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The Golgi apparatus plays a central role in trafficking cargoes such as proteins and lipids. Defects in the Golgi
apparatus lead to various diseases, but its role in organismal longevity is largely unknown. Using a quantitative
proteomic approach, we found that a Golgi protein, MON-2, was up-regulated in long-lived Caenorhabditis elegans
mutants with mitochondrial respiration defects and was required for their longevity. Similarly, we showed that
DOP1/PAD-1, which acts with MON-2 to traffic macromolecules between the Golgi and endosome, contributed to
the longevity of respiration mutants. Furthermore, we demonstrated that MON-2 was required for up-regulation of
autophagy, a longevity-associated recycling process, by activating the Atg8 ortholog GABARAP/LGG-1in C. elegans.
Consistently, we showed that mammalian MON2 activated GABARAPL2 through physical interaction, which in-
creased autophagic flux in mammalian cells. Thus, the evolutionarily conserved role of MON2 in trafficking between
the Golgi and endosome is an integral part of autophagy-mediated longevity.

INTRODUCTION

The Golgi complex is the organelle crucial for modification and
sorting of proteins destined for secretion and/or membrane local-
ization (1, 2). First, protein cargoes are packaged into coat protein II
(COPII) vesicles transported from the endoplasmic reticulum (ER).
The cargoes then follow the cisternal maturation process within the
Golgi complex until being associated with the trans-Golgi network
and subsequently delivered to their final destinations, including the
endosomal/lysosomal system or plasma membrane.

MON-2, a protein localized to the trans-Golgi network, was ini-
tially identified in a genetic screen for hypersensitivity against
monensin and brefeldin A, which are inhibitors of vesicular trans-
port in cells (3). MON-2 mediates trafficking between subcellular
organelles, including the Golgi and endosome. In yeast, Mon2 forms
a complex with Dopey (Dopl), an evolutionarily conserved Golgi
protein (4, 5), and regulates the recycling of vesicle-associated
soluble N-ethylmaleimide-sensitive-factor attachment protein
receptor (v-SNARE) Sncl from early endosomes to the Golgi (5).
In Caenorhabditis elegans, MON-2 is implicated in endosome-to-Golgi
retrograde transport for Wnt/B-catenin signaling, sorting of Wntless
(6, 7), localization of plasma membrane proteins (8), and extracellu-
lar vesicle release with sorting nexin and PAD-1, the Dop1 ortholog
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(7, 9). However, the role of MON-2 in aging and longevity is cur-
rently unknown.

Autophagy is a cellular process responsible for the degradation
of damaged organelles and dysfunctional components in the cytosol
(10, 11). Macroautophagy (hereafter referred to as autophagy) is
initiated with the activation of the Unc-51 like autophagy activating
kinase 1 (ULK1)/UNC-51 complex, which is followed by vesicle nu-
cleation at omegasomes through the Beclin 1/BEC-1-and autophagy
related 14 (Atgl4)-containing phosphoinositide-3 kinase complex/
VPS-34 (10). Phosphatidylethanolamine-conjugated Atg8 family
proteins, including gamma-aminobutyric acid receptor-associated
protein (GABARAP)/LGG-1 and microtubule-associated protein
1A/1B-light chain 3 (LC3)/LGG-2 (12-15), are then associated with
the elongating phagophore membrane while cargoes are recruited.
The elongated phagophores become double-membrane vesicles called
autophagosomes, which are subsequently fused with the lysosomes
for degrading substrates (11). The transcription factor EB (TFEB)/
C. elegans helix loop helix 30 (HLH-30) is responsible for the ex-
pression of genes encoding key autophagy factors, including GABARAP/
LGG-1 (16). Autophagy plays crucial roles in the regulation of ag-
ing in many species (17). In C. elegans, autophagy is required for
longevity conferred by various interventions, including inhibition
of mitochondrial respiration, reduced insulin/insulin-like growth
factor 1 (IGF-1) signaling (IIS), and dietary restriction (DR) (17).

Many factors functioning in mitochondria are important for the
modulation of life span in various organisms, including C. elegans
(18). However, evidence for communication between mitochondria
and other organelles, including the Golgi complex, and how this
communication affects organismal life span is scarce. In the present
study, we identified the Golgi protein MON-2 as a key factor in me-
diating C. elegans longevity conferred by inhibition of mitochondrial
respiration. Different from previous transcriptomic approaches to-
ward determining the role of mitochondrial respiration in animal
physiology (19-23), here, we performed an unbiased quantitative
proteomic analysis. We identified MON-2 protein whose levels
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increased in long-lived mitochondrial respiration mutants. We showed
that MON-2 enhanced autophagic activities via regulating Atg8/
LGG-1, which, in turn, contributed to C. elegans longevity conferred
by various interventions, including inhibition of mitochondrial
respiration, reduced IIS and DR. Using cultured mammalian cells, we
also demonstrated that MON2 up-regulated early autophagosome
formation mediated by an Atg8/LGG-1 ortholog GABARAPL2. Thus,
MON-2/MON?2 appears to enhance autophagy in both C. elegans
and mammals. Our study highlights the importance of organelle
communication among mitochondria, the Golgi, and autophago-
somes for organismal longevity.

RESULTS

Longevity-inducing mitochondrial respiration mutations
cause changes in proteomes

To identify life span-regulating proteins with levels that were al-
tered in long-lived mitochondrial respiratory mutants of C. elegans,
we used an mTRAQ (mass differential tags for relative and absolute
quantitation) quantitative proteomic approach (24). We compared
the proteomes of established long-lived mitochondrial respiration
isp-1(qm150) and clk-1(qm30) mutants with that of wild-type (WT)
animals (Fig. 1A). Using a 1% false discovery rate (FDR), we identi-
fied 2376 unique proteins, and the levels of 732 and 359 proteins in
isp-1 and clk-1 mutants, respectively, were changed by >1.5-fold
compared with those in WT (Fig. 1B and table S1A). Proteins for
which levels increased (139) or decreased (120) in isp-I and clk-1
mutants substantially overlapped (Fig. 1C and table S1A). Gene on-
tology (GO) analysis indicated that metabolic processes, including
gluconeogenesis and nucleobase-containing compound metabolic
process, were highly enriched among proteins up-regulated in isp-1
and clk-1 mutants (Fig. 1D, fig. S1A, and table S1, B and C). Proteins
down-regulated in isp-I and clk-1 mutants were enriched in GO
terms, such as ribosome biogenesis, rRNA processing, and gamete
generation (Fig. 1E, fig. S1B, and table S1, B and C). Overall protein
levels in these two long-lived respiration mutants compared with
those in WT also positively correlated (R = 0.7, P < 0.00001; Fig. 1F).
In contrast, protein levels in isp-I mutants did not significantly
correlate with those in daf-2/insulin/IGF-1 receptor mutants (R =
0.12; Fig. 1G) (25). These data are consistent with the notion that
isp-1 and clk-1 mutants share similarities as animals defective in mito-
chondrial respiration but display characteristics that differ from
those of daf-2 mutants, which exhibit longevity because of reduced
IIS instead of impaired respiration. By comparing our proteome lists
with published microarray data (19, 20), we found that the proteins
up-regulated and down-regulated in isp-1 and clk-1 mutants sig-
nificantly overlapped with transcripts up-regulated and down-
regulated in the respective mutants (table S1A). In addition, overall
protein and transcript levels in isp-1 mutants (19) positively cor-
related (R = 0.62 and P < 0.0001; Fig. 1H). Together, this quantita-
tive proteomic analysis revealed proteins whose levels were altered
in longevity-promoting mitochondrial respiration mutants.

A targeted RNA interference screen identified proteins
required for the longevity of respiration mutants

To identify protein factors important for the longevity of mitochon-
drial respiration mutants, we next performed an RNA interference
(RNAi)-based life-span screen targeting 61 genes encoding pro-
teins whose levels changed by >2-fold in both isp-1 and clk-1
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mutants (table S2A). We used WT animals and isp-1(gm150);
ctb-1(gm189) mutants for the RNAi screen (see Materials and Methods
for details). We found that 14 RNAi clones had greater effects on
the life span of isp-1; ctb-1 mutants than on that of WT animals (an
arbitrary 10% difference in life span was applied as a cutoff value;
Fig. 2A; see fig. S1 legends for further discussion). Eleven RNAi
clones shortened the longevity of isp-1; ctb-1 mutants without hav-
ing a significant effect on WT life span (table S2A). Eight (mon-2,
gpd-2, ugt-61, F48D6.4, patr-1, alh-5, ugt-62, and hrpu-2) of these 11
RNAI clones targeted genes encoding proteins whose levels in-
creased in isp-1 and clk-1 mutants (Fig. 2A and table S1A). In addi-
tion, knockdown of each of K01D12.15, pgp-6, and ugt-26 (the gene
products of which were down-regulated in isp-1 and clk-1 mutants)
reduced the longevity of isp-I; ctb-1 mutants (Fig. 2A and table S1A).
Among the 11 RNAIi clones, knockdown of mon-2, hrpu-2, and
patr-1 also significantly decreased the long life span of isp-1 single
mutants (Fig. 2, B to D, and table S2B). In addition, mon-2(xh22),
hrpu-2(tm1474), and patr-1(gk155841) mutations substantially sup-
pressed the longevity of isp-1 and clk-1 mutants (Fig. 2, E to K, and
table S2C). Thus, increased levels of MON-2, heterogeneous nuclear
ribonucleoprotein U 2 (HRPU-2), and protein associated with topo
II related 1 (PATR-1) proteins appear to contribute to the longevity
conferred by inhibition of mitochondrial respiration.

mon-2 is required for longevity conferred by

various interventions

We focused our further analysis on mon-2, the genetic inhibition of
which robustly suppressed the long life span resulting from isp-1 or
clk-1 mutations. MON-2 has several domains, including guanine
nucleotide exchange (GEF) Sec7 and dimerization and cyclophilin-
binding domains (fig. S1C) and is highly conserved among eukaryotes
(fig. S1, D and E) (4, 5, 26). We investigated whether MON-2 con-
tributed to longevity conferred by interventions other than isp-1 and
clk-1 respiration mutations. We found that mon-2 was at least par-
tially required for longevity caused by RNAi targeting cco-1 (cyto-
chrome c oxidase subunit 5B) (Fig. 3A), by mutations in the daf-2/
insulin/IGF-1 receptor (Fig. 3B), and by two DR regimens, namely,
mutations in eat-2 and food deprivation (starvation) (Fig. 3, C and D)
(27). We next generated transgenic animals expressing mon-2::gfp
under its own promoter, which fully restored longevity in isp-1 mon-2
double mutants (Fig. 3E). The transgenic expression of mon-2::gfp
did not affect WT life span (Fig. 3F) but further extended the life span
of cco-1 RNAi-treated animals (Fig. 3G). These data indicate that the
elevation of MON-2 protein levels can increase life span in a sensitized,
respiration-impaired condition. Consistent with our mass spectrometry
(MS) data, green fluorescent protein (GFP)-tagged MON-2 levels
were increased in isp-1 mutants, although the increase was marginal
in clk-1 mutants (Fig. 3, H to L). Furthermore, isp-1 mutations did
not significantly affect mon-2 mRNA levels (Fig. 3M). These data
suggest that mitochondrial isp-1 mutation increases MON-2 protein
levels posttranscriptionally. We also found that genetic inhibition
of daf-2 or cco-1 increased the levels of MON-2::GFP (fig. S2, A
and B), whereas food deprivation did not (fig. S2, C and D). Overall,
mon-2 appears to be required for multiple conserved longevity paradigms.

MON-2/MON2 is localized to the Golgi

and recycling endosome

Next, we determined the expression patterns of MON-2. We found
that mon-2::gfp was expressed in multiple cell types, including intestinal
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Fig. 1. Quantitative proteomic analysis identifies proteins differentially expressed in mitochondrial respiratory mutants. (A) Schematic flow of mTRAQ proteomic
analysis using isp-1(gm150) [isp-1(-)1, clk-1(gqm30) [clk-1(-)], and WT animal samples. (B) Histogram showing the frequency of proteins whose levels were changed in isp-1(-)
and clk-1(-) mutants compared with those in WT animals (blue: >1.5-fold down-regulated proteins; yellow: >1.5-fold up-regulated proteins). (C) Up-regulated and
down-regulated proteins (>1.5-fold) significantly overlap between isp-1(-) and clk-1(-). (****P < 0.00001, chi-square test). RF, representation factor. (D and E) GO analysis
[the database for annotation, visualization, and integrated discovery (DAVID)] (72) of proteins whose levels were increased (D) or decreased (E) >1.5-fold in both c/k-1(—) and
isp-1(—) mutants compared with those in WT animals (*P < 0.05, **P < 0.01, and ***P < 0.001, Benjamini P value). (F and G) Correlation between abundance changes in the
protein levelsin isp-1(-) and clk-1(-) (F) or isp-1(-) and daf-2(e1370) [daf-2(-)] mutants (G) relative to the levels in WT animals (R, Pearson correlation coefficient). (H) Correlation
between abundance changes in the protein and mRNA levels in isp-1(—) mutants relative to those in WT animals (R). See table S1 for analysis of proteomics data.
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Fig. 2. A subset of proteins up-regulated by inhibition of mitochondrial respiration is required for longevity. (A) Average percent changes in mean life span of WT
and isp-1(gm150); ctb-1(qm189) [isp-1(-); ctb-1(-)] animals treated with each of 61 RNAi clones targeting genes that encode proteins whose levels were altered in both
isp-1(gm150) lisp-1(-)] and clk-1(gm30) [clk-1(-)] mutants >2-fold. Yellow and blue circles indicate proteins with levels that were respectively increased and decreased by
both isp-1(-) and clk-1(-). At least two independent life-span assays were conducted for each RNAi clone. Dotted lines, 10% life-span increase or decrease for WT or
isp-1(-); ctb-1(-) animals. Circles with orange lines, significant results for both life-span trials. (B to D) RNAi targeting mon-2 (B), hrpu-2 (C), or patr-1 (D) significantly sup-
pressed the long life span of isp-1(—) mutants. (E and F) mon-2(xh22) [mon-2(-)] mutations largely suppressed the longevity of isp-1(-) (E) and clk-1(-) (F) mutants (see the
table S3 legends for the small or no effect of mon-2(-) on life span). (G to J) hrpu-2(tm1474) [hrpu-2(-)] and patr-1(gk155841) [patr-1(-)] mutations decreased the longev-
ity of isp-1(-) (G and I) and c/k-1(-) (H and J) mutants. (K) mon-2(-) suppressed the longevity of isp-1(-) animals without 5-fluoro-2"-deoxyuridine (FUDR) treatment. See
also fig. S1 legends for discussion regarding the differences between our initial screen and the confirmation data. See table S2 for specific values and statistical analyses
of the life-span data shown in this figure. LC-MS, liquid chromatography-mass spectrometry; m/z, mass/charge ratio.
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daf-2(e1370) [daf-2(-)] (B), eat-2(ad1116) [eat-2(-)] (C), or food deprivation (FD) (D). (E and F) Transgenic expression of three independent lines of mon-2p::mon-2::gfp
rescued the short life span of isp-1(gm150) mon-2(xh22) [isp-1(-) mon-2(-)] mutants (E), while not affecting the life span of WT animals (F). (G) Transgenic expression of
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indicates MON-2::degron::EmGFP, and the asterisk indicates a nonspecific band. IB, Immunoblot. (M) isp-1(-) did not affect mon-2 mRNA levels. Error bars represent SEMs
(n = 3, two-tailed Student'’s t test). See tables S3 and S4 for specific values and statistical analyses of the life-span data shown in this figure.
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Fig. 4. MON-2 is required for longevity by regulating trafficking between the Golgi complex and endosomes. (A to C) Microscopic images of transgenic animals
expressing mon-2::gfp. The mon-2::gfp transgene was expressed in neurons (arrows) (A), the intestine (B), and neurons and seam cells (an arrow and arrowheads, respec-
tively) (C). odr-1p:rfp was used as a coinjection marker (arrowhead) in (A). Scale bars, 20 um. (D) Fluorescence microscope images of an intestinal cell in a transgenic animal
expressing mon-2::gfp, rfp::rab-10 and the overlay of the two images. Scale bar, 10 um. (E and F) Colocalization of mammalian GFP-MON2 with giantin, a Golgi marker, was
decreased under starvation conditions (E), whereas that with RAB11, a recycling endosome marker, was increased (F) in HeLa cells. Scale bars, 10 um. (G) Quantification
of (E) and (F) (N =8, 8,12, and 12, respectively). Error bars represent SEMs (*P < 0.05 and **P < 0.01, two-tailed Student’s t test). Each dot represents a result from a single
cell. (H to J) pad-1 RNAI (H), snx-3 RNAi (1), or tbc-7 RNAi (J) reduced the longevity of isp-1(gm150) [isp-1(-)] mutants. See table S5 for specific values and statistical analyses
of the life-span data shown in this figure.

and neuronal cells and hypodermal seam cells (Fig. 4, A to C).  lysosomal marker (lysosome-associated membrane protein 1, LAMP1),
MON-2::GFP colocalized with RFP::RAB-10, a Golgi marker or an early endosome marker (early endosome antigen 1, EEA1)
(Fig. 4D) but not substantially with a marker for late endosomes  (fig. S2, G to L); the colocalization of mammalian MON2 with the re-
and lysosomes (mCherry:RAB-7) or an early endosome marker  cycling endosome marker RAB11 is consistent with the colocalization
(mCherry:RAB-5) (fig. S2, E and F). To further dissect the subcellularlo-  of C. elegans MON-2 with RFP::RAB-10 (Fig. 4D) because C. elegans
calization of MON-2 in endosomes and/or the Golgi, we assessed ~ RAB-10 also substantially colocalizes with RAB-11 (30). Unexpectedly, we
the localization of mammalian MON2 in cultured human cells. We  found that MON2 translocated to the recycling endosome from the Golgi
found that mammalian MON2 colocalized with a Golgi marker (giantin)  during starvation (Fig. 4, E to G), a treatment that increased life span in a
(Fig. 4, E and G), consistent with a previous report (28). MON2 also sub-  MON-2-dependent manner in C. elegans (Fig. 3D). These data raise the
stantially colocalized with a recycling endosome marker, RAB11  possibility that MON2 affects physiological processes such as aging and
(Fig. 4, F and G) (29), but not with an autophagosome marker (LC3B),a  longevity through shuttling between the Golgi and recycling endosomes.
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MON-2 appears to promote longevity by regulating
trafficking between endosomes and the Golgi complex
Previous studies reported that MON-2 contributes to the transport
of lipids and proteins between endosomes and the Golgi (4, 7, 28).
Therefore, we sought to determine whether key components re-
quired for membrane trafficking also affected the life span of isp-1
mutants, similar to the effects of MON-2 (Fig. 4, H to J; fig. S3, A to
E; and table S5). Among the factors examined, RNAI targeting pad-1
[the yeast homolog of which, Dop1, binds MON2 and regulates
vesicular trafficking between endosomes and the Golgi (4, 5)] reduced
the long life span of isp-1 mutants (Fig. 4H). RNAi knockdown of
snx-3/sorting nexin 3, which is required for the sorting of Wntless
from endosomes to the Golgi in conjunction with MON-2 (7), also
decreased the long life span of isp-1 mutants (Fig. 41). In addition,
genetic inhibition of tbc-3 [an ortholog of human TBC1D22A impli-
cated in transport between endosomes and the Golgi (6)] reduced the
long life span caused by isp-I mutation or cco-1 RNAI (Fig. 4] and fig.
S3F). Collectively, these data suggest that MON-2-mediated transport
between the Golgi and endosomes is crucial for longevity conferred
by mitochondrial electron transport chain (ETC) inhibition.

Enhanced autophagy by MON-2 contributes to longevity

Next, we investigated whether MON-2 acted with established factors
contributing to longevity conferred by mitochondrial ETC inhibi-
tion; these include Skinhead 1 (SKN-1) [an nuclear factor erythroid
2-related factor 2 (Nrf2) homolog], activating transcription factor
associated with stress 1 [ATFS-1, a TF that promotes the mitochon-
drial unfolded protein response (UPR™)], hypoxia-inducible factor 1
(HIF-1), and C. elegans p53-like protein 1 (CEP-1)/p53, as well as
autophagy components and reactive oxygen species (31-39). We
found that RNAi knockdown of mon-2 (fig. S4, A to D) did not
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affect the representative target gene expression levels of SKN-1,
ATEFS-1, HIF-1, or CEP-1 (fig. $4, E to K) in WT or isp-1 mutants.
In contrast to these factors, genetic inhibition of mon-2 reduced
the number of GFP:LGG-1/Atg8 puncta, known as a marker of auto-
phagosome (11), in the hypodermal seam cells of both clk-1 and
isp-1 mutants (Fig. 5, A to C). We also tested whether TFEB/HLH-30,
a transcriptional regulator of multiple autophagy genes, and Atg6/
Beclin 1 (BEC-1), a factor of vesicle nucleation complex required
for an initial step of autophagy, acted together with MON-2 for
mediating longevity. As previously reported (16), the RNAi knock-
down of TFEB/hlh-30 or Atg6/bec-1 suppressed the long life span of
isp-1 mutants (Fig. 5, D and E). TFEB/hlh-30 or Atg6/bec-1 RNAi
had small or no effects on the short life span of isp-1 mon-2 double
mutants (Fig. 5, D and E). These data are consistent with the possi-
bility that MON-2 acts together with TFEB/HLH-30 and Atg6/BEC-1
to increase life span in respiration mutants via autophagy regulation.

MON-2/MON2 contributes to up-regulation of LGG-1/
GABARAPL2-dependent autophagy in C. elegans

and mammalian cells

To determine the mechanisms by which MON-2 regulates autophagy,
we used food deprivation (starvation), an established paradigm that
activates autophagy in both C. elegans and mammalian cells (40, 41).
Food deprivation increased the levels of cleaved GFP generated from
GFP:LGG-1, indicating autophagy activation in a MON-2-dependent
manner (Fig. 6A). In addition, mon-2 mutations suppressed the in-
creased levels of cleaved GFP in isp-1 mutants or cco-1 RNAi-treated
animals (Fig. 6, B and C). In contrast, mon-2 mutations did not con-
sistently decrease the basal level of autophagy in WT animals
(Figs. 5, A to C, and 6, A to C). To determine how MON?2 regulates
autophagy, we used mammalian cells to assess autophagy processes
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Fig. 5. mon-2is required for longevity conferred by the inhibition of mitochondrial respiration via affecting autophagy. (A) Confocal images of GFP:LGG-1/Atg8in
hypodermal seam cells of day 1 adult animals. mon-2(xh22) [mon-2(-)] mutations suppressed the increased number of GFP::LGG-1/Atg8-positive punctae in hypodermal
seam cells of day 1 adult isp-7(gm150) [isp-1(=)] mutants but not in those of WT animals. Yellow arrows indicate punctae of GFP:LGG-1/Atg8. Scale bar, 5 um. (B) Quanti-
fication of GFP:LGG-1 punctae in hypodermal seam cells of day 1 adults (n = 3,30 animals per condition). Error bars represent SEMs (**P < 0.01, two-tailed Student’s t test).
(€) mon-2 RNAi decreased the number of GFP:LGG-1 punctae in hypodermal seam cells in clk-1(qm30) [clk-1(—)] mutants at the L2-L3 larval stage (n = 3, 30 animals per
condition). Error bars represent SEMs (**P < 0.01, two-tailed Student’s t test). (D and E) hlh-30 RNAI (D) or bec-1 RNAI (E) decreased the long life span of isp-1(—) animals but
did not reduce the life span of isp-1(—) mon-2(-) animals. Unexpectedly, however, hlh-30 RNAi increased the level of MON-2::GFP in WT and isp-1(-) animals (fig. S4, L and
M). We speculate that decreased autophagy caused by hlh-30 RNAi may up-regulate MON-2::GFP as a compensatory response. See table S6 for specific values and statis-
tical analyses of the life-span data shown in this figure.
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by measuring the levels of p62, an autophagy substrate, and ATG8
family members (LC3A/B/C and GABARAP/L1/L2), homologs of
LGG-1 (12-14) (Fig. 6D). We found that depletion of MON2 sub-
stantially increased the level of GABARAPL2, compared with small
effects on the levels of other tested autophagy factors (Fig. 6D). In
addition, we showed that MON2 bound to GABARAPL2 under
starvation conditions using coimmunoprecipitation assays (Fig. 6E).
The level of GABARAPL2, which was reduced by starvation, was
increased by inhibition of autophagosome maturation (Fig. 6F), in-
dicating that the GABARAPL?2 band is a nonlipidated (inactive) form
(42, 43). We further assessed the role of MON2 in autophagy using
cultured human cells expressing mRFP-GFP-GABARAPL2, in which
the GFP signal is quenched at low pH in lysosomes (Fig. 6G) (44).
We found that depletion of MON2 reduced the number of both
RFP*GFP* and RFP*GFP~ puncta upon starvation, consistent with
MON?2 increasing autophagic flux (Fig. 6, H and I). In contrast, knock-
down of MON? did not affect the number of LC3B-positive puncta
as determined by using an mRFP-GFP-LC3B reporter (fig. $4, N and O)
(44). Thus, mammalian MON?2 appears to promote autophagosome
formation specifically through GABARAPL2. Together, these data
suggest that MON-2/MON2 mediates up-regulation of autophagy
through LGG-1/GABARAPL2 in both C. elegans and mammalian cells.

DISCUSSION

MON-2 is a highly conserved regulator of intracellular trafficking
in various organisms. Although the function of MON-2 in mem-
brane trafficking has been reported, its role in life-span regulation
or autophagy remains unknown. In the present study, we identified
MON-2 from an unbiased proteomic analysis using two long-lived
mitochondrial respiration mutants of C. elegans. MON-2 was up-
regulated in mitochondrial ETC-impaired clk-1 and isp-1 mutants
and was required for longevity. We further showed that MON-2
was required for long life span caused by various regimens, includ-
ing reduced IIS and DR. MON-2 appeared to mediate trafficking
between the Golgi and endosomes and enhanced autophagy. Further-
more, we showed that MON-2/MON?2 up-regulated autophago-
some formation through LGG-1/GABARAPL?2 in both C. elegans
and cultured mammalian cells. Our findings support the concept
that proper communication among subcellular organelles, including
the Golgi, endosomes, autophagosomes, and mitochondria, is es-
sential for life-span extension.

We found that MON-2 was increased at the protein level by inhi-
bition of mitochondrial respiration. In addition, our data showing that
MON-2 was not altered at the mRNA level by isp-1 mutations raise
the possibility that mon-2 may not be directly regulated by TFs that
are up-regulated by mitochondrial inhibition, e.g., ATFS-1, HIF-1,
C. elegans homeobox 23 (CEH-23), and defective proventriculus in
Drosophila homolog 1 (DVE-1). MON-2 is also required for proper
localization of membrane proteins, including Wntless/MIG-14,
delivered from endosomes to the Golgi by a retromer complex and
thereby secretes neuronal Wnt/EGL-20 to the intestine (6, 7, 29). The
neuronal secretion of Wnt/EGL-20 activates DVE-1 and ATFS-1 TFs in
the intestine to induce a cell-nonautonomous activation of UPR™" (45).
Therefore, the Wnt and UPR™ axis may act with MON-2 in con-
tributing to the longevity of isp-1 mutants. However, we showed that
genetic inhibition of mon-2 did not affect ETC inhibition-induced
activation of UPR™. Thus, mon-2 does not seem to act with UPR™,
but this possibility should be further tested in future studies.

Jung etal., Sci. Adv. 7, eabj8156 (2021) 3 December 2021

One plausible explanation for the up-regulation of MON-2 by
inhibition of respiration might be the increase in MON-2 protein
stability by mitochondrial chaperones. Our group previously showed
that the mitochondrial chaperone heat shock protein 60 (HSP-60)
stabilizes cytosolic protein mitogen-activated protein kinase kinase/
SEK-1 (46). In addition, cytosolic Hsp60 in yeast inhibits protea-
some activity (47), possibly leading to up-regulation of proteasome
target proteins. It will be interesting to test whether MON-2 is sta-
bilized by the chaperones induced by mitochondrial inhibition. It is
also possible that the degree of decrease in MON-2 protein levels
by genetic inhibition of mon-2 is higher in isp-1 mutants than in WT
animals. Future studies determining whether partial knockdown of
mon-2 in isp-1 mutants to a level similar to that of WT is sufficient
to shorten life span in isp-1 mutants will be required to further test
this possibility.

Our finding demonstrating that one protein, MON-2, was broadly
required for the long life span caused by daf-2 mutations and DR,
and mitochondrial inhibition is not unprecedented. For example,
genetic inhibition of TFEB/hlh-30 or Myc/Mondo A/mmli-1 shortens
long life span caused by mutations in daf-2 and isp-1, reduced TOR
signaling, and germline removal (16, 48). Because both HLH-30 and
MML-1 promote longevity conferred by various regimens by up-
regulating autophagy, the requirement of MON-2 for multiple longevity
paradigms is actually consistent with our results demonstrating that
MON-2 mediates longevity via effect on autophagy.

Because MON-2 is crucial for protein trafficking, it seems likely
that various autophagy-related gene (Atg) products are sorted in a
MON-2-dependent manner. In yeast, Atg9 mediates the shuttling
of membranes between pre-autophagosomal structures and non-
pre-autophagosomal structures (cytoplasmic vesicles) (49). Mam-
malian Atg9 transits between endosomes and the Golgi complex under
sated conditions but colocalizes with LC3 puncta under starved
conditions (50). Atg27, a component necessary for Atg9 cycling,
resides in both mitochondria and the Golgi (51). Thus, it seems pos-
sible that MON-2, being a Golgi protein, assists in the proper local-
ization of Atg9 and/or Atg27, which results in autophagosome
formation. Moreover, GABARAPL?2, also known as Golgi-associated
adenosine triphosphatase enhancer of 16 kDa or GATE-16, localizes
to the Golgi complex as well (52). On the basis of our data showing
the contribution of MON2 to autophagy via GABARAPL2, we
speculate that GABARAPL?2 is translocated from the Golgi to recy-
cling endosomes by binding to MON2, in particular, under starva-
tion conditions. From recycling endosomes, GABARAPL2 may
contribute to autophagosome formation in a manner similar to that
of LC3 (53, 54). These findings raise the possibility that MON-2
directs intracellular trafficking of various proteins required for
autophagosome formation.

Accumulating evidence suggests that subcellular organelles, includ-
ing the ER, endosomes, plasma membranes, mitochondria, and the
Golgi complex, contribute to autophagosome formation in many spe-
cies (49, 55, 56). Autophagosomes form at ER-mitochondria contact
sites in cultured mammalian cells, and disrupting a SNARE protein,
STX17, blocks autophagy (57). The ER-Golgi intermediate compart-
ment (ERGIC) also serves as a membrane source for the lipidation of
Atg8/LC3, mediated by the anterograde protein COPII (58, 59). Fur-
thermore, Atg6/Beclinl, a key autophagy component, localizes to the
trans-Golgi network and mediates endosome-to-Golgi membrane
trafficking (60). In addition, Sec7, a late Golgi GEF protein, is essential
for autophagy in yeast (61). Therefore, we propose that MON-2 acts as
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Fig. 6. MON-2/MON?2 appears to increase autophagy by activating LGG-1/GABARAPL2 in C. elegans and mammalian cells. (A to C) mon-2(xh22) [mon-2(-)] consist-
ently decreased the high level of cleaved GFP caused by food deprivation (FD) (A), cco-7 RNAi (B), and isp-1(qm150) [isp-1(-)] mutations (C) (n = 3). Different from consist-
ent results for cleaved GFP, LGG-1-II/I ratio was somewhat variable likely because of subtle separation of LGG-1-I and Il bands. Filled arrowhead, LGG-1-I. Open arrowhead,
LGG-1-II. Asterisk, cleaved GFP. a-Tubulin, loading control. WT without a transgene, negative control. IB, immunoblot. (D) Small interfering RNA (siRNA) targeting MON2
(siMON2) substantially increased the level of GABARAPL2 while having small effects on those of other tested autophagosomal markers (p62, LC3A, LC3B, LC3C, GABARAP,
and GABARAP L1) under basal or starvation conditions (n = 2). One endogenous GABARAPL2 band was detected, which was decreased under starvation and increased by
siMONZ2. In contrast, phosphatidylethanolamine-conjugated (Il) and nonconjugated proteins (I) were separated for the other ATG8/LC3 family members. (E) GABARAPL2
was coimmunoprecipitated with MON2 under starvation conditions (n = 3). IP, immunoprecipitation. (F) Immunoblot for GABARAPL2, LC3B, and vinculin in Hela cells
after starvation or starvation with bafilomycin A1 treatment for 6 hours (n = 2). (G) lllustrated fluorescence changes in mRFP-GFP-GABARAPL2 based on its subcellular
location in early or late autophagosomes, or autolysosomes. (H) siMON2 in Hela cells stably transfected with mRFP-GFP-GABARAPL2 under basal or starvation conditions
altered the flux of GABARAPL2. Scale bars, 10 um. (1) The numbers of RFP*GFP* puncta and RFP*GFP~ puncta were counted for each cell and analyzed for statistical differ-
ences (N =21, 21, 22, and 16). Error bars represent SEMs **P < 0.01, Mann-Whitney test).
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a scaffold protein between the Golgi complex and endosomes to regu-
late membrane trafficking required for proper autophagic processes.

MATERIALS AND METHODS

Strains

C. elegans were grown on Escherichia coli OP50-seeded plates follow-
ing standard laboratory culture conditions as previously described
(62). Some of the C. elegans strains used in this study were obtained
from Caenorhabditis Genetics Center, which is funded by the
National Institutes of Health Office of Research Infrastructure
(P40 ODO010440). The strains that were used are as follows: WT,
Bristol strain N2, CF2172 isp-1(qm150) IV, CF2354 clk-1(qm30) III,
MQ989 isp-1(qm150) IV; ctb-1(qm189), 1]572 mon-2(xh22) IV, 1]596
isp-1(qm150) mon-2(xh22) 1V, 1]598 clk-1(qm30) III; mon-2(xh22)
IV, 1]645 hrpu-2(tm1474) IV, 1J659 hrpu-2(tm1474) isp-1(qm150) IV,
1J660 clk-1(qm30) III; hrpu-2(tm1474) IV, 1J755 patr-1(gk155841) II,
1J856 patr-1(gk155841) IL; isp-1(qm150) IV, 1]889 patr-1(gk155841) II;
clk-1(qm30) 111, 1J904 yhIs51[mon-2p::mon-2cDNA:=GFP, odr-1::RFP],
17906 yhIs53[mon-2p::mon-2cDNA::GFP, odr-1::RFP], 1J907
yhiIs54[mon-2p::mon-2cDNA::GFP, odr-1::RFP],1]997 isp-1(qm150)
mon-2(xh22) 1V; yhIs51[mon-2p::mon-2cDNA::GFP, odr-1::RFP],
1J999 isp-1(qm150) mon-2(xh22) 1V; yhIs53[mon-2p::mon-2cDNA::GFP,
odr-1::RFP], 1J1000 isp-1(qm150) mon-2(xh22) IV; yhIs54[mon-
2p::mon-2cDNA::GFP, odr-1::RFP], 1J1165 clk-1(qm30) III;
mon-2(xh22) 1V; yhIs53[mon-2p::mon-2cDNA::GFP; odr-1p::RFP],
11366 yhis51[mon-2p::mon-2cDNA::gfp; odr-1p::1fp]; pwls430[vha-6p::m-
Cherry:rab-7], 1J1367 yhIs51[mon-2p::mon-2cDNA::gfp; odr-1p::rfp];
pwIs493[vha-6p:mCherry:rab-5], 111368 yhIs51[mon-2p::mon-2cDNA::gfp;
odr-1p:rfpl; pwls414[vha-6p::rfp::rab-10; Cbr-unc-119(+)], 1573 tbe-
3(xh23) 1V, DA2123 adls2122[lgg-1p::gfp:: Igg-1 + rol-6(sul006)],
1J1279 clk-1(gm30) 1II; adls2122[lgg-1p::gfp:: Igg-1; rol-6(sul006)],
1J1380 mon-2(xh22) IV; adls2122[lgg-1p::gfp:: Igg-1; rol-6(sul006)],
1J1381 clk-1(qm30) III; mon-2(xh22) IV;adls2122[lgg-1p::gfp::
lgg-1; rol-6(su1006)], 1J1722 isp-1(qm150) 1V; adls2122[lgg-1p::gfp::
lgg-1 + rol-6(sul006)],1J1723 isp-1(qm150) mon-2(xh22) IV;
adls2122(lgg-1p::gfp:: lgg-1+ rol-6(sul006)], 1J173 eat-2(ad1116) II,
CF1041 daf-2(e1370) 111, 1]1068 eat-2(ad1116) 1I; mon-2(xh22)
IV, 1J1069 daf-2(e1370) III; mon-2(xh22) IV, 1J32 Iszc[hsp-6p::gfp],
J31 isp-1(qm150) 1V; Iszc[hsp-6p::gfp], ZG120 ials7[nhr-57p::GFP;
unc-119(+)], 1J2 isp-1(qm150) 1V; ials7[nhr-57p::GFP; unc-119(+)],
CL2166 dvIs19[pAF15(gst-4::GFP::NLS)], 1]945 isp-1(qm150) IV;
dvIs19[pAF15(gst-4::GFP::NLS)], 1]1825 syb563[mon-2::degron::
EmGEFP] 1V, 1J52 isp-1(qm150) syb563[mon-2::degron::EmGFP] IV,
and IJ49 clk-1(qgm30) IIL; syb563[mon-2::degron::EmGFP] IV.1]1825
was used for analyzing GFP-tagged endogenous MON-2 proteins.

Sample preparation for quantitative protein analysis

clk-1(gm30) and isp-1(gm150) mutants and WT animals were syn-
chronized and harvested when most of the animals reached the L4
stage; L4-stage animals were used to avoid any complications asso-
ciated with reproduction. In total, 1 mg of worm samples was col-
lected by pooling three to four independent biological repeats of
each sample. The samples were harvested with M9 buffer including
0.01% polyethylene glycol (PEG) and then immediately frozen in
liquid nitrogen. The samples were thawed on ice, pooled, and then
washed with 50 mM tris-HCI (pH 8.0) five times to eliminate resid-
ual PEG from the buffer. Worm samples were pelleted and sonicated
in 2% SDS with 10% glycerol and 50 mM tris-HCI (pH 6.9) (63).
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The protein solution was reduced with 5 mM dithiothreitol (DTT;
from 0.5 M DTT diluted in double distilled water) for 1 hour at
56°C and then alkylated with 14 mM indole-3-acetic acid (from a
freshly made 0.7 M solution) for 1 hour at room temperature in the
dark. Subsequently, the protein solution was subjected to methanol
chloroform precipitation to remove residual SDS. The final protein
pellet was resuspended in 6 M urea with 50 mM tris-HCl and 1 mM
EDTA (pH 7.5) for mTRAQ labeling (24). In total, 20 pg of protein
was used for SDS—polyacrylamide gel electrophoresis (SDS-PAGE),
and the gel was stained with Coomassie brilliant blue to visualize
proteins. The sample quality was examined by visual inspection to
confirm the lack of abnormal protein bands.

Trypsin digestion and mTRAQ

Two hundred micrograms of dissolved proteins from WT, isp-
1(gm150), and clk-1(gm30) animals was diluted 10-fold with 50 mM
tris-HCI (pH 7.5) and then digested with sequencing-grade tryp-
sin (1:10 ratio of trypsin:proteins; Promega, Madison, W1, USA) at
37°C overnight. Tryptic digests were desalted with C,g solid-phase
extraction (SPE) cartridges and dried in vacuo. The dried samples
were reconstituted by adding 500 mM triethylammonium bicar-
bonate and labeled with the mTRAQ 3-plex reagent (AB Sciex,
Framingham, MA, USA). Tryptic peptides obtained from WT ani-
mals were labeled with A0, whereas clk-1(qgm30) and isp-1(qm150)
mutants were labeled with A4 and A8, respectively. After a reaction
time of 1 hour, the mTRAQ-labeled peptides were combined and
subsequently separated using the isoelectric point (pI) of peptides.
For pI-based peptide separation, a 3100 OFFGEL fractionator (Agilent
Technologies, Santa Clara, CA, USA) and immobilized pH gradient
strips (pH 3 to 10, linear, 24 cm; GE Healthcare) were used with a
24-well setup following the manufacturer’s protocol; twenty-four
fractions were collected. The OFFGEL fractions were desalted using
a C;5 SPE cartridge and then dried in vacuo.

Liquid chromatography and tandem MS

OFFGEL fractions of mTRAQ-labeled samples were reconstituted
in 0.4% acetic acid, and a ~1-ug aliquot was injected into a reversed-
phase Magic C18 aq column (15 cm by 75 pm) on an Eksigent
MDLC system at a flow rate of 300 nl/min. The column was equili-
brated with 95% buffer A (0.1% formic acid in H,O) + 5% buffer B
(0.1% formic acid in acetonitrile) before use. Peptides were eluted
with a linear gradient of 10 to 40% buffer B over 90 min. The high-
performance liquid chromatography (LC) system was coupled to an
LTQ XL-Orbitrap MS (Thermo Fisher Scientific, San Jose, CA,
USA). The spray voltage was set to 1.9 kV, while the heated capillary
temperature was set to 250°C. Survey full-scan MS spectra [mass/
charge ratio (m/z), 300 to 2000] were acquired in the Orbitrap with
one microscan and a resolution of 100,000, allowing preview mode
for precursor selection and charge-state determination. Tandem
MS (MS/MS) spectra for the 10 most intense ions from the preview
survey scan were acquired concurrently in the ion trap for full-scan
acquisition with the following options: isolation width, 2 m/z;
normalized collision energy, 35%; and dynamic exclusion duration,
30 s. Precursors with a single charge and unassigned charge states
were discarded during data-dependent acquisition. Data were
acquired using Xcalibur software v2.0.7. All fractions of samples
were analyzed twice via LC-MS/MS. The first run for every sam-
ple was performed by data-dependent analysis, whereas the second
run was performed by exclusion-based data acquisition (64). Precursor
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m/z lists were constructed by analyzing prior LC-MS/MS runs.
RAPID software was used for detection, deisotoping, and inte-
gration of precursor peaks (65). Peaks were detected in at least two
subsequent MS1 scans with a minimum of two isotopic peaks con-
sidered. Exclusion lists were formulated by considering the
masses of all validated peptides from prior analyses, in which the
validated peptides were defined as peptides identified from a
Mascot search. The final exclusion lists were implemented into the
MS acquisition software.

MS data analysis

The RAW files from the LTQ XL-Orbitrap MS were first converted
into mzXML files using ReAdW 4.3.1 with the centroid option and
then into mgf files using the Trans-Proteomic Pipeline (TPP; ver-
sion 4.5 RAPTURE rev 2) with the following parameters: minimum
peak count, 5; the minimum threshold for peak intensity, 0.01; and
MH" mass range, 600 to 4200. Peptide and protein identification
was accomplished by comparing the mgf files with the UniProtKB
C. elegans database (25,831 entries, July 2012) on a Mascot search
engine with the following parameters: protease: trypsin; fixed mod-
ification: carbamidomethyl (C); variable modifications: mTRAQ
A0 (N-term, K), mMTRAQ A4 (N-term, K), mMTRAQ A8 (N-term, K),
and oxidation (M); taxonomy: C. elegans; missed cleavages: 2; pep-
tide tolerance: 15 ppm; and MS/MS tolerance: 0.5 Da. Peptide and
protein assignment was performed with TPP. The Mascot result
files were used as an input for the pepXML module, allowing trypsin
restriction and “monoisotopic masses” options. Peptide-Prophet was
then applied with the “accurate mass binning” option. Peptides with
probabilities >0.9 (FDR < 0.02) were included in the subsequent
Protein-Prophet analysis, and proteins with protein probabilities
>0.9 (FDR < 0.01; >2 unique and quantified peptides) were selected.
Quantification of the mTRAQ samples was performed using the in-
house software Quad-Quant (66, 67). The MS data have been de-
posited to the PRIDE Archive (www.ebi.ac.uk/pride/archive/) with
the dataset identifier PXD026411.

Targeted RNAi life-span screen

The life span of WT and isp-1(qm150); ctb-1(qm189) mutant animals
treated with each of 61 RNAi clones was measured; the ctb-1(qm189)
mutation, which suppresses the severe developmental delay and small
brood size of isp-1(qm150) mutants without affecting their longevity
(68), was used in combination with isp-1(qm150) for amenability of
the screen. HT115 bacteria expressing double-stranded RNA (dsRNA)
that targeted each gene were cultured in liquid Luria broth with am-
picillin (50 pg/ml) at 37°C overnight. The dsRNA-expressing bacteria
were seeded on nematode growth medium (NGM) containing am-
picillin (50 ug/ml) at 37°C overnight and subsequently treated with 1 mM
isopropyl-B-p-1-thiogalactopyranoside to induce dsRNA. Worms
that were cultured on the plates and synchronized at the prefertile
young adult stage were transferred to new plates containing 5 uM
5-fluoro-2'-deoxyuridine (FUDR; Sigma-Aldrich) to prevent progeny
hatching. Empty vector and GFP RNAi clones were used for control
RNAI. In total, 61 RNAi clones were tested for the life-span screen
(tables S1 and S2). RNAi clones that targeted more than two genes
redundantly because of off-target effects are described in table S1.

Phylogenetic tree and sequence comparison
Amino acid sequences of MON2/MON-2 in Homo sapiens (human,
isoform 1), Mus musculus (mouse, isoform 1), Drosophila melanogaster,
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C. elegans (isoform a), and Saccharomyces cerevisiae (yeast) were
obtained by using UniProt (www.uniprot.org/). A domain search was
performed using InterPro Scan Search (www.ebi.ac.uk/interpro/
search/sequence/). Amino acid sequences of the Sec7 domain from
humans, mice, D. melanogaster, C. elegans, and yeast were aligned
using Clustal X 2.1 (69) with the “iterate each alignment step”
function. To produce a phylogenetic tree, Clustal Omega (www.ebi.
ac.uk/Tools/msa/clustalo/) was used to align and draw a neighbor-
joining tree without distance correction based on the sequences of
MON2/MON-2 from humans, mice, D. melanogaster, C. elegans,
and yeast.

Life-span assays

Starting from day 1 of adulthood, life-span assays were conducted
at 20°C on NGM plates seeded with E. coli OP50 for mutants or
HT115 for RNAi experiments. Briefly, synchronized prefertile young
adult animals were transferred to plates containing 5 to 10 uM
FUDR (Sigma-Aldrich) to prevent progeny from hatching, unless
stated otherwise. All life-span assays were conducted by at least two
independent researchers at least twice per condition, and a minimum
of four plates were used for each condition, except where plates
were discarded because of contamination. Animals that ruptured,
displayed internal hatching, or crawled off the plates were censored
but included in the life-span analysis as censored animals.

Microscopy and quantification of fluorescence

Images of transgenic animals were captured using AxioCam (Zeiss
Corporation, Germany) attached to an HRc Zeiss Axioscope A.1
(Zeiss Corporation, Germany). Levamisole (2 mM) was used to im-
mobilize the animals on 2% agarose pads before obtaining micro-
photographs. Quantification of GFP intensity was performed by using
Image]J (Rasband, W. S., Image], U.S. National Institutes of Health,
Bethesda, Maryland, USA, http://rsbweb.nih.gov/ij/). Mean fluo-
rescence intensity was normalized by subtracting the intensity of
background images obtained with the same exposure time. Statistical
differences were determined using an unpaired Student’s  test (two-
tailed). To capture the fluorescence images of animals coexpressing
the mon-2::gfp transgene and each marker for the Golgi, lysosomes,
or endosomes, the animals were anesthetized and transferred onto
2% agarose pads before imaging using a Nikon A1si/Ni-E upright
confocal microscope. Confocal microscopy images were obtained
at the Advanced Neural Imaging Center in Korea Brain Research
Institute, Daegu, Korea. For the quantification of the GFP:LGG-1
puncta in the hypodermal seam cells of C. elegans, the animals were
immobilized using 100 mM sodium azide. To capture confocal
microscopy images for representative images of LGG-1 puncta, LSM
880 (Carl Zeiss, Germany) at KAIST Analysis Center for Research
Advancement was used. The images were adjusted by linearly changing
“Black,” “White,” and “Gamma” in ZEM blue lite (version 3.1).

Quantitative real-time PCR analysis

Quantitative polymerase chain reaction (PCR) using cDNA was per-
formed using a 7300 Real-Time PCR System with SYBR Green (Applied
Biosystems) and analyzed with the comparative Ct method, as described
in the manufacturer’s manual. Synchronized 14 or young adult animals
grown at 20°C were used for RNA extraction, cDNA synthesis, and
quantitative real-time PCR (qRT-PCR) analyses. RNAiso (Takara) was
used to extract total RNA, and cDNA was synthesized using ImProm-1II
Reverse Transcriptase (Promega). The average mRNA levels of the ama-1
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gene were used for normalization. The average of at least two technical
repeats was applied for each biological data point.

RNAi vector cloning

To generate FO8A8.2, F57H12.6, hmt-1, cdr-2, ugt-62, alh-4, alh-5,
and patr-1 RNAi clones, the coding regions or the cDNAs of
these genes were PCR-amplified using the primers described be-
low. L4440 vector was digested with Hind III and Kpn I, and
amplified PCR products were inserted into the L4440 vector
using In-Fusion cloning (Clontech), following the manufacturer’s
instructions.

RNAi vector cloning primers

The primers used for RNAi vector cloning were as follows: (i)
F-F08A8.2, GGAATTCGATATCAAGCTATGGCGAAC-
CGATCAATTCGT; (ii) R-F08A8.2, CTATAGGGCGAATTG-
GGTTAAAGCTTCGCCTTTTCG; (iii) F-F57H12.6, GGAATTCG
ATATCAAGCTCAGCCATGAAGATTCTTTTCGC; (iv) R-F57H12.6,
CTATAGGGCGAATTGGTTAGTGCTTTCCTCCACGATGT; (v)
F-hmt-1, GGAATTCGATATCAAGCTCCGATGGGCTTTTCACCA;
(vi) R-hmt-1, CTATAGGGCGAATTGGCTACGGAAGCTCCTCGCG;
(vii) F-cdr-2, GGAATTCGATATCAAGCTCATGGTGT-
GCTCGTGCACA; (viii) R-cdr-2, CTATAGGGCGAATTGGG-
GAGTTGCCTCCTCATTTG; (ix) F-ugt-62, GGAATTCGATATCAA-
GCTCAGAAATGAAATTGATTGCTG; (x) R-ugt-62, CTATAGG-
GCGAATTGGTACCTCTGTATGCATAGCAA; (xi) F-alh-4,
GGAATTCGATATCAAGCTATGGCATTCACCGAACTAG;
(xii) R-alh-4, CTATAGGGCGAATTGGGATCAATGAAGATTG-
CGAG:; (xiii) F-alh-5, GGAATTCGATATCAAGCTATGTCACT-
GCATCGAATCG; (xiv) R-alh-5, CTATAGGGCGAATTGGT-
TAAGCAAAAACTCTTTGAAGGAG; (xv) F-patr-1, GGAATTCGA-
TATCAAGCTCTGCCGGGTATGGAAGAAG; and (xvi) R-patr-1,
CTATAGGGCGAATTGGGTCATCTCTCTGGTTAGGATG.

Generation of transgenic animals

The mon-2p::mon-2::gfp expression vector (25 ng/ul) was co-injected
with an injection marker, odr-1p:rfp (75 ng/pl), into the gonad of
day 1 adult WT animals.

qRT-PCR primers

The qQRT-PCR primers used in this study were as follows: (i) ama-1F,
TGGAACTCTGGAGTCACACC; (ii) ama-1 R, CATCCTCCT-
TCATTGAACGG; (iii) ftn-1 F: GTCAATAAACAGATTAACG-
TAGAAG; (iv) ftn-1 R, CGAAGTGCGATATCATCACGATCG;
(v) mon-2 F, TCTCTATAAAGTTTGCTCACTTTG; and (vi) mon-2 R,
ATGATTGCACACCTTGATAAAATG.

Western blot assay using C. elegans

For measuring MON-2 protein levels using mon-2::degron::EmGFP
knock-in strains, synchronized animals grown on E. coli OP50 were
harvested at L4 or prefertile young adult stage, washed three times
with M9 buffer, and flash-frozen. The animals were thawed, mixed
with 4x Bolt lithium dodecyl sulfate (LDS) sample buffer supple-
mented with fresh DTT, boiled for 10 min at 90°C, vortexed for 10
min, and centrifuged for 30 min at 21,130g at 4°C, and subsequent-
ly, the supernatant was collected. Proteins were transferred to polyvi-
nylidene fluoride (PVDF) membranes (Thermo Fisher Scientific)
following electrophoresis using Bolt 8% Bis-Tris Plus gels (Thermo
Fisher Scientific). Membranes were blocked for 1 hour at room
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temperature with tris-buffered saline [TBS; 150 mM NaCl and 50 mM
tris-HCl (pH 7.6)] supplemented with 0.1% Tween 20 (TBS-T) and
5% bovine serum albumin and incubated for 1 hour at room
temperature with anti-o-tubulin-horseradish peroxidase (HRP;
DM1A, Ab40742, Abcam) or rabbit anti-GFP polyclonal (Ab290,
Abcam) antibodies. The membranes that were treated with rabbit
anti-GFP antibody were incubated with goat anti-rabbit secondary
antibody (IRDye 800CW, Ab216773, Abcam) at room temperature
for 1 hour. The membranes were then washed three times with
TBS-T. The membranes were imaged using the ChemiDoc Imaging
System (Model MP, Bio-Rad). Quantification of Western blot was
performed by using ImageJ (Rasband, W. S., Image], U.S. National
Institutes of Health, Bethesda, Maryland, USA; http://rsbweb.nih.
gov/ij/). For autophagy assays, transgenic animals expressing gfp::
lgg-1 were synchronized to obtain >25,000 animals using bleach
methods (62). For the preparation of animals under food-deprived
conditions, L4-stage animals were first treated with 50 uM FUDR,
and after 2 days, the animals were harvested and washed twice with
M9 buffer. For the preparation of isp-1 mutant or cco-I RNAi-
treated animals, the animals were cultured until reaching the pre-
fertile young adult stage, harvested, and washed twice with M9
buffer. The animals were then frozen in liquid nitrogen and stored
at —80°C until use. Sample buffer [4x NuPAGE LDS sample buffer,
Invitrogen; 106 mM tris-HCI, 141 mM tris base, 2% LDS, 10% glyc-
erol, 0.51 mM EDTA, 0.22 mM SERVA Blue G250, and 0.175 mM
phenol red (pH 8.5)] and NuPAGE Sample Reducing Agent (10X,
Invitrogen; 500 mM DTT) were added to the animals to a final con-
centration, and proteins were extracted by heating samples at 70°C
for 10 min, followed by centrifugation (15,800¢ for 30 min at 4°C).
Supernatants were then transferred to new 1.5-ml tubes. Bis-tris
gels (10%; GenScript) were used for separation of proteins, which
were subsequently transferred to PVDF membranes. NuPAGE MOPS
SDS Running Buffer (Invitrogen) with 0.2% NuPAGE Antioxidant
(Invitrogen) and NuPAGE Transfer Buffer (Invitrogen) with 10 or
20% methanol (Daejung) and 0.1% NuPAGE Antioxidant (Invitrogen)
were used for running gels and transferring to membranes, respec-
tively. Five percent bovine serum albumin (Sigma-Aldrich) or skim
milk (LPS solution) in TBS [24.7 mM tris base, 137 mM NacCl, and
2.7 mM potassium chloride (pH 7.3); Enzynomics] with 0.1%
Tween 20 (Daejung) were used for blocking and diluting pri-
mary antibodies (anti-GFP and anti-a-tubulin, respectively) and
secondary antibodies. Primary antibodies against GFP (11814460001,
Roche) and a-tubulin (sc-32293, Santa Cruz Biotechnology) were
incubated overnight at 4°C. Membranes were washed three times
for 10 min using TBS-T before being incubated with secondary
antibody [goat anti-mouse immunoglobulin G (IgG); 31430, Thermo
Fisher Scientific] for 90 min at room temperature. Subsequently,
the membranes were washed three times for 20 min with TBS-T. To
visualize immunoblotting results, the membranes were treated with
enhanced chemiluminescence (Bio-Rad). After blotting anti-GFP,
the membranes were stripped using stripping buffer [Thermo
Fisher Scientific or laboratory-made stripping buffer (200 pl of
10% SDS; 62.5 ul of 1 M tris-HCI, pH 6.8; and 70 pl B-mercaptoethanol
with double distilled water to 10 ml) at 55°C for 15 min] and washed
twice or thrice using TBS-T to detect a-tubulin. Images of
Western blot assays were captured using ChemiDoc XRS+ (Bio-
Rad) and Image Lab software (version 5.2.1). Quantification of
band intensities was performed by using Image Lab 6.1 software
(Bio-Rad).

120f 15


http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/

SCIENCE ADVANCES | RESEARCH ARTICLE

Hela cell culture and transfection

The HeLa cell line was obtained from American Type Culture Col-
lection. The cells were cultured in Dulbecco’s modified Eagle’s me-
dium (Lonza) with 10% fetal bovine serum (WELGENE) at 37°C with
5% CO;. For knockdown experiments, small interfering RNA
(siRNA) was transfected with Lipofectamine 2000 (Invitrogen). The
sequence of the siRNA targeting human MON2 was 5'-GGCAGUGG-
GUCAACCUUUA-3'. Plasmids were transfected with polyethylen-
imine 25000 (Polysciences) following the manufacturer’s protocol.

Plasmid construction

A plasmid encoding mRFP-GFP-LC3B was obtained from Addgene
(ptf-LC3, no. 21074). The plasmid was digested with Bgl IT and Eco
RI and ligated with human GABARAPL2 cDNA to generate a con-
struct expressing mRFP-GFP-GABARAPL2.

Fluorescence imaging withimmunostaining using cultured
mammalian cells

HeLa cells were fixed using 4% paraformaldehyde or ice-cold
methanol for 10 min. The cells were then stained using antibodies
against giantin (ab80864, Abcam), RAB11 (ab128913, Abcam),
EEA1 (ab2900, Abcam), and LC3B (no. 2775, Cell signaling Tech-
nology) overnight at 4°C. Subsequently, cells were incubated with
donkey anti-mouse IgG-Alexa Fluor 568 (A10037, Invitrogen) or
donkey anti-rabbit IgG-Alexa Fluor 568 (A10042, Invitrogen). To
determine autophagic flux, the colored puncta in cells expressing
mRFP-GFP-GABARAPL2 and mRFP-GFP-LC3B were counted with
the Image] macro “Red and Green Puncta Colocalization Macro.”

Immunoblot and immunoprecipitation using cultured
mammalian cells

For immunoblotting, HeLa cells were lysed using radioimmuno-
precipitation assay lysis buffer [150 mM NaCl, 1% Triton X-100,
25 mM tris-HCI (pH 7.5), 0.5% deoxycholic acid, 0.1% SDS, 1 mM
DTT, pepstatin (2 pg/ml), phenylmethylsulfonyl fluoride (0.1 mg/ml),
aprotinin (5 ug/ml), leupeptin (5 pg/ml), and 1 mM benzamidine].
After centrifugation at 15,800¢ for 30 min, the supernatant was sub-
jected to the SDS-PAGE for Western blotting. The primary anti-
bodies used were p62 (610832, BD Biosciences), MON2 (ab206685,
Abcam), vinculin (SC-55465, Santa Cruz Biotechnology), B-actin
(bs-0061R, Bioss), and the Autophagy Atg8 Family Antibody Sam-
pler Kit (no. 64459, Cell Signaling Technology) for LC3A, LC3C,
and GABARAP/L1/L2. The secondary antibodies used were HRP-
mouse IgG (31430, Thermo Fisher Scientific) and HRP-rabbit IgG
(31460, Thermo Fisher Scientific). For immunoprecipitation, HeLa
cells were cotransfected with GABARAP-L2-myc and GFP-MON?2
for 2 days using polyethylenimine 25000. For starvation, cells were
incubated in Dulbecco’s phosphate-buffered saline with 10% fetal
bovine serum for 2 hours. After cells were lysed using lysis buffer
[50 mM tris-HCI (pH 7.4), 150 mM NaCl, and 1% NP-40], GFP-
MON?2 was immunoprecipitated using anti-GFP-antibody (sc-9996,
Santa Cruz Biotechnology) on Protein G PLUS-agarose beads (sc-
2002; Santa Cruz Biotechnology). The interaction of GFP-MON?2
with GABARAPL2 was determined by Western blotting using
anti-myc antibody (9E10).

Statistical analysis
OASIS and OASIS 2 (online application for the survival analysis;
http://sbi.postech.ac.kr/oasis and http://sbi.postech.ac.kr/oasis2)
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were used for statistical analysis of life-span assays (70, 71). P values
were calculated using the log-rank (Mantel-Cox) test. To examine
colocalization, Mander’s coefficient was calculated using Image]J
with the JACop plugin. Other ¢ tests were calculated by using two-
tailed Student’s ¢ test.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj8156

View/request a protocol for this paper from Bio-protocol.
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