerve-ring neurons of animals expressing rgef-1p..gfp..lgg-1 (ref. 36) and
rgef-1p::gfo::lgg-1(Gly116AlaP, respectively, and in intestine and body-wall muscle of
animals expressing /gg-1p::gfp::1gg-1 (ref. 35). For all experiments, animals were raised at
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20 °C and assessed for autophagy status on day 1 of adulthood. Autophagy flux assays
were performed by injecting BafA (BioViotica) or vehicle (DMSO, Sigma) into animals
expressing rgef-1p:.gfo.:lgg-1 or rgef-1p.:gfv:1gg-1(Gly116Alaf*°. BafA was resuspended
in DMSO to a stock concentration of 25 uM. The co-injection dye Texas Red dextran
(3,000 MW; Molecular Probes) was resuspended in water to a stock concentration of

25 mg mI~L. The BafA or DMSO injection solution was injected close to the terminal
pharyngeal bulb and animals were allowed to recover on 6-cm NGM plates with OP50 for

2 h. Surviving animals with intact nerve rings that scored positive for the red dye were used
for GFP::LGG-1 punctae quantification. For imaging and punctae quantification, animals
were mounted on a 2% agarose pad in M9 medium containing 0.1% sodium azide, and
GFP-positive punctae were counted using a Zeiss Imager Z1 including apotome.2 with a
Hamamatsu orca flash 4LT camera and Zen 2.3 software. The total number of GFP::LGG-1/
Atg8-positive punctae was counted in body-wall muscle and the three to four most proximal
intestinal cells at x1,000 magnification. For imaging and punctae quantification of the
nerve-ring neurons, zstack images were acquired at a slice thickness of 1.0 um.

PolyQ aggregation

The number of neuronal polyQ aggregates was counted in animals expressing
rgef-1p::Q40::yfoin the nerve ring of individual animals on day 5 of adulthood®°. Animals
were raised at 20 °C on control HT115 bacteria or RNAI bacteria against the gene of
interest. Animals were lined up on 6-cm NGM plates without food after anesthetization with
M9 medium containing 0.1% sodium azide. Neuronal polyQ aggregates were counted under
a Leica DFC310 FX camera at x20 magnification.

Exopher measurements

RT-gPCR

Exophers were counted in animals expressing mec-4p.::mCherry that were raised on OP50 or
HT115 bacteria expressing empty vector or dsSRNA from hatching or from the first day of
adulthood*3. Animals were scored on days 1-3, or just on day 2 of adulthood for exopher
occurrence in a binary manner. Animals were either scored live on a Kramer dissecting
scope with a x20 objective or mounted on a microscope slide in a drop of M9 medium on
an agarose pad, both containing 0.1% sodium azide as anesthesia using a Zeiss Imager Z1
including apotome at x25 magnification. Each trial was graphed as a percentage of ALMR
exophers. To determine colocalization of polyQ proteins in exophers, animals co-expressing
mec-4p::mCherry and rgef-1p..Q40:.yfp were assessed at day 2 of adulthood for exophers.
mCherry-positive exophers in AMLR neurons were examined for polyQ colocalization, and
z-stack images were obtained using a x100 oil immersion objective, capturing stacks with a
depth ranging from 4 to 8 um at a slice thickness of 0.2 um.

RT-gPCR was performed by isolating total RNA from a synchronized population of
~2,000 day 1 animals raised on OP50 bacteria on 6-cm NGM plates, supplemented with
hygromycin B where applicable®. After harvesting, the animal tissue was flash frozen

in liquid nitrogen. RNA was extracted with TRIzol (Life Technologies), purified using a
Qiagen RNeasy Kit, and subjected to an additional DNA digestion step (Qiagen DNase

| kit). Reverse transcription (1 ug RNA per sample) was performed using M-MuLV
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reverse transcriptase (Roche) and random 9-mer primers (New England Biolabs). gPCR was
performed using the SYBR Green Master Mix (Roche) in a CFX384 machine (Bio-Rad). A
standard curve was obtained for each primer set by serially diluting a mixture of different
complementary DNAs, and the standard curves were used to convert the observed CT
values to relative values. Three biological samples were analyzed, each with three technical
replicates. The average and s.e.m. were calculated for each mRNA. mRNA levels of target
genes were normalized to the mean of the housekeeping genes nAr-23 (nuclear hormone
receptor), pmp-3 (putative ABC transporter) and cyn-1 (cyclophilin). Primer sequences are
listed in Supplementary Table 10.

Statistics and reproducibility

Data were statistically analyzed using Excel, GraphPad Prism, STATA v.7 (Stata Corp) or
Oasis.2 software’2. No statistical methods were used to predetermine sample sizes, but our
sample sizes are similar to those reported previously8:9:38.:4043.70 For al| experiments, data
distribution was assumed to be normal, but this was not formally tested. For two sample
comparisons, an unpaired two-tailed #test was used to determine significance. For three

or more samples, a one-way ANOVA with Dunnett’s multiple-comparison test was used.
For grouped comparisons, a two-way ANOVA with Tukey’s multiple comparisons was used
to determine significance. Statistical significance of lifespan data was determined using a
two-sided log-rank test, and statistics for lifespan data are provided in the Supplementary
Information. The only data excluded from analyses were animals censored during lifespans.
To compare the percentage mean lifespan change, we used a one-sample #test and null-
hypothesis testing. For the statistical comparison of the percentage of exophers formed,

we used the Cochran—Mantel-Haenszel test. Blinding was performed where feasible, for
most exopher measurements and for autophagy measurements assessing afg-16.2 rescue
constructs. Animals for fluorescence measurements, autophagy measures and exopher
measures were chosen under a bright-field microscope and therefore independent of their
fluorescence intensity. No other randomization method was used.
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Extended Data Fig. 1 |. Neuronal expression of SID-1, an RNA channel protein, leadsto RNAi-

competent neurons.

(a) Mean GFP fluorescence intensity in head region of rgef-1p.:gfo animals on day 1 to
day 12 of adulthood, relative to day 1. Error bars are s.d. of n = 3 experiments, with n
=29, 34, 32, 24, 28, 19 animals over 3 independent experiments. ns 2= 0.78, A= 0.05,
P=0.116, ****P< 0.0001, **P=0.005, by one-way ANOVA with Dunnett’s multiple
comparisons test. (b-f) Wild-type animals (N2, WT), sid-1, rgef-1p::sid-1 + rgef-1p...g1p,
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and s/d-1 mutants after whole-life RNAI against the indicated gene with tissue-specific
functions, compared to control (CTRL). (b) Representative animals are shown with WT
animals displaying paralysis (Prz) on unc-112 RNA., larval arrest (Lva) on rp/-2 RNAI,
blister formation (Bli) and larval arrest (Lva) on b/i-1 RNAI, and clear (Clr) and larval
arrest on e/t-2 RNAi. Mean percent phenotypic penetrance after knockdown of genes with
functions in (c) body-wall muscle; unc-22 - twitching and uncoordinated movement (Unc)
(n = 8 experiments, ****P< 0.0001) and unc-112- paralysis (n = 7 experiments, ****p

< 0.0001), (d) a ubiquitous manner; rp/-2— larval arrest (n = 8 experiments, ****pP <
0.0001), (e) hypodermis; tsp-15— blisters (n = 8 experiments, ****P < 0.0001) and b/i-1 -
blisters and larval arrest; (f) intestine; e/t-2— clear and larval arrest. Error bars are s.d. (g)
Mean GFP fluorescence intensity in head region of day 1 sid-1, rgef-1p..sid-1 + rgef-1p.:gfp
rgef-1p::gfp animals after whole-life gfp RNAIi compared to control (CTRL). Error bars
are s.d. with n = 30 over 3 independent experiments. ****P< 0.0001, **£=0.005, by
two-tailed Student’s t-test. Scale bar: 100 um. (h) Mean GFP fluorescence intensity in head
region of day 1 sid-1, rgef-1p..sid-1 + rgef-1p::gfo rgef-1p..:gfp animals after whole-life
lgg-1 RNAI (n = 32) compared to control (CTRL) (n = 35). Error bars are s.d. over 3
independent experiments. ****P < 0.0001 by two-tailed Student’s t-test. Scale bar: 100
pum. (i) Mean percent of shrinker phenotype in day 2 WT, rde-1, unc-47p::rde-1::5L2::sid-1
(capable of GABA neuron-specific RNAI), sid-1, rgef-1p..sid-1 + rgef-1p::gfp, or sid-1
animals after two generations of whole-life snb-1 or unc-13 RNAi compared to control
(CTRL). Error bars are s.d. with ****P< 0.0001 and ns £ > 0.99 by one-way ANOVA with
Dunnett’s multiple comparisons test.
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atg-7, or lgg-1/ATG8 RNAI compared to control (CTRL). Error bars are s.e.m. of one
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with similar results. Linear regression comparison versus CTRL: atg-7RNAI: Pygpe = 0.5;
Ry-intercept = 0.02; Igg-Z/ATGERNAI: Pyjope = 0.3; Ryintercept = 0.01. (b) Mean number of
contractions in the terminal pharyngeal bulb per 30 s of sid-1, rgef-1p..sid-1 + rgef-1p::gfo
animals after whole-life atg-7, or lgg-1/ATGE RNAIi compared to control (CTRL). Error bars
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are s.d. of n = 30 animals over 3 independent experiments. Linear regression comparison
versus CTRL: afg-7RNAI: Pyjope = 0.4; P intercept = 0.4; 199-1 RNAI: Pyjope = 0.3; A,.
intercept = 0.5. (C) Mean number of progeny produced per day in sid-1; rgef-1p:.sid-1 +
rgef-1p..gfp animals after afg-7(n = 19 animals), or /gg-1Z/ATG8 RNAI (n = 18 animals)
compared to control (CTRL) (n = 22 animals) over 2 independent experiments. Error bars
are s.d. CTRL versus afg-7RNAI: ns £=0.72, 0.89, 0.91, 0.82, >0.99; CTRL versus
l9g-1/ATG8 RNAI: ns P=0.95, 0.96,0.60, 0.70, >0.99, by two-way ANOVA with Dunnett’s
multiple comparisons test. (d) Analysis of integrity of sensory neurons in day 5 sig-1;
rgef-1p::sid-1 + rgef-1p.:gfo animals after atg-7, or lgg-1/ATG8 RNAI compared to control
(CTRL). Sensory mutants adaf-10(e1387) and osm-6(p811) are negative controls. Shown are
representative images of n = 10 animals. Experiment was performed three times with similar
results. Scale bar, 20 pm. (€) Representative image of neuronal branch (arrowhead) from
ALM neuron in day 15 sid-1; rgef-1p..sid-1+ rgef-1p..gfp animals. Scale bar: 20 um. Mean
percent of animals with branches after whole-life atg-7, or lgg-1/ATG8 dsSRNA compared to
control (CTRL) of n = 4 experiments. Error bars are s.d. ***£=0.0002, ****£ < 0.0001 by
Cochran-Mantel-Haenszel test. (f) Mean chemotaxis index of day 5 sid-1; rgef-1p::sid-1 +
rgef-1p::gfp animals after whole-life atg-7, or lgg-1/ATG8 RNAI using the chemoattractant
butanone. Error bars are 95% C.I. of n = 4 experiments. *£=0.048, **P=0.0094, by
one-way ANOVA with Dunnett’s multiple comparisons test.
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Extended Data Fig. 3 |. Autophagy statusisunchanged in animals expressing sid-1 and in
non-neuronal tissues after neuronal knockdown of early-acting autophagy genes.

(a) Mean neuronal GFP::LGG-1 and GFP::LGG-1(G116A) punctae in day 1 wild-type
(sid-1+ 1+) (n =28, 29) and sid-1(qt9) (sid-1-/-) animals (n = 27, 27) with or without
rgef-1p..sid-1 transgene (rgef-1p.:sid-1 (+)) (n = 26, 29). Error bars are s.d. over 3
independent experiments. Comparison between strains: LGG-1: ns #=0.75, £=0.97,
G116A: ns P=0.98, P> 0.99. Comparison of lipidated and unlipidated structures:
****P<0.0001, by two-way ANOVA with Tukey’s multiple comparisons test. (b) Mean

Nat Aging. Author manuscript; available in PMC 2024 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 23

sqst-1p::sqst-1..gfp fluorescence intensity in head region of day 1 wild-type (sid-1 + /+),
and sid-1(qt9) (sia-1(—/-)) animals with or without rgef-1p..sid-1 transgene (rgef-1p..sid-1
(+)) on day 1 of adulthood. Error bars are s.d. of n = 31 animals over 3 independent
experiments. ns 2=10.18 and P= 0.59 by one-way ANOVA with Dunnett’s multiple
comparisons test. (¢) GFP::LGG-1 punctae in intestinal cells of day 1 wild-type (s/id-1

+ /+) (n =59) and sid-1(qt9) (sid-1-/-) animals (n = 62) with or without rgef-1p..sid-1
transgene (rgef-1p::sid-1 (+)) (n = 62). Violin plots with solid line indicating median and
dashed lines indicating quartiles. ns A= 0.79, = 0.99 by one-way ANOVA with Dunnett’s
multiple comparisons test. (d) GFP::LGG-1 punctae in body-wall muscle areas of day 1
wild-type (sid-1+ /+) (n = 48) and sid-1(qt9) (sid-1-/-) animals (n = 45) with or without
rgef-1p::sid-1transgene (rgef-1p::sid-1 (+)) (n = 52). Violin plots with solid line indicating
median and dashed lines indicating quartiles. ns = 0.64, = 0.70 by one-way ANOVA
with Dunnett’s multiple comparisons test. (€) GFP::LGG-1 punctae in intestinal cells of day
1 sid-1; rgef-1p::sid-1 + rgef-1p..gfp; lgg-1p::gfp.:Igg-1 animals after whole-life atg-7(n =
65), or lgg-1/ATGE (n = 48) RNAIi compared to control (CTRL) (n = 81). Violin plots with
solid line indicating median and dashed lines indicating quartiles. ns #=0.98, P=0.71

by one-way ANOVA with Dunnett’s multiple comparisons test. (f) GFP::LGG-1 punctae
in body-wall muscle areas of day 1 sid-1, rgef-1p::sid-1 + rgef-1p..gfp; lgg-1p.:.gfp..1gg-1
animals after whole-life atg-7(n = 54), or lgg-1/ATG8 (n = 53) RNAI compared to control
(CTRL) (n = 49). Violin plots with solid line indicating median and dashed lines indicating
quartiles. ns £=0.34, P=0.96 by one-way ANOVA with Dunnett’s multiple comparisons
test.
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Extended Data Fig. 4 |. Neuronal PolyQ aggregation, exopher formation and lifespan extension
arecorrelated.

(&) Number of neuronal PolyQ aggregates in day 7 rgef-1.::Q40:.yfo wild-type (sid-1 + /+)
(n = 41) and sid-1(qt9) (sid-1-/-) animals (n = 48 with or without rgef-1p..sid-1 transgene
(rgef-1p..:sid-1 (+)) (n = 42). Violin plots with solid line indicating median and dashed

lines indicating quartiles. ns #=10.79, P=0.82 by one-way ANOVA with Dunnett’s
multiple comparisons test. (b) Mean percent of ALMR neurons with exophers of day 2
mec-4p.:mCherry wild-type (sid-1 + /+) (n = 228 animals) and sid-1(qt9) (sid-1-/-) (n =
262 animals) with or without rgef-1p..sid-1 transgene (rgef-1p..sid-1 (+)) (n = 295 animals).
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Error bars are s.d. of n = 7 experiments, ns £=0.62, A= 0.54 by two-sided Cochran-
Mantel-Haenszel test. (c) Mean percent of ALMR neurons with exophers of day 2 sid-1;
rgef-1p::sid-1 + rgef-1p::gfp, mec-4p::mCherry animals (n = 247 animals) after adult-only
atg-7(n = 271 animals), or lgg-1/ATG8 (n = 285 animals) RNAi compared to control
(CTRL). Error bars are s.d. of n = 6 experiments, *~£=0.028, 2= 0.00006 by two-sided
Cochran-Mantel-Haenszel test. (d) Mean percent of ALMR neurons with exophers of day
2 mec-4p::mCherry animals (n = 151 animals) after whole-life afg-7(n = 157 animals), or
lgg-1/ATG8 (n = 180 animals) RNAi compared to control (CTRL). Error bars are s.d. of n
=5 experiments, ns £=0.39, P= 0.53 by two-sided Cochran-Mantel-Haenszel test. (e-g)
Percent mean lifespan (LS) change (Fig. 1b), number of neuronal PolyQ aggregates (Fig.
3b), and mean percent of AMLR neurons with exophers (Fig. 4b) plotted against each other
with simple linear regression (solid line with 95% C.1. as dashed lines). Numbers refer to
specific RNAI treatment; Lunc-51/ATG1, 2atg-13, 3bhec-1/BECNI, *atg-9, Satg-16.2, 8arg-7,
Tatg-4.1, 81gg-1/ATG8, 2 cup-5, Pepg-5, 11 vha-13, 12 vha-15, 13 vha-16. Pvalues determined
by two-sided Spearman correlation test.
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Extended Data Fig. 5|. atg-16.2 and atg-4.1 mutantsdisplay similar RNAi phenotypes.
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(a-d) Phenotypes of day 2 WT, atg-16.2(0k3224), atg-4.1(bp501), and sid-1(gt9) animals
after whole-life RNAI against a specific gene expressed in different tissues. Mean percent
phenotypic penetrance after knockdown of genes with functions in (@) body-wall muscle;
unc-22 - twitching and uncoordinated movement (Unc) and unc-112- paralysis, (b) a
ubiquitous manner; rp/-2—- larval arrest, (c) hypodermis; zsp-15—- blisters and b/i-1 — blisters
and larval arrest; (d) intestine; e/f-2— clear and larval arrest. Error bars are s.d. of n = 4
experiments. (a) unc-2Z2RNAI: ns P=0.59, P=0.87, ****P< 0.0001. unc-112RNAi: ns P
=0.92, P=0.96, ****P < 0.0001. (b) rp/-ZRNAI: ns P=0.82, P=0.96, ****P< 0.0001.
(c) tsp-15RNAI: ns P=0.99, P=0.64, ****P < 0.0001. b/i-1 RNAI: ns P=0.24, P=0.99,
**xx P < (0.0001. (d) e/t-2RNAI: ns P=0.76, P=0.18, ****P < 0.0001 by one-way one-way
ANOVA with Dunnett’s multiple comparisons test.
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Extended Data Fig. 6 |. Multiple sequence alignment of ATG16 proteins, and atg-16.2 mRNA
expression levelsin C. elegans.

(a) Primary sequences of ATG16 proteins from S. cerevisiae (1 isoform, Sc_ ATG16),

C. elegans (2 isoforms, Ce_ATG-16.1, Ce_ATG-16.2), Mus musculus (2 isoforms,
Mm_ATG16L1, MMATG16L2), and humans (2 isoforms, Hs_ATG16L1, Hs_ATG16L2)
were aligned by the Clustal Omega and colored by conservation with darker shades
indicated increased conservation ( Jalview). Protein elements of ATG16 proteins are drawn
under the alignment and phenylalanine 349 and isoleucine 509 are indicated with an arrow.
Sequences showed are ATG16 (NP_013882.1) in S. cerevisiae, ATG16.2 (NP_495299.2) in
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C. elegans, ATG16 (NP_001138124.2) in D. melanogaster, ATG16L1 (NP_001192320.1)
in M. musculus, and ATG16L1 (NP_001350671.1) in H. sapiens. (b) Transcript levels of
atg-16.2in wild-type (WT), atg-16.2(0k3224), and atg-16.2(0k3224) animals expressing
full-length atg-16.2, atg-16.2(AWD40), or atg-16.2(Phe394A, 1le509Met) from the neuronal
rgef-1 promoter. Schematic of afg-16.2 cDNA indicates the 0k3224 deletion, the WD40
domain, the position of the Phe394Ala and 11e509Met point mutations, and the amplicons
produced by the primers used in this experiment. Data are the mean and s.e.m. of three
biological replicates, each with three technical replicates, and are normalized to the mean
expression levels of three housekeeping genes. Amplicon 1: **P=0.0013, ns P=0.23, P
=0.36, £=0.49, Amplicon 2: *P=0.03, ns P=0.16, *P=0.03, ns A= 0.89 by unpaired
two-sided t-test with control.
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Fig. 1|. With the exception of atg-16.2, neuronal inhibition of early-acting autophagy genes
extends lifespan.

a, Schematic showing early-acting and late-acting genes in the autophagy process
investigated in this study (see the introduction for additional information). Created using
BioRender.com. b, Average mean lifespan change (% MLS change, indicated) in sid-1;
rgef-1p::sid-1 animals after RNAI of the listed autophagy-related genes compared to control.
All lifespan data were pooled irrespective of whole-life or adult-only RNA. initiation. Error
bars indicate the s.d. Pvalues: not significant (NS) £> 0.05, *~< 0.05, **P< 0.01,
***P<0.001, ****P< 0.0001, by a two-sided, one-sample #test compared to hypothetical
mean of 0. See Supplementary Table 2 for 1, all Pvalues and statistical details and
Supplementary Table 3 for details of individual lifespan experiments. Shading of afg-16.2
emphasizes this RNAI treatment as an exception for lifespan extension by early-acting
autophagy genes. c, Lifespan analyses of sid-1, rgef-1p.:sid-1+ rgef-1p::gfo animals after
whole-life afg-16.2, atg-7or lgg-1/ATG8 RNAI compared to control (CTRL). Statistical
significance was determined by two-sided log-rank test, NS, A= 0.07, ****P< 0.0001. See
Supplementary Table 3 for details and repeats.
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Fig. 2|. Neuronal inhibition of all early-acting autophagy genes impairs autophagy.
a, Representative images of nerve-ring neurons and mean number of GFP::LGG-1/ATG8

punctae of day 1 sid-1,; rgef-1p..sid-1, rgef-1::gfp::lgg-1 animals after whole-life autophagy
gene RNA.I. Error bars are s.d. NS > 0.05, *P< 0.05, **P<0.01, ***P< 0.001,

***x P < (0.0001, by one-way analysis of variance (ANOVA) with Dunnett’s multiple-
comparison test. See Supplementary Table 2 for 7, all Pvalues and statistical details.

The brightness of the image displaying /gg-1/ ATG8 RNAI was artificially enhanced.

Scale bar, 10 pm. b, Representative images of nerve-ring neurons and mean number
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of non-lipidated GFP::LGG-1/ATG8(Gly116Ala) punctae in day 1 sid-1, rgef-1p::sid-1;
rgef-1::gfv::1gg-1(Gly116A/a) animals after whole-life autophagy gene RNA.. Error bars are
s.d. Pvalues as in a. See Supplementary Table 2 for all Pvalues and statistical details.

The brightness of the nerve-ring image after /gg-2/ATG8 RNA.i is artificially enhanced.
Scale bar, 10 pm. ¢, Mean number of GFP::LGG-1/ATG8 punctae in nerve-ring neurons in
day 1 rgef-1p..gfp..lgg-1 (WT)-expressing animals after injection of animals with vehicle
(dimethylsulfoxide (DMSO); n= 27 animals) or BafA (7= 34 animals), and in animals
expressing rgef-1p::gfp..lgg-1(Gly116A/a) (Glyl16Ala; DMSO, n = 23; BafA, n=28
animals), over three independent experiments. Error bars are s.d. NS P=0.99, ****P<
0.0001, by two-way ANOVA with Tukey’s multiple-comparisons test. d, Mean number of
GFP::LGG-1/ATG8 punctae in nerve-ring neurons after injection of animals with vehicle
(DMSO) or BafA in day 1 sid-1; rgef-1p::sid-1; rgef-1..gfp::lgg-1 animals after whole-life
atg-7RNAI (DMSO, n= 30; BafA, 7= 34 animals, NS £=0.051) or /gg-1/ATGE RNAI
(DMSO, n=33; BafA, n=238 animals, NS 2> 0.99) compared to control (CTRL) (DMSO,
n=27; BafA, n= 34 animals; ****P < 0.0001) over three independent experiments.

Error bars are s.d. CTRL-DMSO versus afg-7~-DMSQO: NS P=0.12; CTRL-DMSO versus
lgg-1-DMSQ: **** P < 0.0001, by two-way ANOVA with Tukey’s multiple-comparisons
test. e, Representative images and mean fluorescence intensity in head regions of day 1
sid-1; rgef-1p..sid-1, sqst-1p.:sqst-1.:gfp animals after whole-life autophagy gene RNAI.
Error bars are s.d. Pvalues as in a. See Supplementary Table 2 for 7, all Pvalues and
statistical details. Scale bar, 100 um. Shading of afg-16.2emphasizes this RNAI treatment as
an exception for lifespan extension by early-acting autophagy genes (Fig. 1).
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Fig. 3|. Neuronal polyQ aggregation isincreased by whole-body inhibition, but reduced by
neuronal inhibition of early-acting autophagy genes, except atg-16.2.

a, Number of neuronal polyQ aggregates in day 5 rgef-1::Q40:.yfp animals after whole-life
autophagy gene RNA., except for adult-only RNA. for vha-13, vha-15and vha-16to avoid
larval arrest (unc-51/ULK and bec-1/BECNI RNAI clones were previously tested by us with
similar results®, and bec-1/BECN1 and atg-7 RNAI clones increase Htn-Q150 aggregation”).
In the violin plots, the solid line indicates the median and dotted lines indicate quartiles.
***P<0.001, ****P<0.0001, by one-way ANOVA with Dunnett’s multiple-comparison
test. See Supplementary Table 2 for 5, all Pvalues and statistical details. b, Number of
neuronal polyQ aggregates in day 5 sid-1, rgef-1p..:sid-1, rgef-1::Q40::yfp animals after
whole-life autophagy gene RNA.. In the violin plots, the solid line indicates the median and
dotted lines indicate quartiles. NS £> 0.05, *P< 0.05, ***P < 0.001, ****P < 0.0001, by
one-way ANOVA with Dunnett’s multiple-comparison test. See Supplementary Table 2 for
n, all Pvalues and statistical details. Shading of atg-16.2emphasizes this RNAI treatment

as an exception for decreased polyQ aggregate number by early-acting autophagy genes. c,
Representative images of nerve-ring neurons of day 5 sia-1, rgef-1p..sid-1, rgef-1::Q40..yfo
animals after whole-life CTRL, afg-16.2, atg-7or lgg-1/ATG8 RNAI with arrowheads
indicating polyQ aggregates. Three experimental repeats. Scale bar, 20 um. d, Lifespan
analysis of sid-1; rgef-1p..sid-1 + rgef-1p::gfp, rgef-1::Q40::yfp animals after whole-life
atg-7, or lgg-1/ATG8 RNAI compared to control (CTRL). Statistical significance was
determined by two-sided log-rank test, ****P < 0.0001. See Supplementary Table 4 for
details and repeats.
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Fig. 4 |. Neuronal inhibition of early-acting autophagy genes, except atg-16.2, induces exophers,
which secrete Q40::yfp and extend lifespan.

a, Exophers originating from the ALMR neuron in sid-1; rgef-1p..sid-1; mec-4p..mCherry
animals. Representative diagram showing two exophers (arrowheads) and the ALMR soma
on day 2. Scale bar, 20 ym. b, Mean percentage of ALMR neurons with exophers in day

2 sid-1; rgef-1p::sid-1; mec-4p::mCherry animals after whole-life autophagy gene RNA..
Error bars are the s.d. NS £>0.05, *P< 0.05, **P< 0.01, ***P< 0.001, ****pP<

0.0001, by two-sided Cochran—Mantel-Haenszel test to compare each RNA. to control
(CTRL). See Supplementary Table 2 for n, all Pvalues and statistical details. Shading of
atg-16.2 emphasizes this RNAI treatment as an exception for increased exopher formation
by early-acting autophagy genes. ¢, Representative images of an ALMR neuron of day 2
sid-1; rgef-1p::sid-1; mec-4p::mCherry; rgef-1p..Q40:.yfp animals showing the expression
of mCherry and Q40:.yfp. polyQ collection in the soma (arrowhead)) and in the exopher

is visible. Six experimental repeats. Scale bar, 20 um. d, Mean percentage of ALMR
neurons with exophers in day 2 sid-1; rgef-1p::sid-1; mec-4p..mCherry, rgef-1p::Q40..yfo
animals after whole-life atg-7RNA., or /lgg-1/ATGE RNAIi compared to control (CTRL).
Error bars are the s.d. of 7=7 experiments with 7= 317, 313 and 316 animals. *P=

0.016, **P=0.0049, by two-sided Cochran—-Mantel-Haenszel test. e, Lifespan analysis

of mec-4p.::mCherry animals sorted for presence of exophers on day 1-5 of adulthood.
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Statistical significance was determined by two-sided log-rank test, ****P < 0.0001. See
Supplementary Table 5 for details and repeats.
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Fig. 5|. atg-16.2 isrequired for benefits of neuronal inhibition of early-autophagy genes.
a, Mean percentage of ALMR neurons with exophers in day 2 WT, atg-16.2(0k3224)

and atg-4.1(bp501) animals expressing mec-4p..mCherry. Error bars are the s.d. WT (n

= 261 animals) versus atg-16.2 (n= 274 animals) (=7 experiments, **P = 0.007),

WT (n=273 animals) versus atg-4.1 (n= 243 animals) (/7= 6 experiments, ****pP <
0.0001) by two-sided Cochran—Mantel-Haenszel test. b, Mean GFP fluorescence intensity
in head region in day 1 WT, afg-4.1(bp501) and atg-16.2(0k3224) animals expressing
sqst-1p::sqst-1..gfp. Error bars are the s.d. WT (n7=30) versus atg-16.2 (n= 35), ****p

< 0.0001; WT (n=38) versus atg-4.1 (n=58), ****P < 0.0001) by two-sided #test over
three independent experiments. Representative images from one experiment. Scale bar, 200
um. ¢, Mean neuronal GFP::LGG-1/ATG8-positive and GFP::LGG-1(Gly116Ala)-positive
punctae in day 1 WT, atg-4.1(bp501) and atg-16.2(0k3224) animals. Error bars are the s.d.
WT-GFP::LGG-1 (n=57) versus WT-GFP::LGG-1(Gly116Ala) (n= 61), ****P, < 0.0001;
atg-16.2-GFP::LGG-1 (= 31) versus afg-16.2-GFP::LGG-1(Gly116Ala) (n= 32), ****p
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< 0.0001; atg-4.1-GFP::LGG-1 (n= 30) versus afg-4.1-GFP::LGG-1(Gly116Ala) (n= 28),
NS P=0.15. Comparison between strains: WT (1= 27) versus atg-16.2 (n= 31), ****p
<0.0001, WT (n=30) versus atg-4.1 (n=30) NS £P=0.75 > 0.05, ****P < 0.0001, over
three independent experiments by two-way ANOVA with Tukey’s multiple-comparisons
test. d, Mean neuronal GFP::LGG-1/ATG8-positive punctae in day 1 WT, atg-4.1(bp501)
and atg-16.2(0k3224) animals after vehicle (DMSQ) or BafA injections to block autophagy.
Error bars are the s.d. WT-DMSO (1= 27) versus WT-BafA (n= 34), ****P < (0.0001;
atg-16.2-DMSO (n = 28) versus atg-16.2-BafA (n= 34), *P=0.043; atg-4.1-DMSO (n

= 24) versus atg-4.1-BafA (n=31), **P=0.0097. Comparison between strains: WT (n

= 27) versus atg-16.2 (n = 28), ****P< 0.0001, WT (n= 27) versus atg-4.1 (n= 24)
****P<0.0001, over three independent experiments by two-way ANOVA with Tukey’s
multiple-comparisons test. e f, Lifespan analyses in sid-1, rgef-1p..sid-1 + rgef-1p::gfp
animals carrying atg-16.2(0k3224) (e) or atg-4.1(bp501) mutations (f) after whole-life atg-7,
or lgg-1/ATG8 RNAI compared to control (CTRL). Two-sided log-rank test, NS A= 0.5,
P=0.6 (e), ****P< 0.0001 (f). See Supplementary Table 6 for details and repeats.

0,h, Number of neuronal polyQ aggregates in day 5 sid-1; rgef-1p..sid-1 + rgef-1p.:gfp,
rgef-1::Q40::yfp animals carrying atg-16.2(0k3224) (g) or atg-4.1(bp501) mutations (h)
after RNAI treatments as in e. In the violin plots, the solid line indicates the median and
dashed lines indicate quartiles. /7= 45 animals each in three independent experiments (g)
atg-16.2. NS P=0.76, P=0.46; (h) atg-4.1. ****P < 0.0001 by one-way ANOVA with
Dunnett’s multiple-comparisons test. i, Mean percentage of ALMR with exophers of day 2
sid-1; rgef-1p::sid-1 + rgef-1p::gfp; mec-4p..mCherry (WT) animals and atg-16.2(0k3224)
animals after RNAI treatments as in e-h. Error bars are the s.d. of 7= 7 experiments with n
=273, 255 and 257 animals (left) and 7= 407, 411 and 357 animals (right). WT: ****p <
0.0001; atg-16.2: P=0.62, P=0.77 by two-sided Cochran—Mantel-Haenszel test.
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Fig. 6 |. The WD40 domain of AT G-16.2 is dispensable for autophagosome for mation but
required for exophergenesis.

a, Schematic of ATG-16.2 rescue constructs. Full-length ATG-16.2 protein includes
ATG5-interacting motif, coiled-coil domain (CC) and WD40 domain. ATG-16.2AWD40
is a truncated ATG-16.2 protein containing amino acids 1-234. ATG-16.2(Phe394Ala,
11e509Met) protein contains a point mutation of phenylalanine to alanine in position 349
and in isoleucine to methionine in position 509 in the WD40 domain. See Extended Data
Fig. 6a for the primary structure of ATG-16.2. b, AlphaFold model of ATG-16.2 (UniProt
Q09406). The N-terminal region of ATG-16.2 is predicted to contain a helical structure
with a conserved ATG5-interacting motif and a CC domain. The C terminus contains

a seven-bladed WDA40 beta-propeller domain. Phe394 (F) is located on blade 4 on the
linker between B-sheets B-C, and 11e509 (1) is located on the linker between blade 6-7
before B-sheet A (enlarged). The enlarged surface model reveal indicates that Phe394 is
surface exposed, whereas 1s0509 is not. ¢, Mean GFP::LGG-1/ATG8-positive punctae in
day 1 WT (n=32), atg-16.2(0k3224) (n= 33) and atg-16.2(0k3224) mutants transgenically
expressing full-length atg-16.2 (n= 32), atg-16.2lacking the WD40 domain (AWD40) (n=
30) or atg-16.2(Phe394Ala, 1le509Met) (F394A, 1509M) (n = 31) from the neuronal rgef-1
promoter. Error bars are the s.d. over three independent experiments, ****P< 0.0001, by
one-way ANOVA by Dunnett’s multiple-comparisons test. d, Mean percentage of day 2
WT (n =258 animals), atg-16.2(0k3224) (n= 271 animals) and atg-16.2(0k3224) animals
expressing full-length atg-16.2 (n= 214 animals), atg-16.2 lacking the WD40 domain
(AWDA0) (n= 275 animals) or atg-16.2(Phe394Ala, lle509Met) (F394A, 1509M (n= 212
animals) from the neuronal rgef-1 promoter with ALMR exophers. Error bars are the s.d.
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of n= 6 experiments, ****P < 0.0001; ***P=0.002, NS P=0.30, =0.77 by two-sided
Cochran-Mantel-Haenszel test.
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Fig. 7|. The WD40 domain of ATG-16.2 isfor benefits of neuronal inhibition of early-autophagy

genes.

a—c, Lifespan analysis of atg-16.2(0k3224), sid-1; rgef-1p::sid-1 + rgef-1p::gfp animals
after whole-life afg-7or lgg-1/ATG8 RNAi compared to control (CTRL). atg-16.2(0k3224)
mutants were rescued by expressing full-length atg-16.2(a), atg-16.2AWD40 (b) or
atg-16.2(Phe394Ala, 1le509Met) (c) from the pan-neuronal promotor rgef-1. Statistical
significance was determined by two-sided log-rank test, NS 2> 0.05, ****p <

0.0001. See Supplementary Tables 3 and 6 for details and repeats. d—f, Number of
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neuronal polyQ aggregates in day 5 atg-16.2(0k3224); sid-1; rgef-1p::sid-1 + rgef-1p::gfp;
rgef-1::Q40::yfp animals after whole-life atg-7or lgg-1/ATG8 RNAI compared to control
(CTRL). atg-16.2(0k3224) mutants were rescued by expressing full-length atg-16.2 (d),
atg-16.2AWDA40 (e) or atg-16.2(Phe394Ala, 1le509Met) (f) from the pan-neuronal promotor
rgef-1. In the violin plots, solid lines indicate the median and dashed lines indicate
quartiles. n= 30 animals each over three independent experiments. d, ***P=0.0001, P
=0.0005; ¢ NS P=0.14, P=0.63; f, NS P=0.63, P=10.07, by one-way ANOVA

with Dunnett’s multiple-comparisons test. g—i, Mean percentage of ALMR with exophers
of day 2 atg-16.2(0k3224); sid-1; rgef-1p..sid-1 + rgef-1p..gfp, mec-4p::mCherry animals
after whole-life atg-7, or lgg-1/ATGE RNAIi compared to control (CTRL). atg-16.2(0k3224)
mutants expressed full-length atg-16.2(q), atg-16.2AWD40 (h) or atg-16.2(Phe394Ala,
1le509Met) (i) from the pan-neuronal promotor rgef-1. Error bars are the s.d. g, atg-7 RNA.:
n=>5,**P=0.007; lgg-2I/ATGERNAIi: n=7, **P=0.003 (n= 304, 199 and 291 animals);
h, atg-7RNAI: n=5, NS P=0.49; lgg-1 RNAIi: n=6, NS P=0.39; (n= 307, 186 and 330
animals) (i) afg-7RNAi: n=5, NS P=0.43; /gg-1 RNAIi: n=6, NS P=0.71 (n= 262, 188
and 240 animals); by two-sided Cochran-Mantel-Haenszel test.
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