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ABSTRACT Homotypic fusion and vacuole protein sorting (HOPS) is a tethering complex
required for trafficking to the vacuole/lysosome in yeast. Specific interaction of HOPS with
certain SNARE (soluble NSF attachment protein receptor) proteins ensures the fusion of ap-
propriate vesicles. HOPS function is less well characterized in metazoans. We show that all
six HOPS subunits (Vps11 [vacuolar protein sorting 11]/CG32350, Vps18/Dor, Vps16A, Vp-
s33A/Car, Vps39/CG7146, and Vps41/Lt) are required for fusion of autophagosomes with
lysosomes in Drosophila. Loss of these genes results in large-scale accumulation of autopha-
gosomes and blocks autophagic degradation under basal, starvation-induced, and develop-
mental conditions. We find that HOPS colocalizes and interacts with Syntaxin 17 (Syx17), the
recently identified autophagosomal SNARE required for fusion in Drosophila and mammals,
suggesting their association is critical during tethering and fusion of autophagosomes with
lysosomes. HOPS, but not Syx17, is also required for endocytic down-regulation of Notch
and Boss in developing eyes and for proper trafficking to lysosomes and eye pigment gran-
ules. We also show that the formation of autophagosomes and their fusion with lysosomes
is largely unaffected in null mutants of Vps38/UVRAG (UV radiation resistance associated), a
suggested binding partner of HOPS in mammals, while endocytic breakdown and lysosome
biogenesis is perturbed. Our results establish the role of HOPS and its likely mechanism of
action during autophagy in metazoans.
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INTRODUCTION

Eukaryotic cells have developed distinct membrane-bound com-
partments with specific functions. Trafficking from one compartment

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E13-08-0449) on February 19, 2014.
*Co-first author.

Address correspondence to: Gabor Juhasz (szmrt@elte.hu).

Abbreviations used: Atg, autophagy-related; CORVET, class C core vacuole/
endosome tethering; HOPS, homotypic fusion and vacuole protein sorting;
Lamp, lysosome-associated membrane protein; LTR, LysoTracker Red; Q and R
SNARE, soluble NSF attachment protein receptor, contributing either a glutamine
(Q) or an arginine (R) residue to the central layer of the assembled complex,
respectively; UVRAG, UV radiation resistance associated; Vps, vacuolar protein
sorting.

© 2014 Takéts et al. This article is distributed by The American Society for Cell
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution—-Noncommercial-Share Alike 3.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®” are registered trademarks of The American Society of Cell Biology.

1338 | S. Takats et al.

to the other is usually achieved by the fusion of transport vesicles
with their target. This process is mediated by complex molecular
machineries that ensure proper movement, tethering, and specific
fusion of various vesicles. A combination of signals establishes vesi-
cle identity, including the lipid content of the limiting membrane
(such as the presence of various phospholipids) and members of the
Rab family of small GTPases (Stenmark, 2009). Tethering factors are
involved in vesicle docking, and fusion of the vesicle with the ap-
propriate target membrane is usually mediated by SNARE (soluble
NSF attachment protein receptor) protein complexes, formed by
four (Qa, Qb, Qc, and R) SNARE domains (Hong, 2005).

Much of our understanding of these processes comes from
yeast studies. Genetic screens carried out in the 1980s identified
the first set of genes required for transport from the Golgi to the
vacuole, the yeast equivalent of the lysosomal system (Bankaitis
et al., 1986; Rothman and Stevens, 1986; Bowers and Stevens,
2005). All these vacuolar protein sorting (VPS) mutants secrete
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carboxypeptidase Y (CPY), which is a soluble vacuolar hydrolase in
wild-type cells. VPS genes were classified based on the morphol-
ogy of vacuoles in mutant cells (Bowers and Stevens, 2005). The
class C group is characterized by the lack of a coherent vacuole and
includes the genes VPS11, VPS16, VPS18, and VPS33. Mutants that
belong to the class B group show numerous, small, fragmented
vacuoles, and include VPS39 and VPS41, among other genes. Bio-
chemical studies established that these six gene products form a
protein complex, which was named HOPS for homotypic fusion
and vacuole protein sorting. A separate complex termed CORVET
(for class C core vacuole/endosome tethering) was also described,
which contains Vps3 and Vps8 instead of Vp39 and Vpsé1
(Balderhaar and Ungermann, 2013; Solinger and Spang, 2013).
These complexes act as tethering factors by cross-linking two mem-
branes, and also facilitate the formation of a SNARE complex dur-
ing fusion. HOPS is not only required for the delivery of vacuolar
proteins and homotypic fusion of vacuoles, but also appears to
control the clearance of late endosomes and autophagosomes dur-
ing heterophagy and autophagy through promoting fusion of these
vesicles with the vacuole in yeast (Rieder and Emr, 1997). These
pathways mediate the uptake and degradation of endocytosed ex-
tracellular material and receptor-ligand complexes, and the deliv-
ery of dispensable cytoplasmic material for breakdown, respec-
tively. In contrast, CORVET was suggested to be involved in the
maturation of early endosomes to late endosomes (Balderhaar and
Ungermann, 2013; Solinger and Spang, 2013).

The function of these complexes is less well characterized in
metazoan cells (Balderhaar and Ungermann, 2013; Solinger and
Spang, 2013). Although clear homologues of VPS8 are found, VPS3
is not conserved. Studies in animals are also complicated by gene
redundancy, as two homologues of VPS16 and VPS33 are found in
worms, flies, and mammals. A complex containing VPS16A and
VPS33A has been proposed to function similarly to HOPS in yeast,
while a complex containing VPS16B and VPS33B has been specu-
lated to play a role similar to that of CORVET (Balderhaar and Un-
germann, 2013). These complexes play important roles in numerous
biological processes in mammals, including antigen presentation
and elimination of microbes in immune cells, and protection from
various diseases causing neurodegeneration and multiorgan pathol-
ogies (Balderhaar and Ungermann, 2013; Solinger and Spang,
2013).

Several classical eye color mutant phenotypes in Drosophila
turned out to be the result of mutations in genes encoding HOPS
subunits (Lloyd et al., 1998). These genes were named according to
the phenotypes of mutant adult flies: Vps18 is known as dor (deep
orange), Vps33A as car (carnation), and Vps41 as It (light) in flies.
These hypomorphic mutations perturb the biogenesis of eye pig-
ment granules at the end of metamorphosis, whereas stronger mu-
tations in these genes lead to lethality during earlier developmental
stages. Loss of dor or car or hypomorphic mutation of It also leads
to defects in endocytosis, and similar phenotypes have been re-
ported based on RNA interference (RNAI|) analysis of Vps16A
(Sevrioukov et al., 1999; Pulipparacharuvil et al., 2005; Akbar et al.,
2009; Swetha et al., 2011). In contrast, Vps16B/fob (full of bacteria)
appears to regulate the maturation of phagosomes containing en-
docytosed bacteria, and it is dispensable for receptor down-regula-
tion (Akbar et al., 2011). These studies suggest that distinct HOPS
complexes may be responsible for different functions in animals.

During autophagy, fusion of double-membrane autophago-
somes with lysosomes is required to deliver the sequestered cyto-
plasmic cargo for degradation. Autophagy has been implicated in a
wide variety of physiological and pathological conditions (Mizushima
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etal., 2008). In yeast, the SNARE proteins Vam3, Vti1, and Vam7 are
involved in the direct fusion of autophagosomes with the vacuole
(Darsow et al., 1997; Wang et al., 2002). Interestingly, metazoan
cells seem to rely on a different trafficking route that appears to be
critical: the fusion of autophagosomes with late endosomes to form
intermediate vesicles called amphisomes, which then fuse with lyso-
somes (Filimonenko et al., 2007; Rusten et al., 2007; Juhasz et al.,
2008). In addition, among the SNAREs required for autophagosome
clearance in yeast, only Vti1 has a clear homologue in animal cells,
but not Vam3 or Vam7. We and others have recently identified Syn-
taxin 17 (Syx17 in Drosophila and STX17 in mammals) as the au-
tophagosomal SNARE in metazoans, which forms a complex with
ubisnap (Qbc, SNAP29 in mammals) and Vamp7 (R, VAMP8 in mam-
mals) located on late endosomes and lysosomes (ltakura et al.,
2012; Takats et al., 2013).

Whether and how HOPS is involved in autophagy in metazoans
is not entirely clear, given that the SNAREs required for autophago-
some-lysosome fusion are different from those in yeast. The possible
involvement of HOPS in mammalian autophagy is controversial.
Neuron-specific deletion of Vps18 was recently shown to cause neu-
rodegeneration due to impaired biosynthetic, endocytic, and au-
tophagic transport to lysosomes (Peng et al., 2012). In contrast,
Vps16 depletion by short hairpin RNA in mouse embryonic fibro-
blasts was found to delay the degradation of epidermal growth fac-
tor receptor (EGFR), a widely used endosomal cargo, but did not
affect green fluorescent protein (GFP)-LC3 lipidation or puncta for-
mation (Ganley et al., 2011). In Drosophila, it was shown that Vpps16A
RNAi induced in the developing eye results in retinal degeneration,
and ultrastructural images of dying photoreceptor cells in these ani-
mals revealed various vacuoles, including double-membrane au-
tophagosomes, but the identity of these organelles was not further
characterized (Pulipparacharuvil et al., 2005). Another report showed
that in viable dor[1] hypomorphic mutants, the size of LysoTracker
Red (LTR)- and lysosome-associated membrane protein (Lamp1)-
positive autolysosomes is decreased and the number of autophago-
somes is increased during developmental autophagy of the fat body
(Lindmo et al., 2006). Interestingly, insulin signaling was up-regu-
lated in those larvae, and levels of the molting hormone ecdysone,
which is responsible for inducing developmental autophagy (Rusten
et al., 2004), remained low in wandering animals. These results sug-
gest that systemic hormonal defects may contribute to autophagy
phenotypes in these mutant animals (Lindmo et al., 2006). The au-
tophagic cargo p62/Ref2P was also found to be up-regulated in
dor[1] but not in car[1] mutant adult heads (Bartlett et al., 2011).
Importantly, mutations used in these studies are hypomorphic
alleles: dor[1] carries a C979Y amino acid change, while car[1]
has L26V and G249V changes. Thus these point mutations may
interfere with some but not all functions of these genes. This is fur-
ther indicated by the lethality of car and dor null mutants during the
first and second larval stages (Sevrioukov et al., 1999; Akbar et al.,
2009).

In this work, we analyze the role of HOPS in autophagosome-
lysosome fusion in Drosophila. Our results help in resolving the con-
flicting and inconsistent reports on the potential involvement of this
complex in autophagy in the cells of a metazoan organism.

RESULTS

Novel mutations of Vps16A reveal its role in
autophagosome clearance

We screened a collection of P element-bearing larval-lethal
Drosophila strains for mutants with defects in developmental au-
tophagy, and recently published the characterization of two hits
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from our screen (Lippai et al., 2008; Csikos et al., 2009). In these
papers, we showed that loss of AMPK (AMP-activated kinase) or
epsin interferes with the formation of autophagosomes. Homozy-
gous mutants of another candidate line, 1(3)S007902 (later named
Vps16A[FUD], see below), showed a complete block of punctate
LTR staining in fat body cells of wandering L3-stage animals (Figure
1, A, B, and K). It is important to emphasize that the LTR dots appear
only in response to starvation or in wandering larvae, and no such
LTR-positive structures are detected in fat bodies of well-fed
Drosophila larvae; therefore LTR staining is commonly used as a
marker for autolysosomes in this tissue (Scott et al., 2004; Takats
et al., 2013). Transmission electron microscopy revealed that the cy-
toplasm of these cells is filled with typical double-membrane au-
tophagosomes (Figure 1, C and D). This very characteristic pheno-
type raised the possibility of a specificimpairment of autophagosome
fusion with late endosomes and lysosomes in mutant larvae.

Transposase-mediated excision of the inserted P element in
1(3)S007902 failed to restore wild-type autophagy, and these
revertant lines still died as late L3 larvae, similar to the original
mutants. Furthermore, the mutation causing autophagy defects
and larval lethality could be separated from the P element inser-
tion by recombination. These genetic tests indicated that impaired
autophagy and larval lethality are due to the presence of a back-
ground mutation on the P element-bearing chromosome. We
thus named this unknown mutation FUD (FUsion Defective).
Recombination and deletion mapping placed this mutation to the
85D7 region on the third chromosome, based on its failure to
complement the deficiency lines Df(3R)ED5339 and Df(3R)BSC507.
One of the genes located in the overlapping region of these defi-
ciencies, Vps16A, encoding a subunit of HOPS complex, seemed
to be the most likely candidate potentially involved in autophago-
some fusion events. Sequencing the locus identified a mutation at
the 3’ end of the third intron in FUD mutants, changing the last
three nucleotides from CAG to GAG (Figure 1E), which likely inter-
feres with the proper splicing of Vps16A. To confirm the role of
VpsT16A in autophagy, we generated targeted deletions by im-
proper excision of the P element GS5053, inserted in the 5" un-
translated region of the gene, 64 nucleotides upstream of the
translational start site ATG. The new alleles remove 926 (d116)
and 1105 (d32) nucleotides starting from the P element insertion
site, deleting the protein-coding sequences in exons 1-3 and
parts of exon 4 (Figure 1E). Animals transheterozygous for these
alleles and a large chromosomal deficiency also die as late L3
stage larvae.

All three VpsT16A alleles prevented LTR puncta formation in fat
bodies of starved mutants (Figure 1, F-H, J, and L). As transgenic
expression of wild-type Vps16A completely restored viability and
starvation-induced LTR dot formation in Vps16A%3? mutant animals
(Figure 1, I 'and L), we concluded that the loss of Vps16A is respon-
sible for these mutant phenotypes. In line with that, no Vps16A
protein could be detected in Vps16A%2 or Vps16A9""¢ mutants,
while a faint band was visible in Vps16AfUP (Figure 1M), suggest-
ing these deletions represent null alleles and Vps16AfUP is a strong
hypomorphic mutation. Levels of the selective autophagy cargo
p62 (also known as Ref2P in flies) are widely used for monitoring
autophagy (Pircs et al., 2012). Accumulation of p62 was obvious in
Western blots of all three Vps16A mutants, similar to highly in-
creased levels of autophagosome-associated, lipidated Atg8a-II
(autophagy-related 8a; Figure 1M), in line with impaired autopha-
gosome clearance. As expected, transgenic expression of wild-
type Vps16A restored normal levels of Vps16A, p62, and Atg8a-II
in all three mutant lines (Figure 1M).
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All six subunits of the HOPS complex are required

for autophagosome clearance

These data prompted us to systematically analyze the role of indi-
vidual HOPS subunits in autophagy. We generated RNAi-expressing
somatic cell clones (marked by coexpression of GFP) in starved lar-
vae expressing mCherry-Atg8a in the fat body. This reporter labels
autophagosomes as well as autolysosomes due to persisting fluo-
rescence of the mCherry tag inside acidic lysosomes. Knockdown of
Vps16A, car, dor, Vps39/CG7146, Vps11/CG32350, or It produced
a very similar phenotype: faint, small, mCherry-positive dots accu-
mulated in the perinuclear region of cells, unlike the brighter and
bigger puncta observed in the cytoplasm of neighboring control
cells (Figure 2, A and B, and Supplemental Figure S1, A-E). The vari-
ability seen in the number and size of mCherry-Atg8a structures in
control cells among different genotypes is likely due to biological
variability, which affects different animals or cohorts of animals.
Some of these discrepancies may also be caused by slight differ-
ences in setting the appropriate signal intensity threshold when ex-
tracting dot size and number data during image analysis. Note that,
in these and all subsequent mosaic experiments, genetically ma-
nipulated cells are compared with their neighboring cells in the
same tissue of the same animal, which serve as a built-in control, so
the control and RNAI (or mutant) data pairs are essentially linked
together.

In cell clones marked by Lamp1-GFP, which also express RNAi
transgenes to silence the genes encoding HOPS subunits, starva-
tion failed to induce discernible dots of LTR (Figures 2, C and F, and
S1, F=J). Similar to VpsT6A mutants, punctate LTR staining was in-
hibited in a Vjps11 mutant line that harbors a transposon insertion in
the 5" untranslated region of this gene and in [t mutant larvae (Figure
2,D, E, and G). To further characterize these loss-of-function pheno-
types, we used a tandem mCherry- and GFP-tagged Atg8a reporter
of autophagic flux (Kimura et al., 2007; Takats et al., 2013). In control
cells of starved larvae, these reporter molecules are transported by
autophagy to lysosomes in which GFP is rapidly quenched but
mCherry fluorescence persists (Figure 2H). Knockdown of Vps16A,
car, dor, Vps39/CG7146, Vps11/CG32350, or [t strongly interfered
with autophagic flux: although a large number of mCherry-GFP-
positive dots were formed, these remained double positive (Figures
2l and S2), suggesting autophagosomes are unable to mature into
autolysosomes in these cells. Immunofluorescence labeling of en-
dogenous Atg8a revealed large-scale accumulation of autophago-
somes in Vps16A, dor, or car mutant fat body cell clones of starved
larvae (Figure 3, A, C, E, and G). Furthermore, both the number and
size of endogenous pé2 aggregates increased in these cells (Figure
3, B, D, F, and H). A similar accumulation of punctate Atg8a and p62
was detected in Vps11 or It mutants and in Vps39 RNAi cells (Figure
S3). Western blots confirmed the accumulation of lipidated Atg8a-lI
and p62 in starved Vps11 and It mutant L3 stage larvae, similar to
Vps16A null mutants (Figure 3l). Punctate Atg8a and p62 structures
also accumulated in cells lacking HOPS in well-fed larvae (Figure
S4), and RNAI depletion of genes encoding HOPS subunits pre-
vented the formation of mCherry-Atg8a- or LTR-positive, large au-
tolysosomes in fat body cells of wandering larvae (Figure S5). These
data suggested that the loss of any one of the subunits of this com-
plex results in accumulation of autophagosomes due to impaired
maturation into autolysosomes under basal, starvation-induced, or
developmental autophagy. In line with these data, ultrastructural
analyses detected large numbers of autophagosomes in fat bodies
of starved Vps16A, Vps11, and It mutants, unlike in control larvae
(Figure 4, A, C, E, and Q). Interestingly, small dense vesicles were
also observed in all three mutants, the contents of which sometimes
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autophagic cargo pé2 and autophagosome-associated Atg8a-Il accumulate to similar levels in all three mutants.
Transgenic expression of Vps16A restores wild-type protein levels for Vps16A, p62, and Atg8a in all three mutant
backgrounds. Scale bar in (A) = 20 pm for (A), (B), and (F)-(J); scale bars = 1 pm in (C) and (D). Error bars denote SE in
(K) and (L); ns, not significant; ***, p < 0.001.
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seemed to originate from sequestered cytoplasmic material (Figure
4, D, F, and H). While some of these structures likely represent aber-
rant autolysosomes, their size and morphology was profoundly dif-
ferent from autolysosomes observed in control cells, which also indi-
cates the inefficient fusion of autophagosomes with lysosomes.
Autolysosomes in control cells are much bigger and often have an
irregular shape due to multiple autophagosomal fusion events,
which is also evident from the heterogenity of the contents reflect-
ing different stages of degradation within the same lytic organelle
(Figure 4B).
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Vps16A colocalizes with Syx17, Atg8a, and Lamp1-GFP

We and others have recently reported that Syx17, a Qa SNARE
protein located on autophagosomes, is required for the fusion of
these vesicles with late endosomes and lysosomes (ltakura et al.,
2012; Takats et al., 2013). Thus we reasoned that Syx17 may coop-
erate with HOPS for autophagosome clearance. In line with this
hypothesis, the colocalization of endogenous Vps16A with endog-
enous Syx17 could clearly be demonstrated in fat body cells of
both control and Vamp7 mutant larvae (Figure 5, A and B). Vps16A
also localized to Atg8a-positive puncta in fat body cells of both
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FIGURE 4: Ultrastructural analysis of starved HOPS mutants. (A) Starvation leads to the formation of autophagosomes
(arrowheads) and autolysosomes (AL) in fat body cells of control larvae. (B) This panel illustrates a representative
autolysosome containing heterogenous material due to different stages of degradation. Note that distinct parts within
this irregularly shaped organelle can be seen, corresponding to multiple autophagosome-lysosome fusion events.
(C-H) Autophagosomes accumulate in large numbers in Vps16A (C), Vps11 (E), or It (G) mutant cells. In addition,
numerous dense organelles are seen, which are usually round and smaller than the autolysosomes observed in controls.
High-magnification images reveal that a subset of these presumably lytic vesicles (marked by asterisks) in Vps16A (D),
Vps11 (F), or It (H) mutant cells contain recognizable remnants of cytoplasmic material, such as a mitochondrion (m) in
(F). Scale bar in (A) =1 pm for (A), (C), (E), and (G); scale bar in (B) =1 pm for (B), (D), (F), and (H).
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(A) = 20 um for (A)~(D) and (F)(l); scale bar in (E) = 20 pym.

control and Vamp7 mutant larvae (Figure 5, C and D). Vps16A colo-
calization with Atg8a was almost never seen in Syx17 mutants and
in Vamp7, Syx17 double mutants (Figure 5, E and F), raising the
possibility that Syx17 may have a role in the association of Vps16A
with autophagosomes. Syx17 still colocalized with Atg8a in Vps16A
mutants (Figure 5G), similar to the situation described for wild-type
cells (Takats et al., 2013). These data suggested that HOPS is dis-
pensable for Syx17 loading onto autophagosomes. HOPS is also
involved in homotypic vacuole/lysosome fusion in yeast, and may
fulfill its function during autophagosome-lysosome fusion while as-
sociated with the surface of lysosomes. This prompted us to carry
out further localization experiments. Indeed, colocalization of
Vps16A with the lysosome reporter Lamp1-GFP, and with the resi-
dent lysosomal hydrolase reporter cathepsin D-mCherry could be
detected in both control and Syx17 RNAi or mutant cells (Figures 5,
H and |, and S6, A and B). As expected, RNAI silencing of Vps39
prevented the colocalization of endogenous Atg8a or Syx17 with
Lamp1-GFP (Figure S6, C-F), indicating that HOPS-mediated
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tethering is important for the fusion of Atg8a- and Syx17-positive
autophagosomes with lysosomes.

HOPS interacts with Syx17

The similar mutant phenotypes and our colocalization experiments
suggested that HOPS may bind to Syx17. Indeed, hemagglutinin
(HA)-Car, Myc-Dor, and HA-Vps16A were readily coimmunoprecipi-
tated with FLAG-Syx17 from cultured insect cells (Figure 6A). The
strength of interactions seen between these overexpressed proteins
was very similar, suggesting that the HOPS complex as a whole may
interact with Syx17. We next tested whether the interaction of Syx17
with HOPS is enhanced by starvation, because this treatment in-
duces autophagosome formation, and as a consequence, it also in-
creases the number of autophagosomal fusion events. In line with
this model, the interaction of endogenous Syx17 with transiently
expressed Myc-Dor appeared to increase in response to starvation
in adult flies (Figure 6B). A previous report showed that in yeast, the
Vps33-Vam3 interaction requires Vps18 (Sato et al., 2000), raising
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FIGURE 6: Multiple HOPS subunits interact with Syx17. (A) HA-Car, Myc-Dor, and HA-Vps16A coprecipitate with
full-length FLAG-Syx17 in cultured Drosophila cells. (B) The interaction of transiently expressed Myc-Dor increases with
endogenous Syx17 in response to starvation in immunoprecipitation experiments from adult flies. (C) Endogenous Car
coprecipitates with endogenous Syx17 in starved control larvae, but not in starved Vps16A mutants. (D) An illustration
of the truncated Syx17 fragments used in mapping experiments, together with the summary of their interactions with
HOPS subunits based on experiments shown in (E), (F), and Figure Sé, | and J. Abbreviations are as follows:

NTR, N-terminal region; Q-SNARE, Q-SNARE domain; TM1 and 2, transmembrane domains 1 and 2, respectively;

CTR, C-terminal region. Numbers refer to amino acid positions in full-length Syx17. (E and F) Immunoprecipitation
analysis of HA-Car (E) and Myc-Dor (F) with FLAG-tagged Syx17 constructs shown in (D). Asterisks mark a higher-
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the possibility that the HOPS complex as a whole may interact with
its partner SNAREs. As Vps16 is the only subunit of HOPS that binds
to Vps33 in yeast (Lobingier and Merz, 2012; Solinger and Spang,
2013), we tested whether the binding of Car/Vps33A to Syx17 de-
pends on Vps16A in Drosophila. Endogenous Car coprecipitated
with endogenous Syx17 in starved larvae, but this specific interac-
tion was abolished in VpsT6A mutants (Figure 6C), supporting the
hypothesis that multiple interactions between the assembled
HOPS complex and Syx17 may be required for efficient binding.
RNAI depletion of car in cultured cells appeared to destabilize the
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Syx17-Vamp7 complex (Figure S6G). Furthermore, the interaction of
endogenous Syx17 with endogenous usnp (ubisnap) was decreased
in hypomorphic dor mutant adult flies (Figure S6H), suggesting that
HOPS promotes proper assembly of the Syx17/usnp/Vamp? trans-
SNARE complex.

In yeast, biochemical studies suggested that the Vps11, Vps16,
and Vps18 subunits of HOPS in combination bind to the N-terminal
region of Vam3, a Qa SNARE, whereas Vps33 was found to interact
with the SNARE domains of Vam3 (Qa), Vam7 (Qc), and Nyv1 (R),
but not with Vi1 (Qb) of the quaternary SNARE complex involved in
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homotypic vacuole fusion (Lobingier and Merz, 2012). Given that
metazoan cells rely on different SNAREs during autophagosome fu-
sion and that sequence similarity between the Qa SNAREs Vam3
and Syx17 is limited to the SNARE domains, we attempted to map
the region of Syx17 involved in binding to HOPS, using various trun-
cated fragments expressed in cultured cells (Figure éD). In these
coimmunoprecipitation experiments, full-length FLAG-Syx17 bound
slightly more effectively to HA-Car than an N-terminally truncated
protein (containing the Q SNARE domains, both transmembrane
regions and the C-terminus; Figure 6, D and E). This is in line with
the fact that Car belongs to the Sec1/Munc18-like protein family,
whose members may bind to the N-terminal region of syntaxins as
well (Akbar et al., 2009). Full-length and N-terminally truncated
Syx17 appeared to bind equally well to Myc-Dor and HA-Vps16A,
respectively (Figures 6, D and F, and Sél). Removing the C-terminal
region of Syx17 seemed to slightly reduce its interaction with these
HOPS subunits, whereas a C-terminally truncated fragment lacking
both transmembrane domains showed strongly reduced binding to
HA-Car, Myc-Dor, and HA-Vps16A (Figures 6, D-F, and Sél). Finally,
we could not detect an obvious interaction between the N-terminal
region of Syx17 and HA-Car, Myc-Dor, or HA-Vps16A (Figures 6D
and S6J). These results raise the possibility that both the SNARE
domain and membrane association of Syx17 may be required for
effective interaction with HOPS.

We have recently shown that loss of Syx17 impairs starvation-in-
duced LysoTracker staining in larval fat body cells, results in the ac-
cumulation of p62 and lipidated Atg8a, and leads to climbing de-
fects indicating neuromuscular dysfunction in adult flies (Takats
et al., 2013). In line with the above mapping data, transgenic ex-
pression of Syx17 lacking its extreme C-terminal region rescued
these phenotypes of Syx17 mutants similar to full-length transgenes,
unlike a Syx17 transgene missing the second transmembrane do-
main, which is required for its membrane association (Figure 7, A-J;
ltakura et al., 2012).

HOPS, but not Syx17, is required for endocytic degradation
Mutations of the HOPS complex subunits car or dor have been
shown to interfere with the degradation of multiple endocytic cargo
molecules in vivo, including the transmembrane proteins Bride of
sevenless (Boss) and Notch in developing eyes (Sevrioukov et al.,
1999; Akbar et al., 2009). Boss is produced by the R8 photoreceptor
neuron and binds to Sevenless, a receptor tyrosine kinase located
on the surface of a neighboring cell, to induce its differentiation into
an R7 neuron. In control larvae, anti-Boss immunostaining shows
pairs of large and small dots corresponding to the R8 apical surface
and endosomes in R7 cells, respectively (Figure 8A; see also the
schematic in Figure 8G). Vps16A and It mutants accumulated large
amounts of Boss, just like car and dor mutant eye disks (Figure 8,
B-E). In contrast, Boss staining in Syx17 mutant eye disks was similar
to controls (Figure 8F). Our immunolabeling experiments also re-
vealed large-scale accumulation of Notch in developing eyes lack-
ing Vps16A, It, car, or dor, while Syx17 mutants were again similar to
controls (Figure 8, H-M). These results suggest that Syx17 is dis-
pensable for endocytic down-regulation of Boss and Notch in vivo.

HOPS, but not Syx17, is involved in biosynthetic transport
to lysosomes

Car, dor, and It were named after the eye color phenotypes caused
by hypomorphic mutations in these genes (Lloyd et al., 1998). In
these mutants, the formation of lysosome-related eye pigment
granules is defective compared with wild-type flies that have bright
red eyes. We found that eyes composed of entirely null mutant cells
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for Vps16A had a light orange color similar to dor null mutant eyes
(Figure 9, A-C), while the eye color of viable Syx17 null mutants
were indistinguishable from wild-type eyes (Figure 9D). These data
prompted us to further analyze the biogenesis of lysosomes in the
absence of HOPS or Syx17. Lamp family proteins are heavily glyco-
sylated and protect the lysosomal membrane from digestion by resi-
dent acidic hydrolases. As a result, Lamp proteins are continuously
turned over in lysosomes (Pulipparacharuvil et al., 2005). With a GFP
insertion in the endogenous locus, accumulation of dLamp in West-
ern blots of Vps16A mutants was evident compared with control or
Syx17 mutant larvae (Figure 9E). Cathepsin L is a resident lysosomal
protease synthesized as an inactive proenzyme, and it is activated
by limited proteolysis in lysosomes, during which an N-terminal por-
tion is cleaved and degraded. Endogenous pro—cathepsin L immu-
noreactivity was normally very low, and practically only the mature
form could be seen in Western blots of control larvae, similar to
Atg7, Syx17, or Vamp7 mutants (Figure 9F). In contrast, mutation of
Vps16A or Vps11 resulted in large-scale accumulation of the proen-
zyme (Figure 9F). Taken together, these results suggest that the
HOPS complex, but not Syx17, is required for proper trafficking to
and biogenesis of lysosomes.

We have also tested the role of fob/Vps16B (encoding a subunit
of an alternative HOPS complex) in biosynthetic and autophagic
transport to lysosomes, using a recently published knockout line
(Akbar et al., 2011). Western blots did not reveal any defects in the
maturation of cathepsin L in these mutants (Figure S7A). Moreover,
the levels of p62 and Atg8a-Il were also similar to those of controls
in lysates prepared from starved fob mutant larvae, suggesting
proper autophagic degradation (Figure S7A).

Loss of UVRAG perturbs biosynthetic transport to
lysosomes, but not autophagosome formation and fusion

It has been suggested that UVRAG, the mammalian homologue of
Vps38, binds to the HOPS complex to promote both autophagy
and heterophagy (Liang et al., 2008). Thus we decided to extend
our analysis to its Drosophila homologue. UVRAG mutants have re-
cently been described in flies: UVRAG[GS], carrying a transposon
insertion in the 5" untranslated region of the gene; and two deletion
alleles, UVRAGIB7], removing the first exon and a small part of the
second one; and UVRAG[B21], removing the first exon and most of
the second one (Lee et al., 2011). In addition, we identified another
transposon-bearing line, UVRAG]LL], which is inserted at nucleotide
66 of the protein-coding sequence downstream of the translation
start site ATG. In our initial genetic characterization, UVRAG[B21]
and UVRAGILL] mutants died as L3-stage larvae in trans with a large
deficiency for this region or when crossed to each other, suggesting
these alleles represent genetic nulls (Figure S7B). Hemizygous
UVRAG[B7] larvae also died in the L3 stage, while some of the ho-
mozygotes survived until puparium formation, and UVRAG[GS] mu-
tants died as pupae, indicating these alleles are strong hypomorphs
(Figure S7B). UVRAG was recently reported to be required for endo-
cytic degradation of multiple receptors in developing eyes (Lee
et al., 2011), which we also confirmed for Notch (Figure S7C). We
then generated null mutant fat-cell clones for UVRAG[B21] and
UVRAGILL] and carried out standard tests for autophagy. No statisti-
cally significant alterations were detected in starvation-induced LTR
or anti-Atg8a staining in these mutant cells compared with sur-
rounding wild-type tissue (Figures 10, A-D, and S7, D and E). In the
case of p62, the number of aggregates was similar in mutant and
control cells, while their size was increased in mutant cells (Figures
10, E and F, and S7F). In line with these, Western blots showed that
the level of lipidated Atg8a was slightly elevated in UVRAG mutants
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compared with controls, and pé2 was up-regulated (Figure 10G).
Ultrastructural analyses showed no accumulation of autophago-
somes in UVRAGILL] or UVRAG[B21] mutants (Figure 10, H and I).
Autolysosomes were formed in these cells and had an irregular
shape similar to those observed in control cells, indicating that mul-
tiple autophagosome-lysosome fusions have occurred. Interestingly,
autolysosomal contents showed homogenous density, and more
advanced stages of degradation were never seen in UVRAG mu-
tants after 3 h of starvation, unlike in control cells. On the basis of
these morphological analyses, we hypothesized that lysosomal
function may be perturbed by loss of UVRAG. Indeed, pro-cathep-
sin L could be readily detected in Western blots of larval lysates,
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although its level was much lower than that observed in Vps16A null
mutants (Figure 10G). Moreover, the lysosome reporter Lamp1-GFP
accumulated in UVRAG mutant cells (Figures 10J and S7G). Finally,
eyes composed entirely of UVRAG mutant tissue showed a color
different from wild-type flies, although again it was not as severe as
seen in cases of Vps16A or dor mutant eyes (Figure 10, Kand L). The
eye color defect of UVRAG|LL] mutants was even more obvious in
the presence of a white[+mC] transgene in a white null mutant back-
ground, which creates a hypomorphic condition regarding eye color.
In these experiments, the eye color of control flies was orange, and
UVRAG mutants had a lighter eye color (Figure 10M). These results
support a conclusion that UVRAG plays a role in heterophagy and
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FIGURE 9: HOPS, but not Syx17, is required for biosynthetic transport to lysosomes and
pigment granules. (A-D) Eye pigment granules, a type of lysosome-related organelle, are
responsible for the bright red color of wild-type eyes (A). Eye tissue homozygous for one
chromosome arm can be generated with the GMR-Hid method by eliminating nonhomozygous
tissue due to eye-specific expression of the proapoptotic gene Hid in mosaic eyes. The right
side (A) shows the eyes of flies entirely homozygous for a chromosome arm bearing a GFP
insertion, which serves as an additional control for mosaic eye experiments. Note that the
GMR-Hid method results in a rough eye phenotype, but it does not affect eye color. Eyes
composed of entirely mutant cells for Vps16A (B) or dor (C) have a much lighter, orange color.
The eye color of homozygous, viable Syx17 mutants (D) is similar to that of wild-type flies.

(E) Western blot using a GFP knock-in line of endogenous dLamp reveals that this lysosomal
membrane protein accumulates in Vps16A mutant larvae, whereas no difference is seen
between Syx17 mutant and control larvae. Asterisk indicates a nonspecific band that serves as
an additional loading control. (F) The proform of the resident lysosomal hydrolase cathepsin L
accumulates in Vps16A and Vps11 mutant larvae compared with controls, but not in Atg7,

the vesicles, Syx17 is rapidly recycled from
the autolysosome, as suggested by the low
level of Syx17 localization to lysosomes in fly
and mammalian cells (Itakura et al.,, 2012;
Takats et al., 2013).

Supporting our results and conclusions,
a study related to ours shows that small in-
terfering RNA (siRNA) silencing of Vps33A,
Vps16, or Vps39 in cultured human cells re-
sults in the accumulation of autophago-
somes due to impaired fusion of these vesi-
cles with late endosomes and lysosomes.
Subunits of the HOPS complex have also
been found to interact with STX17, the
mammalian homologue of Syx17 in that
study, suggesting a similar HOPS-depen-
dent fusion mechanism facilitates the clear-
ance of autophagosomes in Drosophila and
mammals.

Unlike HOPS, which is involved in homo-
and heterotypic vacuole fusion, CORVET is
thought to function at the level of early en-
dosomes in yeast, but the existence of this
complex has not been verified in metazoans
yet. The putative alternative HOPS complex
found in animal cells, which contains Vps16B
and Vps33B, has been speculated to play a
role similar to that of CORVET (Balderhaar
and Ungermann, 2013). Recently the
Drosophila Vps16B homologue fob has

Syx17, or Vamp7 mutants.

proper biogenesis of lysosomes. As a result, its loss likely causes a
delay in autolysosomal degradation without affecting earlier steps
of autophagy.

DISCUSSION

Our data presented here clearly show that all six subunits of the
HOPS complex are important for the clearance of autophagosomes,
acting in a cell-autonomous manner in Drosophila. HOPS likely pro-
motes the fusion of autophagosomes with late endosomes and lys-
osomes through its interaction with Syx17, the autophagosomal
SNARE. The HOPS subunit Vps16A colocalizes with Syx17 in both
control and Vamp?7 mutant cells, suggesting the interaction of HOPS
with Syx17 may not necessarily require formation of the Syx17-usnp-
Vamp?7 trans-SNARE complex. Supporting this hypothesis, Vps16A
colocalized with Atg8a not only in control cells but also in Vamp7
mutants, in which the fusion of autophagosomes with lysosomes is
inhibited (Takats et al., 2013). The presence of Vps16A on lysosomes
appears to be independent of Syx17, consistent with the known
roles of HOPS during homotypic fusion of vacuoles/lysosomes. Our
data are compatible with the model in which HOPS is associated
with the lysosome and tethers an autophagosome moving into
proximity. Interestingly, HOPS was also shown to bind various phos-
pholipids with high affinity, including the autophagosome- and en-
dosome-specific phosphatidylinositol 3-phosphate (Stroupe et al.,
2006). This is in line with our results, which suggest that the mem-
brane association of Syx17 may increase its interaction with HOPS.
Tethering is followed by formation of the trans-SNARE complex,
which may be stabilized by HOPS during vacuole fusion in yeast as
has been proposed by Starai et al. (2008). Finally, following fusion of
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been shown to be required for the matura-

tion of bacteria-containing phagosomes but

not for general endocytosis or starvation-in-
duced LTR staining (Akbar et al., 2011). Accordingly, we found no
defects in lysosomal processing of cathepsin L, or in the degrada-
tion of Atg8a and p62 during autophagy in fob mutants. These
results further confirm the distinct and specific roles of a Vps16A-
and Car-containing HOPS complex in heterophagy, autophagy, and
lysosome biogenesis.

The role of UVRAG in autophagy has been controversial. The
yeast homologue of this gene, VPS38, is classified as a member of
the class A VPS group (Bowers and Stevens, 2005). Its mutation
leads to secretion of CPY without affecting vacuolar morphology,
suggesting that the effect on vacuolar protein sorting may be rela-
tively mild. Vps38/UVRAG is a subunit of a Vps34-containing lipid
kinase complex both in yeast and mammals (Kihara et al., 2001; Ita-
kura et al., 2008; Matsunaga et al., 2009; Farre et al., 2010). These
studies showed that the mutually exclusive presence of Atg14 or
UVRAG in distinct Vps34 complexes specifies a role in autophago-
some formation or endocytosis, respectively. UVRAG has also been
identified as a potential binding partner of HOPS, and based on
overexpression experiments, it has been suggested as a promoter
of both autophagic and endocytic degradation (Liang et al., 2008).
Recently Drosophila UVRAG was found to be required for the deg-
radation of multiple receptors during eye development (Lee et al.,
2011), which we also confirmed. However, we found no defects in
the formation of autophagosomes and their fusion with lysosomes
in two independent cases of UVRAG null mutant alleles, based on
multiple standard autophagy assays. The accumulation of both pro-
cathepsin L and the lysosomal membrane protein Lamp1, and de-
fective eye pigment granule formation in UVRAG mutants are simi-
lar to but weaker than the phenotypes observed with HOPS mutants.
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In fact, all the phenotypes of Drosophila UVRAG mutants may be
explained by the role of this protein as a Vps34 lipid kinase subunit,
which is important for endocytosis and biosynthetic transport to
lysosomes (Juhasz et al., 2008). Our findings are consistent with
yeast studies that documented vacuolar protein-sorting defects but
found no perturbation of autophagosome formation or clearance in
UVRAG mutants (Farre et al., 2010). Our data also suggest that the
loss of UVRAG only influences a late step of autophagy by delaying
the degradation of sequestered cargo in autolysosomes. Similarly,
siRNA depletion of UVRAG blocked endocytic degradation of EGFR,
but it did not affect autophagosome formation or fusion in cultured
mammalian cells (Knaevelsrud et al., 2010; Jiang et al., 2014).

Taken together, our studies clearly establish the role of HOPS in
facilitating the Syx17-dependent fusion of autophagosomes with
endosomes and lysosomes in Drosophila, and clarify that the effect
of UVRAG on autophagic degradation is likely due to perturbed
biosynthetic transport of hydrolases to lysosomes.

MATERIALS AND METHODS

Drosophila genetics, treatments, and climbing tests

Flies were reared on standard yeast/cornmeal medium, and L3 stage
larvae of the age 80-88 h after egg laying were transferred to a 20%
sucrose solution for 3 h in starvation experiments. Drosophila mu-
tants and transgenics used in this study are 1(3)S007902 bearing the
Vps16A[FUD] allele (Szeged Stock Center, Hungary); Gal4-respon-
sive transgenic UAS-RNAI lines for Vps16A[GD13782], car[GD1397],
dorf[KK102176], and Vps39[GD12152], Vps11[KK10256¢] (all
obtained from the Vienna Drosophila RNAi Center, Vienna, Austria);
car[12230R-1] (referred to as RNAIi/2, obtained from the National
Institute of Genetics, Mishima, Japan); and ItffHMS00190] (obtained
from the Bloomington Drosophila Stock Center [BDSC], Indiana
University, Bloomington, IN; and generated by the Transgenic RNAI
Project, Harvard Medical School, Boston, MA). Mosaic eyes com-
posed of entirely mutant tissue for car, dor,Vps16A, and UVRAG
were generated with the help of GMR-Hid, FRT19A; ey-Gal4,
UAS-Flp or GMR-Hid, FRT40A; ey-Gal4, UAS-Flp or ey-Gal4,
UAS-Flp; FRT82B, GMR-Hid (BDSC), as previously described (Rusten
et al., 2007; Juhasz et al., 2008). Mutant and deficiency lines used
were car[d146] on FRT19A (Akbar et al., 2009); dor[4], dor[8] on
FRT19A (Sevrioukov et al., 1999); It[11] (Wakimoto and Hearn, 1990);
Df2L)It45, Df(3L)Exel8098, Df(3R)BSC507, and Df(3R)ED5339 (all
obtained from BDSC); Df(2L)ED784, UVRAG[GS17330] (Lee et al.,
2011); dLAMP[CPTIO01775], Syx17[LL06330] on FRT2A (Takats et al.,
2013); Vps11[LLO6553], UVRAGILLO3097] on FRT40A (Schuldiner
et al., 2008) (all obtained from the Drosophila Genetic Resource
Center [DGRC], Kyoto, Japan); Atg7[d77] (Juhasz et al., 2007); fob[1]
(Akbar et al., 2011); and UVRAG[B7], UVRAG[B21] on FRT40A (Lee
et al., 2011) (kindly provided by Sekyu Choi). Vpps16A[d32] and
Vps16A[d116] were generated by imprecise excision of
Vps16A[GS5053] (obtained from DGRC) and recombined onto
FRT82B for generation of mutant clones. New transgenic flies were
generated by standard embryo injection technique (BestGene,
Chino Hills, CA). Transgenic animals for full-length, untagged
genomic Syx17 have been described (Takats et al., 2013). LTR and
4 ,6-diamidino-2-phenylindole staining, autophagy reporter lines,
and the generation of mosaic animals were described previously
(Rusten et al., 2004, 2007; Scott et al., 2004; Juhasz et al., 2007,
2008; Erdi et al., 2012; Pircs et al., 2012; Takats et al., 2013), with the
exception of positively marked (by expression of GFP) mutant clones.
For these experiments, we recombined the Vps16A[d32] mutation
onto an FRT82B chromosome, and also established a stock with the
following genotype: hsFlp[22]; QUAS-mCD8-GFP[5J]; ET49-QF,
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FRT82B, tub-QS[21]/TMéB, Tb (Potter et al., 2010). After crossing
these two lines, we generated mosaic clones by heat shocking
0- to 4-h-old embryos in a 37°C water bath, similar to generation of
negatively marked (by lack of GFP or dsRed expression) mutant
clones described previously (Rusten et al., 2007; Juhasz et al., 2008).
Climbing tests were carried out on cohorts of six 2-d-old adult flies,
as described previously (Juhasz et al., 2007; Takats et al., 2013).

Molecular cloning

The genomic rescue construct for Vps16A was made by cloning a
10.5-kb Asp718-Bglll fragment containing the Vps16A locus into
Casper4. For tagged transgenes expressed by their endogenous
promoters, we generated genCherry and gen3xFLAG cloning vec-
tors. First, a fragment containing UAS sequences, the minimal
Hsp70 promoter, and multiple cloning site of UAST was removed
by Sphl-Xbal digestion and replaced with a PCR-amplified Sphl-
Nhel fragment in which Sphl, Notl, Ascl, Xbal, and Accé5I restric-
tion sites are upstream of an mCherry coding sequence and an
EcoRl site is downstream of the stop codon of mCherry. Two PCR-
amplified genomic fragments (Sphl-Nhel) were cloned into Sphl-
Xbal-digested genCherry vector: a 2001-base pair fragment for
full-length cathepsin D containing the promoter, two exons, and
the intron, and lacking the stop codon; and a 1649-base pair frag-
ment of the genomic region of Syx17 truncated after the first trans-
membrane domain. The gen3xFLAG vector was generated by
replacing the Acc651-EcoRI mCherry coding fragment of genCherry
with 3xFLAG, using annealed synthetic oligos. A 1799-base pair
fragment of the genomic region encoding full-length Syx17 lacking
the stop codon and a 1706-base pair fragment encoding Syx17
truncated after the second transmembrane domain were cloned as
Notl-Accé5l fragments into gen3xFLAG digested with Notl-Accé5l.
N-terminally tagged Syx17 expressing UAS constructs was gener-
ated by cloning PCR-amplified Syx17 coding sequences into UAS-
3xFLAG; and N-terminally HA-tagged Vps16A-, Car-, and Vamp7-
expressing constructs were generated by cloning the PCR-amplified
cDNA fragments encoding full-length proteins into UAS-3xHA.

Cell culture and immunoprecipitation

Transfections and immunoprecipitations were carried out in D.mel-2
cells exactly as previously described (Takats et al., 2013), using the
plasmids MT-Gal4, UAS-Syx17(1-223)-FLAG (Takats et al., 2013);
UAS-Myc-Dor (Sevrioukov et al., 1999); and N-terminally FLAG-
tagged Syx17 and HA-tagged Vps16A, Car, and Vamp7 constructs
described above. RNAi depletion of car was induced by adding
10 pg dsRNA to cultured cells in one well of a six-well plate 3 d
before transfection with tagged Syx17 and Vamp7 plasmids. The
dsRNA was synthesized by PCR amplification of the same region
that is used in car[12230R-1] with specific primers containing a T7
promoter, and using the PCR fragment for in vitro transcription with
the Megascript T7 kit (Life Technologies, Budapest, Hungary)
followed by a clean-up reaction with the Megaclear kit (Life Tech-
nologies) and agarose gel electrophoresis to determine dsRNA in-
tegrity and quantity. Immunoprecipitations using guinea pig anti-
sera against endogenous Syx17 (or GFP) were carried out from larval
or adult fly lysates as previously described (Takats et al., 2013).

Antibodies, immunolabeling, and Western blots

Indirect immunofluorescence labeling and Western blots were car-
ried out as described (Nagy et al., 2013; Takats et al., 2013), using
dissected fed or starved L3 larvae for fat body experiments and
wandering L3 animals for eye disk experiments. The following anti-
bodies were used: rabbit anti-Vps16A (IF [immunofluorescence]
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FIGURE 10: Null mutation of UVRAG has no effect on autophagosome formation and fusion, while it perturbs
biosynthetic transport to lysosomes. (A) Starvation-induced punctate LTR staining in UVRAGILL] mutant fat cells (marked
by the lack of GFP) is similar to neighboring heterozygous (marked by expression of one copy of GFP) and homozygous
(marked by two copies of GFP) control cells. (B) Atg8a-positive autophagosome numbers are similar in UVRAG[LL]
mutant and control cells of starved larvae. (C) Quantification of data shown in (A) and Figure S7D; n = 10/genotype.

(D) Quantification of data shown in (B) and Figure S7E; n = 10/genotype. (E) The autophagic cargo p62 is up-regulated in
UVRAGILL] mutant cells compared with surrounding control cells. (F) Quantification of data shown in (E) and Figure S7F;
n = 10/genotype. (G) Western blots show that the levels of Atg8a-Il are slightly higher in the lysates of different UVRAG

mutant larvae than those seen in controls but are much lower than the levels seen in Vps16A or Vps11 mutants.
Similarly, p62 is up-regulated in UVRAG mutants relative to controls, but its levels do not reach those observed in
Vps16A or Vps11 mutants. Pro-cathepsin L accumulates in UVRAG mutants. (H and |) Ultrastructural analysis reveals a
regular number of autophagosomes and autolysosomes in UVRAGILL] (H) and UVRAG[B21] (I) mutant larvae in response
to starvation. Note that the contents and the irregular shape of autolysosomes indicate that several autophagosomal
fusion events have occurred, whereas all autolysosomes appear to contain homogenously dark material, suggesting
defects in autolysosomal degradation. (J) Turnover of Lamp1-GFP (expressed in all cells) is perturbed in UVRAGILL]
mutant cells (marked by lack of dsRed expression), which accumulate high levels of this lysosomal reporter. (K and L)
Formation of the bright red eye color observed in control flies is perturbed in animals with eyes composed of entirely
UVRAGILL] (K) or UVRAG[B21] (L) mutant tissue. (M) The dark orange eye color of flies expressing lower levels of the
pigment transporter white (w) is much lighter in UVRAGJLL] mutant eyes. Scale bar in (A) = 20 pm for (A), (B), (E), and (J);
scale bar in (H) = 1 pm for (H) and (I). Error bars denote SE in (C), (D), and (F); ns, not significant; *, p < 0.05.

1:300; WB [Western blot] 1:2000; Pulipparacharuvil et al., 2005), rab-
bit anti-p62 (IF 1:2000; WB 1:5000; Pircs et al., 2012), rabbit anti-
Atg8a (IF: 1:500; Barth et al., 2011), rabbit anti-Atg8a (WB 1:5000),
rat anti-Atg8a (IF: 1:300; Takats et al., 2013), mouse anti-tubulin (WB
1:1000; DSHB [Developmental Studies Hybridoma Bank, lowa City,
IA] AA4.3-s), mouse anti-FLAG M2 (WB 1:2000; Sigma-Aldrich, St.
Louis, MO), mouse anti-Myc (WB 1:2000; Sigma-Aldrich), rabbit anti-
HA (WB 1:2000, Sigma-Aldrich), rat anti-Syx17 (IF 1:300, WB 1:5000;
Takats et al., 2013), rabbit anti-Car (WB 1:1000; Akbar et al., 2009),
mouse anti-Notch (IF 1:50, DSHB C458.2H-c), rabbit anti-Boss (IF
1:1000; Sevrioukov et al., 1999; Akbar et al., 2009), rat anti-mCherry
(IF 1:300), rat anti-GFP (WB 1:5000; Pircs et al., 2012), chicken anti-
GFP (IF 1:1500; Invitrogen, Carlsbad, CA), and rabbit anti-cathepsin
L (WB 1:500; ab58991; Abcam, Cambridge, MA). Secondary anti-
bodies were Alexa Fluor 488 goat anti-rabbit, Alexa Fluor 488 goat
anti-chicken, Alexa Fluor 568 goat anti-rat, Alexa Fluor 647 goat
anti-rabbit (all IF 1:1500; Invitrogen), and alkaline phosphatase—con-
jugated goat anti-rabbit, anti-rat and anti-mouse (both WB 1:5000;
Millipore/Biocenter, Szeged, Hungary). Blots were developed using
the NBT/BCIP colorimetric substrate (Sigma-Aldrich).

Microscopy and statistics

Images of dissected fat bodies were taken on an Axio Imager M2
equipped with Apotome2 and AxioCam Mrm (Zeiss, Jena, Ger-
many), as before (Nagy et al., 2013; Takats et al., 2013). Autophagic
structures were quantified from original, unmodified images in Im-
ageJ (National Institutes of Health), and statistical significance was
calculated with an appropriate test in SPSS Statistics (IBM, Armonk,
NY), as described in detail previously (Nagy et al., 2013; Takats et al.,
2013). Eyes of 2-d-old adults were photographed on a Lumar V12
stereomicroscope equipped with AxioCam ICc camera (Zeiss). Sam-
ples were processed for ultrastructural analysis as previously de-
scribed (Erdi et al., 2012; Takats et al., 2013). Ultrathin sections from
three individual larvae were evaluated per genotype.
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