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ABSTRACT
Macroautophagy/autophagy involves the formation of an autophagosome, a double-membrane vesicle
that delivers sequestered cytoplasmic cargo to lysosomes for degradation and recycling. Closely
related, endocytosis mediates the sorting and transport of cargo throughout the cell, and both
processes are important for cellular homeostasis. However, how endocytic proteins functionally
intersect with autophagy is not clear. Mutations in the DAF-2/insulin-like IGF-1 (INSR) receptor at the
permissive temperature result in a small increase in GFP::LGG-1 foci, i.e. autophagosomes, but a large
increase at the nonpermissive temperature, allowing us to control the level of autophagy. In a RNAi
screen for endocytic genes that alter the expression of GFP::LGG-1 in daf-2 mutants, we identified RAB-
10, a small GTPase that regulates basolateral endocytosis. Loss of rab-10 in daf-2 mutants results in
more GFP::LGG-1-positive foci at the permissive, but less GFP::LGG-1 or SQST-1::GFP foci at the
nonpermissive temperature. As previously reported, loss of rab-10 alone resulted in an increase of GFP:
LGG-1 foci. Exposure of rab-10 mutant animals to chloroquine, a known inhibitor of autophagic flux,
failed to increase the number of GFP::LGG-1 foci. Moreover, colocalization between LMP-1::tagRFP and
GFP::LGG-1 (the lysosome and autophagosome reporters) was decreased in daf-2; rab-10 dauers at the
nonpermissive temperature. Intriguingly, RAB-10 was required to maintain the normal size of GFP::ATG-
9-positive structures in daf-2 mutants at both the permissive and nonpermissive temperature. Finally,
we found that RAB-10 GTPase cycling was required to control the size of GFP::ATG-9 foci. Collectively,
our data support a model where rab-10 controls autophagic flux by regulating autophagosome
formation and maturation.
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Introduction

Autophagy is an evolutionarily conserved stress response path-
way in eukaryotic cells that leads to the bulk degradation and
recycling of cellular components through a lysosomal path-
way.1-4 This process occurs at basal levels to maintain cellular
homeostasis, but is significantly upregulated in response to
stress, such as nutrient deprivation, hypoxia, damaged organ-
elles, and the accumulation of defective/long lived proteins.4

Autophagy is unique when compared with other membrane
trafficking processes in that it involves the formation of a dou-
ble-membrane vesicle, called the autophagosome.1,3,5

In autophagy, vesicle formation begins with the activation of
the serine/threonine kinase, UNC-51, and recruitment of the
multispanning transmembrane protein ATG-9, which is
important for providing membrane to the developing
phagophore.6-10 The class III phosphatidylinositol 3-kinase
(PtdIns3K) complex, comprising the class III PtdIns3K VPS-
34/PIK3C3, and its binding partner BEC-1, is then responsible
for the nucleation of the phagophore and recruitment of addi-
tional autophagy proteins.7,11,12 These additional proteins
include 2 conjugation complexes, LGG-1 conjugated to phos-
phatidylethanolamine, and LGG-3 conjugated to ATG-5 and

ATG-16.1/16.2. Both complexes are required for elongation
and completion of the phagophore to form a mature autopha-
gosome.13-16 In the process of autophagosome elongation,
LGG-1 binds to the receptor protein, SQST-1, which recognizes
and binds to polyubiquitinated protein aggregates and organ-
elles destined for degradation.17,18 Lastly, the autophagosome
fuses with the lysosome leading to the degradation and recy-
cling of cellular constituents, which is dependent on the late
endocytic protein, RAB-7, and the autophagy proteins, EPG-5
and LGG-2.19,20

Related to autophagy, endocytic trafficking is a cellular pro-
cess that involves the formation of single-membrane intracellu-
lar vesicles, termed endosomes/exosomes. These vesicles are
responsible for the uptake, sorting, and transport of cargo
inside the cell.21 Trafficking of specific cargo, such as ligand-
receptor complexes, occurs through the endomembrane sys-
tem, which includes the endoplasmic reticulum (ER), Golgi
complex, endosomes, and lysosomes.21,22 In general, endocytic
membrane compartments are found associated with unique
sets of proteins.23 These proteins include protein coats, such as
clathrin, important for vesicle budding and cargo recognition,
Arf GTPases, important for protein coat assembly, Rab
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GTPases, which recruit effector proteins needed for vesicle
transport and membrane fusion, and SNARE proteins, such as
syntaxins, important for vesicle fusion to target membranes.24-
26 These proteins function to tightly regulate cargo sorting and
transport, which similar to autophagy, are important for cellu-
lar homeostasis and function.

Evidence for crosstalk between autophagy and endocytosis
has been demonstrated.27-30 For example, in mammalian cells,
ATG14/Barkor, a BECN1-binding partner important for phago-
phore nucleation,31 interacts with the protein SNAPIN, a
SNARE-associated protein important for endocytic traffick-
ing.32,33 Together, both ATG14/Barkor and SNAPIN regulate the
endocytic degradation of the epidermal growth factor receptor.34

Additionally, in C. elegans, yeast, and mammals, the small
GTPase RAB-7, an important regulator of the late endocytic
pathway,35-37 is important for fusion of autophagosomes with
lysosomes to form autolysosomes.19,38-40 Although it is clear that
both autophagy and membrane trafficking are 2 interconnected
processes, the extent to which membrane trafficking proteins
function in autophagy and how these proteins contribute to
autophagosome biogenesis, are still not well understood.

Here, we show that the small GTPase, RAB-10, is important for
autophagosome biogenesis and autophagic flux. In C. elegans and
mammals, RAB-10 mediates the efficient recycling of basolaterally
derived cargo in polarized epithelial cells, and facilitates the trans-
port of cargo important for various aspects of neuronal develop-
ment, such as dendritic arborization and axonal growth.41-50 We
find that a rab-10 loss of function mutation, or depletion by RNAi,
alters the localization of foci labeled with the autophagosome
reporter, GFP::LGG-1. RAB-10 is also required for the degradation
of SQST-1::GFP, as an increase in the size of SQST-1::GFP-positive
structures was observed in rab-10 loss of function mutants. Inter-
estingly, we find that RAB-10 is required for normal levels of auto-
phagic flux, which is defined as the transit from autophagosome
formation to degradation.51 In all, our results demonstrate that
RAB-10 promotes autophagy inC. elegans.

Results

Identifying the small GTPase, rab-10, as a mediator
of autophagy function

To investigate the role of endocytic genes in autophagy, we
performed an RNAi screen for endocytic genes that when
depleted, resulted in dauer-defective phenotypes and/or the
mislocalization of the autophagy reporter, GFP::LGG-1, in
daf-2(e1370) temperature sensitive mutants.52-54 daf-2 enco-
des the insulin-like/IGF-1 receptor (INSR) in C. elegans,
which is an evolutionarily conserved upstream regulator of
autophagy.55-58 daf-2(e1370) mutants display a dauer consti-
tutive (Daf-c) phenotype at the nonpermissive temperature,
which was previously shown to require autophagy.52 When
grown at the permissive temperature, daf-2(e1370) mutants
do not display a Daf-c phenotype, can reach adulthood, and
have a long life span that is also dependent on autophagy
activity.52-54,59-61 Compared to wild-type animals, which
have basal levels of autophagy, daf-2(e1370) mutants have
elevated levels of autophagy at the permissive temperature,
with an even greater increase of autophagy at the

nonpermissive temperature.52 In C. elegans, autophagy can
be visualized with the autophagy reporter, GFP::LGG-1, in
hypodermal seam cells, a cell type that has been shown to
undergo remodeling during dauer formation.52,62

RNAi-mediated depletion or loss of function mutations
of autophagy genes in daf-2 dauers, results in the formation
of enlarged GFP::LGG-1-positive punctate structures in
seam cells, a phenotype indicative of defective autophago-
somes (Fig. S1).52,63,64 From a collection of 74 RNAi clones
that have previously been shown to be required for endocy-
tosis,65 inactivation of several genes resulted in the forma-
tion of enlarged GFP::LGG-1-postive foci in daf-2 dauers
(Fig. S1). One of the genes found in our screen encoded for
the small GTPase RAB-10 (Fig. S1A and B). Interestingly,
the GFP::LGG-1-positive foci in the daf-2; rab-10(RNAi)
animals appeared comparable in size to that of daf-2; atg-7
(RNAi) or daf-2; atg-18(RNAi) animals, and slightly smaller
than those observed in daf-2; bec-1(RNAi) or daf-2; unc-51
(RNAi) animals. Since UNC-51 (in mammals ULK1/2) acts
at the inductive step, and BEC-1 (in mammals BECN1) acts
at the nucleation step, we hypothesized that RAB-10 may
function at a later step in the autophagy process (for auto-
phagy genes in C. elegans, S. cerevisiae, and mammals, see
Table S1). From our screen, we also identified several genes
previously shown to be required for autophagy, such as
genes that encode part of the ESCRT (endosomal sorting
complex required for transport)-related machinery, confirm-
ing the validity of our screen (Fig. S1A and B).19,38,40,66,67

RAB-10 is required for proper localization of GFP::LGG-1
in hypodermal seam cells

To evaluate how RAB-10 is required for autophagy, we investi-
gated the phenotype of a null allele for rab-10, ok1494, in daf-2
mutants, and assessed changes in the number and size of GFP::
LGG-1-positive foci, at the permissive temperature (L3, non-
dauer larvae) where autophagy levels are mildly elevated, and
in animals grown at the nonpermissive temperature (dauer lar-
vae), where autophagy levels are high.

In daf-2 dauers, otherwise wild-type for rab-10, GFP::LGG-1
foci are localized in close proximity to one another (Fig. 1A). We
assayed the number of GFP::LGG-1-positive foci in daf-2; rab-10,
and in daf-2; atg-7, or daf-2; atg-9 double mutant dauers, as auto-
phagy-deficient controls (Fig. 1A to C). daf-2; rab-10 double
mutant dauers displayed a reduction in the number of GFP::LGG-
1-positive foci in seam cells, yet larger in size, when compared with
those in daf-2 single mutant dauers (Fig. 1A to C). Similar results
were obtained in daf-2(e1370) dauers that carry the atg-7 or atg-9
null mutations (Fig. 1A to C). These results suggest that rab-10 is
required for autophagosome biogenesis.

daf-2 animals, otherwise wild-type for rab-10, when
grown at the permissive temperature until the L3 larvae
stage, display low levels of GFP::LGG-1-positive foci that
are not in very close proximity (Fig. 1D). daf-2; rab-10 dou-
ble mutant L3 larvae had a significant increase in the num-
ber, but no change in the size, of GFP::LGG-1-positive foci,
when compared with control daf-2 single mutants (Fig. 1D
to F). In contrast, we found that daf-2; atg-7 or daf-2; atg-9
double mutants display a decrease in the number, and an
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increase in the size of GFP::LGG-1-positive foci, compared
with control daf-2 single mutants (Fig. 1D to F). Overall,
these results suggest that RAB-10 plays a role in autophago-
some formation, however, we note that RAB-10 may func-
tion in a step of the autophagy pathway distinct from core
autophagy proteins. In summary, RAB-10 is required for
the proper number and morphology of GFP::LGG-1-positive
foci, under both mild and moderate levels of autophagy
activity.

RAB-10 is required to maintain basal levels of autophagy

Basal levels of autophagy ensure cellular homeostasis and pre-
vent the accumulation of protein aggregates and damaged
mitochondria or organelles.68-70 To investigate if RAB-10 was
required for basal levels of autophagy, we measured the number
and size of GFP::LGG-1-positive foci in rab-10 single mutants,
otherwise wild-type for daf-2.40,71,72 As previously reported,
rab-10 mutants had an increase in the number of GFP::LGG-1-

Figure 1. RAB-10 loss alters the localization of GFP::LGG-1 foci in daf-2(e1370) dauer and non-dauer seam cells. (A and D) Representative deconvolved epifluorescence
images of seam cells (white outlines) in daf-2(e1370), daf-2(e1370); rab-10(ok1494), daf-2(e1370); atg-7(bp411), and daf-2(e1370); atg-9(bp564) dauers (A) and L3 larvae
(D) expressing GFP::LGG-1. (B and C) Quantification of the average number (B) and size (C) of GFP::LGG-1-positive foci per seam cell in dauer animals; n � 25 per strain,
# of seam cells/strain � 77. (E and F) Quantification of the average number (E) and size (F) of GFP::LGG-1-positive foci per seam cell in L3 larvae; n � 15 per strain, # of
seam cells/strain � 48. Data shown represents an average of 2 independent trials. Statistical analysis was done using an unpaired, 2-tailed Student t test. P value �� 0.05,
��� 0.01 and ��� � 0.001. Error bars D § SE. Arrowheads point to GFP::LGG-1 foci; arrows point to enlarged GFP::LGG-1 foci. Magnification 630X. scale bar: 2 mm. n.s.,
not significant.

1744 N. J. PALMISANO ET AL.

D
ow

nl
oa

de
d 

by
 [

A
lb

er
t E

in
st

ei
n 

C
ol

l M
ed

ic
in

e 
- 

C
ar

do
zo

 -
 Y

es
hi

va
 U

ni
v 

L
ib

ra
ri

es
] 

at
 1

0:
19

 1
4 

D
ec

em
be

r 
20

17
 



positive foci in seam cells (Fig. S2A to C).73 However, we found
that rab-10 mutants have smaller GFP::LGG-1-positive foci,
when compared with wild-type animals (Fig. S2C). The num-
ber of GFP::LGG-1-positive foci in atg-7 or atg-9 single
mutants did not change, when compared with wild-type ani-
mals; but the size of the GFP::LGG-1 foci was significantly
increased (Fig. S2A to C). The elevated number of GFP::LGG-
1-positive foci in rab-10 single mutants, and in daf-2; rab-10
non-dauers, together with the enlarged GFP::LGG-1-positive
foci in daf-2; rab-10 dauers, suggests that RAB-10 may be
required for autophagic flux, and that different levels of auto-
phagy activity may influence the defects associated with the
loss of rab-10 activity. A reduction in the number of functional
autophagosomes may be evidenced by the accumulation of
GFP::LGG-1-positive foci, or the increase in size of GFP::LGG-
1 punctate structures.

RAB-10 is required for autophagy flux in C. elegans

To investigate whether RAB-10 is important for autophagic
flux, we treated animals with chloroquine, a lysomotropic agent
that neutralizes the acidic pH of the lysosome and inhibits lyso-
somal activity, decreasing autophagic flux.74 In cells with nor-
mal autophagic flux, chloroquine treatment results in an
increase in the number of GFP::LGG-1 foci, due to the failed
lysosomal degradation of GFP::LGG-1-positive autophago-
somes. In cells with a disruption in autophagic flux, treatment
with chloroquine has no further increase in the number of
GFP::LGG-1 foci.

Chloroquine treatment of wild-type animals increased the
number and size of GFP::LGG-1-positive foci in seam cells of
treated animals, compared with nontreated animals (Fig. 2A to
C), as expected for a block in autophagic flux. Importantly,
chloroquine treatment of rab-10 mutants resulted in no further
increase in the number or size of GFP::LGG-1 foci, when com-
pared with the nontreated controls (Fig. 2A to C), suggesting
that the loss of rab-10 blocks autophagic flux. To validate our
methodology, we treated atg-7 single mutants with chloroquine
and found that similar to rab-10 mutants, both treated and
nontreated atg-7 mutants had a similar number and size of
GFP::LGG-1-positive foci (Fig. 2A to C). Our results suggest
that autophagic flux is defective in rab-10 mutants and that the
increase in GFP::LGG-1-positive punctate structures in rab-10
mutants results from an accumulation of phagophores.

We next investigated the role of RAB-10 in promoting auto-
phagy flux in daf-2 dauers (Fig. 2D and 2E). We used daf-2
mutants that coexpress GFP::LGG-1, and LMP-1::tagRFP, a
lysosomal reporter, and treated them throughout development
with dsRNA specific to rab-10, atg-7, or the Arf-like GTPase
arl-8, a mediator of lysosomal biogenesis.75 We reasoned that
under normal conditions, the colocalization of GFP::LGG-1
and LMP-1::tagRFP-positive foci would represent the fusion of
autophagosomes with lysosomes. Conversely, under autophagy
flux-disrupted conditions, we would expect to see a decrease in
the colocalization of GFP::LGG-1 and LMP-1::tagRFP, or a
complete lack of colocalization of the autophagosome and lyso-
some reporters. In daf-2 dauers treated with control dsRNA,
colocalization of LMP-1::tagRFP and GFP::LGG-1-positive
vesicles was observed (Fig. 2D and E). However, daf-2 mutants

treated with rab-10 RNAi displayed a reduction in the colocali-
zation of GFP::LGG-1 and LMP-1::tagRFP, when compared
with daf-2 mutants treated with control RNAi (Fig. 2D and E),
confirming a role for RAB-10 in autophagic flux. Similarly, the
colocalization of LMP-1::tagRFP and GFP::LGG-1 was strongly
reduced in atg-7 and arl-8 RNAi depleted animals, confirming
defects in autophagic flux in these animals (Fig. 2D and E).
Our results indicate that RAB-10 is required to promote auto-
phagic flux in C. elegans.

RAB-10 loss results in an enlargement of SQST-1::GFP foci

SQST-1 is the C. elegans ortholog of the autophagy cargo recep-
tor protein, SQSTM1, which mediates the autophagic degrada-
tion of poly-ubiquitinated cargo, by binding to LC3/LGG-
1.17,18 In both non-dauer and dauer animals, SQST-1::GFP is
expressed in the pharynx/head, vulva, and tail (data not
shown). RNAi-mediated depletion or loss of function
mutations in autophagy genes, including genes important for
autophagic flux, results in the formation of enlarged SQST-
1::GFP-positive punctate structures throughout the worm.17,76-78

To determine if RAB-10 is required for SQST-1::GFP degra-
dation by autophagy, we examined the expression levels of the
SQST-1::GFP reporter in daf-2; rab-10 double mutants, grown
at the permissive and restrictive temperatures (Fig. 3). We
found that daf-2; rab-10 dauer and non-dauer animals con-
tained larger SQST-1::GFP-positive punctate structures, when
compared with daf-2 single mutants otherwise wild-type for
rab-10 (Fig. 3A and B), suggesting that RAB-10 is required for
the normal degradation of SQST-1::GFP. We observed a slight
increase, although not significant, in the average number of
SQST-1::GFP positive structures in daf-2; rab-10 non-dauer
double mutants, when compared with daf-2 non-dauer single
mutants. Interestingly, daf-2 dauers (raised at the restrictive
temperature) displayed a decrease in the number, but an
increase in the size of SQST-1::GFP punctate structures, when
compared with the daf-2 single mutant control animals
(Fig. 3B). Altogether, our results suggest that rab-10 is required
for the proper degradation of SQST-1::GFP during autophagy
inducing conditions, and these results further support our
observations that RAB-10 is required for autophagic flux.

RAB-10 is required for trafficking of GFP::ATG-9

In yeast and mammals, autophagosome formation requires the
constant cycling of the sole transmembrane protein, Atg9/
ATG9, from membrane-bound organelles to the phagophore
assembly site, and vice versa.8,10,11,79-81 In yeast, Atg9 localizes
to mitochondria, Golgi, recycling endosomes, and unique
vesicles referred to as “Atg9 reservoirs,”80 while in mammals,
ATG9 is found on Golgi, early endosomes, late endosomes,
recycling endosomes, and similarly on ATG9-specific vesicles
that could also be referred to as “ATG9 reservoirs.”8,82-84 The
localization of Atg9/ATG9 to phagophores, is a transient pro-
cess, where once Atg9/ATG9 is localized to the phagophore
assembly site, it is quickly recycled back to the periphery.80,84

In yeast, the anterograde trafficking of Atg9 to the site of auto-
phagosome formation is dependent on Sec4, the yeast ortholog

AUTOPHAGY 1745

D
ow

nl
oa

de
d 

by
 [

A
lb

er
t E

in
st

ei
n 

C
ol

l M
ed

ic
in

e 
- 

C
ar

do
zo

 -
 Y

es
hi

va
 U

ni
v 

L
ib

ra
ri

es
] 

at
 1

0:
19

 1
4 

D
ec

em
be

r 
20

17
 



of RAB-10.85 In mammals, ATG9 translocates to phagophores
in an ULK1- and PtdIns3K-dependent manner.8,82-84

To test whether RAB-10 plays a role in ATG-9 trafficking in C.
elegans, we examined GFP::ATG-9 localization in the intestine of
rab-10 loss of function mutants. GFP::ATG-9-positive punctate
structures were visualized in the apical and basolateral regions of
intestinal cells (Fig. 4, 5). GFP::ATG-9-positive punctate structures
may represent endocytic compartments, since its mammalian
orthologs associate with similar compartments in mammals.8,83,84

We evaluated GFP::ATG-9 localization in the intestinal cells of daf-
2; rab-10mutants compared with the daf-2 single mutant controls
(Fig. 4A to C), and found that loss of rab-10 had no effect on the

number of GFP::ATG-9-positive punctate structures in daf-2 dauer
or non-dauer animals (Fig. 4A and B). However, loss of rab-10
resulted in a significant change in the size of the intestinal GFP::
ATG-9-positive structures in daf-2 dauer and non-dauer animals,
when compared with controls. GFP::ATG-9-positive structures
were significantly larger in dauer animals (Fig. 4A and C), where
autophagy is significantly elevated. These data show that RAB-10
may be required to provide GFP::ATG-9 membrane to the phago-
phores, or be involved in the retrieval of ATG-9. Another possibil-
ity is that RAB-10 involvement in recycling may indirectly alter the
trafficking of GFP::ATG-9 to the sites of autophagosome
formation.

Figure 2. RAB-10 is required for proper autophagic flux. (A) Representative deconvolved epifluorescence images of GFP::LGG-1 expression in seam cells of wild type, rab-
10(ok1494), and atg-7(bp411) mutants treated with control (dH2O) or 30 mM chloroquine. (B and C) Quantification of the average number (B) and size (C) of GFP::LGG-1-
positive foci per seam cell in animals treated with control (dH2O) or 30 mM chloroquine. (D) Representative deconvolved epifluorescence images of seam cells in daf-2
(e1370) mutants that coexpress GFP::LGG-1 and LMP-1::tagRFP reporters, treated with RNAi against L4440 empty vector control, atg-7, rab-10 or arl-8. (E) Quantification of
the Pearson correlation coefficient for colocalization between GFP::LGG-1 and LMP-1::tagRFP. (A to C) Animals were analyzed at the L3 stage at 20�C. n � 17 animals/
strain; seam cell # � 33/strain. (D and E) Animals were analyzed at the dauer stage at 25�C. n � 14 animals/RNAi clone; seam cell # � 46/RNAi clone. Data shown is an
average of 2 independent trials. Statistical analysis was done using an unpaired, 2-tailed Student t test. P �� 0.05 �� � 0.01 and ���� 0.001. Error bars D § SE. Arrow-
heads point to representative GFP::LGG-1-positive foci in (A) or GFP::LGG-1 and LMP-1::tagRFP colocalized foci in (D), and arrows point to GFP::LGG-1 and LMP-1::tagRFP
noncolocalizing foci (D). Magnification 630X. scale bar: 2 mm. n.s., not significant.
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To verify that RAB-10 is required for autophagy in the intes-
tine, similarly to what was observed in seam cells, we examined
an intestinal mCherry::LGG-1 reporter in daf-2 dauer and non-
dauer animals (Fig. S3). Non-dauer daf-2 mutant animals dis-
played mCherry::LGG-1 localized to the apical plasma mem-
brane and its expression was mostly diffuse with occasional
punctate structures (Fig. S3A). In daf-2 dauers, mCherry::LGG-
1 expression was more punctate in nature (Fig. S3A and S3D).
Interestingly, the daf-2; rab-10 non-dauers (raised at the per-
missive temperature) displayed an increase in the number of
intestinal mCherry::LGG-1-positive foci, but no change in size,
when compared with daf-2 non-dauer controls (Fig. S3B and
C). daf-2; rab-10 dauers (raised at the restrictive temperature)
had an increase in the size of GFP::LGG-1 foci, although no fur-
ther accumulation in the number of mCherry::LGG-1-positive
foci was observed, when compared with daf-2 dauers, otherwise
wild-type for rab-10.

Furthermore, consistent with the results in seam cells, rab-
10 single mutants had an increase in the number of mCherry::
LGG-1 foci in the intestine, but no change in the size of GFP::
LGG-1 foci, when compared with wild-type control animals
(Fig. S3D to F). These data show that RAB-10 is also required
for autophagy in intestinal cells, and the loss of rab-10 may sig-
nificantly change the number or the size of autophagy reporters
depending on the level of autophagy induction.

GTPase cycling of RAB-10 is required for GFP::ATG-9 traffic
in intestinal cells

Essential to the function of RAB GTPases is their ability to
cycle between GTP-bound (active) and GDP-bound (inactive)
states.23,25 In the GTP-bound state, RAB GTPases associate
with membranes and bind to effector proteins important for
cellular processes, such as vesicle transport and/or membrane

Figure 3. RAB-10 is required to maintain the number and size of SQST-1::GFP-positive foci in daf-2(e1370) mutants. (A) Representative deconvolved epifluorescence
images of SQST-1::GFP expression in the body of daf-2(e1370) and daf-2(e1370); rab-10(ok1494) L3 larvae (non-dauer) and dauer animals. (B and C) Quantification of the
average number (B) and size (C) of SQST-1::GFP-positive foci in the body of daf-2(e1370) and daf-2(e1370); rab-10(ok1494) L3 larvae and dauer larvae. Data shown repre-
sents an average of 2 independent trials. Error bars § SE of the mean. Arrows point to representative SQST-1::GFP punctate structures/foci in (A). Statistical analysis was
done using an unpaired, 2-tailed Student t test, P value �� 0.05 �� � 0.01 and ���� 0.001. Magnification 400X. scale bar: 2 mm. n.s., not significant.
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Figure 4. RAB-10 controls the size of GFP::ATG-9-positive foci in daf-2 intestinal cells. (A) Representative confocal images of GFP::ATG-9 expression in intestinal cells of
daf-2(e1370), and daf-2(e1370); rab-10(ok1494) mutants. (B and C) Quantification of the average number (B) and size (C) of intestinal GFP::ATG-9-positive foci in daf-2
(e1370) and daf-2(e1370); rab-10(ok1494) non-dauer (L3) and dauer animals. Data shown represents an average of 2 independent trials. n D 25 animals/strain. Statistical
analysis was done using an unpaired, 2-tailed Student t test. P value �� 0.05, ��� � 0.001. Error bars D § SE. Arrows point to representative GFP::ATG-9 intestinal
punctate structures in (A). DAPI filter was used to identify autofluorescent vesicles. Magnification 630X. scale bar: 2 mm. n.s., not significant.

Figure 5. Proper GTP hydrolysis of RAB-10 is required for the recruitment of ATG-9 to vesicles in intestinal cells. (A) Representative confocal images of GFP::ATG-9 expres-
sion in intestinal cells of wild type and rab-10(ok1494) mutants that contain the wild-type or GTP-locked version of RAB-10. (B) Quantification of the average number of
intestinal GFP::ATG-9-positive foci per unit area. (C) Quantification of the average size of intestinal GFP::ATG-9-positive foci per unit area. Data shown represents an aver-
age of 2 independent trials. n � 20/strain. Statistical analysis was done using an unpaired, 2-tailed Student t test. P value �� 0.05, P�� � 0.01, and ��� � 0.001.
Error bars D § SE. Arrows point to representative GFP::ATG-9-positive foci. DAPI filter was used to identify autofluorescent vesicles. Magnification 630X. scale bar: 2 mm.
n.s., not significant.
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fusion events. In the GDP-bound state, they dissociate from
their effector proteins and become cytosolic.23,25 It is well estab-
lished that GTPases in the active form are important for mem-
brane trafficking events,23,25,26 and thus, we hypothesized that
this would also be true for RAB-10 and autophagy.

To determine if the GTP-bound form of RAB-10 is required
for autophagy, we investigated the rescue potential for tagRFP::
RAB-10(wt) or tagRFP::RAB-10(Q68L); Q68L is an amino acid
change in the GTP hydrolysis domain that results in constitu-
tive binding to GTP (Fig. 5).86 rab-10 deletion mutants dis-
played a decrease in the number and size of intestinal GFP::
ATG-9 foci (Fig. 5A to C), suggesting that RAB-10 is responsi-
ble for the recruitment of GFP::ATG-9 to vesicular structures,
or potentially in the retrieval step from autophagosomes.
Expression of the RFP::RAB-10(wt) transgene mostly rescued
the reduced number and the decreased size of GFP::ATG-9-
positive foci in rab-10 deletion mutants (Fig. 5A to C). Interest-
ingly, we found that expression of tagRFP::RAB-10(Q68L) only
partially rescued the reduced size of intestinal GFP::ATG-9-
positive foci and failed to rescue the decrease in the number of
GFP::ATG-9-positive foci of rab-10(ok1494) mutants (Fig. 5A
to C). These results show that the constitutively active form of
RAB-10 is not sufficient to rescue the altered size and number
of GFP::ATG-9 foci in rab-10 mutants, and indicate that the
cycling between the GDP and GTP bound forms of RAB-10
may be required for the recruitment of GFP::ATG-9 to punc-
tate structures, or that alternatively, RAB-10 may be required
for the retrieval of ATG-9.

In an effort to better understand the function of RAB-10 in
the trafficking of ATG-9, we investigated the colocalization
between RAB-10 and ATG-9 and failed to observe significant
colocalization (Fig. S4) between RFP::ATG-9 and GFP:: RAB-
10 in daf-2 mutant L3 non-dauer animals or dauers. We note
that dauers had rare colocalization of the 2 markers but the
Pearson correlation coefficient remained negative. Thus, the
role of RAB-10 in ATG-9 localization may not be direct. Simi-
larly, we investigated the colocalization of ATG-9 and LGG-1
in rab-10 mutants. A CERULEAN::VENUS::LGG-1 reporter,
referred to as dFP::LGG-1 was used,87 because it is only
expressed in the intestine and contained less background fluo-
rescence, to measure the colocalization between LGG-1 and
ATG-9. We found that in rab-10 loss of function mutants, there
was no change in the level of colocalization between tagRFP::
ATG-9 and dFP::LGG-1 (Fig. S5).

Discussion

In conclusion, the small GTPase RAB-10 is required for autophagy
flux in C. elegans. Compared to daf-2 single mutant dauers, we
observed that daf-2; rab-10 double mutant dauers have enlarged
GFP::LGG-1-positive foci in the seam cells, as well as enlarged
mCherry::LGG-1-positive foci in the intestine. The number of
GFP::LGG-1-positive foci decreased in daf-2; rab-10 doublemutant
dauers, when compared with daf-2 dauers, but did not show a sig-
nificant change with the mCherry::LGG-1 reporter in the intestine.
When comparing the accumulation of mCherry::LGG-1 foci in the
intestine, and the accumulation of GFP::LGG-1 foci in hypodermal
seam cells, it is important to note that mCherry is insensitive to
acid quenching and degradation in lysosomes, and thus slight

differences in the accumulation of the 2 reporters can be expected.
We observed consistent results between the number of GFP::LGG-
1 andmCherry::LGG-1-positive foci in both the intestine and seam
cells, as we found an increase in the number of either reporter in
daf-2; rab-10 mutants when compared with the daf-2 non-dauer
L3 larvae. Clearly, when compared with daf-2 single mutants, the
change in number and size of LGG-1-labeled foci in the intestine,
and hypodermal seam cells, of daf-2; rab-10 double mutants, sug-
gest a defect in autophagosome biogenesis.

SQST-1::GFP-positive punctate structures were also
increased in the daf-2; rab-10 double mutant dauers. Our
results indicate a disruption in autophagic flux in rab-10
mutants. To determine this, we found that treatment of rab-10
mutants with chloroquine to inhibit lysosomal activity, did not
increase the number of GFP::LGG-1-positive foci in seam cells,
when compared with control mock-treated rab-10 mutants.
We also found that the colocalization of GFP::LGG-1 and
LMP-1::tagRFP was significantly reduced in daf-2; rab-10
dauers. We conclude from these experiments that RAB-10 is
required for autophagosome degradation or autophagic flux.
However, we cannot exclude the possibility that RAB-10 has an
earlier role in the autophagy pathway, such as in autophago-
some induction. We also have not excluded that the RAB-10
recycling function is important at this step.

In yeast, the anterograde transport of Atg9 is dependent on
Sec4, and the Sec4-dependent guanine nucleotide exchange fac-
tor, Sec2, as well as the SNARE proteins, Tlg2, Sec22, and
Sso1.85,88 Defects in Atg9 cycling in yeast results in defects in
autophagy dynamics and flux.8,11,79,89 Our results show that the
localization of GFP::ATG-9 to punctate structures depends on
RAB-10 function. rab-10mutants have a reduction in the num-
ber and size of GFP::ATG-9-positive punctate structures in epi-
thelial intestinal cells, which was rescued only by the
expression of the tagRFP::RAB-10(wt) transgene, and not by
the GTP-locked RAB-10 mutant, suggesting RAB-10 GTPase
cycling is required for proper ATG-9 localization. In daf-2
mutants, the loss of rab-10 altered the size of GFP::ATG-9 foci,
since non-dauer L3 larvae had smaller sized GFP::ATG-9 punc-
tate structures and dauer animals had larger GFP::ATG-9
punctate structures. Thus, RAB-10 may be important for
recruiting ATG-9 to punctate structures and/or regulating
ATG-9 trafficking dynamics. Finally, transgenic rescue experi-
ments demonstrated that the GTP locked RAB-10 GTPase
transgene failed to rescue the changes in size or number of
GFP::ATG-9-positive structures in rab-10 mutants completely,
suggesting that the GTPase cycling activity is required.

Overall, our data show that the small GTPase RAB-10, a major
regulator of basolateral recycling in polarized cells, also positively
regulates autophagic flux in C. elegans, possibly by facilitating the
proper localization of GFP::ATG-9 to endocytic compartments,
which in turn is required for the initial steps of autophagosome for-
mation. However, in experiments where we evaluated colocaliza-
tion between RAB-10 and ATG-9, using tagRFP::ATG-9 and
GFP::RAB-10, colocalization was rarely observed in L3 larvae or
dauer animals. This may suggest that RAB-10 is not found on the
same vesicles as ATG-9, or that both proteins transiently interact
beyond detection levels. In addition, we also evaluated the colocali-
zation between LGG-1 and ATG-9 in rab-10 loss of function
mutants, using CERULEAN::VENUS::LGG-1 (referred to as dFP::
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LGG-1) and tagRFP::ATG-9 reporters. Interestingly, we found that
the level of colocalization between dFP::LGG-1 and tagRFP::ATG-
9 was unchanged in rab-10mutants. This suggests that ATG-9 can
localize to autophagosomes in the absence of RAB-10. Our findings
suggest that the accumulation of autophagosomes is due to defec-
tive autophagy flux, and that RAB-10 may act on the fusion of
autophagosome with recycling endosomes, or on the retrieval of
ATG-9 from autophagosomes and autolysosomes.

Materials and methods

C. elegans strains

All strains were maintained on standard OP50 Escherichia coli
diet.71 daf-2(e1370) strains were analyzed at the permissive tem-
perature (15�C) for L3 larvae or the restrictive temperature
(25�C) for dauer larvae. A full list of strains is found in Table S2.

Construction of ATG-9 transgenic strains

Construction of the GFP and tagRFP::ATG-9 transgenes (for
izIs90 and izIs91, respectively) was performed using the Gate-
way Technology BP clonase II system (ThermoFisher Scientific,
11789–100), and LR clonase II system (ThermoFisher Scien-
tific, 12538–120). To specifically express the GFP::ATG-9 and
tagRFP::ATG-9 transgenes in the intestine, a vha-6 promoter-
driven-vector, modified with a Gateway cassette, was inserted
at the EcoRI or NaeI site, downstream of the GFP or RFP cod-
ing region. The atg-9 cDNA was amplified by PCR (Biorad
MyCycler Thermal Cycler, 170–9703, Hercules, CA, USA)
using the Herculase II high-fidelity DNA polymerase kit (Agi-
lent technologies, 600677) and primers with modified attB
sites,90 from an initial clone kindly gifted by Dr. Daniel Col�on
Ramos. The resulting PCR product was cloned into the Gate-
way pDONR221 entry vector via the BP-clonase II reaction.
The pDONR221 vectors containing the atg-9 cDNA were then
subcloned into the modified vha-6 promoter-driven-vector via
the LR-clonase II reaction. Integrated transgenic lines were iso-
lated by microparticle bombardment.91

Microscopy and image analysis

Live worms were mounted on 3% agarose pads with 50 mM
sodium azide (ThermoFisher Scientific, 26628–22–8) in M9
buffer (22 mM KH2PO4, 22 mM Na2HPO4, 85 mM NaCl,
1 mM MgSO4). Fluorescence images were obtained using an
Axioimager M2 microscope equipped with a CCD camera
(Carl Zeiss microscopy, Goettingen, Germany), captured using
the Axiovision release 4.8 software (Carl Zeiss microscopy,
Germany), and deconvolved using the Axiovision 3D deconvo-
lution module (Carl Zeiss microscopy, Germany). To obtain
confocal images, we used a Leica TCS-SP5 laser scanning con-
focal microscope (Leica microsystems, Mannheim, Germany),
equipped with a PMT (photomultiplier) detector, and captured
images with the Leica Application Suite AF software (Leica
microsystems, Germany). All images were acquired as z-stacks
at a thickness of 0.5 microns. Quantification of images was per-
formed using the open source software FIJI (FIJI is just ImageJ,
National Institutes of Health, USA).

For quantification of fluorescently labeled punctate structures,
in seam cells and/or intestinal cells, z-stacks were converted to
maximum intensity projections using either the GFP or RFP/
mCherry channel, and adjusted using the subtract background
option in FIJI. Foci/punctate structures were then isolated by
thresholding-based segmentation. GFP::LGG-1, mCherry::LGG-1,
and GFP::ATG-9 foci � 0.01mm,2 and SQST-1::GFP foci � 0.069
mm2, were quantified. For quantification of intestinal foci, a consis-
tent region of interest was selected for the anterior and posterior
intestine. To analyze the mCherry::LGG-1 expression in the intes-
tine, we measured the number and size of mCherry;:LGG-1-posi-
tive foci in the posterior region of the intestine only, since this
region consistently expressed the mCherry::LGG-1 transgenic
reporter. In the seam cells of dauer animals, the size of GFP::LGG-
1 foci was quantified by scanning through z-slices, and adjusting
the threshold to highlight the entire area of individual foci found.
The add to manager tool in FIJI was used to ensure a single foci
was not counted more than once. For colocalization analysis, the
colocalization threshold plugin in FIJI was used to calculate the
Pearson correlation coefficient (R). For colocalization analysis in
seam cells, a single z-slice corresponding to the mid-region of each
seam cell was used to determine Pearson correlation coefficient
between GFP::LGG-1 and LMP-1::RFP. For colocalization analysis
in intestinal cells, single z-slices with the greatest amount of GFP
and RFP-positive foci were chosen. Autofluorescent vesicles labeled
with the DAPI filter were removed from green and red channels
using the image calculator feature, and both channels were adjusted
using the subtract background option.

RNA interference

RNAi experiments for the candidate gene screen were performed
as described previously,92 with slight modifications. In short, daf-2
(e1370) L4 larvae were placed overnight at 15�C on NGM growth
plates (17% Agar, 3% NaCl, 2.5% Peptone, 5 mg/mL cholesterol in
ethanol, 1 mMCaCl2, 1 mMMgSO4, 25 mMKPO4) supplemented
with 2 mM IPTG (Lab Scientific, I-555), 50 mg/ml carbenicillin
(ThermoFisher Scientific, BP2648–5) and HT115 bacteria contain-
ing dsRNA expression vectors (RNAi plates). F1 progeny from
mothers were synchronized as L1 larvae and transferred to 25�C
on RNAi plates, and were allowed to grow at this temperature until
reaching the dauer larval stage. Image acquisition and analysis was
performed as described above. For RNAi clones resulting in embry-
onic lethality, synchronized progeny were fed dsRNA at the start of
L1 and analyzed when they reached the dauer stage. For the RNAi
screen, dauer animals were evaluated for changes in the localization
of GFP::LGG-1 in seam cells, and RNAi clones that altered GFP::
LGG-1 localization were considered as positives. RNAi clones were
obtained from the Ahringer93 and Vidal94 genomic RNAi libraries
and were sequence verified using the M13-forward primer. For all
RNAi experiments, the empty vector, L4440, was used as a control.

Chloroquine treatment

Standard NGM plates seeded with OP50 were UV-treated at
500 J/cm2 for 10 min using a Spectrolinker XL-1000 UV-cross-
linker (ThermoFisher Scientific, 11–982–20, Pittsburgh, PA,
USA). UV-treated plates were then supplemented with either
30 mM chloroquine (Sigma-Aldrich, 50–63–5) or dH2O as a
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control. Animals were raised on live OP50 NGM plates at 20�C
and synchronized as L1 larvae. L1 larvae were then transferred
onto UV treated plates with either chloroquine or control, and
allowed to grow at 20�C until they reached the L3 larval stage.

Statistical analyses

Statistical analysis was done using an unpaired, 2-tailed Student
t test. All data are presented as mean § SEM, unless otherwise
specified. Statistical significance was declared at P value � 0.05,
� 0.01 or � 0.001. Statistical parameters are specified in each
figure legend.

Abbreviations

ARL-8 ARF-like
ATG-7 autophagy (yeast Atg homolog) 7
ATG-18 autophagy (yeast Atg homolog) 18
ATG-5 autophagy (yeast Atg homolog) 5
ATG-9 autophagy (yeast Atg homolog) 9
ATG14 autophagy-related 14
ATG-16.1/.2 autophagy (yeast Atg homolog) 16.1/.2
BEC-1 Beclin 1 (human autophagy) homolog
DAF-2 abnormal dauer formation 2
dFP dual fluorescent protein
dH2O deionized water
dsRNA double-stranded RNA
EPG-5 ectopic P granules 5
GFP green fluorescent protein
INSR insulin receptor
LGG-1/LC3 LC3, GABARAP and GATE-16 family 1
LGG-2 LC3, GABARAP and GATE-16 family 2
LGG-3 LC3, GABARAP and GATE-16 family 3
LMP-1 LAMP (lysosome-associated membrane pro-

tein) homolog 1
NGM nematode growth medium
RAB-7 RAB family 7
RAB-10 RAB family 10
RNAi RNA interference
Sec2 secretory protein 2
Sec4 secretory protein 4
SNARE soluble n-ethylmaleimide-sensitive factor acti-

vating protein receptor
SQST-1 sequestosome-related 1
tagRFP/RFP tag red fluorescent protein
UNC-51 uncoordinated 51
UV ultraviolet
VPS-34 related to yeast vacuolar protein sorting factor

34

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Drs. Daniel Col�on Ramos, and Hong Zhang, as well as the C.
elegans Knockout Consortium, and Caenorhabditis Genetics Center
(GCG), which is funded by the NIH (P40 OD010440), for strains and
reagents. We also thank Drs. Anne Norris, and Nathalia Holtzman, for

assistance with microscopy, as well as the Core Facility for Imaging, Cellu-
lar and Molecular Biology at Queens College. We are grateful to Drs. Cathy
Savage-Dunn and Hannes Buelow for critical reading of the manuscript
and the Savage-Dunn and Mel�endez labs for advice and helpful
discussions.

Funding

This work was supported by a grant from the NIH (R15 GM102846) to A.
M. and (GM067237) to B. G. A.M. was an Ellison Medical Foundation
New Scholar in Aging (AG-NS-0521–08).

References

[1] Levine B, Klionsky DJ. Development by self-digestion: molecular mech-
anisms and biological functions of autophagy. Dev Cell. 2004;6(4):463-
77. doi:10.1016/S1534-5807(04)00099-1. PMID:15068787

[2] Mizushima N. Autophagy: process and function. Genes Dev. 2007;21
(22):2861-73. doi:10.1101/gad.1599207. PMID:18006683

[3] Deter RL, Baudhuin P, DeDuve C. Participation of Lysosomes in Cellular
Autophagy Induced in Rat Liver by Glucagon. Journal of Cell Biology.
1967;35(2):C11-C16.doi:10.1083/jcb.35.2.C11.PMID:6055998

[4] Melendez A, Neufeld TP. The cell biology of autophagy in metazo-
ans: a developing story. Development. 2008;135(14):2347-60.
doi:10.1242/dev.016105. PMID:18567846

[5] Clark SL, Jr. Cellular differentiation in the kidneys of newborn mice
studies with the electron microscope. J Biophys Biochem Cytol.
1957;3(3):349-62. doi:10.1083/jcb.3.3.349. PMID:13438920

[6] Papinski D, Schuschnig M, Reiter W, Wilhelm L, Barnes CA, Maiol-
ica A, Hansmann I, Pfaffenwimmer T, Kijanska M, Stoffel I, et al.
Early steps in autophagy depend on direct phosphorylation of Atg9
by the Atg1 kinase. Mol Cell. 2014;53(3):471-83. doi:10.1016/j.
molcel.2013.12.011. PMID:24440502

[7] Russell RC, Tian Y, Yuan H, Park HW, Chang YY, Kim J, Kim H,
Neufeld TP, Dillin A, Guan KL. ULK1 induces autophagy by phos-
phorylating Beclin-1 and activating VPS34 lipid kinase. Nat Cell
Biol. 2013;15(7):741-50. doi:10.1038/ncb2757. PMID:23685627

[8] Young AR, Chan EY, Hu XW, Kochl R, Crawshaw SG, High S, Hailey
DW, Lippincott-Schwartz J, Tooze SA. Starvation and ULK1-dependent
cycling of mammalian Atg9 between the TGN and endosomes. J Cell Sci.
2006;119(Pt 18):3888-900. doi:10.1242/jcs.03172. PMID:16940348

[9] Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulk1. Nat Cell Biol.
2011;13(2):132-41. doi:10.1038/ncb2152. PMID:21258367

[10] Noda T, Kim J, Huang WP, Baba M, Tokunaga C, Ohsumi Y, Klion-
sky DJ. Apg9p/Cvt7p is an integral membrane protein required for
transport vesicle formation in the Cvt and autophagy pathways. Jour-
nal of Cell Biology. 2000;148:465-480. doi:10.1083/jcb.148.3.465.
PMID:10662773

[11] Suzuki K, Kubota Y, Sekito T, Ohsumi Y. Hierarchy of Atg proteins
in pre-autophagosomal structure organization. Genes Cells. 2007;12
(2):209-18. doi:10.1111/j.1365-2443.2007.01050.x. PMID:17295840

[12] Kihara A, Noda T, Ishihara N, Ohsumi Y. Two distinct Vps34 phos-
phatidylinositol 3-kinase complexes function in autophagy and car-
boxypeptidase Y sorting in Saccharomyces cerevisiae. J Cell Biol.
2001;152(3):519-30. doi:10.1083/jcb.152.3.519. PMID:11157979

[13] Xie Z, Nair U, Klionsky DJ. Atg8 controls phagophore expansion
during autophagosome formation. Mol Biol Cell. 2008;19(8):3290-8.
doi:10.1091/mbc.E07-12-1292. PMID:18508918

[14] Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, Noda T,
Kominami E, Ohsumi Y, Yoshimori T. LC3, a mammalian homo-
logue of yeast Apg8p, is localized in autophagosome membranes
after processing. Embo J. 2000;19(21):5720-8. doi:10.1093/emboj/
19.21.5720. PMID:11060023

[15] Kuma A, Mizushima N, Ishihara N, Ohsumi Y. Formation of the
approximately 350-kDa Apg12-Apg5.Apg16 multimeric complex, medi-
ated by Apg16 oligomerization, is essential for autophagy in yeast. J Biol
Chem. 2002;277(21):18619-25. doi:10.1074/jbc.M111889200.
PMID:11897782

AUTOPHAGY 1751

D
ow

nl
oa

de
d 

by
 [

A
lb

er
t E

in
st

ei
n 

C
ol

l M
ed

ic
in

e 
- 

C
ar

do
zo

 -
 Y

es
hi

va
 U

ni
v 

L
ib

ra
ri

es
] 

at
 1

0:
19

 1
4 

D
ec

em
be

r 
20

17
 

https://doi.org/15068787
https://doi.org/18006683
https://doi.org/6055998
https://doi.org/18567846
https://doi.org/13438920
https://doi.org/10.1016/j.molcel.2013.12.011
https://doi.org/24440502
https://doi.org/23685627
https://doi.org/16940348
https://doi.org/21258367
https://doi.org/10.1083/jcb.148.3.465
https://doi.org/10662773
https://doi.org/17295840
https://doi.org/11157979
https://doi.org/18508918
https://doi.org/10.1093/emboj/19.21.5720
https://doi.org/11060023
https://doi.org/10.1074/jbc.M111889200
https://doi.org/11897782


[16] Mizushima N, Kuma A, Kobayashi Y, Yamamoto A, Matsubae M,
Takao T, Natsume T, Ohsumi Y, Yoshimori T. Mouse Apg16L, a
novel WD-repeat protein, targets to the autophagic isolation mem-
brane with the Apg12-Apg5 conjugate. J Cell Sci. 2003;116(Pt
9):1679-88. doi:10.1242/jcs.00381. PMID:12665549

[17] Pankiv S, Clausen TH, Lamark T, Brech A, Bruun JA, Outzen H,
Overvatn A, Bjorkoy G, Johansen T. p62/SQSTM1 binds directly to
Atg8/LC3 to facilitate degradation of ubiquitinated protein aggre-
gates by autophagy. J Biol Chem. 2007;282(33):24131-45.
doi:10.1074/jbc.M702824200. PMID:17580304

[18] Vadlamudi RK, Joung I, Strominger JL, Shin J. p62, a phosphotyro-
sine-independent ligand of the SH2 domain of p56lck, belongs to a
new class of ubiquitin-binding proteins. J Biol Chem. 1996;271
(34):20235-7. doi:10.1074/jbc.271.34.20235. PMID:8702753

[19] Manil-Segalen M, Lefebvre C, Jenzer C, Trichet M, Boulogne C,
Satiat-Jeunemaitre B, Legouis R. The C. elegans LC3 acts down-
stream of GABARAP to degrade autophagosomes by interacting
with the HOPS subunit VPS39. Dev Cell. 2014;28(1):43-55.
doi:10.1016/j.devcel.2013.11.022. PMID:24374177

[20] Tian Y, Li Z, Hu W, Ren H, Tian E, Zhao Y, Lu Q, Huang X, Yang P,
Li X, et al. C. elegans screen identifies autophagy genes specific to
multicellular organisms. Cell. 2010;141(6):1042-55. doi:10.1016/j.
cell.2010.04.034. PMID:20550938

[21] Mellman I. Endocytosis and molecular sorting. Annu Rev Cell Dev Biol.
1996;12:575-625. doi:10.1146/annurev.cellbio.12.1.575. PMID:8970738

[22] Nebenfuhr A. Vesicle traffic in the endomembrane system: a tale of
COPs, Rabs and SNAREs. Curr Opin Plant Biol. 2002;5(6):507-12.
doi:10.1016/S1369-5266(02)00303-5. PMID:12393013

[23] Hutagalung AH, Novick PJ. Role of Rab GTPases in membrane traf-
fic and cell physiology. Physiol Rev. 2011;91(1):119-49. doi:10.1152/
physrev.00059.2009. PMID:21248164

[24] Huotari J, Helenius A. Endosome maturation. EMBO J. 2011;30
(17):3481-500. doi:10.1038/emboj.2011.286. PMID:21878991

[25] Stenmark H. Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol
Cell Biol. 2009;10(8):513-25. doi:10.1038/nrm2728. PMID:19603039

[26] Grosshans BL, Ortiz D, Novick P. Rabs and their effectors: achieving
specificity in membrane traffic. Proc Natl Acad Sci U S A. 2006;103
(32):11821-7. doi:10.1073/pnas.0601617103. PMID:16882731

[27] Jing Y, Tang XM. The convergent point of the endocytic and auto-
phagic pathways in leydig cells. Cell Res. 1999;9(4):243-253.
doi:10.1038/sj.cr.7290023. PMID:10628833

[28] Lamb CA, Dooley HC, Tooze SA. Endocytosis and autophagy:
Shared machinery for degradation. Bioessays. 2013;35(1):34-45.
doi:10.1002/bies.201200130. PMID:23147242

[29] Hirota Y, Fujimoto K, Tanaka Y. Rab GTPases in Autophagy. 2013.
In Autophagy - A Double-Edged Sword - Cell Survival or Death?
(Ed. Y Bailly), pp. 47–63. InTech, Rijeka.

[30] Seglen PO, Bohley P. Autophagy and other vacuolar protein degrada-
tion mechanisms. Experientia. 1992;48(2):158-72. doi:10.1007/
BF01923509. PMID:1740188

[31] Matsunaga K, Saitoh T, Tabata K, Omori H, Satoh T, Kurotori N,
Maejima I, Shirahama-Noda K, Ichimura T, Isobe T, et al. Two
Beclin 1-binding proteins, Atg14L and Rubicon, reciprocally regulate
autophagy at different stages. Nat Cell Biol. 2009;11(4):385-96.
doi:10.1038/ncb1846. PMID:19270696

[32] Ilardi JM, Mochida S, Sheng ZH. Snapin: a SNARE-associated pro-
tein implicated in synaptic transmission. Nat Neurosci. 1999;2
(2):119-24. doi:10.1038/5673. PMID:10195194

[33] Buxton P, Zhang XM, Walsh B, Sriratana A, Schenberg I, Manickam
E, Rowe T. Identification and characterization of Snapin as a ubiqui-
tously expressed SNARE-binding protein that interacts with
SNAP23 in non-neuronal cells. Biochem J. 2003;375(Pt 2):433-40.
doi:10.1042/bj20030427. PMID:12877659

[34] Kim HJ, Zhong Q, Sheng ZH, Yoshimori T, Liang C, Jung JU. Beclin-
1-interacting autophagy protein Atg14L targets the SNARE-associated
protein Snapin to coordinate endocytic trafficking. J Cell Sci. 2012;125
(Pt 20):4740-50. doi:10.1242/jcs.100339. PMID:22797916

[35] Vitelli R, SantilloM, Lattero D, ChiarielloM, BifulcoM, Bruni CB, Bucci
C. Role of the small GTPase Rab7 in the late endocytic pathway. J Biol
Chem. 1997;272(7):4391-7. doi:10.1074/jbc.272.7.4391. PMID:9020161

[36] Wichmann H, Hengst L, Gallwitz D. Endocytosis in yeast: evi-
dence for the involvement of a small GTP-binding protein
(Ypt7p). Cell. 1992;71(7):1131-42. doi:10.1016/S0092-8674(05)
80062-5. PMID:1473149

[37] Poteryaev D, Datta S, Ackema K, Zerial M, Spang A. Identification of
the switch in early-to-late endosome transition. Cell. 2010;141
(3):497-508. doi:10.1016/j.cell.2010.03.011. PMID:20434987

[38] Jager S, Bucci C, Tanida I, Ueno T, Kominami E, Saftig P, Eskelinen
EL. Role for Rab7 in maturation of late autophagic vacuoles. J Cell Sci.
2004;117(Pt 20):4837-48. doi:10.1242/jcs.01370. PMID:15340014

[39] Kirisako T, Baba M, Ishihara N, Miyazawa K, Ohsumi M, Yoshimori
T, Noda T, Ohsumi Y. Formation process of autophagosome is
traced with Apg8/Aut7p in yeast. J Cell Biol. 1999;147(2):435-46.
doi:10.1083/jcb.147.2.435. PMID:10525546

[40] Djeddi A, Michelet X, Culetto E, Alberti A, Barois N, Legouis R.
Induction of autophagy in ESCRT mutants is an adaptive response
for cell survival in C. elegans. J Cell Sci. 2012;125(Pt 3):685-94.
doi:10.1242/jcs.091702

[41] Chen CC, Schweinsberg PJ, Vashist S, Mareiniss DP, Lambie EJ,
Grant BD. RAB-10 is required for endocytic recycling in the Caeno-
rhabditis elegans intestine. Mol Biol Cell. 2006;17(3):1286-97.
doi:10.1091/mbc.E05-08-0787. PMID:16394106

[42] Babbey CM, Ahktar N, Wang E, Chen CC, Grant BD, Dunn KW.
Rab10 regulates membrane transport through early endosomes of
polarized Madin-Darby canine kidney cells. Mol Biol Cell. 2006;17
(7):3156-75. doi:10.1091/mbc.E05-08-0799. PMID:16641372

[43] Zou W, Yadav S, DeVault L, Nung Jan Y, Sherwood DR. RAB-10-
Dependent Membrane Transport Is Required for Dendrite Arboriza-
tion. PLoS Genet. 2015;11(9):e1005484. doi:10.1371/journal.
pgen.1005484. PMID:26394140

[44] Liu Y, Xu XH, Chen Q, Wang T, Deng CY, Song BL, Du JL, Luo ZG.
Myosin Vb controls biogenesis of post-Golgi Rab10 carriers during
axon development. Nat Commun. 2013;4:2005. PMID:23770993

[45] Deng CY, Lei WL, Xu XH, Ju XC, Liu Y, Luo ZG. JIP1 mediates anter-
ograde transport of Rab10 cargos during neuronal polarization. J Neu-
rosci. 2014;34(5):1710-23. doi:10.1523/JNEUROSCI.4496-13.2014.
PMID:24478353

[46] Schuck S, Gerl MJ, Ang A, Manninen A, Keller P, Mellman I, Simons
K. Rab10 is involved in basolateral transport in polarized Madin-
Darby canine kidney cells. Traffic. 2007;8(1):47-60. doi:10.1111/
j.1600-0854.2006.00506.x. PMID:17132146

[47] Liu O, Grant BD. Basolateral Endocytic Recycling Requires RAB-10
and AMPH-1 Mediated Recruitment of RAB-5 GAP TBC-2 to Endo-
somes. PLoS Genet. 2015;11(9):e1005514. doi:10.1371/journal.
pgen.1005514. PMID:26393361

[48] Shi A, Chen CC, Banerjee R, Glodowski D, Audhya A, Rongo C,
Grant BD. EHBP-1 functions with RAB-10 during endocytic recy-
cling in Caenorhabditis elegans. Mol Biol Cell. 2010;21(16):2930-43.
doi:10.1091/mbc.E10-02-0149. PMID:20573983

[49] Shi A, Liu O, Koenig S, Banerjee R, Chen CC, Eimer S, Grant BD.
RAB-10-GTPase-mediated regulation of endosomal phosphatidyli-
nositol-4,5-bisphosphate. Proc Natl Acad Sci U S A. 2012;109(35):
E2306-15. doi:10.1073/pnas.1205278109. PMID:22869721

[50] Taylor CA, Yan J, Howell AS, Dong X, Shen K. RAB-10 Regulates Den-
dritic Branching by Balancing Dendritic Transport. PLoS Genet. 2015;11
(12):e1005695. doi:10.1371/journal.pgen.1005695. PMID:26633194

[51] Loos B, du Toit A, Hofmeyr JH. Defining and measuring autophago-
some flux-concept and reality. Autophagy. 2014;10(11):2087-96.
doi:10.4161/15548627.2014.973338. PMID:25484088

[52] Mel�endez A, Talloczy Z, Seaman M, Eskelinen EL, Hall DH, Levine
B. Autophagy genes are essential for dauer development and life-
span extension in C. elegans. Science. 2003;301(5638):1387-91.

[53] Swanson MM, Riddle DL. Critical periods in the development of the
Caenorhabditis elegans dauer larva. Dev Biol. 1981;84(1):27-40.
doi:10.1016/0012-1606(81)90367-5. PMID:7250500

[54] Gottlieb S, Ruvkun G. daf-2, daf-16 and daf-23: genetically interact-
ing genes controlling Dauer formation in Caenorhabditis elegans.
Genetics. 1994;137(1):107-20. PMID:8056303

[55] Petiot A, Ogier-Denis E, Blommaart EF, Meijer AJ, Codogno P. Dis-
tinct classes of phosphatidylinositol 3'-kinases are involved in signaling

1752 N. J. PALMISANO ET AL.

D
ow

nl
oa

de
d 

by
 [

A
lb

er
t E

in
st

ei
n 

C
ol

l M
ed

ic
in

e 
- 

C
ar

do
zo

 -
 Y

es
hi

va
 U

ni
v 

L
ib

ra
ri

es
] 

at
 1

0:
19

 1
4 

D
ec

em
be

r 
20

17
 

https://doi.org/12665549
https://doi.org/17580304
https://doi.org/8702753
https://doi.org/24374177
https://doi.org/10.1016/j.cell.2010.04.034
https://doi.org/20550938
https://doi.org/8970738
https://doi.org/12393013
https://doi.org/10.1152/physrev.00059.2009
https://doi.org/21248164
https://doi.org/21878991
https://doi.org/19603039
https://doi.org/16882731
https://doi.org/10628833
https://doi.org/23147242
https://doi.org/10.1007/BF01923509
https://doi.org/1740188
https://doi.org/19270696
https://doi.org/10195194
https://doi.org/12877659
https://doi.org/22797916
https://doi.org/9020161
https://doi.org/10.1016/S0092-8674(05)80062-5
https://doi.org/1473149
https://doi.org/20434987
https://doi.org/15340014
https://doi.org/10525546
https://doi.org/10.1242/jcs.091702
https://doi.org/16394106
https://doi.org/16641372
https://doi.org/10.1371/journal.pgen.1005484
https://doi.org/26394140
https://doi.org/23770993
https://doi.org/10.1523/JNEUROSCI.4496-13.2014
https://doi.org/24478353
https://doi.org/10.1111/j.1600-0854.2006.00506.x
https://doi.org/17132146
https://doi.org/10.1371/journal.pgen.1005514
https://doi.org/26393361
https://doi.org/20573983
https://doi.org/22869721
https://doi.org/26633194
https://doi.org/25484088
https://doi.org/7250500
https://doi.org/8056303


pathways that control macroautophagy in HT-29 cells. J Biol Chem.
2000;275(2):992-8. doi:10.1074/jbc.275.2.992. PMID:10625637

[56] Mortimore GE, Mondon CE. Inhibition by insulin of valine turnover
in liver. Evidence for a general control of proteolysis. J Biol Chem.
1970;245(9):2375-83.

[57] Pfeifer U. Inhibition by insulin of the formation of autophagic vacuoles
in rat liver. A morphometric approach to the kinetics of intracellular
degradation by autophagy. J Cell Biol. 1978;78(1):152-67.

[58] Pfeifer U. Inhibition by insulin of the physiological autophagic
breakdown of cell organelles. Acta Biol Med Ger. 1977;36(11-
12):1691-4. PMID:616715

[59] Riddle DL, Blumenthal T, Meyer BJ, Priess JR. Introduction to
C. elegans. In: Riddle DL, Blumenthal T, Meyer BJ, Priess JR, editors.
C. elegans II. 2nd ed. (NY):Cold Spring Harbor; 1997.

[60] Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R. A C. elegans
mutant that lives twice as long as wild type. Nature. 1993;366
(6454):461-4. doi:10.1038/366461a0. PMID:8247153

[61] Kimura KD, Tissenbaum HA, Liu Y, Ruvkun G. daf-2, an insulin
receptor-like gene that regulates longevity and diapause in Caeno-
rhabditis elegans. Science. 1997;277(5328):942-6. doi:10.1126/
science.277.5328.942. PMID:9252323

[62] Singh RN, Sulston JE. Some Observations On Moulting in Caeno-
rhabditis elegans. Nematologica. 1978;24(1):63-71. doi:10.1163/
187529278X00074

[63] Kuma A, Matsui M, Mizushima N. LC3, an autophagosome marker,
can be incorporated into protein aggregates independent of auto-
phagy: caution in the interpretation of LC3 localization. Autophagy.
2007;3(4):323-8. doi:10.4161/auto.4012. PMID:17387262

[64] ShvetsE,ElazarZ.Autophagy-independentincorporationofGFP-LC3into
proteinaggregatesisdependentonitsinteractionwithp62/SQSTM1.Auto-
phagy.2008;4(8):1054-6.doi:10.4161/auto.6823.PMID:18776740

[65] Balklava Z, Pant S, Fares H, Grant BD. Genome-wide analysis identifies a
general requirement for polarity proteins in endocytic traffic. Nat Cell
Biol. 2007;9(9):1066-73. doi:10.1038/ncb1627. PMID:17704769

[66] Filimonenko M, Stuffers S, Raiborg C, Yamamoto A, Malerod L,
Fisher EM, Isaacs A, Brech A, Stenmark H, Simonsen A. Functional
multivesicular bodies are required for autophagic clearance of pro-
tein aggregates associated with neurodegenerative disease. J Cell Biol.
2007;179(3):485-500. doi:10.1083/jcb.200702115. PMID:179
84323

[67] Rusten TE, Vaccari T, Lindmo K, Rodahl LM, Nezis IP, Sem-Jacobsen C,
Wendler F,Vincent JP, BrechA, BilderD, et al. ESCRTs andFab1 regulate
distinct steps of autophagy. Curr Biol. 2007;17(20):1817-25. doi:10.1016/j.
cub.2007.09.032.PMID:17935992

[68] Komatsu M, Waguri S, Chiba T, Murata S, Iwata J, Tanida I, Ueno T,
Koike M, Uchiyama Y, Kominami E, et a. Loss of autophagy in the
central nervous system causes neurodegeneration in mice. Nature.
2006;441(7095):880-4.

[69] Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, Yoshimori
T, Ohsumi Y, Tokuhisa T, Mizushima N. The role of autophagy dur-
ing the early neonatal starvation period. Nature. 2004;432
(7020):1032-6. doi:10.1038/nature03029. PMID:15525940

[70] Ryter SW, Cloonan SM, Choi AM. Autophagy: a critical regulator of
cellular metabolism and homeostasis. Mol Cells. 2013;36(1):7-16.
doi:10.1007/s10059-013-0140-8. PMID:23708729

[71] Brenner S. THE GENETICS OF CAENORHABDITIS ELEGANS.
Genetics. 1974;77:71-94.

[72] Kang C, You YJ, Avery L. Dual roles of autophagy in the survival of
Caenorhabditis elegans during starvation. Genes Dev. 2007;21
(17):2161-71. doi:10.1101/gad.1573107. PMID:17785524

[73] Hansen M, Chandra A, Mitic LL, Onken B, Driscoll M, Kenyon C. A
Role for Autophagy Genes in the Extension of Lifespan by Dietary
Restriction in C. elegans. PLoS Genet. 2008; 4:e24. doi:10.1371/
journal.pgen.0040024

[74] Ohkuma S, Poole B. Fluorescence probe measurement of the intraly-
sosomal pH in living cells and the perturbation of pH by various
agents. Proc Natl Acad Sci U S A. 1978;75(7):3327-31. doi:10.1073/
pnas.75.7.3327. PMID:28524

[75] Nakae I, Fujino T, Kobayashi T, Sasaki A, Kikko Y, Fukuyama M,
Gengyo-Ando K, Mitani S, Kontani K, Katada T. The arf-like

GTPase Arl8 mediates delivery of endocytosed macromolecules to
lysosomes in Caenorhabditis elegans. Mol Biol Cell. 2010;21
(14):2434-42. doi:10.1091/mbc.E09-12-1010. PMID:20484575

[76] Guo B, Liang Q, Li L, Hu Z, Wu F, Zhang P, Ma Y, Zhao B, Kovacs
AL, Zhang Z, et a. O-GlcNAc-modification of SNAP-29 regulates
autophagosome maturation. Nat Cell Biol. 2014;16(12):1215-26.
doi:10.1038/ncb3066. PMID:25419848

[77] Korolchuk VI, Mansilla A, Menzies FM, Rubinsztein DC. Autophagy
inhibition compromises degradation of ubiquitin-proteasome path-
way substrates. Mol Cell. 2009;33(4):517-27. doi:10.1016/j.
molcel.2009.01.021. PMID:19250912

[78] Guo B, Huang J, Wu W, Feng D, Wang X, Chen Y, Zhang H. The
nascent polypeptide-associated complex is essential for autophagic
flux. Autophagy. 2014;10(10):1738-48. doi:10.4161/auto.29638.
PMID:25126725

[79] Yen WL, Klionsky DJ. Atg27 is a second transmembrane
cycling protein. Autophagy. 2007;3(3):254-6. doi:10.4161/
auto.3823. PMID:17297289

[80] Mari M, Reggiori F. Atg9 reservoirs, a new organelle of the yeast
endomembrane system? Autophagy. 2010;6(8):1221-3. doi:10.4161/
auto.6.8.13792. PMID:20962573

[81] Reggiori F, Tooze SA. Autophagy regulation through Atg9 traffic. J
Cell Biol. 2012;198(2):151-3. doi:10.1083/jcb.201206119. PMID:22
826119

[82] PopovicD,Dikic I. TBC1D5and theAP2complex regulateATG9 traffick-
ing and initiation of autophagy. EMBO Rep. 2014;15(4):392-401.
doi:10.1002/embr.201337995.PMID:24603492

[83] Longatti A, Lamb CA, Razi M, Yoshimura S, Barr FA, Tooze SA.
TBC1D14 regulates autophagosome formation via Rab11- and
ULK1-positive recycling endosomes. J Cell Biol. 2012;197(5):659-75.
doi:10.1083/jcb.201111079. PMID:22613832

[84] Orsi A, Razi M, Dooley HC, Robinson D, Weston AE, Collinson LM,
Tooze SA. Dynamic and transient interactions of Atg9 with autopha-
gosomes, but not membrane integration, are required for autophagy.
Mol Biol Cell. 2012;23(10):1860-73. doi:10.1091/mbc.E11-09-0746.
PMID:22456507

[85] Geng J, Nair U, Yasumura-Yorimitsu K, Klionsky DJ. Post-Golgi Sec
proteins are required for autophagy in Saccharomyces cerevisiae. Mol
Biol Cell. 2010;21(13):2257-69. doi:10.1091/mbc.E09-11-0969.
PMID:20444978

[86] Wiegandt D, Vieweg S, Hofmann F, Koch D, Li F, Wu YW, Itzen A,
Muller MP, Goody RS. Locking GTPases covalently in their func-
tional states. Nat Commun. 2015;6:7773. doi:10.1038/ncomms8773.
PMID:26178622

[87] Chapin HC, Okada M, Merz AJ, Miller DL. Tissue-specific auto-
phagy responses to aging and stress in C. elegans. Aging (Albany
NY). 2015;7(6):419-34.

[88] Nair U, Jotwani A, Geng J, Gammoh N, Richerson D, Yen WL, Grif-
fith J, Nag S, Wang K, Moss T, et a. SNARE proteins are required for
macroautophagy. Cell. 2011;146(2):290-302.

[89] Suzuki SW, Yamamoto H, Oikawa Y, Kondo-Kakuta C, Kimura Y, Hir-
ano H, Ohsumi Y. Atg13 HORMA domain recruits Atg9 vesicles dur-
ing autophagosome formation. Proc Natl Acad Sci U S A. 2015;112
(11):3350-5. doi:10.1073/pnas.1421092112. PMID:25737544
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