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Autophagy 10:12, 2251-2268; December 2014; Published with license by Taylor & Francis

Multiple functions of the SNARE protein Snap29
in autophagy, endocytic, and exocytic trafficking
during epithelial formation in Drosophila

Elena Morelli," Pierpaolo Ginefra,' Valeria Mastrodonato,’ Galina V Beznoussenko,' Tor Erik Rusten,? David Bilder,?
Harald Stenmark,? Alexandre A Mironov,' and Thomas Vaccari'*

"IFOM - The FIRC Institute of Molecular Oncology; Milan, Italy; 2Centre for Cancer Biomedicine; Oslo University Hospital; Oslo, Norway; >Department of Molecular and Cell Biology;
University of California; Berkeley, CA USA

Keywords: autophagy, dome, Notch, Snap29, SNARE, trafficking, usnp

Abbreviations: Atg, autophagy-related; CEDNIK, cerebral dysgenesis, neuropathy, ichthyosis, and palmoplantar keratoderma; CFP,
cyan fluorescent protein; dome, domeless; EM, electron microscopy; ESCRT, endosomal sorting complex required for transport;
E(spl)mB-HLH, enhancer of split mB, helix-loop-helix; FE, follicular epithelium; histone H3, His3; hop-Stat92E, hopscotch-signal
transducer and activator of transcription protein at 92E; GFP, green fluorescent protein; MENE, mutant eye no eclosion; MVB,
multivesicular body; N, Notch; NECD, N extracellular domain; NPF, asparagine-proline-phenylalanine; os, outstretched; ref(2)P,
refractory to sigma P; Snap29, synaptosomal-associated protein 29 kDa; SNARE, soluble NSF attachment protein receptor;
Socs36E, suppressor of cytokine signaling at 36E; Syb, Synaptobrevin; Syx, syntaxin; Vamp, vesicle-associated membrane protein;

V-ATPase, vacuolar H"-ATPase; Vps25, vacuolar protein sorting 25; WT, wild type.

How autophagic degradation is linked to endosomal trafficking routes is little known. Here we screened a collection
of uncharacterized Drosophila mutants affecting membrane transport to identify new genes that also have a role in
autophagy. We isolated a loss of function mutant in Snap29 (Synaptosomal-associated protein 29 kDa), the gene
encoding the Drosophila homolog of the human protein SNAP29 and have characterized its function in vivo. Snap29
contains 2 soluble NSF attachment protein receptor (SNARE) domains and a asparagine-proline-phenylalanine (NPF
motif) at its N terminus and rescue experiments indicate that both SNARE domains are required for function, whereas
the NPF motif is in part dispensable. We find that Snap29 interacts with SNARE proteins, localizes to multiple trafficking
organelles, and is required for protein trafficking and for proper Golgi apparatus morphology. Developing tissue lacking
Snap29 displays distinctive epithelial architecture defects and accumulates large amounts of autophagosomes,
highlighting a major role of Snap29 in autophagy and secretion. Mutants for autophagy genes do not display epithelial
architecture or secretion defects, suggesting that the these alterations of the Snap29 mutant are unlikely to be caused
by the impairment of autophagy. In contrast, we find evidence of elevated levels of hop-Stat92E (hopscotch-signal
transducer and activator of transcription protein at 92E) ligand, receptor, and associated signaling, which might
underlie the epithelial defects. In summary, our findings support a role of Snap29 at key steps of membrane trafficking,
and predict that signaling defects may contribute to the pathogenesis of cerebral dysgenesis, neuropathy, ichthyosis,
and palmoplantar keratoderma (CEDNIK), a human congenital syndrome due to loss of Snap29.

Introduction Studies in model organisms have clearly shown that the endo-
lysosomal degradation pathway is required for correct organ

Organ development and homeostasis require concerted regu-
lation of membrane trafficking routes, such as those governing
protein secretion and endo-lysosomal degradation, and those
controlling macroautophagy (autophagy hereafter), which regu-
lates turnover of organelles and large cytoplasmic proteins.

development, due to its ability to promote degradation of signal-
ing receptors controlling tissue growth and polarity (for review
see ref. 1). Such a major role of endocytosis on tissue architecture
is underscored by the fact that Drosophila larval imaginal discs, a
recognized model of epithelial organ development, when mutant
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for a number of the Endosomal Sorting Complexes Required for
Transport (ESCRT) genes, display loss of polarity and overacti-
vation of major signaling pathways, including N (Notch) and
hop—Stat92E.2’3 In contrast, mutants in genes controlling
autophagy often do not display loss of tissue architecture, or
altered signaling phenotypes, indicating that impairment of
endo-lysosomal or autophagic degradation have dramatically dis-
tinct consequences on tissue clevc:lopment./*’5 However, it is
poorly understood which regulators of trafficking are required
for formation and convergence of autophagosomes into the
endosomal degradation route, and their relevance to organ devel-
opment and homeostasis.

In autophagy, double-membrane organelles called autophago-
somes are formed by a phagophore that sequesters portions of
the cell cytoplasm. Autophagosomes then fuse with lysosomes, in
which the autophagosome content is degraded.® Studies have
shown that 2 ubiquitin-like conjugation systems are required for
autophagosome formation,” and a number of organelles, such as
the endoplasmic reticulum (ER), mitochondria, the Golgi appa-
ratus, endosomes, and the plasma membrane have all been sug-
gested to supply membranes and factors for autophagosome
formation.®? Research in yeast indicates that, once formed, the
autophagosome fuses with the vacuole, the yeast lysosome, in a
manner dependent on the GTPase Ypt7/Rab7, on the homotypic
fusion and protein sorting (HOPS) complex, and on SNARE-

10,11 .
In metazoans, fusion events

mediated membrane fusion.
between autophagosomes and endosomal compartments are
more complex, entailing the formation of amphisomes, which
arise from fusion of autophagosomes with the multivesicular
body (MVB), a late endosomal organelle.lz’13 Consistent with
this difference, in Drosophila and in mammalian cells ESCRT
proteins, which regulate endosomal sorting and MVB forma-
tion,”'* and the PtdIns3P 5-kinase fabl, which control endo-
some function,'” are required for amphisome and autolysosome
formation.'® Also, differently from yeast, when formation of late
endosomes is blocked in Drosophila and mammalian cells, auto-
phagosomes accumulate in the cytoplasm, suggesting that amphi-
some formation helps clearance of autophagic cargoes.'”'®

The nature of SNARE-mediated fusion events occurring dur-
ing formation and clearance of autophagosomes via the endo-
lysosomal system is partly obscure. SNARE-mediated fusion
involves a stereotypic set of SNARE proteins forming a 4-helix
bundle composed by distinct SNARE domains named Qa-, Qb-,
Qc- or R-SNARE. Usually, a Qa-SNARE-containing protein (a
syntaxin, or t-SNARE) and a R-SNARE -containing protein (a
VAMP protein, or v-SNARE) are carried by opposing mem-
branes, and each provide a SNARE domain to the fusion com-
plex. These proteins are glued together by Qb- and Qc-
containing proteins, providing the remaining 2 SNARE
domains. The Qb- and Qc-SNARE:s involved in fusion events
can be contributed by members of the SNAP protein family,
with SNAP25 and SNAP23 being the most extensively studied.'”
However, metazoan genomes also contain SNAP29, which,
unlike other SNAP family members, contains a N-terminal NPF
(asparagine-proline-phenylalanine) motif that binds endocytic
adaptors, such as EDHI, and lacks palmitoylation sites for
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membrane anchoring.zo’21 Consistent with this, SNAP29 resides
in the cytoplasm and associates with membranes transiently.*'
In contrast to its paralogs, SNAP29 has been much less studied
and its function is unclear. In tissue culture and in 7z vitro stud-
ies, SNAP29 has been suggested to interact with multiple Qa-
SNARE:s such as syntaxins, and to associate with a number of
intracellular organelles to promote—as well as inhibit—mem-
brane fusion.”'"¢ Using depletion approaches, it has been shown
that SNAP29 and its homolog in C. elegans and zebrafish regu-
lates trafficking between several organelles, and that it is required
for integrity of various intracellular compartments.””° Finally,
in Drosophila and human cells, the SNAREs STX17/syntaxin 17
(Syx17) and vesicle-associated membrane protein 7 (VAMP7/
Vamp?7) have been very recently reported to act with SNAP29/
Snap29 in fusion of autophagosomes to lysosomes.”>" Homozy-
gous nonsense mutations leading to truncations of the human
SNAP29 protein cause CEDNIK syndrome, a rare inherited con-
genital condition affecting skin and nervous system development
and homeostasis, and resulting in short life span.’>?? Despite the
evidence above, how SNAP29 functions and how its loss results
in acquisition of CEDNIK traits is currently unclear.

In this study, we used Drosophila imaginal discs to identify
novel regulators of membrane trafficking that might have a role
in autophagy, and to assess the importance of identified genes for
epithelial organ development. With this strategy, we identified
the first Drosophila null mutant in Snap29 (also referred to as
CG11173/usnp). Snap29 mutant imaginal present
impairment of a late step of autophagy. In addition, we found

discs

that Snap29 exerts an inhibitory role in membrane fusion at the
apical membrane. In fact, Snap29 mutant tissue secretes autopha-
gosomes in the apical lumen and presents excess of receptors on
the plasma membrane. These defects correlate with disruption of
the epithelial organization of imaginal discs and with a dramatic
alteration in developmental signaling. Taken together, our data
highlicht a novel point of contact between trafficking and
autophagy routes that is critical for organ development and

might advance our understanding of the CEDNIK pathogenesis.

Results

MENE (2R) B6-21, a novel regulator of protein trafficking
and autophagy

To identify novel trafficking genes that may control autoph-
agy, we screened a collection of Drosophila MENE (mutant eye
no eclosion) mutants. These mutants have been selected for their
ability to cause larval lethality when made homozygous in eye-
antennal imaginal discs, and most of the mapped ones disrupt
membrane trafficking genes.’ 435 To monitor formation and
clearance of autophagosomes in WT discs (Fig. 1A), and in discs
containing predominantly homozygous mutant cells (referred to
as “mutant discs” henceforth; see Materials and Methods) we
stained with an antibody that recognizes Drosophila refractory to
sigma P (ref(2)P), a SQSTM1/p62 ortholog shown to be a selec-
tive autophagy target (Fig. 1B, marked in red).>® To monitor
both secretion and endocytic degradation routes, we also stained
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Figure 1. An assay to identify novel trafficking genes involved in autophagy. (A and B) Schematic view of subapical cross-section through a third-instar
larval eye-antennal imaginal discs (A) and of an epithelial cell contained in it (B). B depicts the secretion and endocytic degradation routes followed by
N, and the autophagic degradation routes highlighted by ref(2)P. AM, amphisome; Ant, anterior; AP, autophagosome; EE, early endosome; GA, Golgi
apparatus; LY, lysosome; NU, Nucleus; PG, phagophore; PM, plasma membrane; Post, posterior. (C to G) WT and mutant discs of the indicated genotype
immunostained to detect N, ref(2)p and nuclei. A’ to E” show the N and ref(2)P channels, respectively. Compared to WT, discs mutant for the Atg13 dis-
play strong accumulation of ref(2)P, no N accumulation and normal organ morphology. In Vps25 and fab1 mutant discs N and ref(2)P accumulate, how-
ever only in Vps25 mutant discs disc morphology is aberrant. MENE (2R)-E B6 mutant discs display epithelial architecture defects, and strong ref(2)P and
N accumulation. (H to L) High magnification of a cross-section of the anterior portion of mutant discs, as in C to G. Enlargements of the boxed area and
its single channels are shown below each panel. Note the distinct patterns of accumulation of N, or ref(2)P, in the different mutants.

with an antibody that recognizes N, a transmembrane receptor
actively trafficked and enriched at the apical plasma membrane
and in late endosomes (Fig. 1B, marked in green).z"w’39 As pre-
viously reported in WT discs, N localizes to the apical plasma
membrane and in endosomal puncta, while little signal of ref(2)
p is detected, consistent with low levels of constitutive autoph-
agy (Fig. 1C). Discs mutant for genes regulating autophagy, but
not protein secretion or endocytic trafficking, such as autoph-
agy-related gene 13 (Azgl3), which is required for initiation of
autophagy,” display normal morphology, and accumulate high
levels of ref(2)P with no alteration of N localization, when com-
pared to WT discs (Fig. 1D). In contrast, discs mutant for Vac-
uolar protein sorting 25 (Vps25), display accumulation of both
N and ref(2)P as well as major organ morphology alterations
(Fig. 1E), consistent with the reported role as tumor suppres-
sor.1® Discs mutant for Jfabl, also accumulate N and ref(2)P
but display no organ morphology alterations (Fig. 1F), as previ-
ously shown.!>1° Among MENE mutants, MENE (2R)-E
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B6-21 shows accumulation of both N and ref(2)P, as well as
epithelial morphology alterations (Fig. 1G). Similar defects are
observed in mutant wing discs (Fig. S1A and B). Analysis of N
and ref(2)P at the subcellular level indicated key differences
among MENE (2R)-E B6-21, Vps25, and fabl mutant discs
(Fig. 1H to L). Compared to WT or Azl3 mutant discs
(Fig. 1H and 1), in discs mutant for both Vps25 and fabl, N
and ref(2)P form adjoining intracellular accumulations (Fig. 1]
and K). This phenotype is consistent with previously reported
functions of these genes in endosomal sorting and formation of
amphisomes (Vps25), and in lysosomal maturation and fusion
of amphisomes to lysosomes (fzb1).”® In contrast, in MENE
(2R)-E B6-21 mutant discs, N appears to accumulate apically,
while ref(2)P accumulates in the apical portion below the cell
cortex (Fig. 1L). These data indicate that the MENE (2R)-E
B6-21 mutation affects a gene controlling protein trafficking
and autophagy, at a step likely to be distinct to those regulated
by Vps25 or fabl.
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MENE (2R)-E B6-21 is a mutant in the gene encoding
Drosophila Snap29

To identify the gene mutated in MENE (2R)-E B6-21, we
mapped the mutation by complementation, recombination and
direct sequencing (see Materials and Methods for details) to
Snap29 (Fig. 2A). Drosophila Snap29 protein shares all the fea-
tures of its human homolog, with which it shares 33% identity,
including the presence of an acidic NPF motif at its N terminus,
of 2 SNARE domains separated by a linker region, and the
absence of cysteine residues for membrane anchoring in the
linker region (Fig. S2). The identified mutation introduces a pre-
mature stop codon predicted to truncate the protein between the
2 SNARE domains (Fig. 2B). Discs containing mutant cells
express almost normal levels of mRNA (Fig. 2C). However, with
an anti-Snap29 antibody that we generated we observed that
discs containing mutant cells express a Snap29 form of predicted
size for the truncated protein (Snap29B6; Fig. 2D).

To confirm that the identified mutation in Snap29 is responsi-
ble for the disc phenotype, we performed rescue experiments by
ectopic expression of Snap29 in SnapZQBG mutant discs. Both
Snap29”® homozygous and Snap29”¢ hemizygous animals are
lethal shortly after larval hatching. In contrast, expression of a
full-length CFP-tagged form of Snap29 (CFP-Snap29) under the

tubulin promoter fully rescues homozygous Snap29”¢ flies to
adulthood (Fig. 2E). Taken together, these data indicate that
impairment of Snap29 function is the cause of the phenotypes
observed in S7ap29”® mutant tissue, and that Snap29% is likely
to be a strong loss of function Snap29 allele.

To determine which domain of Snap29 is important for func-
tion, we performed rescue experiments by ectopic expression of
full-length and mutated Snap29 forms in Sn2p29”° mutant eye
discs. Mutant forms of Snap29 do not appear to possess domi-
nant negative activity when overexpressed at comparable levels in
otherwise WT discs (Fig. S1IC to G). This is the case also of
Snap29SNARE2A 5 mutant form of Snap29 that lacks the second
SNARE domain and resembles the Snalp29BG protein, suggesting
that Snap29B6 is most likely nonfunctional (Fig. 2D, S1C and
D, S2). As expected, specific expression of CFP-Snap29 under
the eyeless promoter rescues developmental defects and lethality
of larvae bearing szp29B ¢ homozygous mutant eye-antennal
discs, and leads to eclosion of adults with eye structures indistin-
guishable to that of WT animals (Fig. 2F and G). In contrast,
Snap29 forms lacking either the first or the second SNARE
domain (Fig. S1C and D) are unable to rescue szp29B ° mutant
discs. Surprisingly, a Snap29 form with a mutated NPF motif
(Snap29™**; Fig. S1C and D) can rescue pupal lethality, yielding

A 50A1 seie ||B C Salai D o2 @Q@ @Qq@’ﬁ
5976 50A5 ETEL Snap29 elauve & e & é‘ e &
BOA3 L GOAT Df(ZRiJUE NC??E%&E%LEGC mRNA expression \Y\ =
— L o.. .3 kDa _|
p—— :9 — 1 30 kD2 | e g s | 2029
ey ) @y || | | 0 - 20 kD
enl Iy T \N\ M s . a| i | snapage
=" See—— A ) 2
= B AV © .
B Y 8 , 5. CTCCTAGGAGG..3 || 0-25 2 IE Snapat
[ NPF motif N . SerAMB c 1) |—-— — —— —
N C [ sNARE domains Snap29e 0 RIS
% @
N
E Snap29/Cyo Snap29 F eye-specific rescue with: G $ %g\'bq @"’0
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Figure 2. MENE(2R)-E B6 is a null mutant of Drosophila Snap29. (R) Schematic view of the Snap29 locus. Df(2R)egl2 (black) complements the B6-21 muta-
tion, while Df(2R)3-659 and Df(2R)106 (red) fail to complement it, indicating that B6-21 maps to the genetic interval 60A3-A5 on the right arm of the Dro-
sophila chromosome 2. The coding sequence of Snap29 is shown in orange, while the domains of Snap29 are indicated in yellow and blue. A black
triangle marks the approximate position of the B6 mutation. (B) Sequencing of the B6 allele in heterozygosity with the parental chromosome on which
the mutation was induced. A C-to-T change creates a premature stop codon that truncates the protein right after the first SNARE domain. (C) Expression
of Snap29 mRNA is only 25% reduced in mutant eye-antennal and wing discs, relative to WT. (D) Analysis of Snap29 expression by protein gel blot in WT
disc extracts and in extracts of discs containing Snap29%° mutant cells indicates that Snap29°, a truncated form of Snap29, is present in mutant cells. (E)
Ubiquitous expression of CFP-Snap29 under tubulin-Gal4 (tub>) rescues lethality of homozygous Snap29 flies. Rescued flies (right) are indistinguishable
from heterozygous animals (left). (F) Adult eyes of flies with the indicated genetic background. Eye-specific ectopic expression of CFP-Snap29, or of a
Snap29 form with a mutated NPF motif (Snap29AAA) rescue defects of Snap293‘5 mutant eye discs and yield adults with normal (CFP-Snap29), or reduced
eyes (Snap29”**). Mutant cells expressing the rescue construct give rise to orange photoreceptors, while the WT cells give rise to dark red ones. (G) West-
ern blot of extracts from WT discs, or discs containing Snap29%° mutant cells or discs containing Snap29%° mutant cells and expressing CFP-Snap29, reveal
expression of a truncated form of Snap29 (Snap29°°) and of CFP-Snap29 in rescued discs. The asterisks indicate unspecific signals.
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escaper adults with various degrees of eye defect (Fig. 2F). These
data suggest that the presence of both SNARE domains is crucial
for function, while the NPF motif is in part dispensable, at least
upon overexpression.

Snap29 mutant tissue displays altered autophagy and Golgi
apparatus organization

To understand the function of Drosophila Snap29 in epithelial
tissue of the imaginal disc, we analyzed the ultrastructure of
Snap29”® mutant discs by electron microscopy (EM; Fig. 3).
Compared to WT, Snap29”° mutant tissue displays a striking
accumulation of double membrane vesicular organelles (Fig. 3A
and B). Accumulated double-membrane organelles present diam-
eters ranging from 0.5 wm to 5 wm with most of them averaging
0.7 pm and contain a wide array of intact cellular structures,
such as mitochondria, ER, or vesicles (Fig. 3B, arrows). By
immuno-EM, we find that these organelles are positive for ref(2)
p and for Atg8a, a master regulator of autophagy,®' indicating
that most of these are autophagosomes (Fig. 3D, arrows).

In WT eye disc cells autophagic structures are very rare and
tomographic analysis reveals that the few found are late-stage
amphisomes or autolysosomes, as judged by their single and dou-
ble-limiting membrane and by their partly degraded luminal con-
tent (Fig. 3E; Movie S1). In contrast, the vast majority of the
autophagosomes accumulated in $72p29%° mutant cells are
completely delimited by double membrane filled with a continu-
ous protein-poor space. In addition, the accumulated autophago-
somes in Snap29”° mutant cells contain cytosolic structures in
their lumen that are perfectly preserved, indicating that no degra-
dation occurs in these organelles (Fig. 3F; Movie S2). The outer
and inner limiting membranes of the accumulated autophago-
somes is often convoluted and folded on a limited part of the
organelle surface, and accumulated autophagosomes were often
found close to each other (Fig. 3G; Movie S3), or close to muldi-
lamellar organelles that could be lysosomes (Fig. 3H; Movie S4).
Rarely, amphisomes were found in szp29B ° mutant cells, sug-
gesting that fusion of autophagosomes with MVBs can still occur
to a certain degree. In this case, signs of content degradation,
such as broken membranes, are apparent (Fig. 3I; Movie S5).

In addition to intracellular accumulation of autophagosomes,
Snap29”® mutant cells present a prominent apical extracellular
accumulation of large vesicles, possessing a single-delimiting
membrane and displaying approximately the size of the autopha-
gosomes accumulated intracellularly (Fig. 3B, arrowhead).
Importantly, tomographic analysis reveals that these also can con-
tain intact undigested cellular structures, and are often found jux-
taposed to the apical membrane, or can be found at various stages
of fusion with the apical plasma membrane (Fig. 3], Movie S6),
indicating that they might represent exocytosed autophagic
structures.

Occasionally, we observed the presence of very large (>2 pm
in diameter) cytoplasmic bodies surrounded by a double mem-
brane containing smaller autophagosomes and other organelles
(Fig. 3C and D, K; Movie S7). Similar giant structures could be
also found outside of the cells apically (Fig. 3C, L; Movie S8).
While these aberrant organelles could occur by multiple rounds
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of autophagic sequestration, the presence of apoptotic cells in
szp29B ® mutant discs (Fig. S3A and B) suggests that they could
be apoptotic bodies, possibly engulfed by epithelial cells.

Finally, compared to WT cells, szpZQB ° mutant cells show a
prominent disorganization of the cisternae of the Golgi apparatus
(Fig. 3M and N). Tomographic reconstructions show that while
in WT cells the Golgi cisternae are typically stacked (Movie S9),
in Snap29”° mutant cells the cisternae are highly perforated and
their number is decreased (Movie $10). Also, while in WT cells
the length of individual cisternae is uniform, in szpZQB ° mutant
cells their size is highly variable (Movie S10). Taken together,
these data indicate that Drosophila Snap29 is required to prevent
accumulation of autophagosomes and to maintain a correct
Golgi apparatus morphology.

Snap29 controls fusion of autophagosomes to degradative
organelles

In agreement with our data on mutant discs, in imaginal discs
containing clones of SnapZQB ® mutant cells (referred to as
“mosaic discs” henceforth; Materials and Methods), mutant cells
also display accumulation of ref(2)P, when compared to sur-
rounding GFP-positive WT cells (Fig. 4A and B, D). Similar ref
(2)P accumulation is seen in cells mutant for Vps25 (Fig. 4C and
D). As expected from failure of autophagy to clear ubiquitinated
protein aggregates marked by ref(2)P, szp293 ® mutant discs dis-
play moderate accumulation of ubiquitin, when compared to
WT or Vps25 mutant discs (Fig. 4B and C, E). Accumulation of
autophagosomes and ref(2)P in mutant cells could be due to a
block in the autophagy flux or to induction of autophagy, or
both. To distinguish between these possibilities, we tested S6k
phosphorylation and expression of Azg genes, as it has been
shown that, in conditions of starvation-induced autophagy, levels
of phospho-S6k are low and expression of certain Atg genes is
high.*>% Compared to WT discs, mutant discs possess high lev-
els of phospho-S6k and low Atg8a and Atgl8b expression, sug-
gesting that accumulation of autophagosomes in mutant cells is
not due to induction of autophagy (Fig. 4F and G). To test
whether a block in autophagosome fusion to degradative organ-
elles is the cause of autophagosome accumulation, we analyzed
the fat body, a tissue used as model to study autophagy. Fat body
cells in which autophagy has been induced by starvation, when
depleted of Snap29 show accumulation of ref(2)P and decreased
levels of punctate structures positive for mCherry-Atg8a, a
marker of autophagosomes and autolysosomes, when compared
to WT cells (Fig. S3C and D). Consistent with our EM findings,
these data suggest that Snap29 is required for fusion of autopha-
gosomes with degradative endocytic organelles.

If Snap29 regulates fusion of autophagosomes with lysosomes,
it should be found associated to these organelles. To investigate
localization of Snap29 in epithelial cells, we first assessed specific-
ity of the anti-Snap29 for immunolocalization. In discs
(Fig. S4A), in Schneider-2 (S2) cells (Fig. S4B and C) and in the
follicular epithelium (FE) enwrapping the germline in the adult
ovary (Fig. S4E), anti-Snap29 marks cytoplasmic puncta, and
such signal is reduced in clones of S7ap29”° mutant cells

(Fig. S4A) or upon Snap29 depletion (Fig. S4C and D),
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Figure 3. For figure legend, see page 2257.
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Figure 4. Snap29 mutant cells fail to complete autophagy. (A to C) Clones of Snap2956 (A and B) or Vp525A3 (€) mutant cells in mosaic eye-antennal discs
accumulate high levels of ref(2)p and ubiquitin, compared to surrounding WT cells. (B and C) show a high magnification image of an anterior portion of
an eye discs. Single ref(2)P and Ubiquitin channels are shown. (D to F) Immunoblots of protein extracts from eye-antennal discs of the indicated geno-
types to detect ref(2)P (D), ubiquitin (E) and pSék (F). Compared to protein extracts of WT discs, discs mutant for Snap29 and for the autophagy and traf-
ficking regulator Vps25 accumulate ref(2)P, ubiquitin and pS6k. Loading controls are shown below each blot. (G) Relative expression of Atg8a or Atg18b
by Q-PCR analysis of mRNA extracts from WT and mutant discs. Mutant discs do not show induction of expression of Atg genes. (H and I) A single medial
confocal cross-section of the Drosophila FE of a stage 9 egg chamber. FE cells overexpressing GFP-LAMP1 are stained for Snap29 and Atg8a. H' to H"
show respectively the LAMP1 and Snap29, the LAMP1 and Atg8a, and the Snap29 and Atg8a merged channels. A high magnification of a typical cluster
formed by GFP-LAMP1, Snap29 and Atg8a-positive vesicles is shown in (I). The 3 proteins are in close proximity.

indicating that the antibody is specifically recognizing endoge-
nous Snap29. In FE of animals expressing GFP-LAMP1, a
marker of late endosomes, Snap29 puncta only rarely overlap
with GFP-LAMP1 puncta (Fig. 4H). However, they are some-
times found in close proximity of clusters of Atg8a puncta sur-
rounding GFP-LAMP1 positive structures (Fig. 4I), indicating
that Snap29 could transiently associate to autophagosomes to
mediate lysosomal fusion.

Snap29 is a negative regulator of autophagosome secretion

Since we found presence of organelles with the morphology of
autophagosomes in the apical lumen of $7ap29%® mutant discs
(Fig. 3B and C, J, L), we hypothesized that Snap29 could nega-
tively regulate secretion at the plasma membrane. Consistent
with this, we observed that secreted organelles in mutant cells are
ref(2)P-and Atg8a-positive (Fig. 5A to E). Secretion of autopha-
gosomes could be an indirect consequence of intracellular

Figure 3 (See previous page). Snap29 mutant tissue possesses defective Golgi morphology and accumulates autophagosomes in the cytoplasm and
apical lumen. (A and B) Electron micrograph of a section of eye disc tissue of the indicated genotype. A portion of the apical part of 3 to 5 epithelial cells
above the level of the basal nuclei is shown. While double-membrane organelles are very rarely observed in WT cells, mutant cells are packed with
them. In B, examples of double-membrane organelle containing other organelles are indicated with white arrows, while examples of organelles with a
single membrane containing with vesicles or organelles in the apical lumen are indicated by white arrowheads. (C) Example of a thick 200-nm section of
mutant tissue used for tomography reconstructions. Gold particles have been added for image registration. White boxes highlight a intracellular giant
body containing autophagosomes, lysosomes and mitochondria (bottom box), and a similar apical extracellular structure (top box). Corresponding
higher magnification images are shown in L and M and relative tomograms are presented as supplementary data. (D) ref(2)P and Atg8a label autophago-
somes in Snap29° mutant cells by immuno-EM, as indicated by white arrows. A large double-membrane structure marked with Atg8a is also shown in
the rightmost panel. (E) Example of amphisome (blue) in a WT cell close to a multilamellar organelle that could be a lysosome (purple). (F to I) Examples
of autophagic organelles accumulated in mutant cells: Autophagosomes completely enclosed by a double membrane (F, light blue). Autophagosomes
clustered together enclosed by folded membranes in part connected (G, light blue). The cytoplasmic space between them is shaded in red. Autophago-
somes (H, light blue) close to a cluster of multilamellar organelles that could be lysosomes (H, purple). A rarely occurring amphisome (1, blue) in between
2 autophagosomes (I, light blue). (J to J”) Three representative planes of a tomographic reconstruction showing intracellular autophagosomes (one
highlighted in light blue), exocytosed autophagosomes (2 highlighted in green), and one autophagosome in the process of being exocytosed (green)
the lumen connecting to the apical extracellular space is highlighted in red. (K and L) Examples of large structures inside (K) and outside (L) mutant cells.
Autophagosomes internal to these structures are highlighted in light blue and electrondense lysosomal material is shaded in purple. Tomograms of pan-
els E to L are presented as supplementary data. (M and N) Examples of Golgi apparatus organization. Note the absence of stack organization in the Golgi
apparatus of a mutant cell. Labels are as follows: AJ, adherens junctions; ER, endoplasmic reticulum; GA, Golgi apparatus; LU, apical lumen; MI, mitocon-
drium; NU, nucleus.
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Figure 5. Autophagosomes are secreted in Snap29 mutant discs. (A to D) Cross sections of WT
and Snap2936 mutant wing discs (A and B), or eye discs (C and D) stained as indicated. ref(2)P and
Atg8a accumulate inside mutant cells and above the apical lumen of Snap29%® mutant discs. White
arrowheads highlight the apical plasma membrane of the tissue above which is the lumen
between 2 epithelial folds. (E) ImmunoEM of a Snap29°° mutant disc reveals Atg8a labeling of a
large vesicle in the extracellular lumen. The white arrowheads indicate the apical plasma mem-
brane. (F to 1) Sections of eye discs mutant for Syx17 or Vamp?7. ref(2)P and autophagosomes accu-
mulate within mutant cells, but they are not present in the extracellular lumen. (J and K) Cross-
sections of Syx17 and Vamp7 mutant eye discs stained as indicated. High magnifications (right
panels and insets) show that unperturbed N localization and no colocalization of N with accumu-
lated ref(2)P. Labels are as in Figure 3.
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accumulation of autophagosomes. To
assess whether this is the case, we tested
whether secretion of autophagosomes is
also present in discs mutant for Syx/7 and
Vamp7, which have been proposed to regu-
late autophagosome fusion to lysosomes
together with szp29.5’31 Surprisingly,
both by immunofluorescence and EM, we
find that, while Syx17 and Vamp7 mutant
tissues display accumulation of autophago-
somes intracellularly, they are devoid of
secreted autophagosomes (Fig. 5F-I). In
addition, in contrast to Snzp29”° mutant
discs (Fig. 1G, L), Syx17 and Vamp7
mutant discs possess normal morphology
and N localization (Fig. 5] and K). Taken
together, these data indicate that autopha-
gosome secretion is unlikely a consequence
of impaired fusion of autophagosomes
with lysosomes and suggest that Snap29
might negatively regulate fusion at the
plasma membrane independent of Syx17
and Vamp7.

Snap29 with trafficking
regulators and localizes to trafficking

interacts

compartments

Spurred by the requirement for Snap29
in possibly at least 2 distinct fusion pro-
cesses, we assessed which SNAREs can be
found in complex with Snap29. Thus, we
immuno-precipitated endogenous Snap29
from S2 cell extracts and subjected the
recovered complexes to mass spectrometry
(Fig. 6A). In 4 experiments using 2 inde-
pendently-raised polyclonal anti-Snap29
(this study and’), we repeatedly identified
a set of SNARE proteins that consists of
the plasma membrane Qa-SNAREs Syx1A
and Syx4, of the endosomal Qa-SNARE
Syx7, and of the R-SNAREs Sec22, Synap-
tobrevin (Syb) and Vamp7. We have also
found the SNARE-specific factors Nsf2,
aSnap and ySnapl and a limited set of
other proteins (Fig. 6B; Table S1). These
data are consistent with large-scale protein
complex identification approaches,** and
suggest that Snap29 associates with multi-
ple SNARE complexes. Consistent with
this, Snap29 depletion in the posterior half
of developing wing imaginal discs leads to
a reduction of adult wing tissue that is
enhanced by depletion of Syx17 (Fig. S3E
to G) or Vamp7 (Fig. S3H and I), or
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Figure 6. Snap29 interacts with SNARE proteins and localizes to multiple trafficking organelles. (A) Anti-Snap29 immunoblotting of Schneider-2 (52) cell
extracts immunoprecipitated with protein G only (IP G) and corresponding supernatant fraction (SN G), or with anti-yeast Mad2 as unrelated control (IP
C) and corresponding supernatant fraction (SN C), or with rabbit anti-Snap29 (IP Snap29) and corresponding supernatant fraction (SN Snap29). Snap29 is
efficiently immunoprecipitated only using anti-Snap29. (B) Membrane fusion proteins coimmunoprecipitated with Snap29 in at least 2 out of 4 experi-
ments using 2 independently-raised anti-Snap29. The proportion of immunoprecipitations containing each protein is indicated. (C to E) Colocalization of
CFP-Snap29 or Snap29 with markers of the indicated trafficking compartments in FE cells. Single medial confocal cross-sections are shown, with single
channel below each panel. The insets show higher magnification of colocalized proteins. CFP-Snap29 localizes to the plasma membrane upon overex-
pression and partially colocalizes with markers of the Golgi apparatus (GM130; C), early endosomes (Syx7; D), while endogenous Snap29 partially colocal-

Sec22 (Fig. S3] and K). In addition, we find that, when overex-
pressed in the FE, the functional CFP-Snap29 localizes to the
plasma membrane, partially to the Golgi apparatus and to the
early endosome (Fig. 6C and D). Finally, endogenous Snap29
partially localizes with the marker of the endosomal recycling
compartment Rab11 (Fig. 6E). Together, this evidence suggests
that Drosophila Snap29 can associate to proteins and compart-
ments important for secretion and recycling and degradation in
endosomes.

Snap29 regulates N secretion and endocytic degradation

To further identify at which steps of membrane trafficking
Snap29 might function, we investigated localization and traffick-
ing of N in mosaic eye-antennal imaginal discs containing
Snap29”® mutant cells. As already observed in Sn2p29”° mutant
discs (Fig. 1L) in Snap29B ® mutant cells we found that N accu-
mulates, compared to WT cells (GFP-positive; Fig. 7A to D).
The site of N accumulation is most likely the plasma membrane.
In fact, excess N in mutant cells does not colocalize with markers
of the Golgi apparatus or with the early endosomal marker Syx7
(Fig. 7C and D). To assess whether excess N is exposed on the
surface of Snap29”® mutant cells, we labeled nonpermeabilized
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mosaic discs with an anti-N antibody that recognizes the N extra-
cellular domain (anti-NECD). Compared to WT cells, localiza-
tion of N at the plasma membrane in S72p29”® mutant cells is
increased and visible in punctate subdomain of the cell surface
(Fig. 7E), indicating that either delivery of N to the apical plasma
membrane is increased in mutant cells, or that N internalization
from the surface is decreased. To distinguish between these 2 pos-
sibilities, we cultured mosaic discs for 15 or 210 min after surface
labeling with anti-NECD. This makes it possible to follow inter-
nalization in early endosomes (15’) and lysosomal degradation
(210') of N.% In both WT and mutant cells, N is able to access
Syx7-positive early endosomes 15 min after labeling (Fig. 7F). In
mutant cells a pool of N is still present in Syx7-negative puncta,
representing either late endosomes or lysosomes, 210 min after
pulse (Fig. 7G and H). As expected for both upregulation of N
secretion and decrease of N degradation, protein extracts from
Snap29”® mutant discs contain more N than WT discs and about
the same amount of N compared to discs mutant for Vps25,
which is required for endosomal degradation of N (Fig. 71).2
Overall, these data suggest that Snap29 is required to prevent
excess N secretion to the plasma membrane, as well as to promote
N degradation in a postendosomal compartment.
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Figure 7. Snap29 mutant cells display altered N trafficking. (A and B) Clones of Snap29%® mutant cells in mosaic eye-antennal discs accumulate high lev-

els of N, compared to surrounding WT cells. A’ and B” are single channels. (C and D) Clones of Snap29%® mutant cells in the anterior portion of a mosaic
eye discs stained as indicated. N and GM130 do not colocalize in both WT and mutant cells, while a fraction of N colocalizes with Syx7 in both WT and
mutant cells, excluding accumulation in these compartments. (C’ and D”) are single channels. (E) Labeling of nonpermeabilized Snap295° mosaic eye-
antennal discs with an anti-N NECD. Compared to WT cells marked by expression of GFP, clones of mutant cells in the eye disc display higher N surface
levels (Surf. N). E’ shows the single confocal channel for anti-N. (F and G) Z-sections of eye disc epithelia subjected to 15 (F) and 210’ (G) internalization
of anti-NECD and staining as indicated. Similar to WT cells, N is present on the apical plasma membrane of mutant cells (F, arrow) and is able to access
early endosomes (F, arrowhead). N is efficiently internalized over time in both WT and mutant cells (G, arrow); however, in mutant cells it fails to be
degraded and accumulates in a Syx7-negative compartment (G, arrowhead). (F'-G’) show the single confocal channel for anti-N. (H) 210’ min internaliza-
tion of anti-NECD. Compared to WT cells, mutant cells display intracellular N accumulations. The actin-rich cell cortex is marked with phalloidin. (G')
shows the single confocal channel for anti-N. (I) Inmunoblotting of protein extracts with an antibody recognizing the intracellular domain of N. Full-
length N is approximately 300 kDa while the intracellular domain (iN) is 120 kDa. Both forms accumulated in Snap29 and Vps25 mutant discs, compared
to WT. The same membrane blotted with anti-B-tubulin provides a loading control.
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Snap29 controls disc development in
downregulating hop-Stat92E signaling

Our data indicate that Snap29 controls key steps of pro-
tein trafficking and autophagy in epithelial tissue, and that
loss of Snap29 compromises epithelial organ development.
To determine how Snap29 regulates disc development, we
first tested whether N signaling is altered in S72p29”® mutant

tissue. In fact, activation of N signaling is known to promote

part by

proliferation and differentiation of disc tissue.*> By monitor-
ing expression of the N reporter Enhancer of split mB, helix-
loop-helix  (E(spl)mP-HLH)-lacZ, which is transcribed in
response to N activation,’® we found that Snzp29%° eye discs
present decreased N signaling activity, compared to WT discs
(Fig. 8A to C). We then extended our analysis to a panel of
signaling pathways important for development. We found
that mutant discs express high levels of outstretched (os), a

Wild-type disc

Snap29 disc

Wild-type disc

Snap29 disc
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mRNA expression

E(Spl)mp-HLH-lacZ actin 100 um 10XSTAT-GFP actin 1o0m
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E~ ;‘ -

27233 n=9

. Snap29
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Figure 8. Elevated hop-Stat92E signaling contributes to altered development of Snap29 mutant eye discs. (A and B) WT and Snap29 mutant eye discs
expressing E(Spl)mB-HLH-lacZ, a N signaling reporter, stained as indicated. Snap29 mutant discs display a reduction of N signaling compared to WT. A/
and B’ show single anti-B-Gal channels. (C) Expression of the indicated signaling target genes in eye disc extracts. The mRNA of a N target is decreased
in Snap29 mutant eye-antennal disc extract, while the mRNA of the hop-Stat92E ligand os is greatly elevated, compared to WT. (D and E) The expression
of the hop-Stat92E reporter gene 10XSTAT-GFP is increased in mutant discs compared to WT discs. D’-E’ are the single GFP channels. (F and G) WT and
Snap29 mutant eye-antennal discs stained with anti-phospho-HistoneH3 (pHis3) to detect dividing cells. Compared to WT tissue in which proliferation is
mostly limited to the differentiating photoreceptors along the morphogenetic furrow (arrowheads), mutant eye discs display areas containing several
pH3-positive cells, suggesting that mutant cells overproliferate. The average number of pH3-positive cells in samples of the indicated genotype is indi-
cated. P value (Wilcoxon-Mann Whitney Test) is 0.0625. F'-G” are the single pHis3 channels. (H and 1) Clones of Snap29 mutant cells in a mosaic eye discs
stained as indicated. Compared to WT (GFP-positive) cells, mutant cells accumulate dome, mostly at the cell cortex. H and I' shows single dome chan-
nels. (J and K) Adult eyes of flies of the indicated genotypes. Eye specific ectopic expression of Socs36E, a hop-Stat92E signaling inhibitor does not impair
eye development (J). Socs36E expression in Snap29 mutant eye discs rescues in part eye development and yields adults with reduced eyes (K). In (K),
mutant cells expressing the Socs36E give rise to orange photoreceptors, while the few WT cell to the dark red ones.

www.landesbioscience.com Autophagy 2261



ligand known to activate hop-Stat92E signaling (Fig. 8C).
Consistent with this, we observed high expression of the hop-
Stat92E signaling reporter 10XSTAT-GFPY in szp2986
mutant discs, revealing that Snap29 is required to downregu-
late hop-Stat92E signaling (Fig. 8D and E).

hop-Stat92E signaling is known to control proliferation dur-
ing disc development, and ectopic signaling has been shown to
contribute to aberrant architecture of mutant organs.***’ Thus,
we next assessed whether mutant discs contain more proliferating
cells than controls. Proliferation in third instar eye discs from
WT animals mostly occurs at the morphogenetic furrow
(Fig 1A), consisting in a few rows of cells forming photorecep-
tors, as shown by immunolocalization of phospho-Histone H3
(pHis3)-positive cells (Fig. 8F, arrowheads). In szpZQB ® mutant
eye discs, pH3-positive cells are not statistically more abundant.
However, parts of the mutant tissue with altered epithelial archi-
tecture display a noticeably high number of pHis3-positive cells,
suggesting that some S7ap29”° mutant cells might overproliferate
(Fig. 8G).

hop-Stat92E signaling in Drosophila is transduced by dome
(domeless), the only hop-Stat92E receptor encoded by the fly
genome.’” Because the level of hop-Stat92E signaling is con-
trolled by endocytic trafficking of dome, a transmembrane pro-
tein,”" we next determined whether levels of dome are altered in
Snap29”® mutant cells. In mosaic eye discs, we could detect sig-
nificant accumulations of dome on the surface of Snap29”®
mutant cells, compared to surrounding WT cells (GFP-Positive;
Fig. 8H and I). These data indicate that mutant discs possess
higher levels of a hop-Stat92E ligand, of the hop-Stat92E recep-
tor, and of hop-Stat92E signaling activity that could affect tissue
proliferation.

Finally, to test whether elevated hop-Stat92E signaling is
responsible for the phenotype of $72p29”¢ mutant discs, we
expressed in mutant-disc tissue Socs36E (suppressor of cytokine
signaling at 36E), a negative regulator of the hop-Stat92E path-
way thought to control endocytic degradation of dome.>* Sur-
prisingly, eye disc-specific overexpression of Socs36E is sufficient
to rescue the lethality of animals bearing $72p29”° mutant eye
discs. Animals rescued by increased Socs36E expression present
very reduced eyes, bearing a few photoreceptors originating from
mutant cells (Fig. 8] and K), indicating that reduction of hop-
Stat92E signaling rescues in part the phenotype of Snap29”®
mutant discs. These data indicate that elevated hop-Stat92E sig-
naling contributes to the developmental defects observed in
Snap29”® mutant tissue.

Discussion

Our analysis of the first Drosophila loss of function mutant
in Snap29 indicates that it acts at key steps of autophagy,
secretion, and endolysosomal trafficking, as summarized in
the model presented in Fig. 9. The implications of our find-
ings on our understanding of Snap29 function and its impact
on the biology of developing epithelial organs is discussed in
detail below.
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Figure 9. A model for Snap29 function at distinct steps of trafficking in
epithelial cells. Schematic model illustrating Snap29 activity on mem-
brane trafficking routes and organelle morphology in epithelial cells.
Labels as in Figure 1. Qa- and R-SNARE likely to interact with Snap29 at
distinct steps of trafficking based on our study and the literature are
listed on the right. AM, amphisome; AP, autophagosome. EE, early endo-
some; GA, Golgi apparatus; LY, lysosome; MVB, multivesicular body; NU,
nucleus; PG, phagophore; PM, plasma membrane.

The role of Snap29 in membrane fusion during autophagy in
Drosophila

The identity of SNARE proteins regulating the subsequent
steps of fusion required for autophagosome formation and matu-
ration into autolysosomes is a long-standing question, on which
significant progress has been reported recently.’’>*> The
SNAREs STX12/STX13, Ykt6, Vamp7, and Sec22 have been
recently proposed to be required for autophagosome formation
in yeast, Drosophila and mammals.”>>%°° In yeast, the SNAREs
Vam3, Vam7, and Vil have all been suggested to control fusion
of autophagosomes with vacuoles. While Vam3 and Vam7 have
no clear homologs in metazoan animals, the mammalian
SNAREs VAMP7, VAMPS, and VTIIB are all suggested to be
involved in autophagosomal fusion events (for review see ref.
57). The Qa-SNARE protein STX17 is required for membrane
fusion at 2 distinct steps of autophagy: Early autophagosome for-
mation and fusion of autophagosomes with lysosomes to form
autolysosomes.’">> An association of Syx17 with Snap29 and the
R-SNARE protein Vamp7 to form a fusion complex specific for
late step of autophagy has been also very recently reported in the
Drosophila fat tissue.” Additionally, a certain degree of accumula-
tion of autophagosomes has been observed in C. elegans depleted
of Snap-29.”® Our ultrastructural analysis showing clearly accu-
mulation of almost exclusively fully formed autophagosomes
with preserved luminal content strongly favors the model that
Snap29 is required with Syx17 and Vamp?7 for fusion of auto-
phagosomes with lysosomes. Consistent with this evidence, we
found accumulation of autophagosomes in SyxI7 and Vamp7
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mutant discs and we detected a genetic interaction between
Snap29 and Syx17, and Snap29 and Vamp7.

An aspect that demands further investigation is whether
Snap29 acts elsewhere in the endolysosomal system. We find
contrasting evidence for this. On one end, we find partial colocal-
ization of Snap29 with the endosomal Qa-SNARE Syx7, and
repeatedly find Syx7 in our immunoprecipitations. In addition,
in our uptake assays, in mutant cells the endocytic cargo N accu-
mulates in an endosomal compartment. On the other end, such
compartment is Syx7 negative. Since accumulation of N in a
Syx7-positive endosomes has been reported to promote ectopic
N activation,” and we have found reduced N signaling in Snap29
mutant discs, the point of N accumulation could be a postsorting
compartment, such as the late endosome/MVB, or the lysosome.
Despite this, we do not observe MVB accumulation in Snap29
mutant discs. These data are in sharp contrast with the accumula-
tion of MVBs, but not of autophagosomes, that is observed in
epithelial tissue mutant for vacuolar H"-ATPase (V-ATPase)
subunit genes.”® Interestingly, in addition to enabling lysosomal
functioning, V-ATPase have been proposed to play a role in
membrane fusion and in autophagy.””*® However, in addition
to lack of accumulation of MVBs, we also find very little sign of
acid-induced degradation in the autophagosomes accumulated in
Snap29 mutant cells. Thus, the comparison between the EM
findings in Snap29 and V-ATPase mutants’® suggests that
Snap29 functions upstream of V-ATPase in autophagy and
argues against a role of V-ATPase in autophagosome formation
or fusion to lysosomes.

Is Snap29 a positive regulator of membrane fusion?

We observed traits in Snzap29 mutant cells that could be the
result of excess or inappropriate membrane fusion events, rather
than of reduced fusion. These are: the large amount of mem-
branes forming the accumulated autophagosomes; the presence
in these of folded, multilamellar membranes; the secretion of
autophagosomes extracellularly. It is unlikely that these events
are an indirect result from the need of mutant cells to get rid of
autophagic cargoes. In fact, we find no autophagosome secretion
or excess membrane around autophagosomes in Syx/7 and
Vamp7 mutant discs. Alternatively, excess autophagosome mem-
brane and secretion could both arise from failure to inhibit excess
vesicle fusion. Inhibitory SNAREs have been postulated to occur
naturally to control Golgi stack fusion patterns,®’ while bacteria
encode inhibitory SNAREs containing 2 SNARE domains, that
can act with STX7 and VAMP8 (the homologs of Drosophila
Syx7 and Vamp7) to inhibit secretion of lysosomes in mamma-
lian cells.®” Interestingly, negative regulation of fusion by
SNAP29 at the plasma membrane has been observed in rat neu-
rons.” A direct role of Snap29 in inhibition of membrane fusion
at the plasma membrane during secretion could account also for
the elevated N and dome levels on the surface of mutant cells.
Consistent with this possibility, we find that Snap29 interacts
with SyxIA and Syx4, 2 plasma membrane syntaxins and can
localize to the plasma membrane upon overexpression. Of note,
unconventional secretion routes involving autophagy regulators
have been recently described,®*®> suggesting a scenario in which
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the autophagy and secretion functions of Snap29 could be con-
nected to a putative negative role in fusion. The nature of
Snap29 function in fusion events, and its involvement in uncon-
ventional secretion routes are currently under investigation.

The function of Snap29 in Drosophila tissue architecture
and CEDNIK pathogenesis

Despite the large body of evidence on SNAP29, the pathogene-
sis of CEDNIK is obscure. Our genetic analysis reveals that the
Drosophila Snap29”° mutant behaves as a strong loss of function
and expresses a nonfunctional Snap29 protein, a similar situation
to that reported for CEDNIK.?*** Considering the absence of
mouse mutants for Snap29, our findings in Drosophila could pro-
vide an initial framework to understand the pathogenesis of CED-
NIK, which starts during fetal development and affects epithelial
organs.az’33 In this regard, we observed that the iz vivo effect of
lack of Snap29 during development in Drosophila is also epithelial
tissue disorganization. This phenotype is unlikely to be due to
impaired autophagy. In fact, we find that genes specifically acting
during autophagy, such as Azg13, Syx17, and Vamp7 are dispens-
able for eye disc development. In addition, Atg7 appears dispens-
able for skin barrier formation in mice and flies.*>®” This
evidence predicts that impairment of autophagy does not cause
the developmental alterations associated to CEDNIK at least in
the skin, which have been fairly well characterized.*”**? It is well
possible that impaired autophagy plays a role in the unexplored
neuronal traits of CEDNIK, considering that autophagy is a major
process preventing neurodegeneration (for review see ref. 68.)

Which of the nonautophagy defects associated to lack of
Snap29 could then be relevant to skin pathogenesis in CEDNIK?
Could it be the defect highlighted by N accumulation in late
endosomal and lysosomal compartments in our uptake experi-
ment? We do not favor this hypothesis. In fact, we do not detect
ectopic N activation, which is a feature of mutants of ESCRT
genes controlling endosomal sorting.” Such difference suggests
that in Szap29 mutant cells, the pool of N accumulating intracel-
lularly has been subjected to MVB sorting and resides in the late
endosomal and lysosomal lumen. Considering also that loss of
genes that control post MVB sorting events generally does not
perturb  disc  epithelium  development,'**7%  the defect
highlighted by intracellular N accumulation in Sn2p29 mutant
cells is per se unlikely to contribute to the developmental pheno-
types of Snap29 mutant organs.

Excluding routes that converge on the lysosomes, a further pos-
sibility is that the epithelial defects are due to alteration of secre-
tory trafficking. Increased N presence at the plasma membrane,
coupled with decreased N activation, could be relevant, since loss
of N signaling is known to lead to epithelial alterations in skin.”"
Alternatively, excess hop-Stat92E signaling could be important.
In this case, excess signaling could directly originate from
increased levels of active dome on the surface of S7ap29 mutant
cells. This scenario is consistent with the fact that Drosophila
mutants preventing cargo internalization, such as those disrupting
clathrin, display increased level of cargoes at the plasma membrane
and possess elevated hop-Stat92E signaling and reduced N signal-
ing.”"”? Underscoring a possible problem at the plasma
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membrane, expression of Socs36E, a negative regulator of hop-
Stat92E signaling reported to act also by enhancing endosomal
degradation of dome,”” rescues part of the epithelial defects of
Snap29 mutant discs. Alternatively, elevated hop-Stat92E signal-
ing could be a secondary effect of epithelial architecture or traffick-
ing alterations.>*® Detailed analysis of secretion and of signaling
activity in CEDNIK samples will reveal whether alteration of these
processes play a role in the pathogenesis of the syndrome.

In summary, our study clarifies the function of Snap29 in
membrane trafficking and its consequences for epithelial tissue
development, which might prove relevant for human health.

Materials and Methods

Fly strains, mapping, and genetics

Flies were maintained on standard yeast/cornmeal/agar media.
All experiments were performed at 25°C. Mosaic eye imaginal
discs were generated using yw eyFLP; ubiGFP[w+] FRT42,
while mutant eye discs were generated using yw, eyFLP; cl[w+],
FRT42/CyO, TwiGal4, UAS-GFP. Similar lines with different
FRTs, or with UbxFLP, were used to generate mutant tissue for
genes located on different chromosome arms or to generate
mutant wing disc tissue, as previously described.”>”* Other
alleles used were w; FRT42D, VpsZSAj,z yv; UAS Snap29 RNAI
(Bloomington Drosophila Stock Center [BDSC] # 25862),
Atg13°55%0 ERT42D, fab1*""> Syx17930, Vamp777%5, Df
(2R)BSC132 and DA3L)Exel8098 (all from’), UAS-Syx17 RNAI
(Vienna Drosophila Research Center - [VDRC] #GD36596),
UAS Vamp7 RNAi (VDRC #GD13317), UAS Sec22 RNAi
(VDRC #GD9888), UAS Socs36E (a gift from M. Zeidler).

To identify the locus affected by B6 mutation, MENE-(2R)-
E/BG was crossed to the 2R Deficiency (Df) kit (BDSC). Such
complementation mapping revealed the presence of 2 lethal
mutations around 51A-B and 60A. Blind recombination of
MENE-(2R)-E/B6 to w-; FRT42D revealed that the lethality
leading to the MENE phenotype was the one at 60A. Recombi-
nant #21 (B6-21) was used for further characterization. Briefly,
submapping by Df complementation around 60A narrowed the
candidate region to 60A3-5. Independent recombination map-
ping”” also showed absence of recombination with 2 viable P-ele-
ments (KG01846 [BDSC #14169] and KG04017 [BDSC
#13357]) mapping to 60A3 and 60A5, confirming the presence
of the mutation at 60A3-5. Direct sequencing of candidate gene
exons revealed a mutation in CG11173/Snap29.

For transgenic rescue experiments we used w; FRT42,
GMR-Hid/CyO, eyGal4, UASFLP. Transgenic fly lines car-
rying mutant tagged and mutant Snap29 forms were gener-
ated by standard using the attP/attB
recombination system. Over expression in follicle cells was
obtained using the Cy2-Gal4 (BDSC). For colocalization
experiments, we used UAS GFP-Rabll and UAS-GFP-
LAMP1 (a gift of H. Kramer). The 10XSTAT-GFP and E
(spl)mPB-HLH-lacZ transgenic flies were kindly provided by E.
Bach and E. Lai, respectively. Detailed genotypes for all sam-

techniques

ples in figures are shown in Table S2.
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Sequencing of Snap29 exons was performed as previously
described,” using the following primers :

Snap29 1F 5'-GATAACTCCAGACAACAACAAAG-3

Snap29 1R 5'-CTGGGGGTTGTAGGAGAGAG-3';

Snap29 2F 5'-CTGGACTCTACCAACAAAAGC-3’

Snap29 2R 5'-ACCGGATGATTGTCGTAGC-3';

Snap29 3F 5'-GCCAATAGCAACATTAACC-3

Snap29 3R 5'-CTTAATGGCCTTGTGAAGTGC-3'.

CFP-Snap29, SNAREIA, SNARE2A and NPF>AAA inserts
were cloned EcoRI Xbal into a pUASattB plasmid.

To generate the CFP-tagged Snap29, the CFP and the Snap29
coding sequences were amplified from a Snap29 cDNA vector
(Drosophila Genomic Research Center) with the following
primers:

CFP F EcoRI: 5-GATCGAATTCATGGTGAGCAAGGG
CGAGGA-3'

CFPR :5-TAGTTATGGGCCTTGTGCAGCTCGT -3’

Snap29 F: 5'-ACGAGCTGTACAAGGCCCATAACTA -3

Snap29 R Xbal: 5-GATCTCTAGAGCTATTCTAAG-
CAATG -3’

The 2 PCR products were then used as template for a second
PCR using CFP F EcoRI and Snap29 R Xbal as primers.

To generate the SNAREIA insert 2 regions (290 bp and
532 bp) of Snap29 ¢cDNA were amplified with the following
primers:

SNAREIA 1F EcoRI 5-GATCGAATTCGAAGTTTCC
CTCGCC-3'

SNAREIA 1R 5'-CAGACCAGTCAGATGAGTTCGCTGC
TCAATG-3';

SNAREIA 2F 5-ATTGAGCAGCGAACTCATCTGACT
GGTCTG-3

SNAREIA 2R Xbal 5-GATCTCTAGAGCTATTCTAAG-
CAATG-3'.

The 2 PCR products were used as templates for a second
PCR using SNAREIA 1F EcoRI and SNAREIA 2R Xbal as
primers.

To generate the SNARE2A insert was amplified with the fol-
lowing primers:

SNARE2A F 5-GATCGAATTCGAAGTTTCCCTCGCC-
3/

SNARE2A R 5'-GATCTCTAGAGAATGCTCGCTTGTT-
CACTGGTAGGTGCTGCTG-3'.

To generate the NPF>AAA insert 2 PCR were performed
using the following primers: NPF>AAA 1F EcoRI 5'- GATC-
GAATTCGAAGTTTCCCTCGCC-3’

NPF>AAA 1R 5'-CATCCATCTCTGCGGCTGCGGTG
CTCCTC-3/,

NPF>AAA 2F
GATGGATG-3'

NPF>AAA 2R Xbal 5-GATCTCTAGAGCTATTCTAAG-
CAATG-3'. The 2 PCR products were used as a template for a
second PCR with NPF>AAA 1F EcoRI and NPF>AAA 2R Xbal

as primers.

5'-GAGGAGCACCGCAGCCGCAGA-

To produce a GST-Snap29 for antibody generation, we gen-
erated an insert by PCR using the following primers:
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GST
CTGC-3

GST Xhol 5-GATCCTCGAGGCTATTCTAAGCAATG-
3’. The PCR product was inserted using BamHI and Xhol into
pGEX -GST (Addgene Vector Database, 27-4597-01).

Double-stranded (ds) RNAs for intererence in S2 cells have
been generated using the following primers:

BamHI  5-GATCGGATCCGCCCATAACTAC

T3-Snap29 5'-TAATACGACTCACTATAGGGAGA
AACCCAGGAG
GTGGGTAAG-3

T7-  Snap29  5'-AATTAACCCTCACTAAAGGGAGA

ATGTTATCCAGCAATTCATTTTG-3'

DsRNA were in vitro transcribed with the T3 (Promega,
P208C) and T7 (Promega, P207B) polymerase according to
manufacturer’s instructions, annealed, and incubated with the
cells at a final concentration of 15ug/ 10° cells for 72 h.

Multiple sequence analysis was performed using ClustalX
using standard parameters.

Antibody production

GST-Snap29 expression was carried out in the E. coli BL21
strain (NEB, C2530H) upon IPTG induction and gluthatione-
Sepharose beads (Invitrogen, 10-1243) purification was per-
formed under standard conditions. The purified protein was
used for rabbit immunizations (Eurogentech, Liege, Belgium).
Sera were affinity purified using AminoLink® Kit (Pierce Bio-
technology, 44890).

Immunostainings and N trafficking analysis

Imaginal disc, ovaries, and fat bodies were fixed and
stained under standard conditions. N surface staining and N
trafficking assays were performed as described.” Primary anti-
bodies against the following antigens were used: Rabbit
anti-Snap29 1:1000, rabbit anti-Syx7 1:100,”® rabbit anti-
GM130 1:1000 (Abcam, ab30637), rabbit anti-ref(2)P
1:1000,36, rat anti-Atg8a 1:300,5 mouse anti-BGal 1:25
(Developmental Studies Hybridoma Bank - DSHB, 40-1a-s),
mouse anti-mono- and polyubiquitinylated conjugates (FK2)
1:100 (ENZO, BML-PW8810), rabbit anti-pHis3 1:200
(Cell Signaling Technology, 3377), rabbit anti-activated
decay/caspase 3 1:100 (Cell Signaling Technology, 9661),
mouse anti-NECD 1:100 (DSHB, C458.2H-a), 1:100 anti-
a-tubulin  (AbD  SeroTech, MCA78G), rabbit anti-dome
1:100 (a gift from S. Noselli), chicken anti-GFP 1:1000
(Abcam, ab13970). Appropriate Alexa Fluor 647-, Alexa
Fluor 488- and Cy3-conjugated secondary antibodies were
used (Jackson Immunoresearch Laboratories: Cy3 conjugate,
mouse [715-165-150], rabbit [711-165-152], rat [712-165-
150]; Life Technologies/Invitrogen: mouse [A-21202], rabbit
[A-21206], rat [A-21203], mouse [A-31571], rabbit [A-
31573], rat [A-21247]) and rhodamine-phalloidin (Sigma,
P1951) were used. All images are single confocal sections
taken with a confocal microscope (Leica, Heidelberg, Ger-
many) using xX16/NA 0.5, x40/NA 1.25, or x63/NA 1.4
oil lenses. Images were edited with Adobe Photoshop and
Image] and assembled with Adobe Illustrator.
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Western blot, and LC-MS/MS

analysis

immunoprecipitation,

Third instar larva eye imaginal discs were collected,
homogenized and incubated for 20 min on ice in 1 mM
Tris-HCI, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100
(Sigma, T8787), 1% deoxycholate (Sigma, D6750) and 0.1%
SDS (Sigma, L4522). Lysates were cleared by centrifugation.
Supernatant fractions were recovered and quantified, sepa-
rated by SDS-PAGE and transferred to nitrocellulose by
standard methods. Primary antibodies used were rabbit anti-
Snap29 (this study) 1:1000, anti-ref(2)P 1:1000,%° anti-ubig-
uitin (PD41) 1:1000 (Santa Cruz Biotechnology, sc8017),
anti NICD 1:1000 (DSHB, c17.9¢6-s), mouse anti-B-tubulin
1:8000 (GE Healthcare, 13-8000), anti-p6Sk (1:2000) (a gift
from A. Teleman, DKFZ, Heidelberg, Germany). Secondary
antibodies used were anti-rabbit and anti-mouse 1:8000 (GE
Healthcare, NA934 and NXA931). Immunoblots were visual-
ized with SuperSignal West pico/femto Chemioluminescent
Substrate (Thermo Scientific, 34080-34095) using Chemidoc
(Bio-Rad, Hercules, CA, USA).

For immunoprecipitations, S2 cells were cultured under stan-
dard conditions and incubated for 20 min on ice in lysis buffer
(50 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, 5 mM
EDTA, 1% Triton X-100, 15 mM MgCI2, 0.1 M Na,O,P, pH
7.5, 1 mM PMSF (Sigma, P7626), 0.5 M Na3VOy, 0.5 M NaF
and protease inhibitors (Sigma, P2714). Lysates were clarified by
centrifugation and immunoprecipitated with 8l of purified rab-
bit anti-Snap29, 3 pl of crude rat anti-Snap29° or with 4 ul of
purified anti-yeast Mad2 antibody (a gift from A. Ciliberto,
IFOM, Milan, Italy) as negative control, in combination with
protein  G-Sepharose. Precipitated immunocomplexes were
washed and subjected to western blot analysis as previously
described using the anti-Snap29 antibody.

For LC-MS/MS analysis, proteins were separated and
processed as described.”” Peptides were analyzed by liquid
chromatography on an Agilent 1100 LC system (Agilent
Technologies, Santa Clara CA, USA) coupled to LTQ-FT
ultra (Thermo Fisher Scientific, Waltham, MA, USA). Mass
spectrometric data were analyzed for protein identification
and presence of diglycine signature using Mascot Deamon
and Proteome Discoverer 1.1 (1.1.0.263 Thermo Fisher Sci-
entific, Waltham, MA, USA).

Reverse Transcription (RT)-PCR

RT-PCR was performed as described.”® The following pri-
mers were used: Snap29 F 5 — AGCAGCGAACTCTG-
GACTCT - 3, Snap29 R 5" — TGTGATGTCTTCTCCAG
TTGCT - 3'; E(Sp)mB-HLH F 5' ~GAGTGCCTGACCCAG-
GAG - 3 ESpimB-HLH R 5 - CGGTCAGCTCCAG-
GATGT - 3’5 0s F 5 ~AATGGCCGAGTCCTGGCTACTGTT
— 3, 0s R 5 = AACTGGATCGACTATCGCAACTTC - 3/;
Atg8a F 5" - GGGATGCATCGGAATGAA - 3, Atg8a R 5" —
CGGTTTTCCTCAATTCGTTT - 3'; Arg18b6 F 5’ - AAAATA-
CAATCACCAAAGCACAAA — 3/, A1g18b R 5' — GTCCTGG
TTGAAGTTCATTTGAT - 3'; Rpi32 F 5" — CGGATCGA-
TATGCTAAGCTGT - 3, Rpi32 R 5 - CGACGCAC
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TCTGTTGTCG - 3. Amplicon expression in each sample was
normalized to its RpL32-RA mRNA content.

Electron microscopy and tomography

For morphological EM of Drosophila tissue, samples were
prepared as previously described.”” Briefly, samples were fixed
with 1% glutaraldehyde for 1 h and then with 1% reduced
OsOy for 1 h and embedded into Epoxy embedding medium
(Sigma, 45359) or gelatin type A (Sigma, G8150). Then,
constantly checking the position of the section plane with the
help of stained semi-thin sections Epon or cryo-sections were
prepared. Cryo-sections were then labeled with rabbit anti-ref
(2)P antibody 1:100 or with rat anti-Atg8a antibody 1:40.
The primary antibody was marked with 10 nm gold (a gift
from G. Posthuma, University Medical Center, Utrecht, The
Netherlands).

The analysis of chemically fixed samples by electron tomog-
raphy was performed on 200-nm-thick sections, as described
previously.”” Briefly, samples were tilted from +65° to —65°
at 1° intervals, with a magnification of 26,500x or 40,000x.
At least 5 tomograms were analyzed per each experimental
condition.
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