
Article
Quiescent cell re-entry is limited by
macroautophagy-induced lysosomal damage
Graphical abstract
Highlights
d Intra-lysosomal protein aggregates accumulate via

autophagy in quiescent cells

d Lysosomes are damaged via autophagy in quiescent cells

d Inhibiting autophagy and increasing lysosome activity

synergize to reduce damage

d IRE-1/XBP-1 promote repair of damaged lysosomes and

quiescent cell reactivation
Murley et al., 2025, Cell 188, 1–17
May 15, 2025 ª 2025 Published by Elsevier Inc.
https://doi.org/10.1016/j.cell.2025.03.009
Authors

Andrew Murley, Ann Catherine Popovici,

Xiwen Sophie Hu, ..., Hanlin Zhang,

Naomi R. Genuth, Andrew Dillin

Correspondence
dillin@berkeley.edu

In brief

Lysosomes are damaged in quiescent

cells, and UPR regulators, IRE-1/XBP-1,

promote lysosome repair for cell-cycle re-

entry. Lysosome damage in quiescent

cells is caused in part by

macroautophagy and is suppressed in a

synergistic way by inhibiting

macroautophagy and boosting lysosome

activity.
ll

mailto:dillin@berkeley.edu
https://doi.org/10.1016/j.cell.2025.03.009


Please cite this article in press as: Murley et al., Quiescent cell re-entry is limited by macroautophagy-induced lysosomal damage, Cell (2025),
https://doi.org/10.1016/j.cell.2025.03.009
ll
Article

Quiescent cell re-entry is limited
by macroautophagy-induced lysosomal damage
Andrew Murley,1 Ann Catherine Popovici,1 Xiwen Sophie Hu,1 Anina Lund,1 Kevin Wickham,1 Jenni Durieux,1 Larry Joe,1

Etai Koronyo,1 Hanlin Zhang,1 Naomi R. Genuth,1 and Andrew Dillin1,2,3,*
1Department of Molecular and Cell Biology, University of California, Berkeley, Berkeley, CA, USA
2Howard Hughes Medical Institute, University of California, Berkeley, Berkeley, CA, USA
3Lead contact
*Correspondence: dillin@berkeley.edu

https://doi.org/10.1016/j.cell.2025.03.009
SUMMARY
To maintain tissue homeostasis, many cells reside in a quiescent state until prompted to divide. The reacti-
vation of quiescent cells is perturbed with aging and may underlie declining tissue homeostasis and resil-
iency. The unfolded protein response regulators IRE-1 and XBP-1 are required for the reactivation of quies-
cent cells in developmentally L1-arrested C. elegans. Utilizing a forward genetic screen in C. elegans, we
discovered that macroautophagy targets protein aggregates to lysosomes in quiescent cells, leading to lyso-
some damage. Genetic inhibition of macroautophagy and stimulation of lysosomes via the overexpression of
HLH-30 (TFEB/TFE3) synergistically reduces lysosome damage. Damaged lysosomes require IRE-1/XBP-1
for their repair following prolonged L1 arrest. Protein aggregates are also targeted to lysosomes by macro-
autophagy in quiescent cultured mammalian cells and are associated with lysosome damage. Thus, lyso-
some damage is a hallmark of quiescent cells, and limiting lysosome damage by restrainingmacroautophagy
can stimulate their reactivation.
INTRODUCTION

Age is associated with declining tissue function and diminished

capacity for repair.1 Adult somatic stem cells, such as hemato-

poietic stem cells, neural stem cells, and muscle stem cells,

give rise to new cell types within blood, brain, and muscle tis-

sues, respectively.2,3 These adult stem cells divide infrequently,

mainly residing in a quiescent (G0) cell state until called upon to

proliferate in response to specific conditions.3 Quiescence is a

general regulator of tissue and organismal homeostasis and is

an important feature of other cells in the body, including lympho-

cytes and hepatocytes.2 Studies in model organisms and hu-

mans indicate that aging and age-associated diseases compro-

mise the reactivation of quiescent cells, which may contribute to

tissue dysfunction with age.4–8 The mechanisms leading to adult

stem cell dysfunction with age are incompletely understood but

are influenced by cell-intrinsic properties and signals from their

niche.3,4 Identifying processes that contribute to the age-associ-

ated decline in stem cell function may identify ways to harness

the body’s innate capacity for repair and rejuvenation throughout

life.

Quiescence is a mechanism that eukaryotic cells employ in

response to conditions that are not conducive to growth, either

to maintain tissue homeostasis or because essential nutrients

are limiting. In single-celled eukaryotes and less-complex ani-

mals such asC. elegans, one of themain signals inducing cellular
C

quiescence is nutrient deprivation. When born without food,

C. elegans L1 larvae arrest their development until they

encounter sufficient food sources, termed L1 arrest. At the

cellular level, during L1 arrest, reduced insulin-like growth factor

(IGF) signaling activates the transcription factor DAF-16 (FOXO),

inducing transcriptional upregulation of the cyclin-dependent ki-

nase inhibitor CKI-1/2 (p21/p27), which arrests the post-embry-

onic division of cells.9–11 C. elegans can survive L1 arrest for a

few weeks; however, over time, animals lose the ability to

develop into adults, remaining permanently arrested as L1

larvae.12 Cellular integrity influences the ability of animals to

recover from prolonged L1 arrest, with animals that accumulate

more reactive-oxygen species (ROS), protein aggregates, and

fragmented mitochondria over time being unable to re-enter

development.12 These signs of cellular dysfunction resemble

those found in aging, suggesting themechanisms leading to per-

manent arrest of C. elegans L1 larvae may be similar to those re-

stricting the reactivation of quiescent cells in aged mammals,

such as adult somatic stem cells.

Numerous homeostatic mechanisms maintain the function

of quiescent cells. Being mitotically arrested, quiescent cells

generally have lower anabolic rates, which is maintained in

part by reduced mechanistic target-of-rapamycin (mTOR) activ-

ity.13–15 Reduced mTOR signaling in quiescent cells helps to

inhibit their growth and transition to cellular senescence, which

is characterized by high mTOR signaling that is resistant to
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changes in nutrient levels.16 Aging compromises the autophagy/

lysosomal pathways, and various means of counteracting this

decline, mainly through stimulation of the transcription factor

EB (TFEB), improve quiescent cell homeostasis and reactivation

efficiency.5–7 The unfolded protein response (UPR) of the

endoplasmic reticulum (ER) also plays a role in quiescent cell ho-

meostasis. The UPR promotes homeostasis of the ER and re-

sponds to increased cellular need for the ER by activating the

inositol-requiring enzyme 1 (IRE-1)/X-box binding protein 1

(XBP-1), activating transcription factor 6 (ATF6), and protein ki-

nase R-like endoplasmic reticulum kinase (PERK) pathways, re-

viewed extensively elsewhere.17–21 Activation of the UPR is

diminished in certain tissues during aging, and previous studies

have reported that IRE-1 is required for the development of

C. elegans after prolonged periods of L1 arrest and that Ire1a

is crucial for liver regenerative responses in mice, indicating

that diminished quiescent cell reactivation with aging might be

influenced by aberrant UPR signaling.12,22

In this study, we report that damage to lysosomes is a

conserved feature of quiescent cells and compromises their re-

activation in the absence of IRE-1 or XBP-1. Macroautophagy

makes an important contribution to this damage through the tar-

geting of protein aggregates to lysosomes and, conversely,

boosting lysosome biogenesis and inhibiting macroautophagy

work synergistically to improve the reactivation of quiescent

cells. Because quiescent cell reactivation declines with age,

our results suggest that, rather than boosting macroautophagy,

one strategy to combat this age-associated decline could be to

boost lysosome function while restraining macroautophagy.

RESULTS

Loss-of-function mutations in core macroautophagy
genes improve recovery of animals from L1 arrest
Consistent with previous studies, we found that C. elegans

survived L1 arrest for a few weeks but, over time, lost the ability

to develop once fed, which was accelerated in ire-1 and xbp-1

mutants (Figures 1A and 1B).12 Consistent with previous obser-

vations, atf-6 and pek-1 mutations did not affect recovery from

L1 arrest (Figure 1B).12 The phenotype of ire-1 and xbp-1 mu-

tants was also distinct from hlh-30 mutants, encoding the

C. elegans ortholog of TFEB, which died rapidly during L1 arrest

(Figure 1B). The ability of ire-1 and xbp-1 mutants to survive ar-

rest but over time lose the ability to escape it is similar to obser-

vations made in a variety of adult stem cells and other quiescent

cells in vertebrates whose ability to escape quiescence declines

with aging and disease.4–6,8,23 This phenotype, which is present

in wild-type (WT) animals but exacerbated in ire-1 and xbp-1mu-

tants, we term ‘‘progressive terminal L1 arrest’’ or PTLA. In ire-1

mutants, PTLA correlated with a persistence of seam cells ex-

pressing GFP from the cki-1 promoter, a cell type that becomes

arrested during L1 arrest, indicating that UPR dysfunction pre-

vents replication-competent cells in the animals from re-entering

the cell cycle (Figures 1C and 1D).10

Interestingly, despite being able to eat after prolonged L1

arrest, ire-1 and xbp-1 mutants cannot reactivate mTOR com-

plex 1 (mTORC1) signaling, as assessed by phosphorylation of

RSKS-1, the C. elegans S6 kinase (Figures 1E, 1F, S1A, and
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S1B).24,25 As a major sensor of nutrients and growth factors,

mTORC1 is a kinase that is active in conditions permissive to

cell growth, phosphorylating and activating proteins promoting

cell growth, including those involved in protein translation and

ribosome biogenesis, and inhibiting catabolic processes such

as autophagy.26 We also assessed activity of nutrient-sensing

or growth-regulating pathways, specifically AMPK and ERK.

We did not observe significant differences between WT and

ire-1/xbp-1 mutants at later time points of L1 arrest of either

pathway, indicating that they are not correlated with PTLA (Fig-

ure S1B). Furthermore, although quiescent seam cells remained

arrested in ire-1mutants fed after prolonged L1 arrest, there was

still a significant decrease in GFP expression from cki-1pTGFP

(Figure 1D). As this reporter is regulated by the transcription fac-

tor DAF-16, functioning downstream of growth factor/Akt

signaling, this further suggests that growth factor regulation is

not defective.10 Thus, reduced mTORC1 activation and seam

cell proliferation in ire-1/xbp-1 mutants correlated with their

inability to develop after prolonged L1 arrest.

To identify mechanisms leading to PTLA in ire-1 mutants, we

conducted a forward genetic screen for mutations that would

bypass the requirement for IRE-1 in L1 arrest. We isolated F2

progeny from ethyl methanesulfonate (EMS)-mutagenized ire-

1(ok799) and ire-1(zc14) animals and L1 arrested them for a

period during which all ire-1 mutants lose the ability to develop,

butWT animals remain capable of developing. After L1 arrest, we

allowed animals to recover on plates with food. Animals that

reached adulthood and were fertile were used to establish

lines that were re-tested, then subjected to whole-genome

sequencing to identify candidate mutations (Figure 2A).

Among the genes identified in our screen were, surprisingly,

strong loss-of-function alleles in macroautophagy genes (Fig-

ure 2B). Macroautophagy (herein ‘‘autophagy’’) is an ancient

mechanism that eukaryotic cells employ to engulf superfluous,

damaged, or toxic cellular components in double-membrane

structures called autophagosomes, which fuse with lysosomes

that degrade autophagosome cargo.27 We isolated lines with

three independent mutations in atg-9, two resulting in premature

stop codons (atg-9(Q428Stop) and atg-9(W642Stop)) and one in

a highly conserved proline residue that, based on structural ho-

mology, likely generates a loss-of-function allele (atg-9(P495S))

(Figure 2B). ATG-9 is the sole transmembrane protein in the

core autophagic machinery and forms a homotrimeric complex

that functions as a phospholipid scramblase.28–31 atg-9 is the

sole homolog of yeast ATG9 in C. elegans. We also isolated a

premature stop codon in one of two C. elegans homologs of

yeast ATG4, atg-4.1 (atg-4.1(N156Stop)) (Figure 2B). Akin to

yeast Atg4, ATG-4.1 is a cysteine peptidase that is required for

processing of LGG-1 (Atg8/LC3), the core component of auto-

phagic membranes. In C. elegans, ATG-4.1 and its paralog

ATG-4.2 have somewhat overlapping functions in autophagy,

and double atg-4.1;atg-4.2 mutants are not viable.32,33 Other

mutations we identified in atg-3 (involved in lipidation of

LGG-1) and atg-18 are predicted to be detrimental to the func-

tion of the proteins encoded by those genes (Figure 2B). Notably,

all the proteins encoded by these genes function early in auto-

phagy, i.e., in autophagosome formation but not in lysosomal

fusion of autophagosomes or lysosomal degradation processes.
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Figure 1. IRE-1 and XBP-1 are required for the reactivation of mTORC1 after prolonged L1 arrest

(A)WT and ire-1(zc14)were L1 arrested, and every other day, animals were given food and immediately scored for viability and development as described in STAR

Methods.

(B) Animals of the indicated genotypes were subjected to L1 arrest for 10 days, then given food and assessed for viability and development as described in STAR

Methods.

(C) WT and ire-1(zc14) animals expressing GFP driven by the CKI-1 promoter (cki-1p::GFP) were L1 arrested for 10 days and then fed for 24 h and imaged. Scale

bars, 20 mm.

(D) Quantification of GFP fluorescence in cki-1pTGFP animals L1 arrested for 10 days and fed for 24 h. p values calculated using Kruskal-Wallis test followed by a

post hoc analysis using Dunn’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance.

(E) Representative western blot of pS6K and a-tubulin in WT, xbp-1(tm2482), and ire-1(zc14) L1 larvae that were fed (un-arrested), animals L1 arrested for 7 days

(7d starved), and animals L1 arrested for 7 days then fed for 24 h were harvested as described in ‘‘STAR Methods’’ and subjected to western blot analysis.

(F) Quantification and statistical analysis of n = 3 biological replicates of pS6K levels relative to tubulin in WT, xbp-1(tm2482), and ire-1(zc14) that were un-ar-

rested, arrested for 7 days, or arrested for 7 days then fed for 24 h. Error bars represent standard error of the mean. p values calculated using Tukey’s post hoc

analysis of a two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance.

See also Figure S1.
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We were surprised to identify such strong hits in core auto-

phagy machinery in our screen because L1 arrest is a starvation

response that is thought to require autophagy for organismal

survival.34 To confirm these results, we crossed ire-1 animals

to independently isolated lines harboring null mutations in

atg-9, atg-4.1, and atg-18, as well as hypomorphic alleles of

the essential genes atg-3 and atg-7, which regulate distinct

steps in autophagosome formation, those being atg-9(bp564),

atg-4.1(bp501), atg-18(gk378), atg-3(bp412), and atg-7(bp422),

respectively.35 Although atg-18(gk378) compromised survival

of L1-arrested animals, other mutations improved the recovery

of L1-arrested ire-1(zc14)mutants after 5 days of arrest, strongly

suggesting that autophagy, not other functions of autophagy

proteins, is relevant to PTLA (Figures 2C and S2D).36 In subse-

quent experiments, described below, we primarily utilized the
atg-9(bp564) mutation as a model for autophagy inhibition

because its growth rate is similar to WT and, unlike atg-4.1, it

is the only ATG9 homolog in the C. elegans genome. Although

mutations in autophagy improved PTLA in ire-1(zc14) mutants,

they did not fully restore ire-1(zc14) mutants to a WT PTLA

phenotype, indicating that other processes also influence

PTLA (Figure 2D).

Mitochondrial DNA (mtDNA) is degraded by autophagy during

L1 arrest, and subsequent mtDNA synthesis and mitochondrial

biogenesis via the mitochondrial UPR influence recovery from L1

arrest.37,38 Given the role the ER plays in mtDNA replication and

segregation in cells, IRE-1 and XBP-1 may play a role in mtDNA

replication, and, therefore, blocking autophagy may be beneficial

by preventing the degradation of mtDNA.39,40 To test this idea,

we asked whether mutations in pdr-1, the C. elegans ortholog of
Cell 188, 1–17, May 15, 2025 3
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Figure 2. Mutations in core macroautophagy genes synergize with enhanced lysosomal function to promote recovery from L1 arrest

(A) Overview of forward genetic screen for suppressors of PTLA phenotype in ire-1 mutants, where F2 progeny from EMS-mutagenized ire-1 mutants were L1

arrested for 14 days, then plated on plates with food. Raremutants that developed to adulthood andwere fertile were used to establish lines that were analyzed by

whole-genome sequencing.

(B) Mutations isolated from the screen. ‘‘Pdel’’ represents the probability the indicated mutation is deleterious to the encoded protein based on protein analysis

through evolutionary relationships (PANTHER) protein database. Allele designations for these mutations are listed in the ‘‘key resources table’’ of the STAR

Methods section.

(C) Loss-of-function mutations in macroautophagy genes suppresses PTLA. ire-1(zc14) mutants were crossed to atg-3(bp412), atg-4.1(bp501), atg-7(bp422),

atg-9(bp564), and atg-18(gk378) and subjected to a 5-day L1 arrest. p values calculated using Dunnett’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001, ns, no significance.

(D) atg-9 mutation suppresses PTLA. Animals of the indicated genotypes were subjected to L1 arrest and periodically assessed for viability and development

according to STAR Methods.

(E) Representative western blot of CPL-1 and a-tubulin. Fed (un-arrested) L1 animals and L1 animals arrested for 1 day were treated with 100mM chloroquine for

1 h. Pro-CPL-1 corresponds to the predicted full-length size of CPL-1, approximately 38 kDa. The low and high exposure blots are included to depict the differing

amounts of pro and mature CPL-1.

(F) Reduced autophagy and HLH-30TGFP overexpression synergistically suppress PTLA. Animals of the indicated genotypes were subjected to L1 arrest and

periodically assessed for viability and development. Error bars represent standard error of the mean (SEM) for n = 3 biological replicates. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001, ns, no significance.

See also Figures S2 and S3.
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Parkin involved in autophagy of mitochondria (mitophagy), could

rescue PTLA in ire-1 mutants.41 We found that pdr-1 mutants

had no effect on PTLA in ire-1mutants (Figure S2A).

To assess whether blocking autophagy corrects mTORC1

regulation in ire-1 mutants, we analyzed phosphorylation of
4 Cell 188, 1–17, May 15, 2025
RSKS-1 in un-arrested L1 animals, L1 animals arrested for

5 days, and L1 animals arrested for 5 days and fed for 12 h.

Consistent with their improved development after L1 arrest,

atg-9; ire-1mutants also had restored activation of mTORC1 af-

ter feeding (Figures S2D–S2F). Consistent with our finding is the
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role of autophagy in regulating the activation of mTORC1 in

response to T cell receptor stimulation in Treg cells.42

Autophagy inhibition and lysosome biogenesis
synergistically improve recovery from L1 arrest
Autophagy is a tightly regulated process in cells, and excessive

autophagy can lead to cell death or possibly to the degradation

of cellular constituents necessary for cell-cycle re-entry.43 To

test whether increased autophagy is detrimental in ire-1 or

xbp-1 mutants, we overexpressed the C. elegans ortholog of

TFE3/TFEB transcription factors, HLH-30, fused to GFP. These

transcription factors boost the autophagic capacity of cells by

upregulating genes for lysosome function and autophagosome

formation, and consistent with this, overexpression of HLH-30

stimulates autophagic flux in adult C. elegans.44–46 We

confirmed that, similar to its effects in adult animals, overexpres-

sion of HLH-30TGFP increases expression and processing of

the cathepsin L CPL-1, indicating that hlh-30TGFP animals

have greater lysosomal activity (Figure 2E). Cathepsins are first

synthesized in the ER and transported to lysosomes, where

they are further cleaved to remove an inhibitory pro-domain to

become activated.47 Thus, amounts of pro-cathepsins and

mature cathepsins are a reflection of protein synthesis and

trafficking in the secretory pathway and lysosomal activity,

respectively.48 Levels of mature CPL-1 were approximately 2-

and 1.5-fold higher in hlh-30TGFP L1 animals that were never ar-

rested or arrested for 1 day, respectively (Figure 2E). Inhibition of

lysosomal degradation by treating animals with chloroquine

significantly increased the amount of pro-CPL-1 in WT animals

but not in hlh-30TGFP animals, suggesting that their lysosomes

may be more resistant to inhibition (Figure 2E).

We found that overexpression of HLH-30::GFP had a mar-

ginal, slightly positive effect on PTLA in xbp-1 mutants and did

not reverse defective mTORC1 activation following feeding after

prolonged L1 arrest (Figures 2F and S2G). As HLH-30 overex-

pression boosts autophagic capacity of cells via increased

lysosome biogenesis/function and autophagosome formation,

we tested whether the increased flux through the autophagy

pathway prior to lysosomal fusion is compensated for by an in-

crease in lysosome function and whether stimulating lysosome

function while restraining autophagy may have added beneficial

effects. We found that although xbp-1 animals overexpressing

HLH-30::GFP or harboring a null mutation in atg-9 were some-

what resistant to PTLA, xbp-1 animals combining both interven-

tions were remarkably resistant to PTLA, developing after pro-

longed periods of L1 arrest almost as well as WT animals

(Figure 2F). WT animals combining both interventions were

also slightly more resistant to PTLA after 9–13 days of L1 arrest

(Figure 2F).

Autophagy contributes to lysosome damage and
dysfunction in L1-arrested animals
Autophagy clears protein aggregates and P-granules from the

cytoplasm during C. elegans embryogenesis.32,35,49 Consistent

with previous studies, we found atg-4.1(bp501) and atg-9(bp564)

mutants had 1.5–2 orders of magnitude more SQST-1TGFP

puncta than WT animals, mainly localized in the hypodermis

(Figures 3A and 3B). SQST-1 is one of five homologs of p62/
SQSTM1 encoded in the C. elegans genome and is recruited to

poly-ubiquitylated protein aggregates inC. elegans and promotes

their autophagic targeting to lysosomes. Although SQST-1TGFP

isclearedbyautophagy, the fateof theaggregates thataremarked

by this protein in lysosomes has not been examined.

Accordingly, we used proteostat dye, which specifically binds

to misfolded and aggregated proteins, and a lysosomal mem-

brane marker, SCAV-3::GFP, to test whether protein aggregates

are associated with lysosomes in L1-arrested animals.50–52 In

un-arrested L1 animals, SCAV-3TGFP lysosomeswere primarily

in the pharynx and, to a lesser extent, in the hypodermis, and

about�20% of lysosomes co-localized with aggregates marked

by proteostat in WT and atg-9(bp564) animals. In arrested ani-

mals, SCAV-3TGFP-marked lysosomes were qualitatively

more abundant in the hypodermis. In hypodermal cells, protein

aggregates were associated with 50%–85% of lysosomes in

WT animals during L1 arrest (Figures 3C and 3D). By contrast,

the association of protein aggregates with lysosomes was

greatly diminished in atg-9(bp564) mutants (Figures 3A–3C).

These results are reminiscent of the finding that protein aggre-

gates are associated with lysosomes in quiescent neural stem

cells, indicating that lysosomal accumulation of protein aggre-

gates is a common feature of quiescent cells.5

Lysosomal protein aggregates are commonly associated with

lysosome dysfunction. Some studies reported that, via endocy-

tosis, pre-formed fibrils of tau or a-synuclein lead to small perfo-

rations in endolysosomal membranes that are repaired by endo-

somal sorting complex required for transport III (ESCRT-III)

machinery.53,54 Other studies found that pre-formed fibrils of

Htt, a-synuclein, and tau(1N3R or 1N4R) lead to endolysosomal

rupture and the recruitment of galectins, such as Galectin3,

which recruits various machineries to respond to lysosomal

membrane disruption.55–57 In senescent cells, protein aggre-

gates and Galectin3 are associated with lysosomes.58 Galectins

bind to galactoside sugars that are found inside of the lysosomal

lumen and can only bind to themwhen lysosomemembranes are

damaged.59 Galectin3, in particular, stabilizes lysosomes from

damage and mitigates leakage of lysosomal contents resulting

from lysosome-damaging compounds, such as L-leucyl-L-

leucine methyl ester (LLOMe).60 In C. elegans, human Galectin3

is recruited to damaged lysosomes in scav-3 mutants, consis-

tent with its role in responding to and stabilizing lysosome mem-

brane damage.50

Accordingly, we created a 3xFLAGTmonomeric Azami green

(mAG) fusion to human Galectin3 driven by the constitutive pro-

moter eft-3 and expressed from a single-copy insertion at a safe

harbor locus to assess whether lysosomes become damaged

during L1 arrest in an autophagy-dependent manner.61

3xFLAGTmAG::Galectin3 puncta were rare in un-arrested L1

animals but were recruited to �1,500 punctate structures in

various tissues of C. elegans, including the intestine and hypo-

dermis, indicating lysosomal damage (Figures 4A and S3B).

Herein, we analyzed 3xFLAGTmAGTGalectin3 localization in

the hypodermis, as intestinal cells also contain autofluorescent

gut granules at later stages of L1 arrest that make it difficult to

distinguish true 3xFLAGTmAGTGalectin3 structures. Co-

expression of 3xFLAGTmAGTGalectin3 with the lysosomal

luminal protein NUC-1TmCherry (expressed in hypodermal
Cell 188, 1–17, May 15, 2025 5
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Figure 3. Autophagy results in association of protein aggregates with lysosomes during L1 arrest

(A) Representative images of SQST-1TGFP in arrested L1 animals. Fluorescence images represent a maximum projection image of SQST-1TGFP from entire

animals. Bright-field images represent a single focal plane in the center of animals. Scale bars, 10 mm.

(B) Quantification of the number of SQST-1TGFP puncta in WT and atg-4.1(bp501) and atg-9(bp564) mutant animals L1 arrested for 1 day. p values calculated

using Tukey’s post hoc analysis of a one-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance).

(C) Representative images of proteostat and SCAV-3::GFP-marked lysosomes in hypodermis of WT and atg-9(bp564) L1 animals that were never arrested or

arrested for 5 days. Scale bars, 5 mm.

(D) Quantification of the percent of SCAV-3TGFP-marked lysosomes in the hypodermis of WT and atg-9(bp564) L1 animals that were never arrested or arrested

for 5 days. p values calculated using Tukey’s post hoc analysis of a one-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance).
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cells, including the hyp cells, P neuroblasts, and seam cells)

revealed that although not all lysosomes are marked by

3xFLAGTmAGTGalectin3, 100% of the puncta formed by
6 Cell 188, 1–17, May 15, 2025
3xFLAGTmAGTGalectin3 associate with lysosomes (Fig-

ure 4B).50,62 Although the recruitment of Galectin3 to lysosomes

that retain NUC-1TmCherry seems paradoxical, it is consistent
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Figure 4. Autophagy contributes to lysosome damage during L1 arrest

(A) Representative maximum projection images of 3xFLAGTmAG::Galectin3 in un-arrested and L1 animals arrested for 2 days, with animal outline in dashed

yellow. Scale bars, 10 mm.

(B) 3xFLAGTmAG::Galectin3 puncta are associated with lysosomes in L1-arrested animals. L1 animals arrested for 7 days and expressing 3xFLAGTmAG::-

Galectin3 and NUC-1::mCherry (specifically in hypodermal cells) were imaged. A single focal plane is depicted. Scale bars, 5 mm.

(C) A representative Z series (0.15 mm step size) of a NUC-1TmCherry-positive lysosome relative to 3xFLAGTmAGTGalectin3 in hypodermis of L1 animal ar-

rested for 5 days. Scale bar, 1 mm.

(D) Representative micrographs of the hypodermis of WT, atg-9(bp564), ire-1(zc14), and atg-9(bp564); ire-1(zc14) animals expressing NUC-1TmCherry and

3xFLAGTmAGTGalectin3. Scale bars, 5 mm.

(legend continued on next page)
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with previous studies indicating that lysosomal proteins are

largely retained in lysosomes permeabilized by LLOMe. One

study found that molecules greater than 10 kDa are qualitatively

retained in lysosomes, which is much smaller than the molecular

weight of NUC-1TmCherry, which is approximately 70 kDa, and

that of its component parts, which are 43 and 27 kDa, respec-

tively.63 Furthermore, approximately 70% of lysosomal enzyme

activity is retained in lysosomes following LLOMe treatment of

human fibroblasts.64 Super-resolution imaging revealed that

3xFLAGTmAGTGalectin3 was often seen to surround or engulf

lysosomes marked by NUC-1TmCherry in hypodermal cells

(Figure 4C). As Galectin3 protects lysosomes from damage in

mammalian cells, the heterologous expression of 3xFLAGT-

mAGTGalectin3 might also help to retain lysosomal compo-

nents in arrested C. elegans L1 larvae.60

We assessed how autophagy and HLH-30 overexpression in-

fluence Galectin3 puncta formation. Consistent with autophagy

contributing to lysosomal damage during L1 arrest, fewer

3xFLAGTmAGTGalectin3 puncta were observed in hypodermal

cells of atg-9(bp564)mutants when normalized to the number of

lysosomes marked by NUC-1TmCherry (Figure 4B). As com-

bined autophagy inhibition and HLH-30::GFP overexpression

almost completely restore PTLA in xbp-1 mutants, we tested

whether these combined interventions led to a further decrease

in lysosome damage (Figure 2F). The 3xFLAGTmAGTGalectin3

reporter formed much brighter and much smaller structures than

HLH-30::GFP, which mainly localized to the nucleus in L1-ar-

rested animals, enabling us to confidently identify 3xFLAGT-

mAG::Galectin3 puncta: in animals expressing only HLH-

30::GFP, we only identified �100 puncta that met the same

definition as 3xFLAGTmAG::Galectin3 puncta, which formed

�1,500 puncta in WT animals (Figure S3A). Consistent with

HLH-30::GFP overexpression having a marginal effect on

PTLA, the numbers of 3xFLAGTmAG::Galectin3 puncta were

indistinguishable between WT and HLH-30::GFP-overexpress-

ing animals (Figures S3B and S3C). By contrast, atg-9(bp564)

mutants overexpressing HLH-30::GFP had far fewer 3xFLAGT

mAG::Galectin3 puncta than WT, hlh-30::GFP, and atg-

9(bp564) animals (Figures S3B and S3C). Thus, lysosome dam-

age is well correlated with an inability of ire-1 and xbp-1 animals

to develop after prolonged L1 arrest (Figures 2F, S3B, and S3C).

Together, the above data indicate that autophagy-dependent

accumulation of protein aggregates in lysosomes and corre-

sponding lysosomal damage are correlated with impaired exit

from L1 arrest, most especially in ire-1/xbp-1 mutants. We

cannot rule out that defective clearance of protein aggregates

from the cytoplasm in atg mutants might have negative conse-

quences, but it seems to be a net benefit to the ability of L1-ar-

rested animals to develop after prolonged L1 arrest, especially

ire-1/xbp-1mutants. Furthermore, although our findings indicate

that lysosomal damage and lysosomal accumulation of protein

aggregates are a feature of L1-arrested animals, it is unclear

which one might cause the other. Lysosomal damage during
(E) Quantification and statistical analysis of 3xFLAGTmAGTGalectin3 puncta rela

puncta) marked lysosomes in animals of the indicated genotype after 7 days of

ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance).

See also Figure S3.
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L1 arrest might prevent the degradation of protein aggregates

due to a loss of lysosomal degradative efficiency. Alternatively,

as has been reported for certain types of protein aggregates,

the aggregates themselves might induce lysosomal membrane

damage.55,57 Consistent with this idea, specifically reducing

autophagy of protein aggregates in sqst-1 mutants—one of

five C. elegans homologs of SQSTM1/p62 that recruits the auto-

phagy machinery to protein aggregates—mitigated PTLA

(Figures S2B and S2C).49 Regardless, these data indicate that ly-

sosomes are dysfunctional in L1-arrested animals in a way that

correlates with the autophagic clearance of protein aggregates

from the cytoplasm and their accumulation in lysosomes via

autophagy. Inhibiting autophagy and boosting lysosome biogen-

esis/function work together to mitigate lysosomal damage and

dysfunction during L1 arrest.

IRE-1 is required for repair and regeneration of
lysosomes following prolonged L1 arrest
Although interventions that reduce lysosome damage correlate

with improved recovery from L1 arrest, as shown in Figures 4D

and 4E, ire-1(zc14) mutants did not have increased 3xFLAGT-

mAGTGalectin3 puncta compared with WT animals and lyso-

somal damage precedes PTLA in ire-1/xbp-1mutants. This sug-

gests that lysosomal damage per se does not cause permanent

cell-cycle arrest. Instead, we hypothesized that IRE-1 and XBP-1

play a role in the response to lysosomal damage that is required

to prevent permanent cell-cycle arrest. One possibility is that

repair or regeneration of lysosomes requires an optimally func-

tioning ER and unfolded protein response.

To test this, we assessed resolution of lysosomal protein ag-

gregates and lysosomal damage marked by 3xFLAGTmAGT-

Galectin3. We arrested WT and ire-1(zc14) animals expressing

3xFLAGTmAGTGalectin3 and NUC-1TmCherry for 7 days,

then fed them for 12 h. In WT animals, there was a dramatic

decrease in the number of 3xFLAGTmAGTGalectin3 puncta

relative to NUC-1TmCherry lysosomes upon re-feeding. By

contrast, there was not a significant reduction in 3xFLAGT-

mAGTGalectin3 puncta relative to NUC-1TmCherry puncta in

ire-1(zc14) mutants (Figures 5A and 5B). The association of

protein aggregates with lysosomes marked by SCAV-3TGFP

was reduced in WT, but not ire-1(zc14), upon re-feeding

(Figures 5C and 5D).

Lysosomal proteins are synthesized in the ER, and we hypoth-

esized that ire-1/xbp-1may also influence the regeneration of ly-

sosomes following damage during L1 arrest by affecting the

biogenesis of lysosomal proteins. To test this idea, we analyzed

expression and glycosylation of SCAV-3TGFP by western blot-

ting. Membrane proteins are first glycosylated in the ER, and,

consistent with previous studies, we found that SCAV-3TGFP

is a glycosylated protein: treatment of extracts from SCAV-

3TGFP-expressing animals with peptide N-glycosidase

(PNGase) F, which cleaves all glycans, shifted bands migrating

at �130 kDa to bands migrating at �90 kDa, corresponding to
tive to the number of NUC-1TmCherry (normalized 3xFLAGTmAGTGalectin3

L1 arrest. p values calculated using Tukey’s post hoc analysis of a one-way
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full-length, un-glycosylated SCAV-3TGFP (Figure S4).50We also

observed a smaller, not previously reported, SCAV-3TGFP iso-

form approximately �80 kDa that was sensitive to PNGase F

(Figure S4). In un-arrested animals, we observed glycosylated

and un-glycosylated SCAV-3TGFP in WT and ire-1(zc14) ani-

mals. After 1 day of L1 arrest, SCAV-3TGFPwas primarily glyco-

sylated and was not significantly affected by 6 or 12 h of feeding,

just before animals begin to molt into L2 larvae (Figures 5E and

5F). After 7 days of L1 arrest, levels of glycosylated SCAV-

3TGFP were higher than at D1 of arrest and slightly lower in

ire-1(zc14) mutants. Because animals take longer to develop af-

ter prolonged L1 arrest, we analyzed SCAV-3TGFP maturation

after 6, 12, and 24 h of feeding, the latter time point being just

before WT animals begin to molt into L2 larvae. We found that

upon feeding animals following a prolonged 7-day L1 arrest,

un-glycosylated SCAV-3TGFP bands began to form, indicating

a boost in synthesis of lysosomal proteins, possibly to compen-

sate for lysosome damage (Figures 5E and 5F). Over time, while

feeding, glycosylated SCAV-3TGFP levels increased in WT ani-

mals but not in ire-1(zc14) animals (Figures 5E and 5F). Thus,

IRE-1 influences the expression or maturation of lysosomal

membrane proteins following prolonged L1 arrest, possibly

because of defective protein folding or maturation in the ER.

We also assessed lysosome activity by monitoring the matura-

tion of the cathepsin L protein CPL-1. After 7 days of L1 arrest,

CPL-1expression increasedupon feeding, as seenbyan increase

in pro-CPL-1 that was blunted in ire-1(zc14) animals (Figure 5G).

Furthermore, levels ofmatureCPL-1were lower in ire-1(zc14)mu-

tants 24 h after re-feeding following a 7-day L1 arrest, suggesting

they are unable to regenerate active lysosomes (Figures 5G and

5H). Notably, the significant reduction in 3xFLAGTmAGTGalec-

tin3 puncta in WT animals fed after 7 days of L1 arrest occurs

12 h after feeding, whereas the formation of significant levels of

mature CPL-1 occurs after 24 h of feeding, indicating that

resolving lysosome damage marked by 3xFLAGTmAGTGalec-

tin3 is necessary for their reactivation and validates the use of

3xFLAGTmAGTGalectin3 as a marker of lysosome damage/

dysfunction (Figures 5A, 5B, 5G, and 5H). Collectively, these find-

ings suggest that the repair, regeneration, and reactivationof lyso-

somes require IRE-1/XBP-1 and are necessary for cellular rejuve-

nation and growth following prolonged L1 arrest.
Figure 5. IRE-1 is required for the repair and regeneration of lysosome
(A) IRE-1 is required for the resolution of 3xFLAGTmAGTGalectin3 puncta follo

mAGTGalectin3 and NUC-1TmCherry were subjected to arrest for 7 days, then

(B) Quantification and statistical analysis of 3xFLAGTmAGTGalectin3 puncta re

7 days and fed for 12 h. p values calculated using Tukey’s post hoc analysis of

significance.

(C) IRE-1 is required for the reduction in lysosomal protein aggregates in the hypod

L1 arrest for 7 days and fed for 12 h, then fixed, permeabilized, and stained with

(D) Quantification and statistical analysis of the percent of lysosomes marked

calculated using Tukey’s post hoc analysis of a two-way ANOVA. *p < 0.05, **p

(E and F) IRE-1 is required for the maturation of SCAV-3TGFP following prolonged

for 7 days, then fed for 6–24 h. A representative western blot is shown in (E), and q

two experiments are shown in (F). p values were calculated using Tukey’s multiple

< 0.0001).

(G and H) IRE-1 is required for the regeneration of mature CPL-1. WT and ire-1(zc1

blot is shown in (G), and quantification of mature CPL-1 levels (mean ± standard

Tukey’s post hoc analysis of a two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.0

See also Figure S4.
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Autophagy causes lysosome damage in quiescent
mammalian cells in vitro

We tested whether lysosome damage is unique to C. elegans L1

arrest because of nutrient deprivation or whether it is a feature of

other mitotically quiescent cells. We could robustly induce

quiescence in cell culture, using 3T3 Swiss Albino and C3H/

10T1/2 mouse fibroblast cells and ARPE-19 human retinal

epithelial cells by contact inhibition, while regularly exchanging

for fresh media every other day (Figure S5A).65–67 Levels of the

mitotic antigen Ki67 were almost absent in contact-inhibited

cells (herein ‘‘quiescent’’) but were restored 48 h after re-plating

cells at a lower cell density (Figure S5A).68 However, over time,

the ability to resume proliferation in 3T3 cells was diminished,

with a greater proportion of cells having low Ki67 levels 48 h after

re-plating, as well as slower growth rates and fewer colonies

formed from equivalent numbers of plated viable cells, indicating

that an increasing proportion of cells transition from quiescence

to irreversible cell-cycle arrest (Figures S5B–S5D).

We tested whether lysosomes harbor increased amounts of

protein aggregates in quiescent mammalian cells stably ex-

pressing EGFP-Tmem192, which localizes to lysosomal mem-

branes, and stained with proteostat. In all cell lines tested, a

greater percentage of lysosomes harbored protein aggregates

in quiescent cells than in their proliferating counterparts

(Figures 6A–6D).

To assess whether lysosomes become damaged in quiescent

mammalian cells, we used Galectin3. mAG-Galectin3 was

primarily localized to the cytoplasm and nucleoplasm in

proliferating cells but was strikingly recruited to puncta almost

exclusively associated with lysosomes marked by Tmem192-

mRFP1 in all quiescent cell lines tested (Figures 6E–6H). We

also assessed the localization of Galectin3 relative to intact, Ly-

soTracker+ lysosomes in live quiescent cells. We found

LysoTracker+ structures were dynamic in cells and that the

mAG-Galectin3 recruitment to lysosomes was negatively corre-

lated with LysoTracker staining (Spearman correlation coeffi-

cient rs= -0.56, p < 0.001, n = 155) (Figures S6A and S6B).

Thus, lysosome damage, possibly because of protein aggre-

gates, is a hallmark of quiescent cells.

We usedCRISPRi to assess the role of autophagy in lysosomal

damage and accumulation of protein aggregates in quiescent
s following L1 arrest
wing prolonged L1 arrest. WT and ire-1(zc14) animals expressing 3xFLAGT

fed for 12 h. Hypodermal cells are depicted. Scale bars, 5 mm.

lative to NUC-1TmCherry puncta in WT and ire-1(zc14) animals arrested for

a two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no

ermis.WT and ire-1(zc14) animals expressing SCAV-3TGFPwere subjected to

proteostat as described in STAR Methods. Scale bars, 5 mm.

by proteostat in animals of the indicated genotype and conditions. p values

< 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance.

L1 arrest. WT and ire-1(zc14) animals expressing SCAV-3TGFPwere arrested

uantifications of mature SCAV-3::GFP levels (mean ± standard deviation) from

comparison’s test of a two-way ANVOA (*p < 0.05, **p < 0.01, ***p < 0.001, ****p

4) animals were arrested for 7 days, then fed 6–24 h. A representative western

deviation) from three replicates is shown in (H). p values were calculated using

01, ****p < 0.0001, ns, no significance.
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Figure 6. Protein aggregates and Galectin3 are associated with lysosomes in quiescent mammalian cells in vitro

(A–C) Intralysosomal protein aggregates accumulate in quiescent mammalian cells. 3T3 Swiss Albino, C3H/10T1/2, and ARPE-19 cells stably expressing EGFP-

Tmem192 were grown to confluency and maintained in a contact-inhibited state for 10 days. Quiescent cells and proliferating cells as a control were stained with

proteostat to detect protein aggregates side by side and imaged as described in ‘‘STAR Methods.’’ Scale bars, 5 mm.

(D) A greater percentage of lysosomes contain protein aggregates in quiescent 3T3 Swiss Albino, C3H/10T1/2, and ARPE-19 cells than their proliferating

counterparts. p values were calculated using chi-squared test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance).

(E–G) mAG-Galectin3 is recruited to lysosomes in quiescent cells. 3T3-Swiss Albino, C3H/10T1/2, and ARPE-19 cells stably expressing mAG-Galectin3 and

Tmem192-mRFP1 were grown to confluency and maintained in a contact-inhibited state for 10 days. Quiescent cells and their proliferating counterparts were

fixed, stained with Hoechst, and imaged. Scale bars, 5 mm.

(H) The proportion of lysosomesmarked bymAG-Galectin3 in quiescent cells. p values were calculated using chi-squared test (*p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001, ns, no significance).

See also Figures S5 and S6.
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3T3 cells. We used an autophagy flux reporter (mCherry-GFP-

LC3B) to assess the potency of our knockdown constructs.

Accumulation of mCherry-GFP-LCB in lysosomes via autophagy

results in an increase in the relative brightness ofmCherry to GFP

because the latter is quenched in acidic environments. Using this

approach, we confirmed that CRISPRi of Atg5, Atg7, and Atg9a,

using two different guide RNAs, inhibited autophagy in response

to mTOR inhibition (Figure S7A). To test whether genetic

inhibition of autophagy reduces recruitment of Galectin3 to lyso-

somes, we utilized the weightedMander’s correlation coefficient

M1 of Tmem192-mRFP1 from background-subtracted images

of cells expressing mAG-Galectin3 and Tmem192-mRFP1 as a

quantitative and unbiased measure of the extent to which

mAG-Galectin3 is recruited to lysosomes in quiescent cells.69

Based on this measure, the knockdown of autophagy genes

reduced the association of mAG-Galectin3 with lysosomes

(Figures 7A and 7B). Autophagy knockdown also reduced

the proportion of lysosomes containing protein aggregates

(Figures 7C and 7D). Thus, consistent with our findings in
C. elegans, autophagy contributes to lysosome damage in

quiescent mammalian cells, possibly by contributing to the

accumulation of protein aggregates within lysosomes.

We also used CRISPRi and a chemical inhibitor of Ire1a, AMG-

18 (Kira8) to assess the role of autophagy and the UPR in reac-

tivation of quiescent mammalian cells. As our results in

C. elegans indicated that Ire1 may function in the reactivation

of quiescent cells by promoting lysosome regeneration, we first

tested whether it was required for reactivation of quiescent cells.

Unfortunately, treatment with AMG-18 prevented reattachment

of trypsinized cells and, furthermore, caused a growth defect in

proliferating cell cultures, complicating our interpretation (data

not shown). We therefore grew 3T3 cells to confluency, then in-

hibited Ire1a using AMG-18 for 10 days.70,71 We subsequently

split cells and plated 1,000 live cells without AMG-18 and as-

sessed the colonies’ formation 1 week later. We found that

knockdown of autophagy genes in vehicle control cells did not

significantly affect the number of colonies formed fromquiescent

cells replated after 10 days of arrest (Figure S7B). Treatment of
Cell 188, 1–17, May 15, 2025 11



A

DC

B

Figure 7. Autophagy contributes to the lysosomal accumulation of protein aggregates and recruitment of Galectin3

(A and B) Autophagy influences lysosomal association of mAG-Galectin3. 3T3-Swiss Albino cells expressing Tmem192-mRFP1, mAG-Galectin3, pHR-UCOE-

SFFV-Zim3-dCas9-P2A-Hygro, and non-targeting sgRNA constructs (control) or sgRNA constructs to knock down Atg5, Atg7, or Atg9a were maintained in a

contact-inhibited state for 10 days, fixed, and imaged.

(A) Representative micrographs of contacted inhibited cells of the indicated genotypes. Scale bars, 5 mm.

(B) The weighted Mander’s correlation coefficients for Tmem192-mRFP1 relative to mAG-galectin3 from cells in (A) were calculated as described in STAR

Methods. p values calculated using Tukey’s post hoc analysis of a one-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance).

(C and D) Autophagy influences lysosomal accumulation of protein aggregates. 3T3-Swiss Albino cells expressing EGFP-Tmem192, pHR-UCOE-SFFV-Zim3-

dCas9-P2A-Hygro, and non-targeting sgRNA constructs (control) or sgRNA constructs to knock down Atg5, Atg7, or Atg9a were maintained in a contact-in-

hibited state for 10 days, fixed, labeled with proteostat, and imaged. (C) Representative micrographs of contacted inhibited cells of the indicated genotypes.

Scale bars, 5 mm. (D) The number of proteostat+ and proteostat- lysosomes from images in (C) were quantified from at least 5 cells per sample. The absolute

number of lysosomes in each category is labeled on the bar graphs. p values were calculated using chi-squared test (*p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001, ns, no significance).

See also Figure S7.
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quiescent cells with AMG-18 significantly reduced colony forma-

tion, and inhibiting autophagy slightly mitigated the decrease in

colonies from AMG-18 treatment (Figure S7B).

DISCUSSION

We have identified a set of processes that contribute to the

declining plasticity of quiescent cells. Autophagy in quiescent

cells causes lysosome damage, possibly through delivery of pro-
12 Cell 188, 1–17, May 15, 2025
tein aggregates that may damage lysosomal membranes. This

process can be slowed or reduced in a synergistic manner by in-

hibiting autophagy and by boosting lysosome biogenesis or

function. A degree of cell growth being required for cellular

proliferation, reactivation of quiescent cells requires mTORC1

activation, but this is likely inefficient in cells with damaged lyso-

somes. In C. elegans, the unfolded protein response regulators

IRE-1/XBP-1 are required for the repair and regeneration of func-

tional lysosomes and development after L1 arrest.
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Autophagy is generally thought to promote longevity by the

turnover of dysfunctional and damaging constituents of cells.

Consistent with this view are the observations that autophagy

is required for the success of all known longevity paradigms in

C. elegans and that adult-onset perturbation of autophagy

causes premature death in mice.72 Likewise, autophagy flux de-

clines with age, and longevity paradigms tend to mitigate this

decline.5,7,73 Together, these findings suggest that enhanced

autophagy may promote longevity. However, our findings

suggest that autophagy may also have a detrimental effect on

quiescent cells that make important contributions to tissue ho-

meostasis and repair. Possibly through the delivery of protein

aggregates to lysosomes, autophagy contributes to increasing

lysosomal damage during quiescence, leading to impaired

mTORC1 reactivation and likely other effects on cellular homeo-

stasis. Our data indicate that lysosome damage is a feature of

quiescent cells that transition toward irreversible growth arrest,

both in C. elegans and mammalian cells. Our study adds to pre-

viously published findings centering lysosomal function between

reversible cell-cycle arrest (quiescence) and a transition toward

irreversible cell-cycle arrest (senescence).5,58,74,75 Future

studies should examine lysosome damage in quiescent cells

in vivo.

The accumulation of lysosomal damage in quiescent cells is

perplexing, given the numerous means cells utilize to repair,

degrade, and replace damaged lysosomes.59,60,76–79 Mostmech-

anistic studies of lysosomal damage and repair processes have

used acute treatments to cause damage to lysosomes in prolifer-

ating cells. It may be that proliferative growth cues are required for

the repair of damaged lysosomes. Consistent with this view are

recent findings reporting constitutive endolysosomal damage in

neural cells that increaseswith age.80 Lysosomedamage in quies-

cent cells constitutes a paradigm to explore lysosome repair pro-

cesses and lysosomal stress responses, warranting future study.

Our findings differ in some ways from those of earlier studies

studying quiescent adult stem cells in vivo. The first found that

Atg7�/� muscle stem cells have increased rates of cell senes-

cence and was interpreted to indicate that autophagy prevents

senescence by removing dysfunctional mitochondria.6 A recent

study has clarified the role of autophagy in hematopoietic stem

cells in mice, finding that autophagy is essential for the mainte-

nance of hematopoietic stem cells and their multipotent prog-

eny.81 Knockout of Atg5 or Atg7 in hematopoietic stem cells

led to increased amino acid uptake and hyperactivation of

mTORC1, and defects in hematopoietic stem cell functions

were partially reversed by rapamycin treatment.81 However,

the findings from these studies often rely on cell growth from

transplantation experiments and cannot exclude the role of

reduced growth rates of autophagy-deficient cells. It may be

that reduced cell proliferation rates in Atg5�/� and Atg7�/� cells

might appear as an increased proportion of senescent stem cells

and perturbed outgrowth of transplanted cells.82 Our study

tested for an absolute ability to exit quiescence, either in the abil-

ity of C. elegans to develop following L1 arrest or in the ability of

cells to form colonies. These studies also did not explore the role

of the UPR, and our findings indicate that the deleterious effects

of autophagy-mediated lysosome damage become more

apparent in UPR-deficient cells. Although the discrepancies be-
tween our results and these studiesmight simply be explained by

different requirements for autophagy-mediated processes in

certain cell types or experimental paradigms, alternative expla-

nations might also exist. For example, the Atg8/LC3 lipidation

machinery, which includes Atg5 and Atg7, is required for TFEB

activation and nuclear translocation following acute lysosomal

damage.83 Although Atg5 and Atg7 knockout cells might have

less lysosome damage resulting from autophagy, they might

also be deficient in Tfeb activation from lysosome damage via

other processes. Considering our findings, the role of autophagy

and lysosome damage on numerous types of quiescent cells

in vivo should continue to be examined.

Although our findings indicate that autophagy causes lyso-

some damage in quiescent cells, given the numerous roles that

autophagy plays in cellular and organismal homeostasis and in

the maintenance of certain stem cell pools, inhibiting autophagy

at the organismal level is certain to be detrimental overall and

therefore unlikely to be a good therapeutic strategy to protect

quiescent cells in mammals.81 Indeed, whole-body knockdown

of Atg7 in mice causes death in 30 days.84 Other processes

beyond autophagy contribute to lysosome damage, so lyso-

some damage would not be completely eliminated by reduced

autophagy. Furthermore, damaged lysosomes are removed by

autophagic machinery.76 Our findings point instead to other

interventions that might maintain or restore the appropriate

reactivation of quiescent cells in age. First, interventions that

specifically promote lysosomal function and reduce lysosomal

damage in quiescent cells should boost their regenerative poten-

tial. Second, the IRE-1/XBP-1 branch of the UPR seems to have

a critical role in the repair and regeneration of lysosomes in

response to damage, allowing for a robust reactivation of

mTORC1 and anabolic cellular growth. Because the UPR be-

comes dysfunctional with age in some cells and tissues, finding

ways to mitigate or bypass this decline may prove useful.85–88

Finally, direct activation of mTORC1 might be a means of by-

passing the perturbed lysosomal homeostasis of quiescent cells

to facilitate cell growth and proliferation.13 Indeed, the small

molecule MHY1485, a putative activator of mTORC1 and auto-

phagy inhibitor, was found to improve the regeneration of retinal

pigment epithelium following injury in zebrafish.89

Lysosomal accumulation of protein aggregates, and accom-

panying lysosomal damage, is likely to play a role in cellular

dysfunction in other types of quiescent cells and in human dis-

eases. Previous studies have found that protein aggregates are

associated with lysosomes in quiescent neural stem cells and

senescent cells.5,58,90 Lysosome disruption caused by endocy-

tosis or macropinocytosis of human disease-associated protein-

aceous aggregates/fibrils, such as Ab1–42, tau, and a-synuclein,

may also be a means for protein aggregates to spread within tis-

sues.53–55,91–93 Thus, finding ways to mitigate endolysosomal

damage from protein aggregates may prove useful for healthy

aging of various cell types and tissues in humans, including in

neurodegenerative diseases, where it may both prevent the

spread of protein aggregates within the brain and stimulate

the regenerative potential of quiescent neural stem cells.5,91

The striking accumulation of damaged endolysosomes in quies-

cent cells may be a useful paradigm for future exploration of in-

terventions that increase the resiliency of the endolysosomal
Cell 188, 1–17, May 15, 2025 13
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system in quiescent cells and beyond, paving the way toward

treatments for age-associated diseases associated with endoly-

sosomal dysfunction.

Limitations of the study
Although our study indicates that lysosome repair via IRE-1/

XBP-1 is necessary for exit from quiescence in C. elegans, we

cannot exclude other roles for IRE-1/XBP-1 nor were we able

to examine whether lysosome repair is sufficient for cell-cycle

re-entry. We also cannot exclude other effects of lysosome dam-

age, such as leakage of lysosomemetabolites, protons, and ions

mediating some of the processes identified. Finally, we did not

examine these processes in adult stem cells in mammals and

cannot exclude the possibility that they havemechanisms to pre-

vent or respond to lysosome damage.
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J., Castaño, A., andRuano, D. (2009). Dysfunction of the unfolded protein

response increases neurodegeneration in aged rat hippocampus

following proteasome inhibition. Aging Cell 8, 654–665. https://doi.org/

10.1111/j.1474-9726.2009.00519.x.
89. Lu, F., Leach, L.L., and Gross, J.M. (2022). mTOR activity is essential for

retinal pigment epithelium regeneration in zebrafish. PLoS Genet. 18,

e1009628. https://doi.org/10.1371/journal.pgen.1009628.

90. Curnock, R., Yalci, K., Palmfeldt, J., Jäättelä, M., Liu, B., and Carroll, B.
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E. coli OP50TRFP(KanR) This study N/A

E. coli Stbl3 Thermo Fisher C7373-03

Chemicals, peptides, and recombinant proteins

Hoechst Thermo Fisher Scientific Catalog# 62249

Torin1 Tocris Catalog# 4247

Chloroquine diphosphate Sigma Aldrich Catalog# C6628-25G

Crystal Violet Sigma Aldrich Catalog# 101408

EMS (methanesulfonic acid, ethyl ester) Sigma Aldrich Catalog# M-0880

Critical commercial assays

Proteostat Aggresome Detection Kit Enzo Catalog# ENZ-51035-K100

Qubit Protein Broad Range Thermo Fisher Scientific Catalog# A50668

Puregene tissue kit Qiagen Catalog# 158667

Kapa Biosystems Hyper Prep Kit Roche Catalog# KK8504

PNGase F New England Biolabs Catalog# P0708S

Lysotracker Red DND-99 Thermo Fisher Scientific Catalog# L7528

#1.5 glass-like polymer 12 well plates CellVis Catalog# P12-1.5P

#1.5 glass-like polymer dishes (35 mm) CellVis Catalog# D35-20-1.5P

Human Plasma-Like Medium Thermo Fisher Scientific Catalog #A4899102

Experimental models: Cell lines

3T3-Swiss Albino (Mus musculus embryos.

Sex unspecified)

University of California Berkeley

Cell Culture Core

RRID: CVCL_0120

HEK293T (Female human fetus) University of California Berkeley Cell

Culture Core

RRID: CVCL_0063

C3H/10T1/2 (Mus musculus embryos.

Sex unspecified)

University of California Berkeley

Cell Culture Core

RRID: CVCL_0190

ARPE-19 (Retinal Pigment Epithelium of

19-year-old human male)

University of California Berkeley

Cell Culture Core

RRID: CVCL_0145

Experimental models: Organisms/strains

C. elegans: Wild-type Bristol N2 Caenorhabditis Genetics Center N2; RRID: WB-STRAIN:WBStrain00000001

C. elegans: ire-1(zc14)II; zcIs4 V Caenorhabditis Genetics Center SJ30; RRID:WB-STRAIN:WBStrain00034062

C. elegans: ire-1(zc14)II backcrossed

8x to N2

This study AGD2717

C. elegans: ire-1(ok799)II Caenorhabditis Genetics Center RB925; RRID:WB-STRAIN:WBStrain00031637

(Continued on next page)
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C. elegans: ire-1(ok799)II backcrossed

6x to WT N2

This study AGD2718

C. elegans: ire-1(ok799)II; atg-4.1

(uth287)I (N156*)

This study AGD3229

C. elegans: ire-1(ok799)II; atg-

9(uth289)V (Q428*)

This study AGD3231

C. elegans: ire-1(ok799)II; atg-

9(uth292)V (Q642*)

This study AGD3234

C. elegans: ire-1(ok799)II; atg-9(uth346)V (P495S) This study AGD4037

C. elegans: ire-1(ok799)II; atg-3(uth347)IV (P205L) This study AGD4038

C. elegans: ire-1(ok799)II; atg-18(uth348)V (G26E) This study AGD4039

C. elegans: xbp-1(tm2482)III National BioResource Center, Japan tm2482

C. elegans: xbp-1(tm2482)III tm2482 backcrossed

6x to WT N2

This study AGD2719

C. elegans: sqIs17[hlh-30p::hlh-30::GFP +

rol-6(su1006)]

Caenorhabditis Genetics Center MAH240; RRID:WB-STRAIN:

WBStrain00026455

C. elegans: sqIs17[hlh-30p::hlh-30::GFP +

rol-6(su1006)] backcrossed 8x to N2

This study AGD3037

C. elegans: atg-3(bp412) IV; him-5(e1490) V Caenorhabditis Genetics Center HZ1684; RRID:WB-STRAIN:

WBStrain00008597

C. elegans: ire-1(zc14)II; atg-3(bp412)IV This study AGD3066

C. elegans: atg-9(bp564)V him-5(e1490) V Caenorhabditis Genetics Center HZ1687; RRID:WB-STRAIN:

WBStrain00008600

C. elegans: atg-9(bp564)V This study AGD3165 (HZ1687

backcrossed 6x to N2)

C. elegans: ire-1(zc14)II; atg-9(bp564))V This study AGD3309

C. elegans: xbp-1(tm2482)III; atg-9(bp564)V This study AGD3326

C. elegans: xbp-1(tm2482)III; sqIs17

[hlh-30p::hlh-30::GFP + rol-6(su1006)]

This study AGD2523

C. elegans: atg-9(bp564)V; sqIs17[hlh-30p::hlh-

30::GFP + rol-6(su1006)]

This study AGD3374

C. elegans: xbp-1(tm2482)III; atg-9(bp564)V;

sqIs17[hlh-30p::hlh-30::GFP + rol-6(su1006)]

This study AGD3327

C. elegans: atg-7(bp422)IV Hong Zhang, National Institute

of Biological Sciences,

Beijing, China94

AGD2252

C. elegans: ire-1(zc14)II; atg-7(bp422)IV This study AGD3068

C. elegans: bpIs151[sqst-1::GFP]IV; him-5 Caenorhabditis Genetics Center HZ589; RRID:WB-STRAIN:

WBStrain00008590

C. elegans: bpIs151[sqst-1::GFP]IV This Study AGD3214

C. elegans: atg-4.1(bp501)I; bpIs151[sqst-1::GFP] This Study AGD3211

C. elegans: bpIs151[sqst-1::GFP]IV; atg-9(bp564)V This Study AGD3170

C. elegans: atg-18(gk378)V Caenorhabditis Genetics Center VC893; RRID:WB-STRAIN:

WBStrain00036154

C. elegans: ire-1(zc14)II; atg-18(gk378)V This study AGD3071

C. elegans: wbmIs76 IV Caenorhabditis Genetics Center WBM1179; RRID:WB-STRAIN:

WBStrain00040343

C. elegans: wbmIs76[uth322[eft-3p::

3xFLAGTmAG::hsLGALS3::unc-54 3’UTR]]

This study AGD3761

C. elegans: wbmIs76[uth322[eft-3p::

3xFLAGTmAG::hsLGALS3::unc-54 3’UTR]];

atg-9(bp564)

This study AGD3832

(Continued on next page)
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C. elegans: wbmIs76[uth322[eft-3p::

3xFLAGTmAG::hsLGALS3::unc-54 3’UTR]];

atg-9(bp564); sqIs17[hlh-30p::hlh-30::GFP +

rol-6(su1006)]

This study AGD3902

C. elegans: wbmIs76[uth322[eft-3p::3xFLAGT

mAG::hsLGALS3::unc-54 3’UTR]]; sqIs17[hlh-

30p::hlh-30::GFP +

rol-6(su1006)]

This study AGD3903

unc-76(e911) V; qxIs257[ced-1p::nuc-1::

mCherry + unc-76(+)]

Caenorhabditis Genetics Center XW5399; RRID:WB-STRAIN:

WBStrain00047716

wbmIs76[uth322[eft-3p::3xFLAGTmAG::

hsLGALS3::unc-54 3’UTR]] IV; qxIs257[ced-

1p::nuc-1::mCherry + unc-76(+)]

This study AGD3971

wbmIs76[uth322[eft-3p::3xFLAGTmAG::

hsLGALS3::unc-54 3’UTR]]IV; qxIs257[ced-

1p::nuc-1::mCherry + unc-76(+)]; ire-1(zc14)II

This study AGD3972

wbmIs76[uth322[eft-3p::3xFLAGTmAG::

hsLGALS3::unc-54 3’UTR]]IV; qxIs257

[ced-1p::nuc-1::mCherry + unc-76(+)];

atg-9(bp564)V

This study AGD3973

wbmIs76[uth322[eft-3p::3xFLAGTmAG::

hsLGALS3::unc-54 3’UTR]]IV; qxIs257[ced-

1p::nuc-1::mCherry + unc-76(+)];ire-1(zc14)II;

atg-9(bp564)V

This study AGD3974

C. elegans: qxIs430 [scav-3::

GFP + unc-76(+)]

Caenorhabditis Genetics Center XW5086; RRID:WB-STRAIN:

WBStrain00047717

C. elegans: qxIs430 [scav-3::

GFP + unc-76(+)]; ire-1(zc14)II

This study AGD3834

C. elegans: qxIs430 [scav-3::GFP +

unc-76(+)]; atg-9(bp564)

This study AGD3835

C. elegans: sqst-1(ok2869) Caenorhabditis Genetics Center VC2149; RRID:WB-STRAIN:

WBStrain00037114

C. elegans: sqst-1(ok2869); ire-1(zc14)II This study AGD3221

C. elegans: pdr-1(gk448) Caenorhabditis Genetics Center VC1024; RRID:WB-STRAIN:

WBStrain00036256

C. elegans: pdr-1(gk448); ire-1(zc14)II This study AGD4048

C. elegans: epg-7(syb4910) X SUNY Biotechnologies PHX4910

C. elegans: epg-7(syb4910) X; xbp-1(tm2482) III This study AGD3363

Oligonucleotides

No target #1 CTCGTACTCCGGCAGAGAGC N/A

No target #2 GAGGTTACCCACCCAGCGGT N/A

Atg5 #1 GGCACCCGGAGGGATGGCGG N/A

Atg5 #2 GCAACCCCACCTCCGCCCAG N/A

Atg7 #1 GTCACAGAATGAGCAACCAG N/A

Atg7 #2 GTTCCAGACCAGCCCAAAAC N/A

Atg9a #1 GACGGAGGGCCTAGAGCTCC N/A

Atg9a #2 GACAGTGAATGACAGACGGA N/A

Recombinant DNA

EF1alpha-mAG-Galectin3-Blast This study N/A

EF1alpha-Tmem192-mRFP-Neo This study N/A

EF1alpha-EGFP-Tmem192-Neo This study N/A

pHR-UCOE-SFFV-Zim3-dCas9-P2A-Hygro Addgene RRID: Addgene_188768

(Continued on next page)
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pCDH-EF1a-mCherry-EGFP-LC3B Addgene RRID: Addgene_170446

pLENTIGUIDE-FE-Puro This study N/A

pMD2.G Addgene RRID: Addgene_12259

pMDLg/pRRE Addgene RRID: Addgene_12251

pRSV-Rev Addgene RRID: Addgene_12253

Software and algorithms

GraphPad Prism v9.0 Dotmatics https://www.graphpad.com; RRID: SCR_002798

Adobe Illustrator Adobe https://www.adobe.com; RRID: SCR_010279

Adobe Photoshop Adobe https://www.adobe.com; RRID: SCR_014199

Fiji ImageJ https://imagej.net/software/fiji/;

RRID: SCR_002285

Zen Blue (3.1 and 3.3) Zeiss https://zeiss.com; RRID: SCR_013672

Galaxy Server The Galaxy Community95 https://usegalaxy.org; RRID: SCR_006281

Image Studio/Image Studio Lite LI-COR Biotechnology https://www.licor.com/bio/image-

studio-lite/; RRID: SCR_013715
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

C. elegans

C. elegansWTBristol N2 were used as theWT strain background. All mutant strains were backcrossed to N2 at least six times before

analysis. Animals were maintained on NGM agar plates seeded with E. coli OP50 bacteria.

Mammalian Cells
3T3-Swiss Albino (ATCC CCL-92), C3H/10T1/2 (ATCC CCL-226) and ARPE-19 (ATCC CRL-2302) cells were obtained from the Uni-

versity of California Berkeley cell culture core facility and were free of mycoplasma contamination.65–67 Cultures remained free of

mycoplasma contamination as assessed by periodic Hoechst staining. All cells were grown in Human Plasma-Like Medium

(HPLM; Gibco) + 10% Fetal Bovine Serum (FBS) + penicillin/streptomycin in a humidified 37 C incubator in 5%CO2 and atmospheric

O2 in cell-culture treated plastic dishes (Corning) for routine culturing and growth-based assays or on glass-like polymer dishes

(CellVis) for imaging.96 Media was replaced every other day for proliferating and quiescent cells.

METHOD DETAILS

L1 arrest
Eggs were harvested from well-fed adult hermaphrodites by bleaching. Briefly, animals were washed off plates with M9 buffer, and

collected by centrifugation at 1,400 g for 30 seconds in a 15 mL conical tube. Animals were treated with bleaching solution (1.5 %

sodium hypochlorite + 645 mM KOH) for about 5 minutes until the adults had broken apart. The eggs were harvested by centrifuga-

tion and washed 5x with 15 mL of M9 buffer. Eggs were vortexed for about 1 second and then resuspended in S-basal medium

(5.85 g/L NaCl, 1 g/L K2 HPO4, 6 g/L KH2PO4, 5 mg/L cholesterol (from a 5 mg/ml stock in ethanol)) at 5-7 eggs per ul. One day

of L1 arrest was defined as 24 hours after bleaching.

To assess animal viability and development, 150-250 animals were spotted directly onto the lawn of OP50 bacteria of 60mmNGM

plates. After 1 hour, animals that had notmovedwere deemed dead. After 2 days, animals developing to the L3-L4 stagewere picked

off plates and counted. This was repeated 3 and 4 days after plating and the number of animals removed from plates on days 2-4 was

totaled.

EMS mutagenesis screen
Approximately 300 ire-1(zc14) or ire-1(ok799) L4 larvaewere picked intoM9 andwashed once withM9. Animals were resuspended in

M9 buffer with 0.5% of EMS (methanesulfonic acid, ethyl ester, Sigma #M-0880). The tube was nutated at 20 C for 4 hours. After

incubation, P0 animals were washed four times with 1mL M9 and allowed to recover on plates. The next day, mutagenized worms

that survived EMS treatment were picked onto 10 cm plates with OP50 (10 per plate) and allowed to lay eggs for 48 hours. Three days

later, gravid adult F1 animals were bleached and resulting F2 animals were subjected to L1 arrest for 14 days at 20 C. F2 animals were

then plated on large OP50 plates, and after 2-4 days at 20 C animals that had developed to the L4 stage were picked singly to OP50

plates at 20 C. Many F2 animals were sterile and were unable to establish lines. Established lines were re-tested for their ability to

develop after prolonged L1 arrest.
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Purification of genomic DNA from established suppressor lines was performed using the Puregene Cell and Tissue Kit (Qiagen), as

previously described.97,98 2ug of purified DNA was sheared using a Covaris S220 focused-ultrasonicator to produce �400 bp

fragments. Library preparation was performed with 1ug of sheared DNA using Kapa Biosystems Hyper Prep Kit (Roche, product

number KK8504) with dual index adapters (KAPA, product number KK8727). Sequencing was performed using the Illumina

NovaSeq6000 platform through the Vincent J. Coates Genomic Sequencing Core at University of California Berkeley. Raw reads

were uploaded to the Galaxy project web platform and the public server was used to analyze the data.95 Reads were aligned using

the Bowtie2 tool withWBcel235/ce11 as the reference genome. TheMiModD tool suite was used on the Variant Allele Contrast (VAC)

mapping mode to call, extract and filter variants to compare mutants to the parental, un-mutagenized strain.99

Creation of 3xFLAGTmAGTGalectin3 transgenic C. elegans

Animals expressing the 3xFLAG::mAGTGalectin3 transgene were created using the SKI-LODGEmethod.100 Briefly, mAG-Galectin3

was PCR amplified from Addgene plasmid #62734 and purified by ethanol precipitation. The repair template, as well as purified Cas9

ribonucleoprotein complexes with dpy-10 crRNAwere injected into the gonads of D1 adult WBM1179 animals using the SKI-LODGE

system as previously described.100 Lines of fluorescing animals were then genotyped by sequencing analysis to ensure correct inser-

tion of the mAGTGalectin3 transgene, yielding 3xFLAGTmAGTGalectin3.

Lentivirus production and stable cell line creation
Lentiviral vectors were produced in HEK293T cells. Onemillion HEK293T cells were plated per well of a 6 well dish. The following day,

750 ng of equimolar packaging plasmids (pMD2.G, pMDLg/pRRE, pRSV-Rev) and 750 ng of 3rd generation lentiviral transfer plas-

mids were transfected into cells using lipofectamine P3000. The sequences listed in the ‘‘key resources table’’ were cloned in pLEN-

TIGUIDE F-E, which was modified from lentiguide-PURO with the F-E modification for increased potency used for CRISPRi.101,102

pHR-UCOE-SFFV-Zim3-dCas9-P2A-Hygro was a gift from Marco Jost & Jonathan Weissman (Addgene plasmid # 188768; http://

n2t.net/addgene:188768; RRID:Addgene_188768), mAG-GAL3 was a gift from Niels Geijsen (Addgene plasmid # 62734; http://

n2t.net/addgene:62734; RRID:Addgene_62734), pCDH-EF1a-mCherry-EGFP-LC3B was a gift from Sang-Hun Lee (Addgene

plasmid # 170446; http://n2t.net/addgene:170446; RRID:Addgene_170446).61,103,104

Western Blots
100,000 L1 animals were harvested by centrifugation at 1,400 g for 30 seconds in a 15 mL conical tube and washed twice with M9

buffer. Animals were centrifuged once more without additional M9 to collect residual buffer in the bottom of the tube, which was then

aspirated. For Western Blots in Figures 1E, S1B, and S2E, 100 ul of Urea Lysis Buffer (8 MUrea, with 1x NuPage LDS sample buffer +

1% PMSF + 1% phosphatase inhibitor cocktail) was added to animals, which were then transferred to a 1.5 mL microfuge tube and

flash frozen in liquid nitrogen and stored at -80C. For all other western blots, RIPA buffer was usedwith 1%protease inhibitor cocktail

and 1% phosphatase inhibitor cocktail. To harvest un-arrested L1 animals, adult animals and larvae were thoroughly washed off of

OP50 plates, leaving behind eggs that hatched as L1 larvae harvested by centrifugation as described above 12 hours after adults and

larvaewere removed fromplates. Arrested animals that were subsequently fedwere concentrated by centrifugation and spotted onto

OP50 plates and harvested by centrifugation 6, 12 or 24 hours later as described above.

Samples in Urea lysis buffer were thawed and sonicated with a probe sonicator (Qsonica Q700) with an amplitude of 10 for seven

cycles of two seconds on and one second off. 2-mercaptoethanol was added to a final concentration of 5%. Sampleswere then heat-

ed at 70 C for 10 minutes. Before SDS-PAGE, samples were centrifuged at 17,000 g for 2 minutes.

Samples in RIPA buffer were thawed and sonicated with a probe sonicator (Qsonica Q700) with an amplitude of 10 for seven cycles

of two seconds on and one second off. Protein concentrations were determined using the Qubit Protein Broad Range Kit and sam-

ples were normalized in RIPA buffer. NuPage LDSSample buffer and 5%2-mercaptoethanol were then added and the samples heat-

ed to 70 C for 10 minutes. Before SDS-PAGE, samples were centrifuged at 17,000 g for 2 minutes.

For PNGase F treatment, samples were collected in RIPA buffer, flash frozen in liquid nitrogen, thawed, sonicated, and clarified by

centrifugation as above. The protein concentrations of clarified lysateswere quantitated using theQubit Protein BroadRange Kit, and

20 total ug of protein was digested with PNGase F (New England Biolabs) according to themanufacturer’s instructions. Briefly, dena-

turation buffer was added to samples at 1X final concentration and then heated to 100 C for 10 minutes. After chilling samples on ice

for 3 minutes, Glycobuffer 2 (1X final concentration) and NP-40 (1% final concentration) were added before adding 1000 units of

PNGase F. Samples were incubated at 37 C for 2 hours, then NuPage LDS sample buffer and 2-mercaptoethanol (5% final concen-

tration) were added.

Samples were separated on 1.5 mm 4-12% NuPage Bis-Tris gels using 100 V for 2.5 hours, then transferred to 0.45 um nitrocel-

lulose membranes (BioRad Laboratories) for 80 minutes at 100 V. Membranes were blocked in LiCor Intercept TBS blocking buffer

for 1 hour at RT, then probed overnight with phosho-S6K(T389) (1:1,000), CPL-1 (1:750), GFP (1:2,000), p44/42 MAPK (1:1,000),

phospho-p44/42 MAPK(T202/Y204) (1:1,000), phospho-AMPK(T172) (1:1,000) or alpha tubulin (1:20,000) antibodies at 4 C in LiCor

Intercept TBS blocking buffer. Membranes were washed three times for 5 minutes with TBS + 0.05% Tween-20, then probed with

appropriate fluorescent secondary antibodies at 1:10,000 for 1 hour in TBS +0.05%Tween-20, thenwashed three times for 5minutes

with TBS + 0.05% Tween-20. Membranes were imaged using LiCor Odyssey and band quantification was performed using LiCor

Image Studio.
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Fluorescence microscopy
C. elegans L1 larvae were harvested by centrifugation at 1,500 g for 30 seconds and fixed in an equal volume of 4% paraformalde-

hyde in PBS for 15 minutes at 20-25 C with gentle rotation. Animals were then washed 3x in PBS, sealed under #1.5 coverslips and

imaged.

A modified protocol was used to fix/permeabilize worms to stain with proteostat. First, 25,000-50,000 animals were harvested by

centrifugation at 1,500 g for 30 seconds in Eppendorf Protein lo-bind tubes. After aspiration of the supernatant, the animals were

resuspended in 1 mL of 30% acetone in miliQ water and rotated gently at 20-25 C for 15 minutes in the dark. Animals were washed

three times with PBS, then stained with 1:2,000 proteostat in PBS for 2 hours at RT in the dark. Animals were washed three more

times with PBS, sealed under #1.5 coverslips and imaged.

Mammalian cells were grown on glass-like polymer dishes (CellVis) to the desired stage, then washed once with PBS, fixed with

4%paraformaldehyde for 15minutes at RT, then washed 3x with PBS. To stain cells for proteostat, cells were subsequently permea-

bilized (PBS, 0.2% Tween-20, 2% FBS) for 15 minutes, then washed three times again. Cells were stained with 1:2,000 proteostat in

PBS for 2 hours in the dark at RT. Cells were then washed once with gentle rocking for 30minutes, stained with Hoechst and imaged.

Cells and animals were imaged on an LSM900 Airyscan2 microscope with a 63x 1.4 NA oil immersion objective. Proteostat and

mAG/GFP/EGFP tagged proteins were both excited with the 488 nm laser, but to negate bleed-through, fluorophores emitting

wavelengths between 490-515 nm and 600-700 nm were used to identify mAG/GFP/EGFP and proteostat, respectively. Three

dimensional images were subjected to Airyscan Filtering strength 1.0 and subsequently deconvolved using Zeiss’ ‘‘Fast Iterative’’

deconvolution algorithm as part of its Zen 3.1 software.

Image Analysis
Co-localization measurements were performed using Zen 3.3 software. After thresholding to exclude background signal in the two

channels, regions of interest were drawn to encompass cells or animals. The correlation coefficients were exported and the median

Weighted Mander’s correlation coefficient from a Z series through cells was determined.

Quantification of 3xFLAG::mAGTGalectin3 puncta and NUC-1TmCherry lysosomes in C. elegans were performed using the ‘‘3D

Objects Counter’’ plugin for ImageJ.

Flow Cytometry
Cells were grown to the desired stage of confluency and trypsinized (TrypLE express) for 15 minutes, then quenched with an equal

volume of complete growthmedium and harvested by centrifugation at 300 g for 4minutes. Cell pellets were triturated 20 timeswith a

P200 pipette and then fixed/permeabilized with -20C 90%methanol for 15minutes. Cells werewashed 3xwith PBS, then blocked for

30 minutes with 5% normal goat serum for 30 minutes. Fluorescently labeled Ki67 antibody was then added at 1:500 and the cells

were probed for 2 hours at RT. Cells were washed 3xwith Tris-Buffered Saline with 0.05%Tween-20, then analyzed on an Attune NxT

Acoustic Focusing Cytometer.

Autophagy Flux assays in mammalian cells
3T3 Swiss Albino Cells expressing mCherry-EGFP-LC3B, dCas9 and one of two sgRNA constructs against the indicated genes, or

targeting no genes as a control, were treated with 100 nM Torin1 or vehicle (DMSO) and imaged every 30 minutes on an IncuCyte

(Sartorius) live-cell analysis instrument to collect GFP and mCherry signals.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in GraphPad Prism using tests described in the Figure Legends.
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Supplemental figures

Figure S1. ire-1 animals can ingest food after prolonged L1 arrest and analysis of mTORC1, AMPK, and mitogen-activated protein kinase

(MAPK) signaling during L1 arrest, related to Figure 1

(A) WT and ire-1(zc14) L1 animals were arrested for 7 days, then fed E. coli OP50 expressing RFP for 8 h and imaged. Animals were also plated on OP50 and

scored for their ability to develop to at least the L3 larval stage after 2–4 days. Scale bars, 10 mm.

(B) Un-arrested L1 animals, animals arrested for 1 day and fed for 12 h, and animals arrested for 7 days and fed for 24 h were harvested and subjected to western

blot analysis of mTORC1 (pT389S6K), AMPK (pT172), and ERK/MPK-1 (T202/Y204) signaling pathways.
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Figure S2. SQST-1, but not PDR-1 or EPG-7, influences PTLA and atg-9mutants rescue mTORC1 reactivation in ire-1(zc14) animals, related

to Figure 2

(A–C) Animals of the indicated genotypes were subjected to a 5-day L1 arrest, then assessed for viability and their ability to develop to at least the L3 larval stage

after 2–4 days with food. Each symbol represents an independent biological replicate. p values were calculated from an ordinary two-way ANOVA with Tukey’s

multiple comparisons test. Mutant alleles used were pdr-1(gk448), sqst-1(ok2869), epg-7(syb4910), and ire-1(zc14).

(D) atg-9(bp564)mutants rescue PTLA in ire-1(zc14) mutants. Animals of the indicated genotypes were subjected to a 5-day L1 arrest, then assessed for viability

and their ability to develop to at least the L3 larval stage after 2–4 days with food. Each symbol represents an independent biological replicate. p values were

calculated from an ordinary two-way ANOVA with Tukey’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance).

(E) atg-9(bp564) rescues mTORC1 reactivation in ire-1(zc14) mutants. Animals in (D) were also harvested for western blot analysis of pS6K and tubulin, and a

representative western blot is depicted.

(legend continued on next page)
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(F) Quantification and statistical analysis of western blots depicted in (E). p values calculated using Tukey’s post hoc analysis of a one-way ANOVA.

(G) Western blot of pS6K and tubulin from lysates of WT un-arrested L1 animals, WT L1 animals arrested for 6 days, and WT, hlh-30TGFP, atg-9(bp564), atg-

9(bp564);hlh-30TGFP, xbp-1(tm2482), xbp-1(tm2482);hlh-30TGFP, xbp-1(tm2482); atg-9(bp564), and xbp-1(tm2482);hlh-30TGFP;atg-9(bp564) L1 animals

arrested for 6 days and then fed for 24 h.

ll
Article



Figure S3. Autophagy inhibition and HLH-30TGFP expression work together to reduce 3xFLAGTmAGTGalectin3 puncta formation, related

to Figures 2 and 4

(A) HLH-30TGFP and 3xFLAGTmAGTGalectin3 puncta are distinguishable. Representative micrographs, representing a single focal plane from the hypodermis

and intestine, of L1 animals arrested for 2 days expressing HLH-30TGFP alone or HLH-30TGFP and 3xFLAGTmAGTGalectin3. Dashed yellow arrows denote

the nucleus (C. elegans intestinal cells have large nucleoli), and blue arrows denote 3xFLAGTmAGTGalectin3 puncta. Scale bars, 5 mm.

(B) Representative micrographs of the hypodermis and intestine of L1 animals of the indicated genotypes subjected to L1 arrest for 2 days. Scale bars 5 mm.

(C) Quantification of 3xFLAGTmAGTGalectin3 puncta of animals depicted in (B). p values calculated using Tukey’s post hoc analysis of a one-way ANOVA

(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance).
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Figure S4. SCAV-3TGFP is a glycosylated protein, related to Figure 5
WTand ire-1(zc14) L1 animals expressing SCAV-3TGFPwere collected fromwell-fed plates or were subjected to L1 arrest for 1 day (D1, blue) then re-fed for 12 h

(D1, green) or subjected to L1 arrest for 7 days (D7, blue) and re-fed for 12 h (D7, green), lysed in RIPA buffer, and then treated with PNGase F as described in

STAR Methods. Treated lysates were subjected to western blot analysis using GFP and tubulin antibodies. WT animals not expressing SCAV-3TGFP (N2) were

used as a control for specificity of the GFP antibody. Note the presence of a smaller, previously un-reported SCAV-3TGFP isoform that migrates at about 75–

80 kDa that is also sensitive to PNGase F treatment.
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Figure S5. Reversible cell-cycle exit in 3T3 Swiss Albino, C3H10T1/2, and ARPE-19 cells, related to Figure 6

(A) Proliferating cells are cells that were maintained in sub confluent (<70% confluency) for 2 weeks after thawing before harvesting and staining for Ki67 labeling.

Quiescent cells were harvested for Ki67 labeling 4 days after reaching confluency. Reactivated cells are quiescent cells that were passaged 1:10 (3T3 and

C3H10T1/2) or 1:5 (ARPE-19) and harvested for Ki67 labeling 48 h later. Unlabeled cells are pooled proliferating, quiescent, and reactivated cells that were not

stained for Ki67. Cells were labeled with Ki67 antibodies and analyzed by flow cytometry, as described in STAR Methods.

(B) 3T3 Swiss Albino cells were grown to confluency and maintained for the indicated number of days. Cells were split 1:10 and harvested 48 h later, stained for

Ki67, and analyzed by flow cytometry.

(C) 3T3 Swiss Albino cells were grown to confluency andmaintained for the indicated number of days. They were then split, and 5,000 cells per cm2were plated in

6-well plates and imaged on an IncuCyte (Sartorious) and analyzed for confluency every 4 h.

(D) 3T3 Swiss Albino cells were grown to confluency and maintained for 45 days. Cells were passaged alongside a sub-confluent culture, and 1,000 cells were

plated on 10-cm dishes and incubated for 7 days until cell colonies formed. Cells were fixed with 4% PFA and stained with crystal violet.
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Figure S6. mAG-Galectin3 is negatively correlated with LysoTracker staining of lysosomes in quiescent 3T3 Swiss Albino cells, related to

Figure 6

(A) Time-lapse micrographs of 3T3 Swiss Albino cells expressing mAG-Galectin3 and stained with LysoTracker Red DND-99. Scale bars, 2 mm.

(B) LysoTracker staining and mAG-Galectin3 staining are negatively correlated. LysoTracker fluorescence and mAG-Galectin3 fluorescence were measured for

155 LysoTracker+ and/or mAG-Galectin3+ structures in cells, log2 transformed, and plotted.
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Figure S7. CRISPRi against Atg5, Atg7, and Atg9a reduces autophagy flux and affects cell reactivation, related to Figure 7

(A) Cells expressingmCherry-EGFP-LC3B, dCas9, and one of two sgRNA constructs against the indicated genes, or targeting no genes as a control, were treated

with 100 nM Torin1 or vehicle (DMSO) and imaged every 30 min on an IncuCyte live-cell analysis instrument. Vehicle control cells were ‘‘no target’’ control cells.

Error bars represent standard deviation.

(B) Cells expressing dCas9 and one of two guide RNA constructs against the indicated genes, no genes as a control, were plated at high cell density (30,000 cells

per cm2) and kept in a confluent, contact-inhibited state for 10 days, exchanging media containing 5 mMAMG-18 or 0.2%DMSO as a vehicle control every other

day. The cells were subsequently trypsinized, and 1,000 live cells were plated on 10-cm dishes and allowed to grow into colonies for 1 week.
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