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SUMMARY

In neurons, defects in autophagosome clearance
have been associated with neurodegenerative dis-
ease. Yet, the mechanisms that coordinate traf-
ficking and clearance of synaptic autophagosomes
are poorly understood. Here, we use genetic screens
and in vivo imaging in single neurons of C. elegans to
identify mechanisms necessary for clearance of syn-
aptic autophagosomes. We observed that auto-
phagy at the synapse can be modulated in vivo by
the state of neuronal activity, that autophagosomes
undergo UNC-16/JIP3-mediated retrograde trans-
port, and that autophagosomes containing synaptic
material mature in the cell body. Through forward
genetic screens, we then determined that autopha-
gosome maturation in the cell body depends on the
protease ATG-4.2, but not the related ATG-4.1, and
that ATG-4.2 can cleave LGG-1/Atg8/GABARAP
from membranes. Our studies revealed that ATG-
4.2 is specifically necessary for the maturation and
clearance of autophagosomes and that defects in
transport and ATG-4.2-mediated maturation geneti-
cally interact to enhance abnormal accumulation of
autophagosomes in neurons.

INTRODUCTION

Neurons are highly polarized cells in which autophagy is

spatially compartmentalized. Local formation of autophago-

somes is observed at the distal end of axons and at synapses

(Maday and Holzbaur, 2014; Maday et al., 2012; Soukup et al.,

2016; Stavoe et al., 2016). Synaptic autophagy can be

enhanced under conditions of prolonged neuronal activity,

suggesting a physiological link between neuronal activity

and local autophagosome biogenesis (Shehata et al., 2012;

Soukup et al., 2016; Wang et al., 2015). Autophagosomes

are then transported toward the soma for lysosome fusion

and degradation (Hollenbeck, 1993; Kaasinen et al., 2008).

Retrograde transport of autophagosomes is tightly controlled

through both the recruitment and regulation of the dynein motor

complex (Ikenaka et al., 2013; Katsumata et al., 2010; Maday

et al., 2012; Neisch et al., 2017). Dynein is recruited to autopha-

gosomes through fusion of autophagosomes with late endo-

somes (Cheng et al., 2015), and in vertebrate neurons, robust

retrograde transport is facilitated by the motor scaffolding pro-

tein JIP1 (Fu et al., 2014). During transport, autophagic vacuoles

(a general term encompassing autophagic structures of all matu-

rity states [Klionsky et al., 2016]) begin progressive maturation

(Maday et al., 2012; Neisch et al., 2017; Vanhauwaert et al.,

2017), and once in the cell body, they are targeted for degrada-

tion and clearance through mechanisms that are not well

understood. The importance of these regulated processes in

neuronal autophagy is perhaps best exemplified by the conse-

quences of their disruption, which include autophagosome

accumulation at presynaptic terminals, Alzheimer’s disease-

like autophagic stress, and axonal pathology (Ikenaka et al.,

2013; Lee et al., 2011; Nixon et al., 2005; Takáts et al., 2013;

Tammineni et al., 2017).

In this study, we used forward and reverse genetics, combined

with in vivo imaging, to identify mechanisms necessary for the

clearance of synaptic autophagosomes. We visualized autopha-

gosomes at single-neuron resolution by examining the localiza-

tion of the autophagosome-associated protein LGG-1/Atg8/

GABARAP (Manil-Segalen et al., 2014; Meléndez et al., 2003;

Stavoe et al., 2016; Zhang et al., 2015). We found that, in vivo,

we could predictably vary the number of synaptic autophago-

somes by modulating the firing state of the neuron. We also de-

tected synaptic proteins colocalized with autophagic vacuoles in

the cell body, suggesting a link between autophagosome

biogenesis at the synapse and autophagy-mediated degrada-

tion of synaptic proteins in the soma. We identified a role for

the motor adaptor protein, UNC-16/JIP3, in facilitating robust

retrograde transport of synaptic autophagic vacuoles to the

cell body. To then uncover mechanisms that coordinate trans-

port and elimination of autophagosomes from the neurite, we

performed an enhancer screen in unc-16/jip3-mutant animals
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and identified a dominant enhancermutation in the poorly under-

stood autophagy gene atg-4.2. Mutations in atg-4.2; unc-16

double-mutant animals displayed dramatic accumulation of

autophagosomes in the neurite, while atg-4.2 single-mutant

animals accumulated autophagosomes in the cell body, pheno-

types not observed for the other atg-4 gene in C. elegans, atg-

4.1. We determined through biochemical assays that ATG-4.2

delipidates LGG-1 from membranes and observed that the

accumulated autophagic vacuoles in atg-4.2-mutant animals

failed to properly colocalize with lysosomal proteins, mature,

and degrade. This resulted in a dramatic accumulation of

abnormal multilamellar autophagosome-like vacuoles in the

cell bodies of atg-4.2-mutant neurons. Our findings support a

model in which the cysteine protease atg-4.2 is specialized to re-

move LGG-1 and LGG-2 (hereafter LGG-1/LGG-2) from auto-

phagosomes to enable autophagosome fusion with lysosomes

and to promote degradation. Our studies uncover mechanisms

that regulate transport and clearance of autophagosomes in

neurites and provide a framework for understanding how disrup-

tion of trafficking and degradation genetically interact to result in

abnormal accumulation of autophagosomes, as observed in

neurodegenerative diseases.

RESULTS

Autophagosomes in C. elegans Neurons Contain
Synaptic Proteins and Form Near Synapses in Response
to Physiological Stimuli
To examine autophagy in neurons of living animals, we imaged

LGG-1 and LGG-2 in the AIY interneurons of C. elegans at larval

stage 4 (L4) (Figures 1A–1E and S1A–S1C, and as previously

described in Stavoe et al. [2016]). LGG-1 and LGG-2 are

C. elegans homologs of Atg8 (in yeast) and GABARAP and LC3

family proteins (in mammals) that associate with immature and

mature autophagic structures and have been used as markers

to track autophagosomes in living cells (Alberti et al., 2010;

Manil-Segalen et al., 2014; Meléndez et al., 2003). For controls

of these markers, please see Figures 1F, S1D–S1F, and STAR

Methods).

Autophagosomes in AIY were present in the neurite (Figures

1B–1D) and in the cell body (Figure 1E). In the neurite, themajority

of autophagosome biogenesis events occur near synaptic re-

gions (Stavoe et al., 2016). To understand how activity of neurons

relates to autophagosome biogenesis in vivo, we first examined

autophagy in AIY neurons under varying physiological condi-

tions. AIY is an interneuron that predictably changes its firing fre-

quency based on inputs from sensory neurons (Laurent et al.,

2015; Luo et al., 2014; Satoh et al., 2014). Aspart of its role in ther-

motaxis behavior, the frequency of calcium transients in AIY in-

creases for animals raised at warmer temperatures (Clark et al.,

2006; Hawk et al., 2018). We observed that animals raised at

warmer temperatures, in which the neuronal activity state of

AIY is increased, also hada higher percentage of animalswith au-

tophagosomes in AIY, and that this could be physiologically

modulated by changing the cultivation temperature of the ani-

mals (Hawk et al., 2018; Figures 1G–1K). For example, in animals

raised at 20�C, a condition known to lower AIY calcium activity

(Hawk et al., 2018), the percentage of animals with one or more

autophagosomes in either AIY neurite was 37% (n = 73 animals).

When animals were cultivated at 25�C for 4 h, which is known to

change their temperature preference through an increased cal-

cium responsiveness of AIY, a concomitant increase in the per-

centage of animals with one or more autophagosomes in either

AIY neurite was observed (81%) (n = 78 animals) (Figures

1G–1I). We do note that animals raised at warmer temperatures

for prolonged periods of time, under conditions associated with

noxious stimuli to the animal (and not known to be associated

with thermotaxis behavior or increased activity states in AIY),

also displayed an activity-independent increase in autophago-

somes in the AIY neurite. Yet for the physiological conditions in

which AIY is known to be active and required for thermotaxis

behavior (exposure to higher temperatures for periods of less

than 8 h), genetically inhibiting synaptic transmission suppressed

the observed increase in synaptic autophagosomes (Figure 1J).

Moreover, chemo-genetic silencing of AIY through the cell-spe-

cific expression of a histamine-activated chloride channel

suppressed temperature-related increases in synaptic autopha-

gosomes (Figure 1K). Previous findings using optogenetic

approaches established a link between stimulation of the neuron

and autophagosome biogenesis in the neurites (Shehata et al.,

2012; Soukup et al., 2016; Wang et al., 2015). Our findings are

consistent with and extend these studies, demonstrating that in-

creases in autophagosomes near synapses can be induced by

activity-dependent mechanisms associated with physiological

responses of the neuron and activity-independent mechanisms

associated with noxious stimuli to the system.

Does increased autophagy at active synapses act to recycle

synaptic material? To address this, we examined if autophagic

vacuoles in the cell body, where autophagosomes are trans-

ported for degradation, colocalized with synaptic proteins.

Simultaneous visualization of active zone protein SYD-1 and

autophagy-associated protein LGG-1 revealed partial colocali-

zation in the neuronal cell body (Figures 1L–1N). Similar results

were observed for active zone protein SYD-2/Liprin alpha and

synaptic vesicle protein synaptobrevin (SNB-1) (Figures 1O–1Q

and S1G–S1I). Our findings indicate that autophagic vacuoles

in the cell body contain synaptic proteins and suggest that auto-

phagy might degrade synaptic material such as active zone and

synaptic vesicle proteins. Together, our findings are consistent

with an association, in vivo, between the state of synaptic activ-

ity, the presence of autophagosomes at the synapse, and the

degradation of synaptic material in the neuronal cell body.

Dynactin and JIP3/UNC-16 Promote Autophagosome
Retrograde Transport
To then investigate how autophagosomes at the synapse are

transported and degraded in the cell body, we recorded and

tracked individual synaptic autophagosomes in wild-type and

mutant animals. In C. elegans neurons, as in vertebrate neurons,

retrograde transport of autophagosomes depends on the dynein

complex (Cheng et al., 2015; Ikenaka et al., 2013; Katsumata

et al., 2010; Maday et al., 2012) (Figures 2A–2C). We therefore

examined known regulators of transport to investigate their spe-

cific requirement in autophagosome trafficking.

We observed that while available alleles for jip-1/Mapk8Ip1-,

unc-116/kinesin-1-, and unc-14/RUN-mutant animals did not

display defects in autophagosome accumulation at synapses

(Figure 2G), loss of JIP3/UNC-16/Sunday Driver resulted in a
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Figure 1. Synaptic Autophagosomes Occur

in Response to Physiological Stimuli, and

Cell Body Autophagosomes Contain Synap-

tic Material

(A) Schematic of the AIY interneuron pair located in

the nerve ring within the head of the worm. Neurite

(red and blue) and cell body (asterisk) are labeled. D,

dorsal; V, ventral; A, anterior; P, posterior; L, left; R,

right.

(B) Autophagosomes (visualized with GFP::LGG-1)

in the synaptic regions (visualizedwithmCh::RAB-3)

of a representative wild-type AIY interneuron. The

dashed line traces the path of the AIY neurite (see

schematic in 1A). The yellow dotted line highlights

the synaptic regions of the neurite, and the white

dashed line, the asynaptic region. The synapse-rich

portion of the synaptic region (boxed) is enlarged

in (B0).
(C) Schematic of AIY with the cell body and the

proximal portion of the synaptic region as in (B).

(D) As in (B0) but GFP::LGG-1 only.

(E) Enlargement of the cell body in (B) and showing

GFP::LGG-1 only. Note that we observe autophagic

vacuoles in both the cell body and the synapse of

neurons.

(F) LGG-1(G116A) fails to be lipidated and associ-

ated with autophagic vacuoles and does not form

puncta at synapses or the cell body (Alberti et al.,

2010; Manil-Segalen et al., 2014; Stavoe et al.,

2016; see also Figure S1 for additional controls).

(G–I) Autophagosomes (visualized with GFP::

LGG-1) in a representative wild-type AIY neuron

held at 25�C for 4 h prior to imaging. In (H)–(I), the

synaptic regions of wild-type AIY neurons are

shown in animals held at 20�C (H) or held at 25�C
(I) for 4 h prior to imaging. The AIY interneurons are

primary interneurons in the thermotaxis circuit of

C. elegans, and the activity state of AIY is known to

increase when animals are held at 25�C for �4 h

(as compared to animals at 20�C) (Biron et al.,

2006; Clark et al., 2006; Hawk et al., 2018). We

therefore used the physiological stimuli of tem-

perature in this intact circuit to increase the activity

state of the AIY neurons and examine synaptic

autophagy in vivo under these conditions. The

synaptic-enriched region of (G) (dashed boxed) is

enlarged in (I).

(J) Quantification of the average number of autophagosomes in the AIY neurite in wild-type (green line) and exocytosis/unc-13(e450)-mutant (purple line) ani-

mals. Animals were raised at 20�C and then held at 25�C for variable lengths of time as indicated. Note that after 4 h at 25�C, higher numbers of synaptic

autophagosomes can be observed and that this increase is suppressed in exocytosis/unc-13(e450)-mutant animals (purple line). Our findings suggest that

physiological increases in activity state of the neuron result in an increase in the number of synaptic autophagosomes. Our findings also demonstrate activity-

independent increases in autophagosome number for animals raised at 25�C for 24 h or longer, likely due to temperature-dependent effects in the cell and

consistent with the known detrimental effects of prolonged exposure of C. elegans to 25�C temperature conditions (Byerly et al., 1976; Hosono et al., 1982). For

all genotypes and time points, the number of animals examined is nR 45. *p < 0.05, **p < 0.01, ****p < 0.0001, or ‘‘ns’’ not significant by Student’s t test between

wild-type and unc-13-mutant animals at each time point (black significance values) or between different wild-type time points (green significance values).

(K) Quantification of the average number of autophagosomes in the AIY neurite in animals expressing the heterologous Drosophila inhibitory chloride

channel (HisCl) (Pokala et al., 2014) when exposed to the activating histamine (purple bars) or control (green bars). Error bars show standard error of the mean

(SEM). ****p < 0.0001 by one-way ANOVAwith Tukey’s post hoc analysis between histamine and control conditions. The number of animals examined is shown on

each bar.

(L–N) Representative confocal image of presynaptic active zone protein GFP::SYD-1 (L) colocalized with mCh::LGG-1 (M). Merged images shown in (N). Insets in

(L0–N0) show the enlarged cell body with subcellular localization of these proteins.

(O–Q) As in (L)–(N), but imaging the subcellular localization of synaptic vesicle protein synaptobrevin (GFP::SNB-1) and mCh::LGG-1. Note how in both (L)–(N)

and (O)–(Q), LGG-1 partially colocalizes in the cell body with synaptic proteins (also seen for active zone protein SYD-2 in Figures S1G–S1I).

Throughout the figures, images depict maximal projections of confocal z stacks, arrowheads refer to LGG-1 puncta in the cell body, arrows point to LGG-1

puncta in the synaptic regions, and dashed circles enclose cell bodies. Abbreviation: h, hours.

Scale bar(s) in (B) for (B), (F), (G), and (L)–(Q); in (B0) for (B0) and (D); in (E) for (E) and (L0)—(Q0); and in (H) for (H) and (I).

See also Figure S1.
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significant accumulation of LGG-1/LGG-2 puncta in the neurite

but not in the cell body (Figures 2E–2G and S2A–S2D). The

unc-16/jip3- mutant phenotype was similar to the phenotype

seen for dnc-1/p150 dynactin-complex-subunit-mutant animals

(which affect the dynein complex) (Ikenaka et al., 2013; Figures

2B and 2C). JIP3/UNC-16/Sunday Driver is a conserved adaptor

protein that binds to kinesin and dynein (Arimoto et al., 2011;

Cavalli et al., 2005) to regulate early endosome and lysosome

transport (Brown et al., 2009; Byrd et al., 2001; Drerup and

Nechiporuk, 2013; Edwards et al., 2013, 2015;; Gowrishankar

et al., 2017). Mutant animals containing one of three independent

alleles of unc-16 (ju146, e109, or n730) (Figure 2D) displayed an

increase in the percentage of animals with LGG-1 puncta in the

neurites (from 34% in wild-type animals to 100% in all unc-16-

allele-mutant animals examined). Moreover, while wild-type

animals averaged less than one LGG-1 puncta per neurite,

unc-16-mutant animals averaged �2 LGG-1 puncta in the pre-

synaptic regions (Figure 2G), indicating abnormal accumulation

Figure 2. Dynactin and UNC-16/JIP3Mediate

Retrograde Transport of Autophagosomes

from the Synaptic Regions

(A and B) Autophagosomes (visualized with

GFP::LGG-1) in a wild-type AIY neuron (A) and in

a temperature-sensitive dynactin, dnc-1(or404)-

mutant animals (B) grown for 48 h at the restrictive

temperature of 25�C.
(C) Quantification of the average number of auto-

phagosomes in the synaptic regions in wild-type

and dnc-1(or404)-mutant animals kept for 48 h at

the permissive (20�C) or restrictive (25�C) temper-

ature (note an increase in wild-type animals at 25�C,
as in Figure 1J).

Error bars show standard error of the mean (SEM).

****p < 0.0001 by one-way ANOVAwith Tukey’s post

hoc analysis between indicated groups. Numbers

on bars represent number of animals examined.

(D) Schematic of the unc-16-genomic region with

exons (purple boxes), untranslated regions

(gray boxes), introns (black lines), and allelic lesions

(early stop codons as red asterisks in ju146 and

n730; and deletion as red box in e109). Scale bar

shows a 1-kilobase (kb) region.

(E and F) Autophagosomes (visualized with

GFP::LGG-1) in a representative wild-type AIY

neuron (E) and in an unc-16(ju146)-mutant neuron

(F) grown at the standard 20�C.
(G) Quantification of the average number of auto-

phagosomes in the synaptic regions in wild-type,

three alleles of unc-16- (ju146, n730, and e109), jip-

1(gk466982)-, unc-116(e2310)-, and unc-14(e57)-

mutant animals. Error bars show standard error of

the mean (SEM). ****p < 0.0001 by one-way ANOVA

with Tukey’s post hoc analysis. The number of ani-

mals examined is shown on each bar.

(H) Schematic of the AIY interneuron colored by

region and similar to the schematic in Figure 1A.

Zone 1, asynaptic, green; Zone 2, enriched-synap-

tic region, brown; Zone 3, punctate-synaptic region,

pink; see Colon-Ramos et al., 2007. Modified and

reprinted with permission from wormatlas.org.

(I) Quantification of the percentage of autophago-

somes in the AIY neurite by location. Bars are

colored as zones in (H). Zone-1-localized autopha-

gosomes observed in wild-type animals many times represent synaptic autophagosomes in transit toward the cell soma. Error bars show a 95% confidence

interval. ****p < 0.0001 by chi-square test between wild-type animals (n = 57 autophagosomes from 36 animals), unc-16(ju146)-mutant animals (n = 482 auto-

phagosomes from 37 animals), and unc-16(e109)-mutant animals (n = 145 autophagosomes from 22 animals).

(J and K) Kymographs of autophagosome trafficking in AIY neurites in representative wild-type (J) and unc-16(ju146)-mutant (K) animals showing retrograde (right

down diagonals), anterograde (left down diagonals), and paused events (vertical lines). Neurite zones are indicated by color above kymographs and as in (H).

(L) Quantification of autophagosome trafficking events in the AIY neurite, showing percentage of autophagosomes that undergo anterograde, retrograde, or

paused events within the 5-min imaging window for wild-type and unc-16-mutant animals. ****p < 0.0001, **p < 0.01 by Fisher’s exact test between wild-type and

mutant animals. Error bars show a 95% confidence interval.

Arrows denote autophagosomes in the synaptic region. Dashed circles enclose the cell bodies. Abbreviations: ns, not significant; AV, autophagic vacuole.

Scale bar(s) in (A) for (A), (B), (E), and (F); and in (J) for (J) and (K).

See also Figures S2 and S3.
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of autophagosomes. Analyses of the subcellular localization of

LGG-1-containing structures in unc-16/jip3-mutant animals

also revealed a higher probability for autophagosomes to be pre-

sent in the distal synaptic Zone-3 region (Figures 2H and 2I). The

distal accumulation of autophagosomes observed for unc-16-

mutant animals was not due to a rearrangement of microtubule

polarity, as we observed that the microtubule plus-end-binding

protein EBP-2/EB1 (Baas and Lin, 2011; Maniar et al., 2011)

was similarly oriented (plus-end-out) in wild-type and unc-16/

jip3-mutant animals (Figures S2E–S2G). Our findings indicate

that unc-16/jip3 is necessary to prevent the abnormal accumula-

tion of autophagosomes in the neurite and are consistent with

a requirement for unc-16/jip3 in autophagosome retrograde

transport.

Previous reports have implicated UNC-16/JIP3/Sunday Driver

in the regulation of retrograde transport and retention of lyso-

somes, early endosomes, and Golgi in the cell body (Brown

et al., 2009; Byrd et al., 2001; Edwards et al., 2013; Figure S3).

The role of UNC-16/JIP3 in transport of autophagosomes has

not been examined. To directly investigate if unc-16/jip3 is

required for retrograde transport of autophagosomes, we per-

formed time-lapse imaging of individual LGG-1 puncta in wild-

type neurons (n = 71) and for two independent alleles of unc-16-

mutant neurons (ju146, n = 73; and e109, n = 43). We observed

that compared to wild-type animals, unc-16/jip3-mutant animals

displayed decreased retrograde transport of LGG-1 puncta in

neurites and increased anterograde trafficking or paused LGG-1

puncta (defined as puncta that did not trafficwithin a 5-min obser-

vation window; Figures 2J–2L). In wild-type animals, LGG-1

puncta in the cell body were sometimes transported in an antero-

grade fashion into the neurite and returned to the cell body via

retrograde transport within the 5-min examination window. In

contrast, the percentage of puncta that returned was greatly

reduced in unc-16(ju146)-mutant neurites (Figure S2H). Our find-

ings are consistent with previous reports that demonstrate that

another JIP family member (JIP1) is important for regulating auto-

phagosome retrograde transport in cultured vertebrate neurons

(Fu et al., 2014). We now extend those findings and demonstrate

an important role for unc-16/jip3 in regulating the retrograde traf-

ficking of autophagosomes in vivo.

To understand how UNC-16-dependent retrograde transport

contributes to the degradation of autophagic vacuoles, we

then tested if defects in unc-16-mutant animals altered the total

number of LGG-1 puncta in neurons. We observed that the total

number of LGG-1 puncta in neurons of unc-16/jip3-mutant ani-

mals was higher than that seen for wild-type animals

(average ± 95% confidence interval from 4.1 ± 0.6 in wild-type

neurons (n = 65) to 8.2 ± 0.8 in unc-16(ju146)-mutant neurons

(n = 64); significant by Student’s t test p < 0.0001). Our findings

indicate that the increased number of autophagic vacuoles

observed in the neurites of unc-16/jip3-mutant animals did not

result from a simple redistribution of a fixed number of autopha-

gosomes. Instead, retrograde transport, promoted by unc-16/

jip3, appears to be necessary for the effective degradation of

autophagic vacuoles, and defects in transport in unc-16/jip3-

mutant animals therefore result in an abnormal accumulation of

autophagic vacuoles. Our findings underscore the importance

of regulated trafficking in the degradation of synaptic autophagic

vacuoles.

Mutant Allele ola316 Enhances the Number of
Autophagic Vacuoles in the Neurites of unc-16/jip3-
Mutant Animals
Degradation of autophagosomes occurs upon fusion with lyso-

somes, an important and final step that is tightly regulated but

poorly understood (Itakura et al., 2012;Nakamura andYoshimori,

2017). To better understand the molecular machinery underlying

coordinated trafficking and degradation of synaptic autophagic

vacuoles, we performed a visual forward genetic screen in the

unc-16/jip3-mutant background. We reasoned that molecules

important for regulated lysosomal fusion and degradation would

result in an enhanced accumulation of autophagosomes and

screened for mutant animals with increased numbers of LGG-1

puncta in the AIY-synaptic regions. We uncovered a mutant

allele, ola316, in which animals displayed a dramatic accumula-

tion of LGG-1 puncta in the neurites.While unc-16(ju146)-mutant

animals displayed an average of 2.6 LGG-1 puncta abnormally

accumulated in the synaptic regions (n = 64 neurites), ola316;

unc-16(ju146) double-mutant animals enhanced this phenotype

and displayed an average of 9.4 LGG-1 puncta in the synaptic

regions (n = 67 neurites) (Figures 3A–3D). We note that in these

double-mutant animals with dramatic accumulation of autopha-

gosomes, some LGG-1-positive structures were observed

outside the AIY neurite (Figures S4A–S4C). It is possible that

these LGG-1 structures might be expelled from the neurite in

response to an overburdening of the endo-lysosomal system, a

phenomenon known as ‘‘secretory autophagy’’ which has been

observed in a number of contexts, including neurodegenerative

diseases (Ponpuak et al., 2015; Borland and Vilhardt, 2017;

Miranda et al., 2018; Ojha et al., 2017) (Video S1).

We then examined if animals containing the ola316 allele dis-

played a phenotype independent of the unc-16/jip3-mutant

lesion. To achieve this, we outcrossed the ola316; unc-

16(ju146) animals to remove the unc-16/jip3 lesion and exam-

ined LGG-1-containing structures in the ola316 single-mutant

animals. We observed that the ola316 single-mutant animals

did not display a significant accumulation of LGG-1 puncta in

the synaptic regions when compared with unc-16(ju146)-mutant

or unc-16(ju146); ola316 double-mutant animals (Figure 3D).

However, we did observe an increased number of LGG-1 puncta

in the cell bodies of the ola316 single-mutant animals (Figures

3E, 3H, and 3I; we observed similar results for LGG-2, Figures

S4D, S4E, S4G, and S4H). We also observed an increase in

the percentage of neurites with one or more LGG-1 puncta in

the synaptic regions (Figure S4I). The gene affected in the

ola316 allele is important for most neurons in the nematode’s

nervous system, as abnormal pan-neuronal accumulation of

LGG-1 puncta was observed for both the single-mutant animals

and the ola316; unc-16(ju146) double-mutant animals (Figures

S4J–S4Q). Together, our data indicate that the ola316 allele

affects a gene that is important for preventing the abnormal

accumulation of autophagosomes both in the neuronal soma

and, through cooperation with UNC-16/JIP3, in the neurites.

ola316 Is a Dominant Allele of the Autophagy Gene
atg-4.2

Genetic characterization of animals containing the ola316 allele

revealed that the phenotype results from a single genetic domi-

nant lesion (Figure 3E, green and red striped bar). To identify the
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causative lesion in animals containing ola316, we performed sin-

gle-nucleotide polymorphism (SNP) mapping, whole-genome

sequencing, independent allele analyses, and rescue experi-

ments. We SNP-mapped ola316 to a 2.2 megabase (Mb) region

between 10.1 and 12.3 Mb on chromosome IV. We then per-

formed whole-genome sequencing (Minevich et al., 2012; Sarin

et al., 2008) and uncovered a missense lesion in the autophagy

gene atg-4.2. Animals containing either of two independent

alleles of atg-4.2 (gk430078 or gk628327), which result in early

stop codons (Figure 3F), phenocopied the ola316 single-mutant

phenotype (Figure 3E (maroon and peach bars) and Figure 3J).

Moreover, unc-16(ju146); atg-4.2(gk628327) double-mutant ani-

mals also phenocopied the unc-16(ju146); ola316 double-mutant

animals isolated from the genetic screen (Figure 3D). Consistent

with ola316 being an allele of atg-4.2, AIY-specific expression of

the wild-type atg-4.2 cDNA in ola316-mutant animals rescued

the ola316-mutant phenotype (Figure 3E [brown bar], 3I and

3K). While this rescue experiment might suggest that the
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Figure 3. ATG-4.2 Enhances UNC-16/JIP3-

Mediated Accumulation of Autophagosomes

(A–C) Autophagosomes (visualized with GFP::

LGG-1) in representative wild-type (A), unc-

16(ju146) mutant (B), and atg-4.2(ola316); unc-

16(ju146) double-mutant (C) animals are shown.

(D and E) Quantification of the average number of

LGG-1puncta in the synaptic regions (Zones2+3) of

the AIY neurite (D) or in the cell body of AIY (E).

Synaptic quantifications for wild-type, indicated

mutant, and double animals are shown. Here unc-16

refers to allele ju146 (D). Cell bodyquantifications are

shown for wild-type, indicated mutant animals, cell-

specific expression of an ATG-4.2 rescuing array in

atg-4.2(ola316)-mutant animals, heterozygous ani-

mals, and wild-type animals with AIY cell-specific

expression of wild-type ATG-4.2 or mutant ATG-4.2

cDNA containing the lesion found in allele atg-

4.2(ola316) (corresponding to [G373R]) (E). Error bars

show standard error of themean (SEM). ***p < 0.001;

****p < 0.0001 by one-way ANOVAwith Tukey’s post

hoc analysis betweenwild-type andmutant animals.

The numbers on the bars represent the number of

neurons examined. See also Figure S1.

(F) Schematic of the atg-4.2-genomic region on

chromosome IVwith exons (red boxes), untranslated

regions (gray boxes), and introns (black lines). Alleles

affect indicated regions with early stop codons (red

asterisks; gk430078 and gk628327) or amino acid

change (G373R for ola316). The conserved regula-

tory loop, important for substrate recognition (orange

bar), and cysteine-active site (pink bar) are indicated.

Scale bar shows a 1-kb region.

(G) Model of the crystal structure of the human

ATG4B-LC3 complex (Kumanomidou et al., 2006)

indicating the location of the G373R lesion from the

ola316 allele (red arrow), the conserved regulatory

loop (orange) important for LC3 recognition (LGG-1/

LGG-2, in green), and the cysteine- active site (pink,

amino acid 203). Note that the G373R lesion in atg-

4.2(ola316) neighbors the regulatory loop and is also

sterically close to the active site in the three-

dimensional predicted structure of the protein.

(H–M) Autophagic vacuoles in the AIY cell body

imaged as maximal projection of confocal z stacks

(left) and corresponding surface plots of the LGG-1

signal intensity (right) in wild-type animals (H), atg-

4.2(ola316)-mutant animals (I), atg-4.2(gk430078)-

mutant animals (J), atg-4.2(ola316)-mutant animals

containing an ATG-4.2 rescue array (K), and wild-

type animals cell-specifically overexpressing either

ATG-4.2 (L) or ATG-4.2(G373R) (M).

Arrows denote autophagosomes in the neurite; arrowheads denote autophagic vacuoles in the cell body. Dashed circles enclose cell bodies. Abbreviations: ns,

not significant; AV, autophagic vacuole. Scoring was done by blindly quantifying maximal projections of confocal z stacks.

Scale bar(s) in (A) for (A)–C); in (H) for (H)–(M).

See also Figure S4.
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dominant allele was acting through happloinsufficiency, we also

observed that overexpression of mutant atg-4.2(ola316) cDNA in

wild-type animals was sufficient to induce the phenotype

(Figures 3E [gray bars], 3L and 3M), indicating that the atg-

4.2(ola316) allele acts as a dosage-dependent dominant

negative and that it is required cell autonomously in AIY. Our

data indicate that ola316 is an allele of the autophagy gene

atg-4.2 and that atg-4.2 acts in neurons to regulate accumulation

of autophagic structures.

Atg4s are a conserved family of cysteine proteases that bind to

and cleave Atg8/GABARAP/LC3 /LGG-1/LGG-2 family proteins.

Comparison with the human ATG4B-LC3 crystal structure (Ku-

manomidou et al., 2006) revealed that the atg-4.2(ola316) lesion

identified in our screen neighbors a conserved regulatory loop

important for LC3 (the vertebrate homolog of LGG-2) recognition

by ATG4 (Wu et al., 2012) and is sterically close to the cysteine-

active site (Figure 3G). Based on its position, and our in vivo

genetic data, we hypothesize that the dominant lesion in the

atg-4.2(ola316) allele might interfere with ATG-4.2 activity and

its interaction with LGG-1/LGG-2.

Atg4s cleave Atg8/GABARAP/LC3/LGG-1/LGG-2 family pro-

teins to achieve two functions: (1) prime LGG-1 (which contains

a C-terminal tail) for conjugation onto the autophagosomal mem-

brane, and (2) remove LGG-1 and LGG-2 from the autophagoso-

mal membrane (Alberti et al., 2010; Kirisako et al., 2000;

Maruyama and Noda, 2017). In yeast, one ATG4 gene performs

both the priming and delipidation events on Atg8/LGG-1/LGG-2

(Kirisako et al., 2000; Maruyama and Noda, 2017), while in higher

metazoans, multiple genes encode distinct Atg4 cysteine prote-

ases, some with unknown function, specificity, or redundancy

(Kauffman et al., 2018; Li et al., 2011; Mariño et al., 2003; Wu

et al., 2012; Zhang et al., 2016). Consistent with these, a previous

study in C. elegans embryos determined that the two C. elegans

atg-4 genes (atg-4.1 and atg-4.2) (Figure 4A) were largely redun-

dant (Wu et al., 2012), with ATG-4.1 displaying enhanced proteo-

lytic activity on a soluble pro-form of LGG-1/Atg8 as compared

to ATG-4.2. The specific roles of ATG-4.2 in autophagy, if any,

remain unknown.

ATG-4.2, but Not ATG-4.1, Is Required to Prevent
Autophagosome Accumulation
The two C. elegans Atg4 homologs display 44% amino acid sim-

ilarity, including conserved catalytic and regulatory sites (Wu

et al., 2012). A previous study investigating the degradation of

protein aggregates in embryos found that atg-4.1 is more effi-

cient at the first LGG-1 cleavage event (priming) andmore impor-

tant for the removal of protein aggregates than atg-4.2 (Wu et al.,

2012). To examine if atg-4.1 also acts as atg-4.2 to prevent auto-

phagosomal accumulation in neurons, we examined animals

containing a confirmed null allele of atg-4.1(bp501) (Wu et al.,

2012) or containing the allele atg-4.1(gk127286) (early stop

codon) (Figure 4A). Surprisingly, we did not detect LGG-1 or

LGG-2 puncta accumulation in the atg-4.1-mutant animals (Fig-

ures 4C, 4E, S4F–S4H, and S4R).

We then examined autophagosomes in the neuronal cell

bodies of these mutant animals by performing electron micro-

scopy. Consistent with our GFP::LGG-1 and GFP::LGG-2 in vivo

assays, we observed a dramatic accumulation of abnormal mul-

tilamellar autophagosome-like vacuoles in the neuronal somas

of atg-4.2(ola316)-mutant animals (Figures 4F–4K and S5A–

S5P). Our findings indicate that atg-4.1 and atg-4.2 have distinct

functions in vivo that result in different phenotypes regarding the

accumulation of autophagosomes in neurons. Importantly, our

findings indicate that atg-4.2 is specialized for the clearance of

autophagic vacuoles.

While we observed distinct phenotypes for atg-4.1 and atg-4.2

in the accumulation of autophagic structures, we also note

that both atg-4.1 and atg-4.2 single-mutant animals contained

LGG-1/LGG-2 puncta in neurons (Figures 4C–4E and S4E–

S4H). Comparisons with the corresponding lipidation controls

(LGG-1(G116A); explanatory diagrams in Figure S1) suggest that

nearly all of the observed LGG-1 puncta in atg-4.1- and atg-4.2-

mutant animalswere lipidated (Figures S5QandS5T–S5V). These

observations indicate that either protease is able to partially

compensate for the absence of the other protease and perform

the first priming cleavage necessary to conjugate LGG-1 onto

the nascent autophagosome. They also localized similarly

throughout the neuronal cytoplasm, consistent with the ability to

act either in the synaptic region or the cell body (Figures S6A

and S6B). Also consistent with these two proteases performing

partially redundant roles, we have previously shown that in AIY,

where autophagy is also required for synapse development, the

synaptic assembly phenotype was not seen for atg-4.1 or atg-

4.2 single-mutant animals but was evident in the atg-4.1; atg-4.2

double-mutant animals (Figures S6C–S6G; Stavoe et al., 2016)

and that the GFP::LGG-1 phenotype is enhanced in atg-4.1; atg-

4.2 double-mutant animals (Figures 4E, S6H, andS6I). Our results

indicate that while atg-4.1 and atg-4.2 can act in a partially redun-

dant fashion, they also display distinct phenotypes in LGG-1/

LGG-2 puncta accumulation. Importantly, our findings indicate

that atg-4.2 is specifically necessary to prevent abnormal accu-

mulation of autophagosomes in the neuronal soma.

ATG-4.2 Promotes Autophagosome Maturation
Our observations that lesions in atg-4.2 result in animals with an

abnormal accumulation of autophagosomes in the neuronal cell

body are consistent with a model where atg-4.2 acts late in the

autophagy pathway to promote autophagosome maturation

and autophagic degradation. Autophagosome maturation into

an acidic autolysosome is mediated by fusion between autopha-

gosomes and late endosomes or lysosomes in a process that re-

quires the small GTPase Rab7 (Gutierrez et al., 2004; Hyttinen

et al., 2013; J€ager et al., 2004). We reasoned that if atg-4.2-

mutant animals have a defect at this step, then loss of rab-7 func-

tion should phenocopy the atg-4.2-mutant phenotype.

Since null lesions in rab-7 are lethal, we examined animals

mutant for the rab-7 activator sand-1/Mon1 (Heged}us et al.,

2016; Poteryaev et al., 2007) and the rab-7 effector, epg-5

(Wang et al., 2016). We observed that indeed sand-1- and

epg-5-mutant animals displayed increased autophagosome

accumulation in the cell body compared to wild-type animals,

similar to atg-4.2(ola316)-mutant animals (Figures 5A–5C and

5G). The observed phenotypes are specific to late blocks in auto-

phagy, as mutant animals for genes involved in early events prior

to autophagosome closure or trafficking, such as atg-9(wy56),

atg-2(bp576), or unc-16(ju146), did not display autophagosome

accumulation in the cell body (Figure 5G). Also consistent

with atg-4.2 acting in a late step of autophagy to promote
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autophagosome maturation, we found that atg-4.2(gk628327);

epg-5(tm3425) double-mutant animals phenocopied either sin-

glemutant for the cell body accumulation phenotype, suggesting

that they act in the same pathway in this process (Figure S6J).

We do note however that the atg-4.2(gk628327); epg-

5(tm3425) double-mutant animals also displayed an enhanced

accumulation in the presynaptic region (Figure S6K), suggesting

that they might perform distinct roles at presynaptic sites, which

we did not further examine in this study. Together, our findings

indicate that atg-4.2, similar to sand-1 and epg-5, acts in a late

stage of autophagy prior to degradation.

Atg-4.2 genetically interacts with unc-16 in double-mutant an-

imals to enhance the number of autophagosomes observed at

the synapse. To test if sand-1 also genetically interacts with

unc-16, we created sand-1(or552); unc-16(ju146) double-mutant

animals. We observed that similar to atg-4.2; unc-16 double-

mutant animals, sand-1; unc-16 double-mutant animals also

displayed dramatically enhanced accumulation of autophago-

somes in the synaptic regions (Figures 5D–5F and 5H). Impor-

tantly, early autophagy mutants such as atg-2 (required for auto-

phagosome closure) (Velikkakath et al., 2012) and atg-4.1

(required for LGG-1 priming) (Wu et al., 2012) failed to enhance
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Figure 4. ATG-4.2, but Not ATG-4.1, Is Necessary for Clearance of Autophagosomes

(A) Schematic of the atg-4.1 and atg-4.2-genomic regions on chromosomes I and IV, respectively, with exons (blue or red boxes), untranslated regions (gray

boxes), and introns (black lines). Alleles affect indicated regions with early stop codons (red asterisks; bp501 and gk127285 in atg-4.1 and gk430078 and

gk628327 in atg-4.2) or amino acid changes (G373R for ola316 in atg-4.2). Scale bar shows a 1-kb region.

(B–D) Autophagic vacuoles in the AIY cell body imaged as maximal projection of confocal z stacks (top row) and corresponding surface plots of the LGG-1 signal

intensity (bottom row) in wild-type animals (B), atg-4.1(gk127286)-mutant animals (C), and atg-4.2(ola316)-mutant animals (D). Arrowheads denote LGG-1 puncta

in the cell body.

(E) Quantification of the average number of LGG-1 puncta in the cell body of AIY in wild-type and indicated mutant and double-mutant animals. Error bars show

standard error of the mean (SEM). ****p < 0.0001 by one-way ANOVA with Tukey’s post hoc analysis between wild-type and mutant animals or as indicated. The

numbers on the bars represent numbers of neurons examined; corresponding toR10 animals for each genotype. Abbreviations: ns, not significant (as compared

to wild-type animals); AV, autophagic vacuole. Scoring was done by blindly quantifying maximal projections of confocal z stacks.

(F–H) Representative micrographs obtained by electron microscopy (EM) of neuronal cell bodies in wild-type animals (F), atg-4.1(bp501)-mutant animals (G), and

atg-4.2(ola316)-mutant animals (H), with the cell bodies pseudo-colored in blue, mitochondria in green, and multilamellar autophagosome-like vacuoles in

orange. See also Figure S5 for non-pseudo-colored images.

(I and J) Enlarged images of boxed areas showing multilamellar autophagosome-like vacuole examples from (H). See also Figure S5 for additional EM images.

(K) Quantification of the percentage of electron microscopy profiles with multilamellar autophagosome-like vacuoles in the cell somas of wild-type and mutant

animals. Error bars show a 95% confidence interval. ****p < 0.0001 by Fisher’s exact test between wild-type and mutant conditions. The numbers on the bars

indicate the number of profiles scored; corresponding to R5 cell bodies from 2 different animals for each genotype. Abbreviations: ns, not significant

(as compared to wild-type animals). Quantification was done by blindly scoring the electron micrograph somatic profiles.

Scale bar in (B) for (B)–(D); in (F) for (F)–(H), and in (I) for (I)–(J).

See also Figure S5.
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the neurite accumulation phenotype observed in unc-16-mutant

animals (Figure 5H). Our findings indicate that the observed

enhancement of unc-16with either sand-1 or atg-4.2 is a specific

phenotype resulting from a genetic interaction between

defects in retrograde transport and defects in autophagosome

degradation.
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Figure 5. ATG-4.2 Promotes Autophago-

some Maturation

(A–C) Autophagic vacuoles in the AIY cell body

imaged asmaximal projections of confocal z stacks

(left) and corresponding surface plots of the LGG-1

signal intensity (right) in representative wild-type

(A), sand-1(or552)-mutant (B), and epg-5(tm3425)-

mutant (C) animals.

(D–F) Autophagic vacuoles (visualized with

GFP::LGG-1) in representative unc-16(ju146)-

mutant (D), atg-4.2(ola316); unc-16(ju146)

double-mutant (E), and sand-1(or552); unc-

16(ju146)double-mutant (F) neurons.

(G and H) Quantification of the average number of

autophagic vacuoles in the cell body (G) or

synaptic region (H) of AIY in wild-type andmutant or

double-mutant animals. Alleles examined were

unc-16(ju146), atg-4.1(gk127286), atg-2(bp576),

atg-4.2(ola316), sand-1(or552), or as indicated.

Note that the increased severity of the sand-1

enhancement might suggest a more complete

block in autophagosome maturation than that of

atg-4.2, which is partially redundant with atg-4.1.

Error bars show standard error of the mean (SEM).

***p < 0.001; ****p < 0.0001 by one-way ANOVAwith

Tukey’s post hoc analysis between wild-type and

mutant animals or as indicated. The numbers on the

bars represent number of neurons examined. Ab-

breviations: ns, not significant (as compared to

wild-type animals); AV, autophagic vacuole.

(I and J) Schematic for the tandem LGG-1 marker

(mCh::GFP::LGG-1) showing the construct config-

uration with the AIY promoter (I) and the progres-

sion of the tandem LGG-1 marker through the

stages of autophagosome biogenesis, fusion with

lysosomes, and acidification (J) (Chang et al., 2017;

Kimura et al., 2007).

(K–P) Autophagic vacuoles in a representative wild-

type AIY neuron, visualized with the tandemmarker

(mCh::GFP::LGG-1) in the synaptic region (K–M)

and the cell body (N–P). The mCherry channel (K

and N), GFP channel (L andO), andmerge (M and P)

are shown separately. In (K)–(M), the dashed box

encloses the synapse-rich portion of the synaptic

region (similar to Figure 1A–1D).

(Q–V) Autophagic vacuoles in representative

wild-type (Q–S) and atg-4.2(ola316)-mutant (T–V)

cell bodies, visualized with the tandem marker

(mCh::GFP::LGG-1). The mCherry channel

(Q and T), GFP channel (R and U), andmerge (S and

V) are shown separately. Single channels (Q, R, T,

and U) are inverted to better show dim red puncta.

(W) Quantification of puncta labeled with the LGG-1

tandem marker in the cell body, showing the per-

centage of puncta with mCh-and-GFP-colocalized signal (yellow, immature) or mCh-only signal (mature). Error bars show a 95% confidence interval.

**** p < 0.0001 by Fisher’s exact test between wild-type and mutant animals. The numbers on the bars indicate the number of puncta scored, corresponding

to R27 neurons for each genotype. Abbreviations: ns, not significant (as compared to wild-type animals).

Arrowheads denote LGG-1 puncta in the cell body. Arrows denote LGG-1 puncta in the synaptic regions. Dashed circles enclose cell bodies. In merge images

(M, P, S, and V), red arrowheads refer to puncta labeled with only mCh (representing acidified autophagic vacuoles), while yellow arrows and arrowheads refer to

structures labeledwith bothmCh andGFP (representing autophagosomes that have not yet been acidified). Quantifications were done by blindly scoringmaximal

projections of confocal micrographs.

Scale bar(s) in (A) for (A)–(C) and (N)–(V); in (D) for (D)–(F); in (K) for (K)–(M).

See also Figure S6.
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We then tested the acidification state of autophagic vacuoles

by employing a tandem label strategy in which LGG-1 was fused

to bothmCherry andGFP (Figure 5I; lipidation controls in Figures

S7A–S7D; Chang et al., 2017; Kimura et al., 2007). Briefly, in this

strategy, immature autophagosomes are labeled with both GFP

and mCherry, but because GFP is preferentially quenched in

acidic environments, autophagic structures lose their GFP signal

and display solely mCherry signal when mature (schematic, Fig-

ure 5J). Comparisons with the tandem marker lipidation control

(Figures S7A–S7D), suggest that while structures positive for

both GFP and mCh are lipidated, some structures positive for

mCh, but negative for GFP accumulate in acidified lysosomes

(see Figure S7 and STAR Methods). Using this approach in vivo

and in single neurons of wild-type animals, we observed that

88% of synaptic LGG-1-labeled structures were positive for

mCh and GFP signal (Figures 5K–5M and S7H). In contrast, ex-

amination of LGG-1-labeled structures in the cell-body region of

the neurons demonstrated that over 70% of the structures were

positive for mCherry but not for GFP (Figures 5N–5P). Our find-

ings in wild-type animals are consistent with studies that demon-

strate that active lysosomes are preferentially enriched in the

neuronal cell soma (Hollenbeck, 1993; Kaasinen et al., 2008)

and suggest that most autophagosomes at synapses mature

as they are transported to the neuronal cell body.

Tobetter understand the ability of the tandemmarker to assess

the maturation state of autophagosomes in mutant animals, we

first examined it in sand-1/Mon1 (Heged}us et al., 2016; Poteryaev

et al., 2007) and epg-5 (Wang et al., 2016) mutant animals, which

are known to block autophagosome acidification. We observed

that compared to wild-type animals, the percentage of mature

LGG-1 structures (mCh positive, GFP negative) decreases (Fig-

ure 5W), as expected given the known mechanism of action of

these genes in autophagosome maturation.

We then used the tandem marker to examine the maturation

state of autophagosomes in atg-4.2- mutant animals. For two

independent alleles of atg-4.2, we observed that a higher per-

centage of autophagic vacuoles were immature (positive for

both GFP and mCh signal) compared to wild-type or atg-4.1-

mutant animals (Figures 5Q–5W). The immature state of the

autophagic puncta in atg-4.2-mutant animals could be a result

of the failure to remove LGG-1 from the outside of the autopha-

gosome (where it would not be acidified), failure to undergo inter-

nal acidification, or both, possibilities that would need to be

further distinguished through biochemical assays (see below).

Nevertheless, these findings with the tandem marker indicate

that atg-4.2, but not atg-4.1, is required for late stages in the

progression of autophagy.

ATG-4.2 Delipidates LGG-1 and Is Necessary for the
Formation of Autolysosomes that Degrade Synaptic
Proteins
Why is atg-4.2, but not atg-4.1, required for the late stages

of autophagy? Atg4s are cysteine proteases that cleave Atg8/

GABARAP/LC3/LGG-1/LGG-2 to (1) activate LGG-1 for conju-

gation onto the autophagosomal membrane (early event) or (2)

remove LGG-1/LGG-2 from the autophagosomal membrane

(late event) (Kirisako et al., 2000; Maruyama and Noda, 2017;

Figure 6A). We wondered if ATG-4.2 might have distinct

biochemical activity toward LGG-1 in these steps.

We tested ATG-4.2 activity on LGG-1 by generating recombi-

nant C. elegans ATG-4.2, and in a biochemically reconstituted

system examining either (1) ATG-4.2 priming activity on the

C-terminal of LGG-1 using a construct with an extended C termi-

nus (LGG-1-His), or (2) delipidation activity on LGG-1 conjugated

onto liposomes as described by Kauffman et al. (2018). We

observed that after 8 min, 89%of liposomal LGG-1 was cleaved,

but only 18% of LGG-1-His was cleaved (average of three inde-

pendent experiments; Figure 6B), indicating that ATG-4.2 prefer-

entially delipidates (or removes) LGG-1 from autophagosomal

membranes. Our biochemical results are consistent with our

cell biological and genetic data and together suggest a model

whereby delipidation of LGG-1, specifically by ATG-4.2, is a

necessary step for correct maturation of autophagosomes.

To gain further insights into the effects of ATG-4.2 on autopha-

gic progression, we examined if there were defects in the

autolysosomes of atg-4.2-mutant animals. Formation of autoly-

sosomes, which occurs through the fusion of autophagosomes

and lysosomes, is a necessary step in autophagosome matura-

tion and can be assayed by probing the colocalization of lyso-

somal proteins, such as LAAT-1 (Liu et al., 2012) and the

autophagy protein LGG-1 (Hyttinen et al., 2013; Maday et al.,

2012; Zhang et al., 2015). We observed that in wild-type animals,

91% of the LGG-1 puncta in the cell body colocalized with

LAAT-1 (Figures S7I–S7P), consistent with a progression toward

autophagosomes-lysosome fusion and acidification as autopha-

gic structures are transported toward the neuronal cell body. In

atg-4.2-mutant animals, while there was no change in LGG-1/

LAAT-1 colocalization in the synaptic region, nor in the total num-

ber of LGG-1 and/or LAAT-1 structures in the cell body (Figures

S7I and S7Q), there was a significant reduction in colocalization

of LGG-1 and LAAT-1 (Figures 6C–6E). These findings are

consistent with a role for atg-4.2 in promoting autolysosome for-

mation in the neuronal cell body.

Next, we examined the maturation state of the autolysosomes

by using the LGG-1 tandem marker while simultaneously visual-

izing LAAT-1:BFP. Consistent with our previous findings, we

observed that in wild-type animals, 92% of LAAT-1 and LGG-1

colocalized structures were mature (red positive, green nega-

tive), while in atg-4.2(ola316)-mutant animals, only 33% of

LAAT-1 and LGG-1 colocalized structures were mature (Figures

6F–6H). This effect was, at least in part, due to a failure to delipi-

date LGG-1 from the cytoplasmic face of the autolysosomes but

might also reflect a defect in internal acidification. Our observa-

tions are consistent with atg-4.2-mutant animals having a defect

in the maturation of autophagic structures and suggest that

ATG-4.2 is necessary for the formation of autolysosomes.

To examine how atg-4.2 affects the acidification of autophagic

cargo, we visualized the colocalization of synaptic proteins with

LGG-1 in the neuronal cell body. Consistent with the role of auto-

phagy in degrading synaptic material and with the role of ATG-

4.2 in the clearance of autophagic structures, we observed

that atg-4.2-mutant animals displayed an increased percentage

of autophagosomes colocalized with synaptic proteins in the cell

soma (Figures 6I–6K and S7R). Moreover, generation of a synap-

tic tandem marker, which enabled visualization of the internal

acidification state of compartments containing synaptic mate-

rial, revealed that in atg-4.2-mutant animals there were

fewer compartments in which synaptic proteins were acidified
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Figure 6. ATG-4.2 Delipidates LGG-1 to Pro-

mote Formation and Acidification of Autoly-

sosomes and Breakdown of Synaptic Cargo

(A and B) Biochemical characterization of ATG-4.2

activity. Cartoon diagram displaying the tested con-

ditions in the reconstituted biochemical system:

cleavage of a soluble LGG-1 substrate (LGG1-His)

mimicking priming (blue), which precedes lipidation

onto autophagosomal membranes, or cleavage of

lipidated LGG-1 on liposomes, mimicking release

from the autophagic membrane, delipidation (red). In

(B), error bars show the standard deviation of three

independent experiments.

(C–E) Lysosomes (LAAT-1::GFP, green arrowheads),

autophagosomes (mCh::LGG-1, red arrowheads),

and autolysosomes (colocalization of LAAT-1 and

LGG-1, yellow arrowheads in merge images) are

visualized in theAIYcell body ofwild-type (C) and atg-

4.2(ola316)-mutantanimals (D). In (E), quantificationof

the percentage of puncta in the cell body displaying

LAAT-1::GFP, mCh::LGG-1 or colocalization of these

two markers in the indicated genotypes is shown.

Error bars show a 95% confidence interval.

****p < 0.0001 by chi-square test between wild-type

and mutant animals. The numbers on the bars indi-

cate the number of puncta scored, corresponding

toR66 neurons for each genotype.

(F–H)Autophagicvacuolesvisualizedwith the tandem

marker (mCh::GFP::LGG-1) and lysosomes visual-

izedwith LAAT-1:BFP in theAIYcell bodyofwild-type

animals (F) and atg-4.2(ola316)-mutant animals (G). In

merge images, gray arrowheads refer to immature

autolysosomes (AVL) (positive for mCh, GFP, and

BFP) while purple arrowheads refer to mature auto-

lysosomes (AL) (ormature lysosomes, represented as

L in legend) (positive for mCh and BFP). In (H), quan-

tificationof thepercentageofpuncta in the cell bodies

that represent either mature or immature autolyso-

somes based on the tandem marker analyses is

shown. Error bars show a 95% confidence interval.

****p < 0.0001 by Fisher’s exact test between wild-

type and mutant animals. The numbers on the bars

indicate the number of puncta scored, corresponding

toR39 neurons for each genotype.

(I–K) Quantification of the percentage of autophagic

vacuoles (mCh::LGG-1)displayingcolocalizationwith

thepresynapticproteinGFP::SYD-1 in thecellbodyof

AIY interneurons (I). Error bars show a 95% confi-

dence interval. ****p < 0.0001 by Fisher’s exact test

betweenwild-type andmutant animals. The numbers

on the bars indicate the number of puncta scored,

corresponding to R50 neurons for each genotype.

Abbreviations: AVs, autophagic vacuoles. In (J)–(K),

representative confocal micrographs of the colocali-

zation of presynaptic active zoneproteinGFP::SYD-1

(first column inJandK),mCh::LGG-1 (secondcolumn

inJandK), andmerge images (thirdcolumn inJandK)

in wild-type animals (J) and atg-4.2(ola316)-mutant

animals (K). Inmerge images, green arrowheads refer

to accumulation of SYD-1, red arrowheads to LGG-1 puncta, and yellow arrowheads to colocalization of LGG-1 and SYD-1, indicative of autophagic vacuoles with

synaptic material.

(L–O) Schematic for the tandem SYD-1 active zone protein marker (mCh::GFP::SYD-1) showing the construct configuration with the AIY promoter (L). Quantifi-

cation of the percentage of SYD-1 puncta displaying mCh only (representing SYD-1 in an acidified compartment), or mCh and GFP (representing SYD-1 in an

environment that is not acidified) (M). Error bars show a 95% confidence interval. ****p < 0.0001 by Fisher’s exact test betweenwild-type andmutant animals. The

numbers on the bars indicate the number of puncta scored, corresponding toR46neurons for eachgenotype. In (N) and (O), representative confocal images of the

tandem SYD-1 presynaptic active zone protein marker in wild-type animals (N) and atg-4.2(ola316)-mutant animals (O) are shown. In merge images, red

(legend continued on next page)
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(Figures 6L–6O). Together, our findings indicate that atg-4.2-

mutant animals are defective in acidification, resulting in an

accumulation of immature autophagosomes with undigested

cargo including synaptic material.

DISCUSSION

Distinct steps of the autophagy pathway occur in different sub-

cellular compartments. In vivo, autophagosome biogenesis oc-

curs at presynaptic sites (Soukup et al., 2016; Stavoe et al.,

2016) and the number of autophagosomes in the neurite can

be increased by stimulating the activity of neurons (Figure 1;

Shehata et al., 2012; Soukup et al., 2016; Wang et al., 2015). Au-

Wild Type unc-16

atg-4.2 unc-16;atg-4.2

Autophagic VacuolesAutophagic Vacuoles

Autophagic Vacuoles Autophagic Vacuoles
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C D
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Figure 7. Synaptic Autophagy: A Model from

Birth at the Synapse to Breakdown in the Cell

Body

(A–D) Schematics of autophagic vacuole localiza-

tion in wild-type (A), unc-16-mutant (B), atg-4.2-

mutant (C), and unc-16; atg-4.2 double-mutant

animals (D). Disruption of retrograde transport

(unc-16 mutant) or maturation (atg-4.2 mutant)

leads to autophagosome accumulation in the neu-

rite or the cell body, respectively, and these path-

ways cooperate to clear autophagosomes from the

synapse (D).

(E) Model schematic illustrating the steps of syn-

aptic autophagy in the neuron, and the key mole-

cules involved. Formation: autophagosomes form

at presynaptic sites, influenced by the state of

synaptic activity of the neuron (Figure 1; Shehata

et al., 2012; Soukup et al., 2016; Wang et al., 2015)

through ordered transport and assembly of auto-

phagy molecules (Maday and Holzbaur, 2014),

including ATG-9 (Stavoe et al., 2016). Synaptic

autophagosomes contain post-synaptic proteins,

synaptic vesicles (Nikoletopoulou et al., 2017;

Okerlund et al., 2017; Rowland et al., 2006), and

active zone proteins. Transport: autophagosomes

undergo retrograde transport toward the cell body,

a process dependent on the dynein activator dy-

nactin/DNC-1 and the motor adaptor UNC-16/

JIP3. Degradation: once in the cell body, the auto-

phagy protease ATG-4.2 cleaves LGG-1 and

LGG-2 off the autophagic vacuole membrane to

facilitate maturation and degradation in a process

that also requires the RAB-7 activator SAND-1/

Mon1 and effector EPG-5.

tophagosomes then undergo retrograde

trafficking prior to degradation (Maday

et al., 2012), indicating a regional decou-

pling of biogenesis and degradation. In

this study, we extend these observations

by demonstrating that in C. elegans, the

number of synaptic autophagosomes in

the AIY interneuron predictably changed

depending on the firing state of the neuron, which we could

manipulate by altering physiological stimuli that promote AIY re-

sponses, by genetically inhibiting synaptic transmission or by

chemo-genetically altering the response state of the neuron.

We also observed colocalization of synaptic proteins with auto-

phagosomes in the cell body, further indicating a link between

autophagosome biogenesis at the synapse and autophagy-

mediated degradation of synaptic proteins in the soma. Our find-

ings extend our understanding of autophagy regulation in neu-

rons and uncover mechanisms linking autophagosomes at the

synapse with their clearance in the cell soma.

UNC-16/JIP3-dependent retrograde transport plays an

important role in transport and clearance of synaptic

arrowheads refer to active zone protein SYD-1 puncta labeled with only mCh, while yellow arrowheads refer to structures labeled with both mCh and GFP.

In (E), (H), (I), and (M), quantifications were done by blindly scoring maximal projections of confocal micrographs.

Scale bar in (C) for (C), (D), (F), (G), (J), (K), (N), and (O).

See also Figure S7.
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autophagosomes. InC. elegans,Drosophila, and vertebrate neu-

rons, axonal autophagosomes are transported toward the cell

body via the dynein complex (Cheng et al., 2015; Ikenaka

et al., 2013; Katsumata et al., 2010; Neisch et al., 2017). UNC-

16/JIP3/Sunday Driver, a motor adaptor protein that interacts

with dynein, plays important and conserved roles in the regu-

lated localization and transport of late endosomes and lyso-

somes, as well as other organelles (Brown et al., 2009; Byrd

et al., 2001; Drerup and Nechiporuk, 2013; Edwards et al.,

2013, 2015;; Gowrishankar et al., 2017). Our findings now

demonstrate that UNC-16/JIP3 is also required for autophago-

some retrograde transport. In vertebrate neurons, autophago-

some retrograde transport is promoted by JIP1, a motor adaptor

protein that belongs to the same family as UNC-16/JIP3 (Fu and

Holzbaur, 2014; Fu et al., 2014).While we did not detect a pheno-

type for autophagosome retrograde transport in an available

C. elegans jip-1 nonsense allele (for which partial function is un-

known), we note that JIP1 and JIP3 share sequence and func-

tional similarities and are also known to cooperate in the trans-

port of cargo (Hammond et al., 2008; Sun et al., 2017).

Together, our findings ascribe an important and potentially

conserved role for UNC-16/JIP3 in retrograde transport of auto-

phagosomes in C. elegans neurons.

Impaired retrograde transport in unc-16/jip3-mutant animals

resulted in accumulation of LGG-1-containing structures in the

neurites. In vertebrate neurons, disruption of retrograde trans-

port also causes accumulation of autophagosomes and lyso-

somes in swollen neuronal processes and synapses. This, in

turn, results in autophagic stress and in neurodegeneration phe-

notypes similar to those seen in the neurons of Alzheimer’s dis-

ease patients (Ikenaka et al., 2013; Lee et al., 2011; Nixon et al.,

2005; Takáts et al., 2013). Specific disruption of JIP3 in verte-

brate neurons has also been associated with an increase in

soluble Ab levels, plaque size, plaque abundance, and

axonal dystrophy (Gowrishankar et al., 2017). Our findings in

C. elegans neurons are consistent with these studies and under-

score the importance of retrograde transport in linking themech-

anisms of autophagosome biogenesis at the synapse with

degradation in the cell body. Furthermore, our observations

that combined defects in both retrograde transport and degra-

dation machinery enhanced autophagosome accumulation in

the neurites raises the question of whether the accumulated au-

tophagosomes seen in progressive neurodegenerative diseases

might result from an accruement of specific dysfunctions in

transport and clearance of autophagosomes.

ATG-4.2 genetically cooperates with UNC-16/JIP3 in the

clearance of autophagic vacuoles from axons (Figures

7A–7D). ATG-4.2 is one of two Atg4 cysteine proteases in

C. elegans (Wu et al., 2012). Atg4 cysteine proteases are

required during both early and late stages of autophagy to

cleave Atg8/LGG-1/LGG-2 but to achieve two distinct func-

tions: the first cleavage (priming) is required for the conjugation

of LGG-1 to the autophagosomal membrane to promote auto-

phagosome elongation during biogenesis, while the second

cleavage (delipidation) removes LGG-1/LGG-2 from the mem-

brane prior to autophagic degradation (Kirisako et al., 2000;

Maruyama and Noda, 2017). Our biochemical and cell biolog-

ical studies indicate that ATG-4.2 preferentially performs delipi-

dation on LGG-1 to remove it from autophagic membranes and

that this step is necessary for the fusion of autophagosomes

with lysosomes and degradation.

Our findings, together with previous in vitro studies showing

that ATG-4.1 is the dominant priming protease (Wu et al.,

2012), are consistent with a model whereby distinct cleavage

roles in LGG-1/Atg8 priming and delipidation might be regulated

in vivo by distinct ATG4 proteases. In support of this idea, a

recent biochemical study examining mammalian ATG4 proteins

revealed that different ATG4s possess different activities for

cleaving soluble or membrane-bound GABARAP/Atg8/LGG-1

(Kauffman et al., 2018). Distinct ATG4 proteases could therefore

modulate the association of LGG-1/LGG-2 with autophagic

membranes either during priming or delipidation, and these

regulated steps could ‘‘bookend’’ the progression of autophagy

from biogenesis to degradation (model presented in Figure 7E).

Disruption of retrograde transport of synaptic autophagosomes,

or defective delipidation of LGG-1/LGG-2 by ATG-4.2, would

enhance abnormal accumulation of autophagosomes in neurons

and result in cell biological phenotypes reminiscent to those

seen in neurodegenerative diseases.
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Lapierre, L.R., Legouis, R., Lin, L., et al. (2015). Guidelines for monitoring auto-

phagy in Caenorhabditis elegans. Autophagy 11, 9–27.

Zhang, L., Li, J., Ouyang, L., Liu, B., and Cheng, Y. (2016). Unraveling the roles

of Atg4 proteases from autophagy modulation to targeted cancer therapy.

Cancer Lett. 373, 19–26.

16 Developmental Cell 49, 1–16, April 22, 2019

Please cite this article in press as: Hill et al., Maturation and Clearance of Autophagosomes in Neurons Depends on a Specific Cysteine Protease Iso-
form, ATG-4.2, Developmental Cell (2019), https://doi.org/10.1016/j.devcel.2019.02.013

http://refhub.elsevier.com/S1534-5807(19)30104-2/sref68
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref68
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref68
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref68
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref69
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref69
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref69
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref96
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref96
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref70
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref70
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref70
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref71
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref71
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref71
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref71
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref72
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref72
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref72
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref73
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref73
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref73
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref73
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref74
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref74
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref74
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref75
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref75
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref75
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref76
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref76
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref76
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref77
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref77
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref77
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref77
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref78
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref78
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref78
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref78
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref79
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref79
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref79
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref80
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref80
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref80
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref80
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref81
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref81
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref81
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref82
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref82
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref82
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref83
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref83
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref83
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref84
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref84
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref84
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref84
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref84
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref85
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref85
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref85
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref86
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref86
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref86
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref86
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref87
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref87
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref87
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref87
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref88
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref88
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref88
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref88
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref89
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref89
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref89
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref89
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref90
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref90
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref90
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref91
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref91
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref91
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref92
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref92
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref92
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref93
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref93
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref93
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref94
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref94
http://refhub.elsevier.com/S1534-5807(19)30104-2/sref94


STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Levamisol hydrochloride Sigma-Aldrich 31742

Ethyl methanesulfonate (EMS) Sigma-Aldrich M0880

IPTG AmericanBio AB00841

Binding buffer (25mM Tris, pH7.6, 150mM NaCl, 10mM Imidazole,

1mM BME)

Modified from Wu et al., 2012 N/A

cOmplete�, EDTA-free Protease inhibitor cocktail tablet Roche 11873580001

Nickel beads Qiagen 1018244

Washing buffer (25mM Tris, pH 7.6, 150mM NaCl, 60mM Imidazole,

1mM BME)

Modified from Wu et al., 2012 N/A

Elution buffer (25mM Tris, pH 7.6, 150mM NaCl, 250mM Imidazole,

1mM BME)

Modified from Wu et al., 2012 N/A

Thrombin buffer (20 mM Tris, pH 7.6, 100 mM NaCl, 5 mM MgCl2,

2 mM CaCl2, 1 mM DTT)

Choy et al., 2012 N/A

Glutathione beads Sigma Aldrich G4501

Thrombin Sigma Aldrich T6884

SN buffer (20mM Tris, pH 7.6, 100mM NaCl, 5mM MgCl2) containing

1 mM DTT

Choy et al., 2012 N/A

LDS Loading Buffer ThermoFisher Scientific NP007

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) Avanti Polar Lipids 850752

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) Avanti Polar Lipids 857457

L-a-phosphatidylinositol (liver, bovine) (PI) Avanti Polar Lipids 840042

Nycodenz Accurate Chemical and

Scientific Corp.

1002424

Experimental Models: Organisms/Strains

C. elegans: olaIs35 X [Pttx-3::egfp::lgg-1; Pttx-3::mCh]) Stavoe et al., 2016 DCR4750

C. elegans: unc-13(e450); olaIs35 This paper DCR5581

C. elegans: olaEx3465 [Pmod-1::HisCl (30ng/ul)]; olaIs35 This paper DCR5896

C. elegans: dnc-1(or404) IV Caenorhabditis Genetics Center EU1006

C. elegans: dnc-1(or404); olaIs35 This paper DCR5549

C. elegans: unc-16(ju146) III Caenorhabditis Genetics Center CZ3011

C. elegans: unc-16(ju146); olaIs35 This paper DCR5353

C. elegans: unc-16(e109) III Caenorhabditis Genetics Center CB109

C. elegans: unc-16(e109); olaIs35 This paper DCR5579

C. elegans: unc-16(n730) III Caenorhabditis Genetics Center MT1542

C. elegans: unc-16(n730);olaIs35 This paper DCR5597

C. elegans: jip-1(gk466982) II Caenorhabditis Genetics Center VC40110

C. elegans: jip-1(gk466982); olaIs35 This paper DCR5650

C. elegans: unc-116(e2310) III Caenorhabditis Genetics Center FF41

C. elegans: unc-116(e2310); olaIs35 This paper DCR5440

C. elegans: unc-14(e57) I Caenorhabditis Genetics Center CB57

C. elegans: unc-14(e57); olaIs35 This paper DCR5454

C. elegans: atg-4.1(bp501) I Caenorhabditis Genetics Center HZ1685

C. elegans: atg-4.1(bp501); olaIs35 This paper DCR6360

C. elegans: atg-4.1(gk127286) I Caenorhabditis Genetics Center VC30126

C. elegans: atg-4.1(gk127286); olaIs35 This paper DCR5752

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

C. elegans: atg-4.1(gk127286); unc-16(ju146); olaIs35 This paper DCR6134

C. elegans: atg-4.2(gk430078) IV Caenorhabditis Genetics Center VC30172

C. elegans: atg-4.2(gk430078); olaIs35 This paper DCR5649

C. elegans: atg-4.2(gk628327) IV Caenorhabditis Genetics Center VC40419

C. elegans: atg-4.2(gk628327); olaIs35 This paper DCR6874

C. elegans: unc-16(ju146); atg-4.2(gk628327); olaIs35 This paper DCR6876

C. elegans: atg-4.2(ola316) IV This paper DCR5765

C. elegans: atg-4.2(ola316); olaIs35 This paper DCR5551

C. elegans: unc-16(ju146); atg-4.2(ola316); olaIs35 This paper DCR5652

C. elegans: atg-4.2(ola316)/nT1[qIs51]; atg-4.1(bp501); olaIs35 This paper DCR6390

C. elegans: atg-4.2(gk430078)/nT1[qIs51]; atg-4.1(bp501); olaIs35 This paper DCR6391

C. elegans: sand-1(or552) Caenorhabditis Genetics Center FA85

C. elegans: sand-1(or552); olaIs35 This paper DCR6672

C. elegans: unc-16(ju146); sand-1(or552); olaIs35 This paper DCR6736

C. elegans: epg-5(tm3425); olaIs35 Stavoe et al., 2016 DCR4859

C. elegans: atg-4.2(gk628327); epg-5(tm3425); olaIs35 This paper DCR7240

C. elegans: atg-2(bp576); olaIs35 Stavoe et al., 2016 DCR4906

C. elegans: unc-16(ju146); atg-2(bp576); olaIs35 This paper DCR5770

C. elegans: atg-9(wy56);olaIs35 Stavoe et al., 2016 DCR4851

C. elegans: atg-4.2(gk628327); atg-9(wy56); olaIs35 This paper DCR7365

C. elegans: olaEx3430 [Pttx-3::atg-4.2 (30ng/ul)]; olaIs35 This paper DCR5843

C. elegans: olaEx3438 [Pttx-3::atg-4.2 (30ng/ul)]; atg-4.2

(ola316); olaIs35

This paper DCR5854

C. elegans: olaEx3426 [Pttx-3::atg-4.2(G1117A) (30ng/ul)]; olaIs35 This paper DCR5833

C. elegans: olaEx3293 [Pelt-7::gfp (10ng/ul)]; olaIs35 This paper DCR5559

C. elegans: olaEx3986 [Pttx-3::mCh::rab-3 (30ng/ul)]; olaIs44

[Pttx-3::egfp::lgg-1 (15ng/ul)]

This paper DCR6670

C. elegans: olaEx4440 [Pmod-1::gfp::lgg-1(G116A) (5ng/ul),

Pttx-3::mCh (30ng/ul)]

This paper DCR7354

C. elegans: olaEx4440; atg-4.2(ola316) This paper DCR7393

C. elegans: olaEx4440; atg-4.2(gk628327) This paper DCR7394

C. elegans: olaEx4440; epg-5(tm3425) This paper DCR7395

C. elegans: olaEx4440; sand-1(or552) This paper DCR7396

C. elegans: olaEx4440; unc-16(ju146) This paper DCR7397

C. elegans: olaEx4440; unc-16(n730) This paper DCR7398

C. elegans: olaEx4440; atg-4.1(bp501) This paper DCR7411

C. elegans: olaEx4493 [Pttx-3::gfp::syd-1A (15 ng/ul),

Pttx-3::mCh::lgg-1 (20ng/ul)]

This paper DCR7457

C. elegans: olaEx4493; atg-4.2(ola316) This paper DCR7470

C. elegans: olaEx4472 [Pttx-3::gfp::snb-1 (3 ng/ul),

Pttx-3::mCh::lgg-1 (20ng/ul)]

This paper DCR7415

C. elegans: olaEx4472; atg-4.2(ola316) This paper DCR7462

C. elegans: olaEx3013 [Pttx-3::mCh::egfp::lgg-1) (1ng/ul)] This paper DCR5074

C. elegans: olaEx3013; atg-4.2(ola316) This paper DCR6384

C. elegans: olaEx3013; atg-4.1(bp501) This paper DCR7125

C. elegans: olaEx3013; atg-4.2(gk628327) This paper DCR7362

C. elegans: olaEx3013; sand-1(or552) This paper DCR7065

C. elegans: olaEx3013; epg-5(tm3425) This paper DCR7064

C. elegans: olaEx3015 [Pttx-3::mCh::egfp::lgg-1(G116A)) (1ng/ul)] This paper DCR5077

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

C. elegans: olaEx4354 [Pttx-3::laat-1::gfp (1ng/ul), Pttx-3::

mCh::lgg-1 (20ng/ul)]

This paper DCR7225

C. elegans: olaEx4354; atg-4.2(gk628327) This paper DCR7419

C. elegans: olaEx4354; atg-4.2(ola316) This paper DCR7421

C. elegans: olaEx4431 [Pttx-3::mCh::egfp::lgg-1 (1ng/ul),

Pttx-3::laat-1::tagbfp (2ng/ul)]

This paper DCR7345

C. elegans: olaEx4431; atg-4.2(ola316) This paper DCR7404

C. elegans: olaEx4374 [Pttx-3::mCh::egfp::lgg-1(G116A) (1ng/ul),

Pttx-3::laat-1::tagbfp (1ng/ul)]

This paper DCR7252

C. elegans: olaEx4496 [Pttx-3::mCh::egfp::syd-1A (10ng/ul)] This paper DCR7460

C. elegans: olaEx4496; atg-4.2(ola316) This paper DCR7468

C. elegans: olaEx1802 [Pttx-3::gfp::lgg-2 (30ng/ul), Pttx-3::mCh

(30ng/ul)]

This paper DCR3114

C. elegans: olaEx1802; unc-16(ju146) This paper DCR7215

C. elegans: olaEx1802; unc-16(n730) This paper DCR7265

C. elegans: olaEx1802; atg-4.1(bp501) This paper DCR7213

C. elegans: olaEx1802; atg-4.2(ola316) This paper DCR7214

C. elegans: olaEx1802; atg-4.2(gk628327) This paper DCR7256

C. elegans: olaEx4438 [Pttx-3::gfp::lgg-2(G130A) (15ng/ul),

Pttx-3::mCh (30ng/ul)]

This paper DCR7352

C. elegans: olaEx4456 [Pttx-3::gfp::syd-2 (15 ng/ul),

Pttx-3::mCh::lgg-1 (20ng/ul)]

This paper DCR7378

C. elegans: olaEx4456; atg-4.2(ola316) This paper DCR7455

C. elegans: olaEx3358 [Pttx-3::ebp-2::gfp (5ng/ul),

pttx-3::mCh (30ng/ul)]

This paper DCR5675

C. elegans: olaEx3358; unc-16(ju146) This paper DCR5757

C. elegans: olaEx3331 [Pttx-3::laat-1::gfp (1ng/ul),

Pttx-3::mCh (30ng/ul)]

This paper DCR5616

C. elegans: olaEx3331; unc-16(ju146) This paper DCR5651

C. elegans: olaEx1706 [Pttx-3::SP12::gfp (5ng/ul)] This paper DCR2843

C. elegans: olaex1706; unc-16(ju146) This paper DCR5972

C. elegans: olaEx1700 [Pttx-3:aman-2:gfp (0.5 ng/ul)] This paper DCR2837

C. elegans: olaex1700; unc-16(ju146) This paper DCR5968

C. elegans: olaEx1951 [Pttx-3::tom-20::gfp (30 ng/ul),

Pttx-3:mCh:rab-3 (30 ng/uL)]

This paper DCR3373

C. elegans: olaex1951; unc-16(ju146) This paper DCR5974

C. elegans: olaIs58 [Paex-3::egfp::lgg-1 (15ng/ul)] This paper DCR5495

C. elegans: olaIs58; unc-16(ju146) This paper DCR5582

C. elegans: olaIs58; atg-4.2(ola316) This paper DCR5892

C. elegans: olaIs58; atg-4.2(ola316); unc-16(ju146) This paper DCR6169

C. elegans: olaEx3644 [Pttx-3::atg-4.1B::gfp (20ng/ul)] This paper DCR6199

C. elegans: olaEx3648 [Pttx-3::atg-4.2::gfp (20ng/ul)] This paper DCR6203

C. elegans: wyIs45 [Pttx-3:gfp:rab-3] Colon-Ramos et al., 2007 TV392

C. elegans: wyIs45; atg-4.2(gk430078) Stavoe et al., 2016 DCR2323

C. elegans: wyIs45; atg-4.2(ola316) This paper DCR5858

C. elegans: wyIs45; atg-4.1(gk127286) Stavoe et al., 2016 DCR2322

C. elegans: wyIs45; atg-9(wy56) Stavoe et al., 2016 DCR1468

C. elegans: wyIs45; atg-4.1(gk127286); atg-4.2(gk430078) Stavoe et al., 2016 DCR2832

C. elegans: wyIs45; atg-4.1(bp501) This paper DCR6347

C. elegans: wyIs45; sand-1(or552) This paper DCR1510

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Daniel A. Colón-Ramos (daniel.colon-ramos@yale.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans Strains and Genetics
All C. elegans strains were raised on NGM plates with OP50 Escherichia coli as a food source, kept at 20�C, unless otherwise noted,

and analyzed as larval 4 (L4) stage animals. We used N2 Bristol as the wild-type reference strain. We used the balancer nT1[qIs51]

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Genotyping primers This paper,

See Table S1

N/A

Recombinant DNA

Plasmid: Pttx-3:eGFP:lgg-1 Stavoe et al., 2016 DACR1321

Plasmid: Pmod-1::HisCl This paper DACR1963

Plasmid: Pttx-3::atg-4.2 This paper DACR1426

Plasmid: Pttx-3::atg-4.2(G1117A) This paper DACR2458

Plasmid: Pmod-1::gfp::lgg-1(G116A) Stavoe et al., 2016 DACR2196

Plasmid: Pttx-3::GFP::syd-1A This paper DACR3153

Plasmid: Pttx-3::mCh::lgg-1 This paper DACR2099

Plasmid: Pttx-3::gfp::snb-1 This paper DACR2736

Plasmid: Pttx-3::mCh::egfp::lgg-1 This paper DACR2199

Plasmid: Pttx-3::mCh::egfp::lgg-1(G116A) This paper DACR2204

Plasmid: Pttx-3::laat-1::gfp This paper DACR1669

Plasmid: Pttx-3::laat-1::tagbfp This paper DACR2899

Plasmid: Pttx-3::mCh::egfp::syd-1A This paper DACR3154

Plasmid: Pttx-3::gfp::lgg-2 This paper DACR1288

Plasmid: Pttx-3::gfp::lgg-2(G130A) This paper DACR3113

Plasmid: Pttx-3::ebp-2::gfp This paper DACR2441

Plasmid: Paex-3::egfp::lgg-1 This paper DACR2239

Plasmid: Pttx-3::atg-4.1B::gfp This paper DACR2564

Plasmid: Pttx-3::atg-4.2::gfp This paper DACR1492

Software and Algorithms

Volocity Improvision by Perkin Elmer N/A

Adobe Photoshop Adobe CS4 and CS6

(Fiji is Just) ImageJ (FIJI) Schindelin et al., 2012 https://fiji.sc/

PyMOL Molecular Graphics System Version 2.1.1 Schrodinger LLC https://pymol.org

PRISM 7 Graphpad Software Inc https://www.graphpad.com/

Other

UltraView VoX spinning disc confocal microscope with a 60x

CFI Plan Apo VC, NA 1.4, oil objective on a NikonTi-E stand

PerkinElmer N/A

Hammamatsu C9100-50 camera Hammamatsu N/A

Electron microscope: JEOL JEM-1220 TEM JEOL USA, MA N/A

Ultramicrotome: Leica EM UC6 Leica Microsystems, IL N/A

Knife: Diatome Ultra 45 Diamond Knife Diatome, PA N/A

Grids: FCF2010-CU-50 FORMVAR/CARBON 2X1MM CU 50/BX Electron Microscopy

Sciences, PA

N/A

Substitution: Leica AFS2 Leica Microsystems, IL N/A
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isolated from VC3476 to assess escapers from olaIs35; atg-4.1; atg-4.2/nT1, which is sterile in its unbalanced state. For a full list of

strains used in this study, please see the Key Resources Table.

Molecular Biology and Transgenic Lines
The plasmids used in this study for the creation of transgenic lines are derived from the pSM vector (Shen and Bargmann, 2003). We

created transgenic strains using standard injection techniques. We used the following plasmids as co-injection markers: Punc-

122::gfp (10-15ng/ul) and Punc-122::dsRed (30ng/ul). We also generated olaEx3293 [Pelt-7::gfp (10ng/ul)] to distinguish heterozy-

gous cross offspring from self progeny for the dominant/recessive tests.

For a full list of transgenic strains used in this study, please see the Key Resources Table.

For the cDNA constructs generated for use in this study (ATG-4.2, ATG-4.1B, LAAT-1 and EBP-2), we PCR amplified cDNA from a

mixed stage population of C. elegans. A Q5 mutagenesis kit (NEB) was then used to introduce the DNA mutation G1117A (which

corresponds to the allelic lesion in atg-4.2(ola316)) into the ATG-4.2 cDNA. The introduction of this lesion should result in expression

of the mutant protein ATG-4.2(G373R). See the Key Resources Table for a plasmid list. Detailed sub-cloning information is available

upon request.

METHOD DETAILS

Fluorescence Microscopy and Confocal Imaging
We used an UltraView VoX spinning disc confocal microscope with a 60x CFI Plan Apo VC, NA 1.4, oil objective on a NikonTi-E stand

(PerkinElmer) with a Hammamatsu C9100-50 camera. We imaged the following fluorescently tagged fusion proteins, eGFP, GFP,

RFP, tagBFP and mCherry at 405, 488 or 561 nm excitation wavelength. For three-channel imaging, in addition to eGFP and

mCh, we expressed a worm-optimized blue fluorophore, tagBFP (Chai et al., 2012), kindly provided by the Shen lab at Stanford Uni-

versity). For experiments involving colocalization on punctate structures, we acquired channels first then z slices. We anesthetized

C. elegans at room temperature in 10mM levamisole (Sigma) or as indicated.

Images were obtained using Volocity software (Improvision by Perkin Elmer) and processed using Adobe Photoshop CS4 and (Fiji

is Just) ImageJ (FIJI) software. Image processing included maximal projection, rotation, cropping, brightness/contrast, pseudo col-

oring, and making surface plots. Kymographs were made using the ‘‘reslice’’ function in FIJI. Between genotypes for compared

groups the confocal laser and camera settings and the FIJI brightness/contrast settings were kept identical. All quantifications

from confocal images were conducted on maximal projections of the raw data. All images are oriented anterior to the left and dorsal

up.

The crystal structure of human ATG4B-LC3(1-120) (Kumanomidou et al., 2006) was visualized using PyMOL Molecular Graphics

System Version 2.1.1 (Schrodinger LLC), using PDB: 2Z0D.

SNP Mapping and Whole-Genome Sequencing
We obtained mutant allele atg-4.2(ola316) from a visual forward genetic enhancer screen in the unc-16(ju146); olaIs35mutant back-

ground (integrated line olaIs35 contains Pttx-3::egfp::lgg-1; Pttx-3::mCh). Ethyl methanesulfonate (EMS) mutagenesis was per-

formed and animals were screened for enhanced number of autophagosomes (visualized with GFP::LGG-1) in the AIY neurite. F2

progeny were viewed on a Leica DM 5000 B compound microscope with an HCX PL APO 63x/1.40-0.60 oil objective.

The novel lesion ola316 was out-crossed from the unc-16 lesion and found to have an independent dominant cell body accumu-

lation of autophagic vacuoles. We then used single-nucleotide polymorphism (SNP) mapping as described (Davis and Hammarlund,

2006; Davis et al., 2005) to map the ola316 lesion. Briefly, this involves crossing mutant animals to a divergent strain, Hawaiian

CB4865, and detecting sites of recombination via comparison of dissimilar SNPs. To avoid selecting heterozygous recombinants

of the dominant lesion, we mapped loss of the ola316 locus by selecting animals with the wild-type phenotype. SNP mapping

was then repeated for verification by selecting and confirming homozygous animals with the unc-16; ola316 enhanced phenotype.

We then performed whole-genome sequencing on unc-16; ola316; olaIs35 animals and for comparison unc-16; olaIs35 animals at

the Yale Center for Genome Analysis (YCGA), as previous (Sarin et al., 2008). We analyzed the results with www.usegalaxy.org, the

‘‘Cloudmap Unmapped Mutant workflow (w/ subtraction of other strains),’’ (Minevich et al., 2012) and verified lesions by Sanger

sequencing.

Electron Microscopy
Strains were prepared using high-pressure freeze (HPF) fixation as previously described (Weimer, 2006). Briefly, twenty to thirty

young adult hermaphrodites were placed in specimen chambers filledwith Escherichia coli and frozen at�180�Cunder high pressure

(Leica SPF HPM 100). Samples then underwent freeze substitution (Reichert AFS, Leica, Oberkochen, Germany) using the following

program: Samples were held at �90�C for 107 hours with 0.1% tannic acid and 2% OsO4 in anhydrous acetone, then incrementally

warmed at a rate of 5�C/hour to �20�C, and kept at �20�C for 14 hours, before increasing temperature by 10�C/hour to 20�C. After
fixation, samples were infiltrated with 50% Epon/acetone for 4 hours, 90% Epon/acetone for 18 hours, and 100% Epon for 5 hours.

Finally, samples were embedded in Epon and incubated for 48 hours at 65�C. Specimens were blinded for genotype prior to

sectioning. Thin (70 nm) serial sections were cut using an Ultracut 6 (Leica) and collected on formvar-covered, carbon-coated copper

grids (EMS, FCF2010-Cu). Post-staining was performed using 2.5% aqueous uranyl acetate for 4minutes, followed by Reynolds lead
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citrate for 2minutes. Imageswere obtained on a Jeol JEM-1220 (Tokyo, Japan) transmission electronmicroscope operating at 80 kV.

Micrographs were collected using a Gatan digital camera (Pleasanton, CA) at a magnification of 40 k.

Imageswere taken from 2 animals for each strain (olaIs35 (wild-type control), atg-4.2(ola316); olaIs35, and atg-4.1(bp501); olaIs35),

using the isthmus of the pharynx as a marker to locate neuronal cell bodies within the nerve ring (White et al., 1986). Image collection

and scoring of multi-lamellar (autophagosome) structures was performed blinded to the genotype.

Purification of C. elegans Proteins
Mouse Atg3 and Atg7 proteins were purified as previously described (Horenkamp et al., 2015; Nath et al., 2014). In brief, mouse ATG3

was expressed with a GST tag in E. coli, and then affinity purified on a glutathione-bead column, eluted by cleavage of the GST, and

mixed with 10% glycerol for storage at -80�C. Mouse ATG7 was expressed with a his-tag in a baculoviral system and then affinity

purified on nickel resin, eluted by thrombin protease cleavage of the his-tag and mixed with 10% glycerol for storage at -80�C.
The C. elegans His-ATG-4.2 was cloned into the pET28A vector for bacterial expression. C. elegans LGG-1(G116) and LGG-1-His

were cloned into the pGEX-2T vector to include a thrombin-cleavable N-terminal GST to be used for affinity purification.

His-ATG-4.2 was then expressed as previously described for mammalian ATG4 proteins (Kauffman et al., 2018). Plasmids were

transformed into BL21-Gold(DE3) E. coli (Agilent Technologies, 230132). Cells were grown to an OD of 0.6-0.8 at 37�C before induc-

tion with 0.2 mM IPTG (AmericanBio, AB00841) at 18�C overnight. Cells were then collected by centrifugation and resuspended in

binding buffer (25mMTris, pH7.6, 150mMNaCl, 10mM Imidazole, 1mMBME) also supplemented with a cOmplete�, EDTA-free Pro-

tease inhibitor cocktail tablet. Cells were lysed with a cell disruptor and cleared by centrifugation. Supernatants were incubated with

nickel beads for 4h at 4�C. Beads were collected and washed three times with washing buffer (25mM Tris, pH 7.6, 150mM NaCl,

60mM Imidazole, 1mM BME) before elution with elution buffer (25mM Tris, pH 7.6, 150mM NaCl, 250mM Imidazole, 1mM BME).

His-ATG4.2 was then stored at -80�C in 20% glycerol.

LGG-1(G116) and LGG-1-His were expressed as previously described for mammalian Atg8 homologues (Kauffman et al., 2018).

Briefly, cells were resuspended in thrombin buffer (20 mM Tris, pH 7.6, 100 mM NaCl, 5 mMMgCl2, 2 mM CaCl2, 1 mM DTT), which

was supplemented with a cOmplete�, EDTA-free Protease inhibitor cocktail tablet (Roche, 11873580001). Cells were lysed using a

cell disruptor and cleared by centrifugation. The supernatant was incubated with glutathione beads (Sigma Aldrich, G4501) for 4

hours at 4�C. Beads were collected and washed three times with thrombin buffer before the addition of thrombin (Sigma Aldrich,

T6884). Thrombin was allowed to cut at 4�C overnight. Fractions of LGG-1(G116) or LGG-1-His were then collected and stored

at -80�C in 20% glycerol.

Proteoliposome Preparation
Liposomes were prepared as previously described and all lipids were purchased from Avanti (Kauffman et al., 2018). Briefly, lipids

were mixed to obtain a composition of 55 mol percent 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 35 mol percent

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), and 10 mol percent L-a-phosphatidylinositol (liver, bovine) (PI) and dried

to a thin film under nitrogen. The lipid film was dried for an hour under vacuum before resuspension in SN buffer (20mM Tris, pH

7.6, 100mM NaCl, 5mM MgCl2) and subjected to seven freeze-thaw cycles. Liposomes were extruded to 400nm and further soni-

cated to % 50nm immediately prior to the lipidation reaction. LGG-1(G116) (15mM), mAtg3 (2mM), mAtg7 (2 mM), and sonicated

liposomes (3 mM) were mixed in SN buffer containing 1 mM DTT. Lipidation was initiated by adding 1 mM ATP and reactions

were incubated at room temperature for 2 hours. Protein-conjugated liposomes were then purified using a Nycodenz Density

gradient (Kauffman et al., 2018). The bottom layer of the gradient was composed of the lipidation reaction in 40%Nycodenz, themid-

dle layer was 30% Nycodenz, and the top layer was SN buffer. Following ultracentrifugation, LGG-1-conjugated liposomes were

collected from the 30% Nycodenz/buffer interface. LGG-1-conjugated liposomes were stored on ice at 4�C.

In Vitro Proteolysis Assays
LGG-1-conjugated liposomes or 7 mM LGG-1-His were incubated with 250nM His-Atg-4.2 in SN buffer at room temperature. Sam-

ples were removed at the indicated times andmixed with LDS Loading Buffer (ThermoFisher Scientific, NP007) and boiled to stop the

reaction. Samples were then visualized using SDS-PAGE and Coomassie Brilliant Blue staining and were analyzed by densitometry

using ImageJ. Graph displays the average of three independent assays with standard deviation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of Autophagosomes in AIY
Quantifications were performed taking into consideration best practices as suggested in (Landis et al., 2012), including randomiza-

tion, blinding, and data handling procedures. Particulars for each assay as follows:

Activity-dependent Autophagy
To assess synaptic autophagy, animals containing olaIs35 in a wild-type, or unc-13(e450) mutant background were grown at 20�C
and then shifted to 25�C for variable lengths of time (as indicated) and assessed for number of LGG-1 puncta in the AIY neurite on a

Leica DM 5000 B compoundmicroscope. For the HisCl experiments, the animals additionally contained the extrachromosomal array

olaEx3465 (Pmod-1::HisCl) and were transferred to 10mM histamine-containing or control NGM plates at 20�C or 25�C for 4 hours
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prior to assessment (Pokala et al., 2014). Animals were then mounted in either 5 mM levamisole in M9 buffer (compared to 10 mM

used in all other experiments) or in M9 buffer containing 5 mM levamisole and 10 mM histamine and scored blindly. Results are re-

ported in Figures 1J and 1K.

AV Accumulation in Neurites and Cell Bodies
To investigate the accumulation of autophagosomes in the AIY neuron, we tested mutant alleles in the olaIs35 (Pttx-3::egfp::lgg-1;

Pttx-3::mCh) background. For the temperature sensitive dnc-1(or404) allele (Koushika et al., 2004) and a wild-type control, animals

were held at either 20�C (permissive) or 25�C (restrictive) for 48 hours prior to examination and analyzed at larval stage 4 (L4). Other

candidate transport mutant animals (unc-16, jip-1, unc-116, unc-14 and controls) were kept at 20�C. Autophagosome accumulation

in the neurite was then scored on a Leica DM 5000 B compound microscope. For each animal, the sum of autophagosomes in both

AIY neurons was counted, then divided by two and reported as an average per neuron in Figures 2C and 2G. Additional quantifica-

tions (presented in Figures 3D–3E, 4E, 5G, 5H, S4I, S4R, S6J, and S6K) using the olaIs35 background to detect presence of auto-

phagosomes in the cell bodies and neurites of mutant animals (unc-16, atg-4.2, atg-4.1, epg-5, sand-1 etc.), double mutant animals,

and animals overexpressing ATG-4.2 arrays, were scored as follows: raw z-stacks were divided to separate individual AIY neurons,

maximal projections were created, and images were randomized and scored blindly. The same method was used to assess the

LGG-1(G116A) and LGG-2(G130A) lipidation controls, in olaEx4440 [Pmod-1::gfp::lgg-1(G116A) (5ng/ul), Pttx-3::mCh (30ng/ul)]

and olaEx4438 [Pttx-3::gfp::lgg-2(G130A) (15ng/ul), Pttx-3::mCh (30ng/ul)], results described in the Figures S1 and S5 figure legends.

For LGG-2-labeled autophagosomes in the olaEx1802 [Pttx-3::gfp::lgg-2 (30ng/ul), Pttx-3::mCh (30ng/ul)] background (reported in

Figures S2C–S2D and S4G–S4H), however, due to the variability in expression for the olaEx1802 array in both wild-type and mutant

animals, neurons were only assessed for puncta if the GFP::LGG-2 cytoplasmic signal was within the dynamic range for a chosen set

of confocal laser and camera settings that were kept constant between all genotypes examined.

Autophagosome Dynamics
To assess autophagosome dynamics over time, we used the integrated line olaIs35 (Pttx-3::egfp::lgg-1; Pttx-3::mCh). We imaged at

maximal speed for 5minutes in wild-type (n=71 neurons), unc-16(ju146)mutant (n=73 neurons), and unc-16(e109)mutant (n=43 neu-

rons) animals. These videoswere scored for percentage of autophagosomes present in each of the three sub-neurite zones (Figure 2I)

(Colon-Ramos et al., 2007), for anterograde and retrograde directionality of autophagosome trafficking in the neurite (Figure 2L), and

for percentage of autophagosomes leaving the cell body towards the neurite, and then returning to the cell body within the imaging

window of 5 minutes (Figure S2H).

Tandem Markers and Colocalization Assays
For quantifications, images were acquired channels first then z slice (unless otherwise stated) and image settings were kept identical

between compared groups. Raw z-stacks were then divided to separate individual AIY neurons and images were randomized and

scored blindly. Puncta counts across neurons were then pooled and reported as percentages.

The tandemmarker used in this study is based on similar probes used inmammalian neurons (Kimura et al., 2007) and inC. elegans

tissues (Chang et al., 2017). Autophagosomematuration was assessed using extrachromosomal lines olaEx3013 and olaEx4431. For

olaEx3013, (Pttx-3::mCh::egfp::lgg-1) puncta were scored as ‘‘mCh/GFP’’ (immature) if green and red colocalized puncta could be

detected and as ‘‘LGG-1 mCh’’ (mature) if the puncta displayed primarily red signal (reported in Figures 5W and S7H). For olaEx4431

[Pttx-3::mCh::egfp::lgg-1 (1ng/ul), Pttx-3::laat-1::tagbfp (2ng/ul)], puncta were scored as ‘‘Immature AVL’’ if positive for tagBFP,

mCherry and GFP, and as ‘‘Mature AL or L’’ if positive for tagBFP and mCherry, but negative for GFP (reported in Figure 6H).

To examine the tandem-labeled LGG-1 probe for lipidation onto membranes and to control for the possibility of marker aggrega-

tion, we also examined mutant versions of the tandem probe (olaEx3015 (Pttx-3::mCh::egfp::lgg-1(G116A)) and olaEx4374

[Pttx-3::mCh::egfp::lgg-1(G116A) (1ng/ul), Pttx-3::laat-1::tagbfp (1ng/ul)]), which prevents LGG-1 from associating with the autopha-

gosomal membrane (Schematic in Figure S1D; Mizushima et al., 2010; Zhang et al., 2015). We observed that in the LGG-1(G116A)

mutant probe, GFP was diffuse throughout the neuron (Figure S7A), indicating that lipidation is necessary for formation of LGG-1

puncta, and suggesting that most mCh::GFP::LGG-1 puncta correspond to autophagic vacuoles, as expected (Chang et al.,

2017; Kimura et al., 2007).

We also note that for the tandem-labeled LGG-1 probe, we observed mCherry puncta in the cell body. We observed mCherry

puncta even when the marker contained the LGG-1(G116A) point mutation that prevents LGG-1 lipidation and association with au-

tophagosomes (Figure S7B). These mCherry puncta did not colocalize with GFP, indicating they do not simply correspond to protein

aggregates of the tandem-labeledmarker. Red fluorophores likemCherry are stable at low pH (Shaner et al., 2004) and accumulate in

lysosomal compartments (Han et al., 2014; Katayama et al., 2008). Consistent with this, we observed that most mCh puncta from the

LGG-1(G116A) tandem probe colocalized with lysosomes in the cell body (Figure S7A–S7D). Indeed, even cytoplasmic expression of

mCherry resulted in accumulation of mCherry into puncta that colocalized with lysosomes (Figure S7E–S7G). Our findings indicate

that mCherry accumulates in lysosomal compartments, and suggest that most of the observed non-lipidated mCh::GFP::

LGG-1(G116A) puncta are inside acidic lysosomes.

To assess colocalization between LGG-1 and other proteins of interest, including lysosomal protein LAAT-1 (Liu et al., 2012) and

synaptic proteins SYD-1, SYD-2, and SNB-1 (Dittman and Kaplan, 2006), we examined animals containing olaEx4354 [Pttx-3::laat-

1::gfp (1ng/ul), Pttx-3::mCh::lgg-1 (20ng/ul)] (data reported in Figures 6E and S7I), olaEx4493 [Pttx-3::gfp::syd-1A (15 ng/ul),
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Pttx-3::mCh::lgg-1 (20ng/ul)] (Figure 6I), olaEx4472 [Pttx-3::gfp::snb-1 (3 ng/ul), Pttx-3::mCh::lgg-1 (20ng/ul)] (Figure S7R), and

olaEx4456 [Pttx-3::gfp::syd-2 (15 ng/ul), Pttx-3::mCh::lgg-1 (20ng/ul)] (Figure S7R). We also examined the acidification state of syn-

aptic compartments by examining a tandem SYD-1 marker in olaEx4496 [Pttx-3::mCh::egfp::syd-1A (10ng/ul)]. Puncta were scored

as ‘‘SYD-1mCh only’’ if positive for mCh and negative for GFP (acidic compartments) and ‘‘SYD-1mCh/GFP’’ if positive for both GFP

and mCh (non-acidified compartments) (reported in Figure 6M). To assess the percentage of mCh puncta inside lysosomes, we

examined animals containing olaEx3331 [Pttx-3::laat-1::gfp (1ng/ul), Pttx-3::mCh (30ng/ul)] (Figures S7E–S7G). Images were ac-

quired z first, then channels, and puncta were only quantified if there was no detectable motion artifact, and if puncta were clearly

distinguished from the cytosolic pool of mCherry signal. As a result, it is likely our results (81% of cytosolic mCh puncta colocalize

with LAAT-1::GFP; n= 27 puncta from 9 neurons) under-sample mCherry puncta and might underestimate the extent to which mCh

and LAAT-1 colocalize.

Other Quantifications in AIY
Microtubule EBP-2 Quantification

To examine microtubule polarity, we analyzed the direction of movement for EBP-2 comets (Baas and Lin, 2011; Maniar et al., 2011),

which track with the growing ends of microtubules, along the AIY neurite using the extrachromosomal line olaEx3358 (Pttx-3::ebp-

2::gfp, Pttx-3::mCh). Confocal z-stacks were acquired at maximal speed for one minute and comets were assessed for movement

towards the cell body (minus end outmicrotubule) or movement away from the cell body (plus end outmicrotubule) in wild-type (n=18

animals) and unc-16 mutant animals (n=16 animals), and reported in Figure S2G.

Lysosomes

To quantify lysosome number in AIY, we observed the extrachromosomal transgenic line olaEx3331 (Pttx-3::laat-1::gfp, pttx-3::mCh)

in wild-type ormutant backgrounds on a Leica DM5000 B compoundmicroscope. The number of GFP puncta in the two AIY neurons

in the animal were counted by location, divided by two and then reported as an average per neuron (Figure S3C).

Endoplasmic Reticulum, Golgi, Mitochondria

For examination of ER, Golgi, and mitochondria the following extrachromosomal lines were used, respectively: olaEx1706

(Pttx-3::SP12::gfp), olaEx1700 (Pttx-3:aman-2:gfp), and olaEx1951 (Pttx-3::tom-20::gfp, pttx-3:mCh:rab-3) (Abe et al., 2000; Qi

et al., 2012; Rolls et al., 2002) in wild-type and unc-16(ju146)mutant backgrounds. Quantifications were performed on maximal pro-

jections of confocal micrographs. Fluorescence intensity was measured by tracing the neurite and background in FIJI (Schindelin

et al., 2012) and reported as an average of background-subtracted fluorescence intensity (Figure S3F and data not shown). The

percent of the neurite occupied by mitochondria was calculated as a ratio of length of the neurite with background-subtracted fluo-

rescence signal greater than zero divided by the total length of the neurite (Figure S3I).

Presynaptic Enrichment

To quantify presynaptic enrichment in AIY, we used the integrated transgenic line wyIs45, expressing pttx-3::gfp::rab-3 in wild-type

and mutant backgrounds, as described (Colon-Ramos et al., 2007; Stavoe et al., 2016). The AIY neurite is divided into three zones as

follows, consistent with theC. elegans EM reconstruction (White et al., 1986): Zone 1 is proximal to the cell body and asynaptic; Zone

2 is defined morphologically as a �5-mm synapse-rich region at the dorsal turn of the neuron into the nerve ring; Zone 3 is the distal

part of the neurite that traverses the nerve ring and contains punctate synaptic sites.We calculated theGFP::RAB-3 enrichment using

maximal projection confocal micrographs and measured fluorescence intensity across presynaptic Zones 2 and 3 with the line scan

function in FIJI (Schindelin et al., 2012). Fluorescence intensity was background subtracted. All settings, for the confocal microscope

and camera, were kept identical between genotypes, and neurons were only quantified when all neurite fluorescence signal was

within the measurable range. Synaptic enrichment was reported as signal in Zone 2 (the first 20% of the synaptic region) divided

over Zones 2 and 3 (as described in Stavoe and Colon-Ramos, [2012]) and reported as a percentage and shown in Figure S6G.

Statistical Analyses
Statistical analyses were conducted with PRISM 7 software. For each case, the chosen statistical test is described in the figure

legend and ‘‘n’’ values are reported. Briefly, for continuous data and for cases of counting structures, comparisons between two

groups were determined by the Student’s t test, while groups of three or more were analyzed with a one-way ANOVA with post

hoc analysis by Turkey’s multiple comparison test. Error bars were reported as standard errors of the mean (SEM). For categorical

data, groups were compared with Fisher’s exact test, or for samples corresponding to large datasets, the chi-square test was used.

Error bars show a 95% confidence interval. Significance was defined as a p value where p>0.05. The p values for significant differ-

ences are reported in the figure legends.
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SUPPLEMENTAL FIGURES AND FIGURE LEGENDS 

Figure S1 

 

Figure S1. Autophagic structures in AIY neurons can be visualized with LGG-1 
and LGG-2, related to Figure 1.  

(A-F) Schematics of the lipidation processes for LGG-1 and LGG-2, showing the C- 
terminal priming of LGG-1 and lipidation at conserved glycines (A) and lipidation controls 
with mutations at G116A (LGG-1) or G130A (LGG-2), which fail to be primed or lipidated 
(D). In B, C, E, and F, representative autophagic vacuoles or lipidation controls are 
visualized with GFP::LGG-1 (B), GFP::LGG-2 (C), GFP::LGG-1(G116A) (E) or 
GFP::LGG-2(G130A) (F) in a representative wild-type AIY neuron. In B and C, 
arrowheads indicate LGG-1- and LGG-2-labeled autophagic structures in the cell body. 
Insets, B’, C’, E’ and F’ show the enlarged cell body (indicated in main image with 
dashed circle) with corresponding surface plots (below). Note that while we observed an 
average of 3.9 puncta in the cell bodies of neurons expressing GFP::LGG-1 (n=65 
neurons; data from Figure 3E) and 4.6 puncta for GFP::LGG-2 (n=31 neurons; data from 
Figure S2D), in the corresponding lipidation controls GFP::LGG-1(G116A) and 
GFP::LGG-2(G130A), we observed an average of 0.07 puncta (n=14 neurons) or 0.05 
puncta (n=21 neurons), respectively, suggesting that nearly all of the puncta we 
observed with LGG-1/LGG-2 were lipidated.  



(G-I) Representative confocal image of presynaptic active zone protein GFP::SYD-2 (G) 
co-localized with mCh::LGG-1 (H). Merge images in (I).  Insets in G’-I’ show the enlarged 
cell body with subcellular localization of these proteins (indicated in main image with 
dashed circles).  

Scale bar(s): in (B) for (B), (C), (E) and (F); in (B’) for (B’), (C’), (E’) and (F’); in (G) for 
(G)-(I); in (G’) for (G’)-(I’). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S2 

 

Figure S2. LGG-2 accumulates in the neurites of unc-16/jip3 mutant animals, but 
microtubule polarity in AIY is unaltered, related to Figure 2. 

(A and B) Autophagic vacuoles (visualized with GFP::LGG-2) in a representative wild-
type AIY neuron (A) and in an unc-16(ju146) mutant neuron (B). Arrows denote LGG-2 
puncta in the synaptic region; arrowheads denote LGG-2 puncta in the neuronal soma. 
Dashed circles enclose the cell bodies. 

(C and D) Quantification of the average number of LGG-2 puncta in the synaptic regions 
(C) or cell bodies (D) in wild-type animals, and two alleles of unc-16 (ju146 and n730) 
mutant animals. Error bars show standard error of the mean (SEM). *p<0.05, **p<0.01, 
and p****p<0.0001 by one-way ANOVA with Tukey’s post hoc analysis. The number of 
neurons examined is shown on each bar. Scoring was done by blindly quantifying 
maximal projections of confocal z-stacks. See also Figure S1. 



(E and F) Time series of representative growing (+) ends of microtubules, visualized with 
(EBP-2::GFP) in wild-type (E) and unc-16(ju146) (F) mutant animals. We include dashed 
lines at the same position and across time points for reference. Red arrows denote EBP-
2 puncta start positions. Green arrows track EBP-2 puncta positions over time. Time is 
indicated in the upper right corner of the image and “s” is seconds. Images are oriented 
distal axon towards the upper left, cell body towards the lower right.  

(G) Quantification of the percentage of EBP-2 comets trafficking in the anterograde 
direction away from the cell body (corresponding microtubule is plus (+) end out) or the 
retrograde direction towards the cell body (corresponding microtubule is minus (-) end 
out) in wild-type and unc-16(ju146) mutant animals. The number of EBP-2 comets 
examined is shown on each bar for ≥16 animals for each genotype. Note that the AIY 
neurite shows a primarily plus-end-out microtubule orientation, which is a common 
feature of axons (Baas and Lin, 2011), and which is not altered in unc-16(ju146)/jip3 
mutant animals. “ns,” not significant by Fisher’s exact test between wild-type and mutant 
animals. Error bars show a 95% confidence interval. 

(H) Quantification of the percentage of autophagosomes that traffic out of the cell body 
and do not return within the 5-minute imaging window in wild-type animals (n=13 
autophagosomes) and unc-16 mutant animals (n=29 autophagosomes). Error bars show 
a 95% confidence interval. ****p<0.0001 by Fisher’s exact test between wild-type 
animals and mutant animals. 

Scale bar(s): in (A) for (A) and (B); in (E) for (E) and (F). 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S3 

 

Figure S3. Organelle localizations in unc-16/jip3 mutant animals, related to Figure 
2. 

(A and B) Representative images of lysosomes (visualized with LAAT-1::GFP) (Liu et al., 
2012) in wild-type (A) and unc-16(ju146) mutant animals (B). Dashed circles enclose the 
cell bodies. Arrows denote lysosomes in the neurite.  

(C) Quantification of the average number of lysosomes in the neurite of AIY in wild-type 
and unc-16(ju146) mutant animals. Error bars show standard error of the mean (SEM). 
****p<0.0001 by Student’s t test between wild-type and mutant animals. The number of 
animals examined is shown on each bar.  

(D and E) Representative images of Golgi (visualized with AMAN-2::GFP) (Rolls et al., 
2002) in wild-type (D) and unc-16(ju146) mutant animals (E). Dashed circles enclose the 
cell bodies. Arrow denotes AMAN-2::GFP in the neurite. Insets (D’) in (D) and (E’) in (E) 
show enlarged views of the cell body with different brightness and contrast as compared 
to the main image and adjusted to better visualize the cell body. Arrowheads denote 
Golgi puncta in the cell body. There was no significant difference in the number of cell 
body Golgi puncta between wild-type (2.5 puncta, n=10 neurons) and unc-16(ju146) (2.9 
puncta, n=9 neurons) mutant animals. 

(F) Quantification of background subtracted Golgi fluorescence signal in the neurite of 
AIY in wild-type and unc-16(ju146) mutant animals. Error bars show standard error of 
the mean (SEM). **p<0.01 by Student’s t test between wild-type and mutant animals. 
The number of neurons examined is shown on each bar. We note that the neurite signal, 



while brighter in unc-16(ju146) mutant animals, is faint and cytoplasmic rather than the 
expected punctate pattern seen in the cell body for Golgi stacks.  

(G and H) Representative images of mitochondria (visualized with TOM20::GFP) (Abe et 
al., 2000; Qi et al., 2012) in wild-type (G) and unc-16(ju146) mutant animals (H). Dashed 
circles enclose the cell bodies. Arrows denote mitochondria in the neurite.  

(I) Quantification of the percentage of the length of the AIY neurite occupied by 
mitochondria in wild-type and unc-16(ju146) mutant animals. Neurite fluorescence 
intensity analyses of the mitochondria revealed higher intensity for TOM20::GFP in unc-
16 mutant animals, similar to the results seen for the for the Golgi AMAN-2::GFP marker, 
but not an increase in mitochondria occupancy in the neurite. Analyses for the 
endoplasmic reticulum (ER) (visualized with SP12::GFP) (Rolls et al., 2002) revealed no 
significant difference in ER signal intensity in the neurites of wild-type and unc-16(ju146) 
mutant animals (data not shown). Error bars show standard error of the mean (SEM). 
“ns,” not significant by Student’s t test between wild-type and mutant animals. The 
number of neurons examined is shown on each bar. 

Scale bar(s): in (A) for (A), (B), (D), (E), (G), and (H); in (D’) for (D’) and (E’). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S4 

 

Figure S4. Autophagosome accumulation phenotypes in the neurites and cell 
bodies of atg-4.2 mutant animals, related to Figure 3. 

(A-C) Autophagic structures (visualized with GFP::LGG-1) (A) and AIY neuronal 
morphology (visualized with cytoplasmic mCherry) (B) in a representative atg-
4.2(ola316); unc-16(ju146) double mutant neuron. The merge image (C) reveals some 
GFP:LGG-1 signal located outside the AIY neuron (arrows), not normally seen in wild-
type animals, and consistent with release or secretion of autophagic structures from AIY 
into the surrounding tissue (nerve ring environment or surrounding glial cells) in 
response to stress of the endo-lysosomal system, as has been suggested for 



neurodegenerative disease contexts (Borland and Vilhardt, 2017; Miranda et al., 2018; 
Ojha et al., 2017).  

(D-F) Autophagic vacuoles (visualized with GFP::LGG-2) in a representative wild-type 
AIY neuronal soma (D), in an atg-4.2(ola316) mutant soma (E), and in an atg-4.1(bp501) 
mutant soma (F). Arrowheads denote autophagic vacuoles in the neuronal soma.  

(G-H) Quantification of the average number of LGG-2 puncta in the synaptic regions (G) 
or cell bodies (H) in wild-type, atg-4.1(bp501) mutant, atg-4.2(ola316) mutant, and atg-
4.2(gk628327) mutant animals. Error bars show standard error of the mean (SEM). 
*p<0.05 and p****p<0.0001 by one-way ANOVA with Tukey’s post hoc analysis. 
Abbreviation: “ns” is not significant between wild-type animals and indicated mutant 
animals. The number of neurons examined is shown on each bar. Scoring was done by 
blindly quantifying maximal projections of confocal z-stacks. 

(I) Quantification of the percentage of neurons with LGG-1 puncta in the synaptic regions 
of AIY in wild-type animals, and three independent alleles of atg-4.2 (ola316, gk430078, 
and gk628327) mutant animals. While all alleles of atg-4.2 mutant animals display an 
increase in the number of neurons with autophagosomes in the neurite (as compared to 
wild-type animals), we note that the expressivity of this phenotype (the number of LGG-1 
puncta per synaptic region) is low as compared to unc-16 mutant animals. ****p<0.0001 
by Fisher’s exact test between wild-type and mutant animals. Error bars show a 95% 
confidence interval. The number of neurons examined is shown on each bar. Scoring 
was done by blindly quantifying maximal projections of confocal z-stacks. 

(J-Q) Panneuronal visualization of autophagic vacuoles in the head of the worm, outlined 
with white dashed lines, and labeled by olaIs58 (Paex-3::egfp::lgg-1) (J, L, N, and P). 
The confocal micrographs shown here in (J, L, N, and P) include the nerve ring region 
and the anterior portion of the dorsal nerve cord, with schematics summarizing 
observations in (K, M, O and Q). Results shown for wild-type animals (J and K), atg-
4.2(ola316) mutant animals (L and M), unc-16(ju146) mutant animals (N and O), and 
unc-16(ju146); atg-4.2(ola316) double  mutant animals (P and Q). Note that the 
phenotypes reported here are consistent with those reported using AIY-specific 
promoters in Figure 3, indicating that these phenotypes are panneuronal. Arrows refer to 
autophagic vacuoles in the dorsal nerve cord. In K, M, O and Q, green dots represent 
LGG-1 clusters within the nerve ring, cell bodies, and dorsal nerve cord.  
 
(R) Quantification of the average number of LGG-1 puncta in the synaptic region of AIY 
for wild-type animals (green bar), atg-4.1 mutant animals (navy blue and blue bars), atg-
4.2(ola316) mutant animals (red bar), and indicated atg-4.1; atg-4.2 double mutant 
animals (red and blue or peach and blue striped bars). Error bars show standard error of 
the mean (SEM). The numbers on the bars represent number of neurons examined; 
corresponding to ≥10 animals for each genotype. Abbreviation: “ns” is not significant as 
compared to wild-type animals by one-way ANOVA with Tukey’s post hoc analysis. 
Scoring was done by blindly quantifying maximal projections of confocal z-stacks. 
Corresponding analysis of the cell bodies is shown in Figure 4E. 

Scale bar(s): in (A) for (A)-(C); in (D) for (D)-(F); in (J) for (J), (L), (N), and (P). 

 



Figure S5 
 

 
 
Figure S5. Ultrastructural analyses reveal multilamellar autophagic structures in 
atg-4.2 mutant animals, but mutant animals do not contain structures in lipidation 
control LGG-1(G116A), related to Figure 4. 
 
(A-C) Representative micrographs obtained by electron microscopy of neuronal cell 
bodies in wild-type animals (A), atg-4.1(bp501) mutant animals (B) and atg-4.2(ola316) 
mutant animals (C), as in Fig 4F-4H but without pseudo-coloring.  



(D-G) Enlargement of boxed areas showing multilamellar autophagosome-like vacuole 
examples from (C) are shown in (D and E) and further enlarged in (F and G). These 
images correspond to the pseudo-colored imaged in Fig 4I and 4J).  

(H-P) Additional examples obtained by electron microscopy of neuronal cell bodies in 
atg-4.2(ola316) mutant animals. Enlargements of boxed areas from (H) in (I and J); from 
(K) in (L and M); from (N) in (O and P). Note the variety in abnormal autophagosome-like 
vacuolar structures observed. These types of structures were not observed for the other 
examined genotypes. 

(Q-X) Neuronal cell bodies expressing GFP::LGG-1 (Q) or GFP::LGG-1(G116A) (R-X) in 
representative confocal micrographs (left) and corresponding surface plots (right) for 
wild-type animals (Q), unc-16(ju146) mutant (R), unc-16(n730) mutant (S), atg-
4.1(bp501) mutant (T), atg-4.2(ola316) mutant (U), atg-4.2(gk628327) mutant (V), sand-
1(or552) mutant (W), and epg-5(tm3425) mutant (X) animals. GFP::LGG-1(G116A) is a 
lipidation control which does not associate with autophagosomes (also see Figure 1F 
and S1A-S1F). In the lipidation control GFP::LGG-1(G116A), we observed less than one 
puncta per cell body in wild type and mutant animals. Animals mutant for unc-16(ju146) 
(0.1 puncta; n=19 neurons), unc-16(n730) (0.1 puncta, n=19 neurons), atg-4.1(bp501) 
(0.6 puncta; n=14 neurons), atg-4.2(ola316) (0.3 puncta; n=17 neurons), atg-
4.2(gk628327) (0.1 puncta; n=14 neurons), sand-1(or552) (0.1 puncta; n=16 neurons), 
and for epg-5(tm3425) (0.8 puncta; n=16 neurons) all display significantly less puncta 
than observed for GFP::LGG-1 (3.9 puncta; n=65 neurons; data from Figure 3E). These 
data suggest that nearly all of the puncta we observe with LGG-1 in wild-type and 
mutant animals are lipidated.  
 
Scale bar(s): in (A) for (A)-(C); in (D) for (D) and (E); in (F) for (F) and (G); in (H) for (H) 
and (K), in (I) for (I), (J), (L) and (M); in (N) for (N); in (O) for (O); in (P) for (P); in (Q) for 
(Q)-(X). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S6 
 

 
Figure S6. The autophagy proteases atg-4.1 and atg-4.2 are partially redundant, 
and atg-4.2 acts with epg-5 to promote autophagic maturation, related to Figure 5. 
 
(A-B) The ATG-4 cysteine proteases, expressed cell specifically in AIY as ATG-4.1::GFP 
(A) and ATG-4.2::GFP (B), localize similarly along the AIY neurite, including in the 
synaptic region (arrow) and in the cell body (dashed circle).  

(C-F) Representative confocal images of presynaptic structures in AIY (visualized with 
GFP::RAB-3 to label synaptic vesicles) in wild-type animals (C), atg-4.2(ola316) mutant 
(D), atg-4.1(bp501) mutant (E), and atg-4.1(gk127286); atg-4.2(gk430078) double 
mutant (F) animals. The dashed box encloses the synapse-enriched zone 2 region of the 
neurite, which displays a continuous pattern of synaptic vesicles in wild-type animals. In 
atg-4.1; atg-4.2 double mutant animals, but not in atg-4.1 or atg-4.2 single mutant 
animals, note a disrupted pattern of synaptic vesicles representative of synaptogenesis 
defects (for more descriptions of this phenotype please see (Stavoe et al., 2016)).  

(G) Quantification of the percentage of animals displaying a normal synaptic pattern 
(synaptic enrichment) in Zone 2 of the AIY neurite in wild-type, atg-9(wy56) mutant, atg-



4.1(gk127286); atg-4.2(gk430078) double mutant, atg-4.2(gk430078) mutant, atg-
4.2(ola316) mutant, atg-4.1(gk127286) mutant, atg-4.1(bp501) mutant, and sand-
1(or552) mutant animals. Error bars show standard error of the mean (SEM). 
****p<0.0001 by one-way ANOVA with Tukey’s post hoc analysis between wild-type and 
mutant animals. Abbreviations: “ns” is not significant as compared to wild-type neurons. 
Numbers on bars represent number of neurons examined.  

(H and I) GFP::LGG-1 puncta in the AIY cell body imaged as maximal projection of 
confocal z stacks (left) and corresponding surface plots of the LGG-1 signal intensity 
(right) in wild-type (H), and atg-4.2(gk430078); atg-4.1(bp501) double mutant animals (I). 
Arrowheads denote autophagosomes in the cell body. Corresponding quantifications are 
in Figures 4E and S4R. 

(J and K) Quantification of the average number of LGG-1 puncta in the cell body (J) and 
synaptic region (K) of AIY for wild-type (green bar), atg-4.2(gk628327) mutant (maroon 
bar), epg-5(tm3425) mutant (blue bar), epg-5(tm3425); atg-4.2(gk628327) double mutant 
(maroon and blue striped bar), atg-9(wy56) mutant (purple bar), and atg-9(wy56); atg-
4.2(gk628327) double mutant animals (purple and maroon striped bar). Error bars show 
standard error of the mean (SEM). **p<0.01 and ****p<0.0001 by one-way ANOVA with 
Tukey’s post hoc analysis between wild-type and mutant animals or as indicated. The 
numbers on the bars represent number of neurons examined. Abbreviation: “ns” is not 
significant between wild-type and mutant animals or as indicated. Scoring was done by 
blindly quantifying maximal projections of confocal z-stacks. Note that the atg-4.2; epg-5 
double mutant animals do not further enhance AV accumulation in the neuronal soma, 
but do enhance puncta in the synaptic region. Also note that in animals mutant for the 
autophagosome biogenesis gene atg-9, we observed reduced puncta, which was 
phenocopied in the atg-4.2; atg-9 double mutant animals. 

Scale bar(s): in (A) for (A) and (B); in (C) for (C)-(F); in (H) for (H) and (I). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S7 

 
 
Figure S7. Autophagic structure maturation in the synaptic regions and cell 
bodies of wild-type and atg-4.2 mutant animals, related to Figure 6. 
(A-D) Lipidation control for tandem LGG-1 marker (mCh::eGFP::LGG-1(G116A)), and 
lysosomes (LAAT-1::tagBFP) were visualized in the AIY cell body of a wild-type animal. 
Note that the GFP signal was mostly cytoplasmic (an average of 0.1 puncta per cell 
body, n=27 neurons) as expected and similar to GFP::LGG-1(G116A) (Figures S1 and 
S5). We note that we detected mCh puncta in the cell body with the tandem lipidation 
control marker (4.8 puncta; n=27 neurons, compared to 6.6 mCh positive/GFP negative 
puncta; n=52 neurons in wild type tandem marker, mCh::eGFP::LGG-1). These were not 
cytosolic protein aggregates (were they protein aggregates, we would expect to also see 



aggregation of GFP). Instead, we observed that most of these mCh puncta colocalized 
with lysosomal marker LAAT-1::tagBFP puncta (3.6 puncta; n=27 neurons). Indeed, 
mere expression of cytosolic mCherry results in its accumulation in lysosomes (see E-
G). Our data suggest that most non-lipidated mCh puncta are inside acidic lysosomes.  
Our data are consistent with previous reports of the persistence of mCh in acidified 
structures (Han et al., 2014; Katayama et al., 2008), see also E-G). Since the non-
lipidated mCh structures are acidified and the immature GFP positive structures are 
lipidated, the tandem marker can be used to assess acidification state. Also see the 
STAR Methods for additional details.  

(E-G) Lysosomes (visualized with LAAT-1::GFP) (A) colocalized with mCherry puncta 
(B) from cytoplasmically-expressed mCherry (and as seen in the merge image (C)). 
These findings indicate that mere expression of mCherry results in accumulation of this 
fluorophore in lysosomes. Arrowheads refer to puncta in the cell bodies. Note that 81% 
(n=27 puncta from 9 neurons) of cytosolic mCh puncta colocalized with LAAT-1::GFP, 
similar to the 78% of mCh puncta from the mCh::GFP::LGG-1(G116A) marker shown in 
(A-D) and suggesting that mCherry persists in acidified structures (Han et al., 2014; 
Katayama et al., 2008). 

(H-I) Quantification of puncta labeled with the LGG-1 tandem marker (mCh::GFP::LGG-
1) (H) or with mCh::LGG-1 and/or LAAT-1::GFP (I) in the cell body and synaptic regions 
of wild-type and mutant neurons, as indicated. Error bars show a 95% confidence 
interval. ****p<0.0001 by Fisher’s exact test between indicated groups. Abbreviation: 
“ns” is not significant between indicated groups. The numbers on the bars represent 
number of puncta examined from ≥24 neurons for each genotype. Scoring was done by 
blindly quantifying maximal projections of confocal z-stacks. Note that autophagic 
vacuoles in the synaptic regions are more immature (GFP/mCh tandem marker signal 
(H) and lacking LAAT-1 signal (I)), while autophagic vacuoles in the cell body are more 
likely to be mature (LGG-1 mCh only for the tandem marker (H) and co-labeled with 
LGG-1 and LAAT-1(I)). 

(J-P) Schematic of AIY with the cell body and the proximal portion of the synaptic region, 
with LAAT-1 (green), LGG-1 (red) and co-labeled structures (yellow) (J).  In (K-P), 
confocal micrographs of LGG-1 puncta (L and O), LAAT-1 puncta (M and P), and co-
labeled puncta (K and N), in the synaptic region (K-M) and cell body (N-P) of 
representative wild-type AIY neurons. Arrows denote puncta in the synaptic region; 
arrowheads denote puncta in the cell body.  

(Q) Quantification of the average of the total number of puncta labeled with mCh::LGG-
1, LAAT-1::GFP, or both per AIY cell body in wild-type and atg-4.2 mutant neurons. Error 
bars show standard error of the mean (SEM). Abbreviation: “ns” is not significant as 
compared to wild-type animals by one-way ANOVA with Tukey’s post hoc analysis. 
Scoring was done by blindly quantifying maximal projections of confocal z-stacks. The 
numbers on the bars represent number of neurons examined. 

(R) Quantification of the percentage of autophagosomes (mCh::LGG-1) displaying co-
localization with the presynaptic protein GFP::SNB-1 (pink bars) or GFP::SYD-2 (brown 
bars) in the cell body of AIY interneurons in wild-type or atg-4.2 mutant animals. Error 
bars show a 95% confidence interval. ****p<0.0001 and *p<0.05 by Fisher’s exact test 
between wild-type and mutant animals. The numbers on the bars indicate the number of 



puncta scored; corresponding to ≥13 neurons for each genotype. Abbreviations: “AVs” is 
autophagic vacuoles. Quantification was done by blindly scoring maximal projections of 
confocal micrographs. 

Scale bar(s): in (A) for (A)-(G); in (K) for (K)-(M); in (N) for (N)-(P). 
 

Movie Legend  

Movie S1, Time-lapse of autophagosomes in the neurite of an atg-4.2; unc-16 
double mutant animal, related to Figure 3.  
Time-lapse video of GFP::LGG-1 in an atg-4.2(ola316); unc-16(ju146) double mutant 
AIY neuron showing accumulated structures trafficking inside and outside of the AIY 
neuronal process.  
 

Table S1, related to STAR Methods 

Oligonucleotides 

Genotyping primer: atg-4.2(ola316)-F  
ACACTGCCATGCTTCTATCAATCG 

This paper N/A 

Genotyping primer: atg-4.2(ola316)-R 
CATCAGACAGACACCTTTCATCCC 

This paper N/A 

Genotyping primer: atg-4.2(gk628327)-F  
TCAGAGTATTCGGCCATAGAAAG 

This paper N/A 

Genotyping primer: atg-4.2(gk628327)-R 
GCAGCAATTCCAACCATCTTATG 

This paper N/A 

Genotyping primer: atg-4.2(gk430078)-F  
CCTCATTATCAGATGATGATGGACACG 

This paper N/A 

Genotyping primer: atg-4.2(gk430078)-R 
GCAATCTATGCCTACCTAGTCGC 

This paper N/A 

Genotyping primer: atg-4.1(bp501)-F 
ACGTGGACGGCGATATTCGAC 

This paper N/A 

Genotyping primer: atg-4.1(bp501)-R  
GGTTTAGCCTCTACCAAATGAATCGG 

This paper N/A 

Genotyping primer: atg-4.1(gk127286)-F 
GACTGAAGCCTACGTCATCGG 

This paper N/A 

Genotyping primer: atg-4.1(gk127286)-R  
CAGAAAACGGCCTCGTCGAC 

This paper N/A 

Genotyping primer: sand-1(or552)-F  
TCTGTCTGCCACGGTTCAATG 

This paper N/A 

Genotyping primer: sand-1(or552)-R  
CGACGCATTTCTGAACGAGCA 

This paper N/A 

Genotyping primer: epg-5(tm3425)-F WT 
CTTACTGGAATGGCAGTAGCTGAGTGTG    

This paper N/A 

Genotyping primer: epg-5(tm3425)-F mut 
GTGGCAAAGGAGGAATATACCGTCGTC  

This paper N/A 

Genotyping primer: epg-5(tm3425)-R 
CAGCGTGTTTCTCAAGAAAGAGAAGCTCC 

This paper N/A 
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