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SUMMARY

Autophagy targets cytoplasmic materials for degradation, and influences cell health. Organelle
contact and trafficking systems provide membranes for autophagosome formation, but how
different membrane systems are selected for use during autophagy remains unclear. Here we
report a novel function of the Endosomal Sorting Complexes Required for Transport (ESCRT)
in the regulation of endoplasmic reticulum (ER) coat protein complex Il (COPII) vesicle
formation that influences autophagy. The ESCRT functions in a pathway upstream of Vps13D
to influence COPII vesicle transport, ER-Golgi intermediate compartment (ERGIC) assembly
and autophagosome formation. Afg9 functions downstream of the ESCRT to facilitate ERGIC
and autophagosome formation. Interestingly, cells lacking either ESCRT or Vps13D functions
exhibit dilated ER structures that are similar to Cranio-Lenticulo-Sutural Dysplasia patient cells
with SEC23A mutations, which encodes a component of COPII vesicles. Our data reveal a novel
ESCRT-dependent pathway that influences the ERGIC and autophagosome formation.
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The removal of cytoplasmic materials by autophagy is important for cell and organism health.
Wang et al. identify a relationship between the Endosomal Sorting Complexes Required for
Transport (ESCRT) and VVps13D in the regulation of endoplasmic reticulum (ER) coat protein
complex Il (COPII) vesicle formation that influences autophagy.
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INTRODUCTION

Components of the coat protein complex 11 (COPII) are responsible for the formation of
endoplasmic reticulum (ER)-derived vesicles and transport toward the Golgi apparatus *.
COPII vesicles are an important source of membrane for the assembly of the ER-Golgi
intermediate compartment (ERGIC)? and the protein secretory pathway 1. COPII coat
formation is initiated by the small GTPase Sarl (Secretion associated, ras-related) which
recruits the COPII inner coat Sec23-Sec24 and outer coat Sec13-Sec31 protein complexes
1. Interestingly, SEC23A has been implicated in the rare genetic disease cranio-lenticulo-
sutural dysplasia (CLSD) 3. SEC23A F382L mutation leads to a defect in the recruitment of
COPII proteins and dilated ER with multiple tubular projections on the ER surface 1.
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Macroautophagy (autophagy) delivers cytoplasmic cargoes to the lysosome to reduce stress
and modulate cellular homeostasis 4. Autophagic cargoes, including damaged organelles,
protein aggregates, pathogens and macromolecules, are sequestered in double-membrane
autophagosomes that fuse with lysosomes for degradation. Bulk autophagy can be initiated
by nutrient deprivation that involves the class | P13-kinase and mTOR nutrient sensing
pathways > 6. Inactivated mTOR releases the inhibition of the Atgl complex and initiates
autophagy that requires activation of the Vps34 complex (PI3KC3-C1 in mammals) 7.

The ER is an important membrane source for autophagosomes 8. ER provides membrane
from contact with mitochondria to facilitate autophagosome membrane nucleation . Both
COPII ER components and Atg9 are important regulators of autophagosome membrane
formation 10-15, The ER-dependent ERGIC membrane compartment is required for LC3
(Atg8 in lower organisms) lipidation 1617, Atg9 interacts with Sec24 18, these proteins
are localized near mitochondria and the Golgi apparatus 8, and are enriched in the same
biochemical fractions with the ERGIC in mammalian cells 18. In yeast, COPII vesicles
facilitate the recruitment of autophagy proteins, including Atg8 and Atg9, to phagophore
assembly sites 19, In addition, Sec24 interacts with an ER-phagy receptor to modulate ER
quality control 20,

Autophagy is regulated in a context-specific manner during both development and disease
4.21 During Drosophila development, autophagy in intestine cells requires the function

of many core autophagy (Afg) genes, but does not require either the E1-like Afg7or

E2-like Atg3genes 22. By contrast, the ubiquitin activating enzyme Ubal-encoding gene is
required for autophagy-dependent cell size reduction 22. In addition, the putative ubiquitin-
binding-domain encoding genes Vps13D, Tsg101, and Vps36 were identified in a screen for
factors that are required for autophagosome formation and cell size reduction in intestines
23 \/ps13D regulates mitochondria and ER contact, autophagosome formation and is
recruited to the ER to transfer lipids to mitochondria 23-25, Tsg101 and Vps36 are essential
components of the ESCRT which is known to regulate autophagosome and lysosome fusion,
as well as autophagosome membrane sealing 26-28,

The ESCRT has multiple functions in divergent vesicle formation and membrane trafficking
events within cells 2%, Here we show that multiple ESCRT component-encoding genes

are required for autophagy and intestine cell size reduction. ESCRT components function
upstream of Vps13D, and influence COPII and ERGIC proteins to modulate COPII vesicle
formation and ER morphology. In addition, ESCRTs and VVps13D regulate COPII-dependent
ERGIC assembly to influence Atg9 distribution and modulate autophagosome formation.
These studies reveal a novel ESCRT-dependent mechanism for the formation of COPI|I
vesicles that are used to form autophagosomes through the functions of Vps13D and Atg9.

The ESCRT and Vps13D function in a common pathway to regulate autophagy

A screen was conducted for genes encoding putative ubiquitin binding domains that
influence developmental autophagy in the Drosophila larval intestine 23. Through this
screen, multiple regulators of autophagy were identified, including Vps13D, Tsg101 and
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Vps3623. Tsg101 and Vps36 are components of the ESCRT, and the ESCRT is required

for autophagosome and lysosome fusion in the Drosophila fat body 30. Therefore, we
investigated the function of ESCRT-encoding genes in larval intestine cells to determine

if they have a similar function in autophagosome and lysosome fusion. In contrast to

fat body cells, HrsP28 (ESCRT-0), Vps25V%5 (ESCRT-11), and Vps326% (ESCRT-1) loss-
of-function mutant intestine cells fail to form mCherry-Atg8a autophagy reporter puncta

2 hours after puparium formation (APF) while neighboring control cells form robust
mCherry-Atg8a puncta (Figures 1A and 1B; Figures SIA-S1D). Similarly, Atg8a lipidation
is decreased in Vps25and Vps36knockdown intestine cells (Figures 1C and 1D). In
addition, the autophagic receptor and substrate Ref2p accumulated in Vps25and Vps36
knockdown cells, as well as in HrsP28, Vps25/V5 and Vps32G° mutant cells, compared to
control intestine cells (Figures 1C, 1F-1G; Figures SIE-S1H). Importantly, autophagosome
and autolysosome structures are significantly decreased in Vps25and Vjps36 knockdown
intestine cells based on transmission electron microscope (TEM) analyses (Figures 1H-1K).
Furthermore, the regulator of autophagosome and lysosome fusion Syntaxinl7 is decreased
in Vps2543 loss-of-function mutant cells compared to neighboring control cells (Figures 1L
and 1M). These results are in contrast to what was previously described in cells of the fat
body of feeding third larval instar Drosophila 30, where loss of either HrsP28, \ps25/V55

or Vps325% mutant cells possess an increase in the number of mCherry-Atg8a autophagy
reporter puncta (Figures S11-S1N). The combined inhibition of mCherry-Atg8a reporter
puncta formation, accumulation of Ref2p, and reduction in autophagic structures indicate
that ESCRT-encoding genes are required for autophagy initiation during larval intestine
development.

Autophagy is used to clear mitochondria by mitophagy in intestine cells 22. Therefore, we
next asked if mitochondrial cargoes fail to be cleared in ESCRT mutant intestine cells.
Indeed, cells lacking either Vps25V5% or \/ps32C° failed to clear the mitochondrial protein
ATP5a, a surrogate marker of mitochondria, while control neighboring cells lacked ATP5a
(Figures 1N and 10; Figures S10-R). Combined, these data indicate that ESCRT-encoding
genes are required for the initiation of autophagy and therefore clearance of cytoplasmic
cargoes, including mitochondria.

Intestine cells lacking the function of ESCRT encoding genes possess similar phenotypes to
Vps13D mutant cells. To test if the ESCRT and Vps13D may function in the same pathway,
we analyzed Vps13D protein puncta in ESCRT gene mutant intestine cells. While control
cells possess numerous Vps13D puncta in intestine cells 2 hours APF when autophagy is
induced, neither Vps25nor Vps32mutant cells possess similar Vps13D puncta (Figures
2A-2D). These data suggest that Vps13D functions downstream of the ESCRT to regulate
intestine cell autophagy.

We next tested if the ESCRT and Vps13D function in the same or parallel genetic pathways.
We analyzed Ref2p in Vps13DM! |oss-of-function mutant cell clones in either luciferase
control RNAI, Vps25RNAI or Vps36 RNAI knockdown intestines to determine if the
ESCRT and Vps13D have either additive or the same phenotypes, thus indicating if they are
in parallel or the same genetic pathway. Importantly, knockdown of either Vps25or Vps36
function by expression of RNAI failed to enhance the number of Ref2p puncta in Vp130M/
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mutant cells (Figures 2E-2H; Figures S1S-S1U). Combined, these results indicate that the
ESCRT functions upstream of Vps13D in a common pathway to regulate autophagy.

The ESCRT influences the COPII pathway

The relationship between the ESCRT and Vps13D prompted us to consider where these
proteins are localized and therefore how they may influence autophagy. While Hrs was
diffuse with some punctate localization in intestine cells during the third instar larval stage,
Hrs puncta co-localized with the ER-associated Sec61a protein marker and the ER-exit-site
(ERES) protein Sec16 marker at pupation when autophagy is induced (Figures S2A-S2F).
Similarly, Vps13D was not associated with markers of organelles in intestine cells during
the third larval instar 23, but Vps13D was juxtaposed to the Golgi-associated GalT marker at
pupation when autophagy is induced (Figures S2G-S2lI). These results indicate that Hrs and
Vps13D are localized near the ER and Golgi apparatus, respectively, at the developmental
stage when autophagy is induced in intestine cells.

The association of Hrs and Vps13D near the ER and Golgi apparatus prompted us to
consider the localization of markers of COPII vesicles and the ERGIC, the compartments
of transport between ER and the Golgi apparatus 2. Sec23 is a component of the COPII
coat and transports to the ERGIC 1. At third larval stage, Sec23 was mostly localized

near the ER marker Sec6la (Figure S2J), and then dissociated from the ER membrane

at pupation (Figures S2K and S2L). In addition, the ERGIC component Ergic53 31 was
co-localized with Sec23 at the third larval stage (Figure S2M), and this co-localization
increased significantly at pupation (Figures S2N and S20). These data suggest that Ergic53
is transported with the COPII protein Sec23 between ER and the Golgi apparatus when
autophagy is activated at pupation.

We next tested if changes in the COPII-associated secretory pathway require the ESCRT
during autophagy. Both Sec23 and Sec61a puncta were co-localized in Vps2543 mutant
third larval instar intestine cells (Figures S2P and S2Q). Similarly, both Sec23 and Ergic53
puncta were co-localized in Vps254% mutant intestine cells at the same stage (Figures S2R
and S2S). While Sec16 puncta appeared to be similar in Vps2533 loss-of-function mutant
and control intestine cells 2 hours APF, Sec23 was reduced and significantly less associated
with Sec16 in Vps254% mutant cells (Figure 3A and 3B). Similarly, Sec23 and Ergic53 were
decreased and dissociated in Vps253 loss-of-function mutant intestine cells compared to
control neighboring cells 2 hours APF (Figures 3C and 3D). These data indicate COPII
vesicle markers require the ESCRT in a stage-specific manner that coincides with the
activation of autophagy. In addition, Hrs was partially localized with Ergic53 in control
neighboring intestine cells 2 hours APF (Figures 3E and 3F), but Hrs puncta were increased
and enlarged with decreased Ergic53 association in Vps253% mutant intestine cells (Figures
3E and 3F).

A rise in the steroid hormone ecdysone is the primary trigger of autophagy in the fly

larval intestine 22. By contrast, the fat body is a nutrient sensing organ that undergoes
starvation-triggered autophagy in Drosophila®. Therefore, we next tested the influence of
starvation on Sec16, COPII and ERGIC markers in the fat body. Sec16 puncta formation
was not influenced by loss of Vps25 compared to neighboring control cells in the fat body of
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starved larvae (Figure S3A). Additionally, Sec16 and Sec23 co-localization was comparable
in Vps25 mutant compared to control neighboring fat body cells (Figure S3A and S3B).
Importantly, Sec23 and Ergic53 co-localization was not significantly different between in
Vps25 mutant and neighboring control cells in the fat body cells of feeding animals (Figure
S3C and S3E). However, fat body cells from starved animals exhibit increased Ergic53
puncta size, and these larger puncta are not co-localized with Sec23 (Figure S3D and

S3E). In addition, Vps25 mutant fat body cells from starved larvae possess significantly
decreased Ergic53 puncta compared to control cells (Figure S3D and S3E). Sec23 and
Sec22 co-localization was not significantly different between Vps25mutant and neighboring
control fat body cells in feeding animals (Figure S3F and S3H). Additionally, Sec22 puncta
size was increased in the control fat body cells from starved larvae, while Sec22 puncta
appeared to be smaller in Vps25 mutant than in control fat body cells (Figure S3G and S3H).
Interestingly, Vps25 does not influence Sec22 puncta co-localization with Sec23 in fat body
cells from animals under nutrient restriction conditions (Figure S3G and S3H). Combined,
our data suggest nutrient restriction conditions that are known to regulate autophagy also
impact how Vps25 influences the ERGIC in the Drosophila fat body.

The ESCRT has been implicated in multiple membrane remodeling processes 32. However,
our data are inconsistent with the ESCRT functioning in the control of known membrane
fusion events during autophagy in larval intestine cells. Considering the ESCRT’s function
in the regulation of endosome maturation 30, we next investigated the role of the ESCRT in
intestine cell endocytosis. Vps34 (class 111 PI3K) is a known regulator of both autophagy
and endocytosis 33. Vps34 loss-of-function mutant intestine cells possess decreased ESCRT
protein-Hrs puncta (Figures S4A and S4B). In addition, Vps34 mutant intestine cells possess
decreased fluid phase uptake of TR-avidin by endocytosis compared to neighboring control
cells (Figures S4C and S4F). In contrast to Vps34 mutant cells, Vps254% mutant cells
accumulate TR-avidin puncta (Figures S4D and S4F), and Vps34722 \/ps2543 double
mutant cells possess decreased TR-avidin puncta (Figures S4E and S4F). Importantly,
Vps34and Vps25both influence the late endosome marker Rab7 (Figures S4G-S41), and
lysosomal enzyme Cathepsin B activity (Figures S4J-S4L). Combined, these data suggest
that Vps34 and the ESCRT regulate endocytosis at different stages in the same pathway.
Therefore, we next tested if Vps34 influences COPII trafficking through the endocytosis
system. In contrast to the influence of Vjps25on Sec23 and Ergic53 puncta distribution
(Figures 3G and 3J), Vps34 loss failed to influence Sec23 and Ergic53 co-localization
(Figures 3H and 3J). Importantly, loss of both Vps25and Vps34in double mutant cells have
the same phenotype as Vps25 single mutant cells (Figures 31 and 3J). Combined, these data
indicate that the ESCRT regulates COPIl and ERGIC puncta formation in a manner that is
independent of VVps34 function.

The secretory pathway not only regulates membrane exchange between ER and the

Golgi apparatus, but also influences ER morphology . Cranio-Lenticulo-Sutural Dysplasia
(CLSD) patient cells with mutations in SEC23A exhibit dilated ER with multiple tubular
projections on the ER surface due to defects of COPII coat formation 1. Interestingly,
Vps25and Vps36 knockdown intestine cells exhibit dilated ER based on TEM analyses
(Figures 3K-3M). These ER structures are similar to the ER morphology observed in
SEC23A mutant CLSD patient cells, with some of the tubular structures being variable in
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morphology. These data indicate the ESCRT regulates COPII vesicle formation, and that like
COPII components, the ESCRT is required for proper ER structure.

Vps13D, COPII and the ERGIC function in a common autophagy pathway

We investigated the localization of Vps13D with markers of COPII and the ERGIC, and
how altered ESCRT function influences their localization. Interestingly, Vps13D was co-
localized with Ergic53 in control intestine cells 2 hours APF (Figures 4A and 4B, inset
“Ctrl”), but dissociated from Ergic53 in Vps25*3 mutant intestine cells (Figures 4A and 4B,
inset A3). Furthermore, Vps13D and Sec23 were partially co-localized in control intestine
cells 2 hours APF, but dissociated in Vps25V%° mutant intestine cells (Figures 4C and 4D).
Consistent with these data, the ERGIC component Sec22 associated with Vps13D in control
intestine cells 2 hours APF, but Sec22 puncta were smaller and dissociated from Vps13D
puncta in Vps2543 mutant cells (Figures SSA-S5C). In addition, Sec22 co-localized with
the cis-Golgi protein GM130 in control intestine cells 2 hours APF, but Sec22 and GM130
were less associated in Vps25% mutant intestine cells (Figures S5D and S5E). Combined,
these data indicate that the ESCRT is required for Vps13D localization with markers of ER,
the ERGIC and Golgi.

The co-localization of Vps13D with markers of COPII vesicles prompted us to test

whether loss of Vps13D influences COPII-associated proteins. Consistent with an impact
on trafficking, Sec23 puncta were decreased in Vps13D (MiMIC) loss-of-function mutant
cells compared to control cells 2 hours APF (Figures 4E and 4F). We also analyzed

Sec23 and Ergic53 in Vps13D (AUBA) (UBA domain deleted)/ DA 3L) BSC613 (AUBA/D
mutant intestine cells. Sec23 and Egic53 puncta were decreased, smaller, and had less
co-localization in Vps13D (AUBA/DS) intestine cells compared to the control intestine cells
(Figures 4G-4J). In addition, Sec22 and Sec23 structures were disorganized and had smaller
puncta in Vps13D (AUBA/Df) mutant intestine cells (Figures S5F-S5I).

Our results indicate that the ESCRT and Vps13D both influence markers of COPII vesicle
formation. Therefore, we investigated if VpsZ3D influences ER morphology as observed
with ESCRT loss. Indeed, Sec6la structures were disorganized and formed large puncta in
Vips13D (AUBA/D# mutant intestine cells (Figures S5J-S5L.), similar to the ER structures
in CLSD patient cells 1. Significantly, TEM analyses revealed dilated ER with multiple
tubular projections on the ER surface in Vps13D (AUBA/ Df) intestine cells (Figures 4K—
4L). Although some of the tubular structures are variable in morphology, they are similar

to what was observed in intestine cells with reduced Vps25and Vps36 function (Figures
3K-3M). Combined, our results indicate that VpsZ3D functions in same pathway with the
ESCRT to impact markers of COPII vesicle trafficking from the ER to influence the ERGIC.

The ER is a membrane source for COPII vesicles, the ERGIC and autophagosomes 34.
Thus, we investigated the relationship between the autophagy protein Atg8a and ER-derived
vesicles prior to and during autophagy initiation. Prior to the activation of autophagy in
third larval stage intestines, Atg8a was more diffuse and less associated with the ER, ERES
and ERGIC protein markers Sec6la, Sec16 and Ergic53 (Figures 5A, 5D and 5G). By
contrast, Atg8a puncta were increased and partially co-localized with Sec6la and Sec16,
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and juxtaposed with Ergic53, puncta when autophagy was activated in intestine cells after
puparium formation (Figures 5A-5I).

The ERGIC facilitates the formation of autophagosome membrane precursors 6. Therefore,
we investigated the relationship between genes known to be required for ERGIC assembly
and autophagy in intestine cells. Importantly, mCherry-Atg8a puncta were significantly
decreased in Sec22 RNAi-expressing intestine cells compared to neighboring control cells
(Figures 6A and 6B). In addition, Sec22knockdown cells possess increased autophagy
cargo receptor Rep2p/p62 (Figures 6C and 6D). Sarl recruits and activates COPII coats

2 and facilitates ERGIC assembly 16. Importantly, V/ps25mutant intestine cells possess
increased Sarl puncta (Figures 6E and 6F). In addition, Re2p/p62 puncta were increased in
Sarl mutant intestine cells compared to neighboring control cells (Figures 6G and 6H). In
addition, Vps13D puncta were decreased while Sec23 puncta were increased in SarZ mutant
intestine cells, and the co-localization of Vps13D with Sec23 was decreased in these mutant
intestine cells (Figures 61-6K). Combined, these results indicate that ER-derived vesicles are
required for Vps13D recruitment to facilitate autophagosome formation.

The ESCRT influences Vps13D, COPII, ERGIC and Atg9 to impact autophagy

Atg9 is an important regulator of autophagosome formation that interacts with multiple
membrane sources 35-37, Consistent with previous work in other cells and organisms,
mCherry-Atg8a reporter puncta were significantly decreased in Atg92°7 loss-of-function
mutant compared to neighboring control intestine cells (Figures 7A and 7B). In addition,
autophagy cargo receptor Ref2p/p62 puncta were increased in Atg9°> mutant compared to
control intestine cells (Figures 7C and 7D).

Atg9 interacts with COPII vesicles for autophagy induction in yeast 8. Therefore, we
investigated the relationship between Atg9 and COPII vesicle components. Sec23 and
Ergic53 puncta were both elongated and co-localized with each other in Afg9 mutant
compared to neighboring control intestine cells (Figures 7E-7E™). Similarly, the ERES
component Sec16 and Sec23 were co-localized in Afg9 mutant intestine cells (Figure S6A—
A”), Interestingly, Ergic53 was juxtaposed to the c/is-Golgi protein GM130 in Afg9 mutant
intestine cells at puparium formation (Figures S6B-S6B”). Additionally, Sec22 localization
with GM130 was similar in Afg9 mutant and neighboring control cells (Figures S6C-S6C”).
Combined, these data indicate that COPII vesicle components and the ERGIC membrane
either accumulate or are remodeled when autophagy is impaired.

We next investigated the relationship between the ESCRT and Atg9 with markers of COPII
trafficking that are associated with autophagy. Interestingly, Atg9 is observed throughout

the cytoplasm and adjacent to Ergic53 puncta in control cells, while Vps25 mutant cells
possess fewer Ergic53 puncta (Figure S6D). Significantly, both Sec23 and Ergic53 puncta
were decreased and dissociated in Vps25V9% Arg9P5 double mutant intestine cells (Figures
7F-T7F"). These data suggest that the ESCRT is required for Atg9 to stabilize the localization
of Sec23 and Ergic53. In addition, both Vps13D and Ergic53 puncta were elongated and
co-localized in Afg9mutant intestine cells (Figures 7G-7G”). By contrast, Sec22 puncta
were juxtaposed with Vps13D in Afg9 mutant intestine cells compared to the neighboring
control cells at puparium formation (Figures SGE-S6E”). Importantly, the co-localization of
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Vps13D and Ergic53 puncta was decreased in Vps25V%> Atg9P5I double mutant intestine
cells (Figures 7TH-7H"). These data suggest that the ESCRT is required for Atg9 to stabilize
the co-localization of Vps13D and Ergic53. Combined, these data indicate that the ESCRT
influences Vps13D function to regulate the COPII and ERGIC to modulate autophagy that
depends on Atg?9.

DISCUSSION

The ESCRT regulates autophagy in multiple ways, including autophagosome membrane
sealing and autolysosome formation 27:28: 38, This study reveals a previously undescribed
function of the ESCRT in ER trafficking and autophagy. Our findings indicate that the
ESCRT is required for COPII vesicle-derived compartments and autophagosome formation.
Loss of ESCRT components influence COPII vesicle marker formation and ER morphology.
We also show that Vps13D co-localizes with markers of different stages of COPII vesicle
maturation between the ER and Golgi apparatus, including markers of ERGIC formation.
In the absence of ESCRT and Vps13D function, ER structure is altered in a manner that

is similar to Cranio-Lenticulo-Sutural Dysplasia patient cells with SEC23A mutations 1.

In addition, the ESCRT impacts Atg9 distribution. Vps13D and Atg9 are required for
autophagy, and appear to influence the ERGIC for the induction of autophagy. Therefore,
this study identifies previously unrecognized steps in a regulatory pathway for autophagy,
including novel roles for the ESCRT and Vps13D in COPII-derived and ERGIC-associated
autophagosome formation.

Autophagy involves a core mechanism 4, but some autophagy regulatory mechanisms vary
in different cell-contexts in animals 21. During Drosophila midgut development, most of
the core autophagy genes are required, but Afg7and Afg3are not required for cell size
reduction, protein and organelle clearance 22. Instead, the ubiquitin activating enzyme Ubal
and ubiquitin function in autophagy. Vps13D contains a conserved ubiquitin binding UBA
domain and is required for developmental autophagy in the fly intestine. Thus, Vps13D

has properties of an autophagy receptor 23, and therefore may link ubiquitin, autophagy
proteins, and their autophagic cargo substrates. Alternatively, ubiquitin may have cargo
receptor-independent functions in autophagy during intestine development.

Tsg101 and Vps36 both possess ubiquitin binding domains and are required for autophagy
in the fly intestine 23. While previous studies have shown that the ESCRT functions

in autophagosome membrane sealing and autolysosome formation 27:28.38 our studies

of 759101, Vps36and all other ESCRT components tested indicate a novel role in ER
trafficking for autophagosome formation in the intestine. We systematically compared
ESCRT function in different cell contexts in Drosgphila. Consistent with previous studies
30, ESCRT mutant fat body cells accumulate Atg8a puncta indicating that autophagy is
blocked following autolysosome formation. By contrast, the ESCRT is required for Atg8a
puncta formation in intestine cells. Therefore, the ESCRT machinery functions in a cell
context-specific manner to regulate autophagy.

ESCRT machinery regulates multiple dynamic membrane changes, including vesicle
abscission, membrane sealing and repair 2% 39, The function of the ESCRT in the COPII
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pathway is novel, but also has similarities to the essential function of the ESCRT in
membrane remodeling. During Drosophila development, Hrs is distributed near ER and
co-localized with Ergic53 when autophagy is induced. In ESCRT mutant cells, both COPII
and Ergic53 puncta were decreased and dissociated, indicating COPII vesicles derived

from ER are inhibited without the ESCRT. Multiple membrane remodeling processes
require the ESCRT, including vesicle budding and internalization. Thus, it appears that

the ESCRT affects COPII coated ER exit sites to shed vesicles and influences ERGIC

and autophagosome assembly in a cell-specific manner. Decreased function of ESCRT
regulatory genes influences VVps13D levels. By contrast, Vps13D regulates COPII regulatory
protein localization, suggesting that Vps13D functions downstream of the ESCRT to
influence COPII. It should be noted, however, that it is difficult to exclude the possibility
that the ESCRT may also participate in either autophagosome membrane sealing or fusion
between autophagosome and lysosome at a later stage in the autophagy process. In addition,
we cannot exclude possible an indirect influence of the ESCRT on the ER and COPI|I
maturation that is independent of Vps34.

The roles of regulators of COPII vesicle and ERGIC formation in autophagy may be
Drosophila intestine cell context-specific. However, COPII and the ERGIC have been
implicated in the regulation of autophagy in both yeast and mammalian cells. Atg9 interacts
with membrane compartments from the secretory pathway, endocytic vesicles and Golgi
apparatus in both yeast and mammals 40. Atg9 interacts with the COPII component Sec24

in yeast, and co-fractionates with ERGIC components in mammalian cells 16: 18 Thus, it

is likely that membranes from COPII compartments are utilized for autophagy induction.
Atg9is conserved in Drosophila, and our analyses indicate that Azg9is downstream of the
ESCRT, Vps13D and the ERGIC. Therefore, the ERGIC is also a potential membrane source
for Atg9 to regulate the induction of autophagy in Drosgphila, consistent with ERGIC
function in mammalian cells 16, Thus, it is possible that the roles of COPII, Vps13D and the
ERGIC are more prevalent in the regulation of autophagy than previously recognized. Future
studies should reveal how broadly these factors function in autophagy, as well as the role of
the ESCRT in COPII vesicle maturation in other cell types.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Please contact the Lead Contact, Dr. Eric Baehrecke, for additional
information and requests for resources and reagents (eric.baehrecke@umassmed.edu).

Materials availability—All unique/stable reagents generated in this study are available
from the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability

. Original western blot images have been deposited at Mendeley and are publicly
available as of the date of publication. The DOI is listed in the key resources
table. Microscopy data reported in this paper will be shared by the lead contact
upon request.
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. No code was generated in this study.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila melanogaster strains used in this study are listed in the Key resources table. All
flies were reared at 25°C on standard cornmeal/molasses/agar media.

METHOD DETAILS

Fly stocks—Flies were reared at 25°C on standard cornmeal-molasses-agar media. For
HrsP28 mutant cell clones we crossed y w hsFlp; Ubi-nlsGFPvirgin females to HrsP28,
FRT40A/CyO (tb), tb males. For Vps25V55, Vips2533, \ps325° and Atg9P>L mutant clones,
we crossed y w hsFlp; FRT42D, Ubi-nIsGFP/RFP to either FRT42D, Vips25V%5/CyO (tb),
FRT42D, Vips2533/CyO (tb), FRT42D, Vps32C°/CyO (th), or FRT42D, Atg9P>L/CyO (th).
For Sar111-3-63 mutant clones, we crossed y w AsFlp,,FRT82B, Ubi-nIsRFPto FRT82B,
Sar111-3-63/TM6B (tb). For Vps13D clones, we crossed y w hsFlp,;Ubi-nlsGFRFRT2ZA to
Vps13DMILI0I FRT2A/TM6B (tb). Sarl-GFP line was generated by BestGene Inc. We
thank the following researchers for mutant flies: Andreas Bergmann for Vps25V%, Guang-
Chao Chen for A1g9?141 and Thomas P. Neufeld for Vps34722,

Induction of cell clones and quantitation—Loss-of-function mutant cell clones in
midgut and fat body were induced as previously described 2223, Adult flies were mated on
low yeast food for 4 hours at room temperature, and eggs were collected and heat shocked
at 37°C for 1 or 2 hours. To induce RNAI cell clones in midguts, virgin females of y w
hsFlp; mCherry-Atg8a; Act>CD2>GAL4, UAS-nIsGFPflies were crossed with RNAI lines.
One-day-old eggs were heat shocked at 37°C for 15 minutes. For fat body experiments,
feeding 3™ instar larvae were dissected. For 3 instar larval midgut experiments, animals
were dissected at 72 hours. For staged midgut experiments, white prepupae were placed on
wet filter paper for 2 hours before dissection. All puncta and cell sizes were quantitated as
previously described 23,

Immunoblotting—Fly intestines two hours after puparium formation were dissected

in prechilled PBS and homogenized in 2xLaemli sample buffer with protease inhibitor
cocktail. Homogenates were analyzed by western blot and immunoblotted with anti-Atg8a
(1:1000, Cell Signaling Technologies, 13733), anti-Ref2p (1:1000, Gabor Juhasz or Abcam,
AB178440) and anti-Actin (1:2000, Developmental Studies Hybdridoma Bank, JLA20)
antibodies.

Transmission electron Microscopy—Intestines were dissected in PBS 2 hours after
pupation, fixed in a solution of 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M
sodium cacodylate buffer, pH 7.4 for 1 hour at room temperature, and washed in distilled
water. Preparations were stained en bloc in 1% aqueous uranyl acetate for 1 hour at 4°C in
the dark, washed in distilled water, dehydrated through a graded ethanol series, treated with
propylene oxide and infiltrated in SIP-pon/Araldite for embedding. Ultrathin sections were
cut on a Leica UC7 microtome. Sections of the anterior region of the midgut were collected
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to ensure an unbiased approach, and stained with uranyl acetate. For each genotype, at least
3 intestines were embedded and sectioned for analyses and quantification. We reviewed all
images and selected representative images for analyses. Imaging was performed using a
Phillips CM10 TEM.

Immunolabeling and microscopy—Midguts were dissected in PBS, fixed with 4%
paraformaldehyde (PFA) in PBS 0.3% Triton X-100 (PBST), and blocked with goat serum
for 2 hours before incubating with primary antibodies in 0.3% PBST with 5% goat serum.
For Atg8a staining, midguts were dissected in PBS, fixed with heptane and 4% PFA mixture
for 20 minutes and then rinsed with methanol 5 times before blocking with 5% goat

serum in 0.3% PBST. For immunostaining, we used mouse anti-Vps13D (1:50, 23), rat
anti-Syntaxin 17 (1:400, Gabor Juhasz) rabbit anti-Ref2p/p62 (1:1000, Gabor Juhasz or
Abcam, AB178440), mouse anti-ATP5A (1:200, Abcam, Ab14748), pig anti-Hrs (1:600,
Hugo J. Bellen), rabbit anti-Atg8a (1:200, Cell Signaling Technologies, 13733), rabbit anti-
Sec23 (1:200, Thermo Fisher Scientific, PA1-069A), rabbit anti-GM130 (1:200, Abcam,
AB30637), rabbit anti-Atg9A (1:200, Novus Biologicals, NB110-56893SS) antibodies. We
used Hoechst dye (Invitrogen, 33342) to stain DNA and the following secondary antibodies
(1:200): anti-mouse Alexa Fluor 488 (A-11029), anti-rabbit Alexa Fluor 488 (A-27034),
anti-rabbit Alexa Fluor 546 (A-11035), anti-mouse Alexa Fluor 546 (A-11030), anti-guinea
pig Alexa Fluor 546 (A-11074), anti-mouse Alexa Fluor 647 (A-S28181), anti-rabbit Alexa
Fluor 647 (A-27040), anti-guinea pig Alexa Fluor 647 (A-21450), anti-rat Alexa 555
(A-48263). All primary antibodies were incubated overnight and secondary antibodies were
incubated for 2 hours at room temperature. Tissues were mounted in VectaShield (Vector
Laboratories, H-1200). For mCherry-Atg8a imaging, tissues were fixed in 4% PFA for

20 minutes and stained with Hoescht before mounting. We imaged samples using a Zeiss
LSM 700 confocal microscope equipped with a Plan-Apochromat 63x/1.40 Qil DIC M27
objective at room temperature (22°C) using Zeiss Zen Software and a Nikon A1 HD25
confocal microscope equipped with a CFI Plan Apochromat 60x/1.4 Qil DIC objective at
room temperature (22°C) using NIS-Elements Viewer software. Images were deconvoluted
using NIS-Elements Viewer software and processed using ImageJ. Co-localization was
analyzed by Squassh plugin from Image J 42. The fraction of the total volume occupied by
objects that overlap with objects from the other channel was quantified C(size).

TR-avidin uptake assay and Cathepsin B activity assay—TR-avidin uptake assay
and Cathepsin B activity assay were slightly modified according to previous study 43. For
TR-avidin uptake assay, fly intestines 2 hours after pupariation were dissected in Schneider’s
media and incubated with TR-avidin (80 pug/ml Invitrogen, A820) containing Schneider’s
media for 20 minutes and chased in 0.5% BSA in cold PBS for 20 minutes and fixed with
4% formaldehyde for 10 minutes. The intestines were briefly washed and mounted with
Vectorshield.

For Cathepsin B activity assay, intestines 2 hours after puparium formation were dissected in
PBS followed by a 30 minutes incubation in Magic red (1:1000 in PBS, ImmunoChemistry,
937). The intestines were briefly washed and mounted with Vectorshield.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Image J (NIH, Bethesda, MD, USA) was used to quantify cell size, puncta,
immunofluorescent intensity, co-localization and protein level in western blot results. p
values were calculated either using a two-tailed unpaired t test or one-way ANOVA
followed by Dunnett’s or Bonferroni’s multiple comparisons from Graphpad Prism 5
(https://www.graphpad.com/scientific-software/prism/). No animals were excluded from
statistical analyses, the experiments were not randomized, and the investigators were not
blinded. All error bars are SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
The ESCRT and Vps13D function in a common autophagy pathway
The ESCRT influences ER maturation and COPII trafficking
Vps13D influences COPII trafficking

The ESCRT influences ERGIC and Vps13D availability for Atg9 induction of
autophagy
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(A) Vps25/V95 |oss-of-function mutant cells (lacking GFP, white dotted line) 2 hours after
puparium formation (APF) exhibit decreased mCherry-Atg8a (red) puncta compared to

neighboring heterozygous control cells (green).

(B) Quantification of mCherry-Atg8a puncta in Vps25(A) mutant cells compared to
respective control (Ctrl) cells 2 hours APF. n =7 (Ctrl), n =7 (Vps25) cells were measured.
(C) Atg8a lipidation is decreased in Vps25 knockdown intestines expressing Vps25 RNAI
(Wps251R) and Vps36 knockdown intestines expressing Vps36 RNAI (Vps36 IR) compared
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to control intestines expressing luciferase RNAI (Ctrl) 2 hours APF. Ref2p/p62 (Ref2p) is
increased in both Vps25and Vjps36 knockdown intestines compared to control intestines.
(D) Quantification of the ratio of Atg8a-1l/Actin in Vps25and Vps36 knockdown intestines
compared to control intestines.

(E) Quantification of the ratio of Ref2p/Actin in Vps25and Vps36 knockdown intestines
compared to control intestines. Error bars are SEM. *, p<0.05, **, p.<0.005, ***, p<0.0005.
Representative of 3 more independent biological experiments.

(F) Vps25V55 mutant cells (lacking GFP, white dotted line) possess increased Ref2p/p62
puncta (red) compared to neighboring control cells (green).

(G) Quantification of Ref2p/p62 puncta in Vps25(L) mutant cells compared to control cells
2 hours APF. n =6 (Ctrl), n =7 (Vps25) cells were measured.

(H-J) TEM images reveal decreased autophagosomes and autolysosomes (red arrowheads)
in cells from intestines expressing Vps25RNAI (Vps251R) and Vps36 RNAI (Vps36 IR)
compared to control cells from intestines expressing luciferase RNAI (Ctrl).

(K) Quantification of autophagosome (AP) and autolysosome (ALY) structures in TEM of
control (Ctrl), Vps25knockdown (Vps25IR) and Vps36 knockdown (Vps36 IR) intestines
2 hours after puparium formation (APF). n=16 (Ctrl), n=11 (Vps25), n (Vps36)=12 TEM
images were analyzed.

(L) Vps25PA3 loss-of-function mutant cell clones (lacking GFP, white dotted line) two hours
APF possess decreased Syntaxinl7 (red) puncta compared to neighboring control cells.

(M) Quantification of Syntaxin17 puncta in Vps25 mutant cells compared to control cells.
n=9 (Ctrl), n=11 (Vps25) cells were measured.

(N) Vps25V55 mutant cells (lacking GFP, white dotted line) possess increased ATP5a puncta
(red) compared to neighboring control cells (green) in intestines 2 hours APF.

(O) Quantification of ATP5a puncta in Vps25(N) mutant cells compared to control cells 2
hours APF. n = 6 (Ctrl), n = 6 (Vps25) cells were measured.

Scale bars represent 20 um and scale bars in TEM represent 200 nm. Data are presented

as mean + SEM. *, p<0.05, **, p<0.005, ***, p<0.0005, ****, p<0.0001, from unpaired,
two-tailed t-test. Representative of 3 or more independent biological experiments. See also
Figure S1.
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Figure 2. The ESCRTSs and Vps13D influence autophagy in a similar manner.
(A-A’) Vps2543 |oss-of-function mutant cells (lacking RFP, white dotted line) 2 hours APF

possess decreased Vps13D puncta (green) compared to neighboring control cells (red).

(B) Quantification of Vps13D puncta in Vps25(A) mutant cells compared to neighboring
control cells, n = 6 (Ctrl), n = 6 (Vps25) cells were measured.

(C-C”) Wps32G% |oss-of-function mutant cells (lacking RFP, white dotted line) 2 hours APF
possess decreased Vps13D puncta (green) compared to neighboring control cells (red).

(D) Quantification of Vps13D puncta in Vps32(C) mutant cells compared to neighboring
control cells 2 hours APF. n =6 (Ctrl), n = 7 (Vps32) cells were measured.

(E-G) Vps13DM! |oss-of-function mutant cells in either Vps25RNAI (F) or Vps36 RNAI
(G) expressing intestines possess similar cell size and Ref2p/p62 puncta levels compared to
Vps13DM! single mutant cells expressing luciferase RNAI (E) 2 hours APF.

(H) Quantification of Ref2p/p62 puncta of Vps13D (E), Vps13DM! Vips25RNAI (F) and
Vps13DM!, \/ps36 RNAI (G) mutant cells 2 hours APF. n = 6 (Vps13DM), n=17
(Vps13DM! vps25RNAI), n = 7 (Vps13DM! Vps36 RNAI) cells were measured.

Scale bars represent 20 um. Data are presented as mean =+ SEM. n.s. = not significant, ***,
p<0.0005, **** p<0.0001 from unpaired, two-tailed t-test and data in (H) was calculated by
one-way ANOVA followed by Dunnett’s multiple comparisons. Representative of 3 or more
independent biological experiments.
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Figure 3. The ESCRT influences markers of COPII vesicle trafficking.
(A-A’) Vps2543 loss-of-function mutant intestine cell clones (lacking RFP, white dotted

line) possess comparable Sec16 (Sec16-GFP, green) puncta to neighboring control cells.
Vps25 mutant cells exhibit decreased Sec23 and Sec16 co-localization compared to control

(B) Quantification of Sec23 and Sec16 co-localization (Csjz) in Vps2543 mutant cells
compared to control cells, n = 10 (Ctrl), n =5 (Vps25) animal midguts were measured.

Curr Biol. Author manuscript; available in PMC 2023 March 28.

Page 20



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 21

(C-C) Wps25PA3 loss-of-function mutant cells (lacking RFP, dotted white line) exhibit
decreased Sec23 (magenta) and Ergic53-GFP (green) puncta compared to neighboring
control cells (red) 2 hours APF. Hrs and Ergic53 co-localization is also decreased in
Vps254% mutant cells.

(D) Quantification of Sec23 (S23) and Ergic53 (E53) co-localization (Cize) in Vps2533
mutant cells compared to control cells 2 hours APF. n = 6 (Ctrl), n =7 (Vps25) cells were
measured.

(E-E”) Vps2543 mutant cells (lacking RFP, dotted white line) possess increased Hrs puncta
(magenta) and decreased Ergic53 puncta compared to neighboring control cells (red) 2 hours
APF. Hrs and Ergic53 co-localization is also decreased in Vps253% mutant cells.

(F) Quantification of Hrs (Hrs) and Ergic53 (E53) co-localization in Vps25 mutant cells
compared to control cells 2 hours APF. n =7 (Ctrl), n =7 (Vps25) cells were measured.

(G) Wps2533 loss-of-function mutant cells (lacking RFP, white dotted line) 2 hours APF
possess decreased Sec23 (Sec23, magenta) and Ergic53 (Erigc53-GFP, green) puncta
compared to neighboring control cells. Sec23 and Ergic53 co-localization is also decreased
in Vps2543 mutant cells. The absence of DNA stain in the Vps25 mutant cell is because the
nucleus is out of the focal plane.

(H) Wps34™22 |oss-of-function mutant cells (lacking RFP, white dotted line) 2 hours APF
possess comparable Sec23 and Ergic53 puncta to neighboring control cells. Sec23 and
Ergic53 co-localization is not influenced in Vjps34™22 mutant cells.

(1) Vps2543, Vips34™22 |oss-of-function double mutant cells (lacking RFP, whit dotted line)
2 hours APF possess decreased Sec23 and Ergic53 puncta compared to neighboring control
cells. Sec23 and Ergic53 co-localization is decreased in Vps253, V/ps34™22 double mutant
cells. The absence of DNA stain in the double mutant cell is because the nucleus is out of
the focal plane.

(J) Quantification of Sec23 (S23) and Ergic53 (E53) co-localization (Cize) in Vps253 (G),
Vps34™22 (H) and Vps2543, Vps34™22 (1) mutant cells compared to neighboring control
cells, n =10 (Ctrl), n =9 (Wps25), n =8 (Vps34), n=9 (Vps25, Vps34) cells were measured.
(K-M) TEM images reveal dilated ER in cells from intestines expressing either Vps25 RNAI
(L, Wps251R) or Vps36 RNAI (M, Vps361R) compared to the cells of control intestines
expressing luciferase RNAI (K, Ctrl) 2 hours APF. Red arrowheads indicate rough ER, and
yellow arrowheads indicate abnormal tubular projections on ER surface.

Insets of mutant cells from lower magnification images as indicated by white arrowheads,
and insets of control cells are indicated by yellow arrowheads in lower magnification
images. Scale bars in lower magnification represent 20 um, and scale bars in insets represent
2.5 um. Scale bar of TEM images represent 200 nm. Data are presented as mean + SEM.
**** p<0.0001 from unpaired, two-tailed t-test. Representative of 3 or more independent
biological experiments. See also Figures S2-S4.
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Figure 4. Vps13D, COPII and the ERGIC appear to function in a common pathway.
(A) Vps253 mutant cells (lacking RFP (R, right bottom Conner, H represent Hoechst),

dotted white line) possess decreased Vps13D puncta (magenta) and Ergic53 puncta
compared to neighboring control cells (red) 2 hours APF. Vps13D and Ergic53 co-
localization is also decreased in Vps2543 mutant cells.

(B) Quantification of Vps13D (13D) and Ergic53 (E53) co-localization in Vps25 mutant
cells compared to control cells 2 hours APF. n = 8 (Ctrl), n = 8 (Vps25) cells were measured.
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(C) Vps25V55 |oss-of-function mutant cells (lacking RFP (R, right bottom Conner, H
represent Hoechst), white dotted line) exhibit decreased level of Vps13D (magenta) and
Sec23 (green) puncta compared to neighboring control cells (red) 2 hours APF. Vps13D
co-localization with Sec23 is decreased in Vps25 mutant intestine cells. The absence of
DNA stain in the Vps25 mutant cell is because the nucleus is out of the focal plane.

(D) Quantification of Vps13D (13D) and Sec23 (S23) co-localization (Cgize) in Vps25
mutant cells compared to control cells 2 hours APF. n =7 (Ctrl), n = 8 (Vps25) cells were
measured per midgut. Insets of control and mutant cells (A, C) are from lower magnification
images indicated by yellow and white arrowheads.

(E-E”) Vps13DM! loss-of-function mutant intestine cells (lacking GFP, white dotted line)
possess decreased Sec23 puncta (red) compared to neighboring control cells (green) 2 hours
APF,

(F) Quantification of Sec23 puncta in Vps13D mutant cells compared to neighboring control
cells 2 hours APF. n = 10 (Ctrl), n = 8 (Vps13D) cells were measured.

(G-H) Ergic53-GFP (green) expressing intestines from control w28 (G, Ctrl), and Vpsi3D
AUBA/DF(3L)BSC613 (H, AUBA/Df) pupae 2 hours APF were dissected. The intestines
were stained with antibody against Sec23 (red). Co-localization of Sec23 and Ergic53 is
decreased in Vps13D (AUBA/DY) intestines compared to control intestines. Insets in (G-H)
are from lower magnification images indicated by arrowheads.

(1) Quantification of colocalization of Sec23 (S23) and Ergic53 (E53) in control (Ctrl) and
Vips13D (AUBA/DS) intestine cells 2 hours APE n =9 (Ctrl), n = 12 (AUBA/D# animal
midguts were measured.

(J) Quantification of Ergic53 puncta length in control (Ctrl) and mutant (AUBA/D/) cells. n
= 31 (Ctrl), n = 41 (AUBA/Df) puncta were measured.

(K-L) TEM images reveal dilated ER in cells from Vps13D (AUBA/Df) intestines (L)
compared to the cells of control (K, AUBA/+) 2 hours APF. Red arrowheads indicate rough
ER, and yellow arrowheads indicate abnormal tubular projections on ER surface.

Scale bars in lower magnification images represent 20 um, and scale bars in insets represent
2.5 um. Scale bar in TEM represents 200 nm. Data are presented as mean = SEM. **,
p<0.005, **** p<0.0001 from unpaired, two-tailed t-test. Representative of 3 or more
independent biological experiments. See also Figure S5.
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Figure 5. Atg8a localization with the ERGIC increases during autophagy.
(A-B) Intestines isolated from early 3'd instar larvae (3') and 2 hours APF expressing

Sec61a-GFP were stained with antibody against Atg8a. Co-localization (Cijze) of Atg8a
(magenta, A8) and Sec61a. (green, S61a) was increased in intestines 2 hours APF (B)
compared to early 3™ larval instar intestines (A).

(C) Quantification of Atg8a and Sec61a co-localization in early 3™ larval instar intestines
and 2 hours APF intestines, n = 11 (3'), n = 12 (APF) animal midguts were measured.
(D-E) Intestines isolated from early 3 instar larvae (3'%) and 2 hours APF expressing
Sec16-GFP were stained with antibody against Atg8a. Co-localization (Cgize) Of Atg8a
(magenta, A8) and Sec16 (green, S16) was increased in intestines 2 hours APF (E)
compared to early 3" larval instar intestines (D).

(F) Quantification of Atg8a and Sec16 co-localization in early 3™ larval instar intestines and
2 hours APF intestines. n = 11 (3'¥), n = 12 (APF) animal midguts were measured.

(G-H) Intestines isolated from early 3 instar larvae and 2 hours APF expressing Ergic53-
GFP were stained with antibody against Atg8a. Co-localization of Atg8a (magenta) and
Ergic53 (green) was increased in intestines 2 hours APF (H) compared to early 34 larval
instar intestines (G).

(1) Quantification of Atg8a and Ergic53 co-localization in early 3@ larval instar intestines
and 2 hours APF intestines. n = 12 (3'), n = 12 (APF) animal midguts were measured.

Curr Biol. Author manuscript; available in PMC 2023 March 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

Page 25

Scale bars in lower magnification represent 20 um and scale bars in insets represent 1 ym.
Insets are from the lower magnification images as indicated by the white arrowheads. Yellow
arrowheads in insets indicate colocalized puncta.
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Figure 6. COPII is required for autophagy.
(A) Cells expressing Sec22 RNAI from intestines (green) exhibit decreased mCherry-Atg8a

puncta formation compared to neighboring control intestine cells (non-green) 2 hours APF.
(B) Quantification of Atg8a puncta in Sec22/R cells compared to control intestine cells 2
hours APF. n = 8 (Ctrl), n = 8 (Sec22/R) cells were measured.

(C) Sec2zknockdown clone cells (green cells, white dotted line) exhibit increased
Ref2p/p62 puncta (red) compared to neighboring control cells 2 hours APF.

(D) Quantification of Ref2p/p62 puncta in Sec22knockdown cells compared to control cells.
n=10 (Ctrl), n=10 (Sec22) cells were measured.

(E) Wps25PA3 loss-of-function mutant cells (lacking GFP, white dotted line) 2 hours APF
possess increased Sarl (Sarl-GFP, green) compared to neighboring control cells.

(F) Quantification of Sarl intensity in Vps25 mutant cells compared to control cells. n=6
(Ctrl), n=6 (Vps25) cells were measured.

(G) Sar111-5-63 |oss-of-function mutant cells (lacking RFP, white dotted line) possess
increased Ref2p/p62 puncta (green) compared to neighboring control cells (red) 2 hours
APF,

(H) Quantification of Ref2p/p62 puncta in Sar11-3-63 mutant cells compared to control cells
2 hours APF. n =7 (Ctrl), n = 7 (SarZ) cells were measured.

(1) Sar111-3-63 mutant cells (lacking RFP, white dotted line) possess decreased Vps13D
puncta (green) and enlarged Sec23 puncta (magenta) compared to neighboring control cells
(red) 2 hours APF. Sec23 and Vps13D co-localization is decreased in Sarz42-3-63 mutant
cells.

(J) Quantification of Vps13D and Sec23 co-localization in Sar7?1-3-63 mutant cells 2 hours
APF compared to control cells. n = 6 (Ctrl), n = 6 (Sar) cells were measured.

(K) Quantification of Sec23 puncta larger than 1 um in Sar7Z4-3-63 mutant cells 2 hours
APF compared to control cells. n = 6 (Ctrl), n = 6 (SarZ) cells were measured. Insets

of Sar121-3-63 mutant cells are from lower magnification images as indicated by white
arrowheads, and insets of control cells (Ctrl) are indicated by yellow arrowheads in lower
magnification images.
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Scale bars in lower magnification represent 20 um and scale bar in inset represents 2.5 pm.
Data are presented as mean £ SEM. *, p<0.05, **** p<0.0001 from unpaired, two-tailed
t-test. Representative of 3 or more independent biological experiments.
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Figure 7. ESCRT-regulated COPII trafficking is required for Atg9-dependent autophagy.
(A) Arg9”51 |oss-of-function mutant intestine cells (lacking GFP, white dotted line) 2 hours

APF exhibit decreased mCherry-Atg8a (red) puncta formation compared to neighboring
control cells (green)

(B) Quantification of mCherry-Atg8a puncta in Afg9 mutant cells compared to control cells.
n =10 (Ctrl), n = 10 (Atg9) cells were measured.

(C) Atg9P5I mutant cells (lacking GFP, white dotted line) possess increased Ref2p/p62 (red)
puncta compared to neighboring control cells (green) 2 hours APF.
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(D) Quantification of Ref2p/p62 puncta in Afg9 mutant cells 2 hours APF compared to
control cells. n =11 (Ctrl), n =11 (Atg9) cells were measured.

(E) Atg9”>! mutant cells (lacking RFP, white dotted line) exhibit elongated Sec23 (magenta)
and Ergic53-GFP (green) puncta compared to neighboring control cells (red) 2 hours APF.
Sec23 and Ergic53 association is comparable in both control cells and Afg9 mutant cells.
(E’-E”) Plot analyses of Sec23 and Ergic53 co-localization in Afg9 mutant intestine cells
and control intestine cells. Signals on the white line were analyzed (Insets).

(F) Atg9P>1, vps25V55 double mutant intestine cells (lacking RFP, white dotted line) exhibit
decreased Sec23 (magenta) and Ergic53 (green) puncta compared to neighboring control
cells (red) 2 hours APF. Sec23 dissociates from Ergic53 in Afg9and Vps25 double mutant
intestine cells compared to control cells 2 hours after pupation.

(F’-F) Plot analyses of Sec23 and Ergic53 co-localization in Afg9and Vps25double
mutant intestine cells and control intestine cells. Signals on the white line were analyzed
(Insets).

(G) Atg9”>! mutant intestine cells (lacking RFP, white dotted line) exhibit elongated
Vps13D (magenta) and Ergic53 (green) puncta compared to neighboring control cells (red)
2 hours APF. Vps13D and Ergic53 association is comparable in both control cells and Afg9
mutant cells.

(G’-G”) Plot analyses of Vps13D and Ergic53 co-localization in Afg9 mutant intestine cells
and control intestine cells. Signals on the white line were analyzed (Insets).

(H) Atg9P>1, vips25N%% double mutant intestine cells (lacking RFP, white dotted line)
exhibit decreased Vps13D (magenta) and ERGIC53 (green) puncta compared to neighboring
control cells (red) 2 hours APF. Vps13D dissociates from Ergic53 in Afg9and Vps25double
mutant cells compared to control cells.

(H’-H”) Plot analyses of Vps13D and Ergic53 co-localization in Atg9°°L, Vips25V%% double
mutant intestine cells and control intestine cells. Signals on the white line were analyzed
(Insets).

Scale bars in lower magnification represent 20 um, and scale bars in insets represent 2.5

um. Inset of mutant cells (E-H) are from lower magnification images as indicated by white
arrowheads, and insets of control cells (Ctrl) are indicated by yellow arrowheads in lower
magnification images. Data are presented as mean = SEM. **** p<0.0001 from unpaired,
two-tailed t-test. Representative of 3 or more independent biological experiments. See also
Figure S6.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Vps13D Eric Baehrecke This study
Ref2p/p62 Gabor Juhasz N/A
Hrs Hugo J. Bellen N/A
Atg8a Cell Signaling 13733
Sec23 Thermo Fisher PA1-069A
GM130 Abcam AB30637
ATP5a Abcam Ab14748
Syntaxin 17 Gabor Juhasz N/A
Atg9A Novus Biologicals NB110-56893SS
Actin Developmental Studies Hybridoma JLA20
Bank
Ergic53 Sigma-Aldrich E1031
Calnexin Proteintech 10427-2-AP
LAMP2 Developmental Studies Hybridoma H4B4
Bank
Anti-mouse Alexa Fluor 488 Invitrogen A-11029
Anti-rabbit Alexa Fluor 488 Invitrogen A-27034
Anti-rabbit Alexa Fluor 546 Invitrogen A-11035
Anti-mouse Alexa Fluor 546 Invitrogen A-11030
Anti-guinea pig Alexa Fluor 546 Invitrogen A-11074
Anti-mouse Alexa Fluor 647 Invitrogen A-S28181
Anti-rabbit Alexa Fluor 647 Invitrogen A-27040
Anti-guinea pig Alexa Fluor 647 Invitrogen A-21450
Chemicals
TR-avidin Invitrogen A820
Magic red ImmunoChemistry 937
PBS GIBCO 70011
Hoechst Invitrogen 33342
Paraformaldehdye Electron Microscopy Sciences 15710
Triton X-100 Sigma T8787
Heptane Sigma 34873
Methanol Sigma 34860
Vectashield Vector Laboratories H-1200
Tris-HCI Sigma T3253
NaCl Fisher BP358-212
Normal goat serum Life technologies PCN5000
EDTA Quality Biological 321-027-101
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REAGENT or RESOURCE SOURCE IDENTIFIER

Schneider’s media Thermo Fisher Scientific 21720024

Experimental models: Organisms/strains

y w hsFlp; pmCherry-Atg8a; Eric Baehrecke N/A

Act>CD2>GAL4, UAS-nIsGFP

y w hsFlp; FRT42D,Ubi-nIsGFP; Eric Baehrecke N/A

pmCherry-Atg8a

y w hsFlp; Ubi-nIsGFP, FRT40A; Eric Baehrecke N/A

pmCherry-Atg8a

y w hsFlp; pmCherry-Atg8a;FRT82B, Eric Baehrecke N/A

Ubi-nIsGFP

y w hsFlp; FRT42D,Ubi-nIsGFP Eric Baehrecke N/A

y w hsFlp; FRT42D,Ubi-nIsRFP Eric Baehrecke N/A

y w hsFIp; Ubi-nIsGFP, FRT40A Eric Baehrecke N/A

y w hsFlp; If/CyO; FRT82B, Ubi-nIsRFP Eric Baehrecke N/A

y w hsFIp; I1f/CyO; Ubi-nIsGFP FRT2A Eric Baehrecke N/A

CG32113M11101 Bloomington Drosophila stock center 56282

Df(3L)BSC631 Bloomington Drosophila stock center 25722

wllis Eric Baehrecke N/A

pmCherry-Atg8a Eric Baehrecke N/A

NP1-Gal4 Eric Baehrecke N/A

UAS-GalT-GFP Eric Baehrecke Eric Baehrecke

Ergic53-GFP Vienna Drosophila RNAI Center 318063
(VDRC)

Sec6la-GFP Vienna Drosophila RNAI Center 318343
(VDRC)

Sec22-GFP Vienna Drosophila RNAI Center 318332
(VDRC)

Secl6-GFP Vienna Drosophila RNAI Center 318329
(VDRC)

Sarl-GFP Eric Baehrecke This study

YFP-Rab7 Bloomington Drosophila stock center 62545

HrsP28 FRT40A/CyO, th Bloomington Drosophila stock center 54574

FRT42D, Vps25V%5/CyO, tb Andreas Bergmann N/A

FRT42D, Vps25°3/Cy0, th Bloomington Drosophila stock center 39633

FRT42D, Vps3265/Cy0, th Bloomington Drosophila stock center 39635

FRT42D, Atg9”%L/Cy0O, th Guangchao Chen N/A

FRT42D, Vps34™2/CyO, tb Thomas P. Neufeld N/A

FRT82B, Vips22556/TM6B, th Bloomington Drosophila stock center 39631

FRT82B, Sar11-3-63/TM6B, th Bloomington Drosophila stock center 53710

UAS-Sec2? IR Bloomington Drosophila stock center 34893

Deposited data

Original western blot results

This study; Mendeley Data

DOI: 10.17632/6w;j3s6d4by.1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Image J NIH https://imagej.nih.gov/ij/

Prism Graphpad Software https://www.graphpad.com/scientific-software/prism/

ZEN Zeiss https://www.zeiss.com/microscopy/us/products/
microscopesoftware/zen.html

NIS-Elements Nikon https://www.microscope.healthcare.nikon.com/
products/software/nis-elements

Biorender Biorender https://biorender.com/
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