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ABSTRACT

Inter-organelle contacts enable crosstalk among organelles, facilitating the exchange of materials and
coordination of cellular events. In this study, we demonstrated that, upon starvation, autolysosomes
recruit Pi4Klla (Phosphatidylinositol 4-kinase Il a) to generate phosphatidylinositol-4-phosphate
(PtdIns4P) on their surface and establish endoplasmic reticulum (ER)-autolysosome contacts through
PtdIns4P binding proteins Osbp (Oxysterol binding protein) and cert (ceramide transfer protein). We
found that the Sac1 (Sac1 phosphatase), Osbp, and cert proteins are required for the reduction of
PtdIins4P on autolysosomes. Loss of any of these proteins leads to defective macroautophagy/
autophagy and neurodegeneration. Osbp, cert, and Sac1 are required for ER-Golgi contacts in fed
cells. Our data establishes a new mode of organelle contact formation — the ER-Golgi contact
machinery can be reused by ER-autolysosome contacts by re-locating Ptdins4P from the Golgi
apparatus to autolysosomes when faced with starvation.

Abbreviations: Atg1: Autophagy-related 1; Atg8: Autophagy-related 8; Atg9: Autophagy-related 9;
Atg12: Autophagy-related 12; cert: ceramide transfer protein; Cp1/CathL: cysteine proteinase—1; CTL:
control; ER: endoplasmic reticulum; ERMCS: ER-mitochondria contact site; fwd: four wheel drive;
GM130: Golgi matrix protein 130 kD; Osbp: Oxysterol binding protein; PG: phagophore; PtdIns4K:
phosphatidylinositol 4-kinase; Pi4Klla: Phosphatidylinositol 4-kinase Il a; Pi4Kllla: Phosphatidylinositol
4-kinase Il a; PtdIns4P: phosphatidylinositol-4-phosphate; PR: photoreceptor cell; RT: room tempera-
ture; Sacl: Sac1 phosphatase; Stv: starvation; Syx17: Syntaxin 17; TEM: transmission electron micro-
scopy; VAP: VAMP-associated protein.
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Introduction o . . . .
containing proteins, such as the mitochondrial proteins

The cytosol of eukaryotic cells contains different organelles
that perform various cellular functions. Different organelles
form close contacts (10-30 nm) to exchange materials, coor-
dinate cellular events, and respond to various stimuli [1,2].
The ER is the center of protein synthesis, lipid synthesis, and
calcium storage in eukaryotic cells. ER is a large tubular net-
work of membranes that forms contacts with the plasma
membrane and various other organelles, such as mitochon-
dria, Golgi apparatus, endosomes, and lysosomes in the cyto-
sol [3-5].

The ER wusually forms contacts with other organelles
through interactions between ER-anchored proteins and pro-
teins located on the membrane of other organelles [6]. VAPs
(VAMP-associated proteins) are key ER-resident proteins that
mediate multiple interactions between the ER and other orga-
nelles [7]. The major sperm protein domain of VAPs interacts
with proteins containing a FFAT (i.e., diphenylalanine in an
acidic tract) motif [8]. There are many FFAT motif-

RMDN3/PTPIP51 (regulator of microtubule dynamics 3)
and Miga (Mitoguardin) [5,9,10], endosome proteins
STARD3 (StAR related lipid transfer domain containing 3)
and STARD3NL (STARD3 N-terminal like) [11], and Golgi-
associated proteins OSBP, CERT1, PLEKHA8/FAPP2 (pleck-
strin homology domain containing A8), and PITPNM1/NIR2
(phosphatidylinositol transfer protein membrane associated 1)
[12], whose interactions with VAPs establish contacts between
the ER and various other organelles. Contacts between the ER
and other organelles regulate many pivotal cellular processes,
including macroautophagy (referred to as autophagy here-
after) [13]. Autophagy is a self-digestion process that is critical
for cellular homeostasis [14]. Starvation and other stresses
lead to the inhibition of the TOR pathway, followed by the
activation of Atgl and phosphatidylinositol 3-kinase
(PtdIns3K) complexes to initiate the autophagy process. By
orchestrating complexes, such as Atgl2-Atg5-Atgl6 and
Atg2-Atg9-Atgl8, and phosphatidylethanolamine (PE)
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modification of Atg8, the phagophore (PG) engulfs substrates
to form Atg8-labeled autophagosomes [15]. The soluble N-
ethylmaleimide - sensitive factor attachment protein receptor
(SNARE) complex and other tethering complexes further
facilitate fusion between
autophagosomes and late endosomes/lysosomes to form
amphisomes and autolysosomes. The substrates are then
digested in autolysosomes to release nutrients and promote
lysosomal regeneration [16]. Many sophisticated mechanisms
regulate the autophagy process. Autophagy is initiated at the
ER-mitochondria contact sites (ERMCSs). In cultured mam-
malian cells, the ER-resident SNARE protein STX17 (syntaxin
17) is translocated to ERMCSs upon starvation. It recruits
ATG14 (autophagy related 14) to contacts and triggers auto-
phagosome formation [17]. Increased ERMCS formation by
overexpressing tether proteins, such as VAPB and RMDN3/
PTPIP51, inhibits autophagy; conversely, the weakening of
contacts  stimulates autophagosome formation [18].
Mitochondrial respiration supports autophagy through the
regulation of ERMCS formation [19]. In addition to
ERMCSs, PG dynamically interact with the ER during auto-
phagosome formation in mammalian cells. VAPs directly
interact with RB1CCI1/FIP200 (RB1 inducible coiled-coil 1),
ULK1 (unc-51 like autophagy activating kinase 1), and WIPI2
(WD repeat domain, phosphoinositide interacting 2) to pro-
mote ER-PG contact formation. Depletion of the ER-localized
autophagy protein VMP1/EPG-3 (vacuole membrane protein
1) elevates the interaction of VAPs with these autophagy
proteins and increases ER-PG contact formation [20,21].
These studies indicate that early autophagy-related structures
are closely associated with the ER, and that these contacts are
critical for the initiation of autophagy; however, it is unclear
whether there is contact between the ER and late-stage auto-
phagic structures, such as autolysosomes. If there are such
contacts, it is unknown what mediates them and how they
function during the autophagy process.

In this study, we demonstrated that the loss of phosphati-
dylinositol 4-phosphate phosphatase Sacl led to neurodegen-
eration and autophagy defects in Drosophila. In animals with
reduced levels of Sacl, autophagy initiation was upregulated,
but the autophagy flux was slightly reduced due to the reduc-
tion in autolysosomal acidification. There was no autophago-
some-lysosome fusion defect in Sacl mutants, which is
different from what has been reported in yeast [22]. We
found that the reduction of Sacl increased the level of
PtdIns4P on autolysosomes. We also observed increased con-
tacts between the ER and autolysosomes.

Sacl is a critical player in ER-Golgi contact formation [23].
Lipid transfer proteins, such as OSBP and CERT1, bind to
PtdIns4P-enriched Golgi compartments and transfer choles-
terol and/or ceramide from the ER to the Golgi apparatus.
OSBP also transfer PtdIns4P to the ER. ER-localized SACMI1L
hydrolyzes PtdIns4P to maintain the concentration gradient
of PtdIns4P between the Golgi apparatus and the ER, thereby
sustaining the lipid transfer processes [23].

PtdIns4P is mainly localized on the plasma membrane and
Golgi apparatus in fed tissues and is transferred to the surface
of autolysosomes upon starvation. PtdIns4P is synthesized by
phosphatidylinositol ~ 4-kinases  (PtdIns4Ks) [24-26].
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Mammals have two type II and two type III PtdIns4Ks
(PI4K2A, PI4K2B, PI4KA, PI4KB), whereas flies have a single
type II PtdIns4K (Pi4KIIa) and two type III enzymes (fwd
[four wheel drive] and Pi4KIIla [Phosphatidylinositol 4-
kinase IIT a]). In yeast, two major yeast PtdIns4Ks, Pikl and
Stt4, are both required for autophagy [27]. In mammals,
PI4K2A is required for the fusion between autophagosomes
and lysosomes. PI4K2A resides in the trans-Golgi under fed
conditions but relocates to autophagosomes through interac-
tion with GABARAPs during autophagy [28]. However, the
role of PtdIns4P in this scenario is not clear. It is also unclear
whether downstream effectors of PtdIns4P participate in the
late stages of autophagy.

In this study, we determined that all three PtdIns4Ks were
required for autophagy, but Pi4KIla mainly contributed to
autophagy-induced PtdIns4P accumulation on autolysosomes.
We also found that autolysosomal-enriched PtdIns4P recruits
Osbp and cert, but not other PtdIns4P-binding proteins, such
as Arfip (Arfaptin) or sau (sauron) [29,30]. The loss of Osbp
or cert led to autophagy defects similar to but less severe than
the loss of Sacl. We propose a model wherein, upon autopha-
gy, the translocation of Pi4KIla triggers the production of
PtdIns4P to the autolysosomes, which recruits downstream
effectors, such as Osbp and cert, to form ER-autolysosome
contacts. Lipid transfer at contacts is critical for proper auto-
phagy and neuronal homeostasis.

Results

Sac1 was required for neuronal homeostasis and proper
autophagy

To examine the function of PtdIns4P phosphatase Sacl in fly
eyes, we used GMR-Gal4 driving UAS-shRNA expression in
fly eyes and examined retinal morphology in young (i.e., 2-
day-old) and aged (i.e., 31-day-old) flies by transmission
electron microscopy (TEM) (Figure 1A-E’, Figure S1A - K).
In young control flies, seven photoreceptor cells (PRs) were
wrapped with a thin layer of glial cells (pigment cells) (Figure
1A, A’). In aged control flies, the glial cell layer became too
thin to be distinguished and the seven PRs were intact (Figure
1C, C). In 2-day old flies, the reduction in Sacl had no
obvious effects on the number and morphology of PRs; how-
ever, the glial cell layer was swollen and double-membraned
autophagosomes and electron-dense autolysosomes accumu-
lated (Figure 1B, B’, Figure S1C, C’, and J). In aged flies with
Sacl knockdown, some rhabdomeres of PRs were degener-
ated, and there were some empty spaces between ommatidia,
a sign of the loss of glial cells (Figure 1D, D’, Figure S1D, D’, I,
and K). We next evaluated whether the degeneration caused
by SacI RNAi was due to the reduction in Sacl. We knocked
down Sacl expression and overexpressed hemagglutinin
(HA)-tagged Sacl in the developing eyes. As a control, we
overexpressed red fluorescent protein (RFP) in eyes with Sacl
knockdown. Overexpression of Sacl, but not that of RFP,
rescued eye degeneration in Sacl RNAi animals (Figure S1A
P, 1-K).

The degeneration of PRs and glial cells was intriguing, and
the accumulation of autophagosomes/autolysosomes in young
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Figure 1. The loss of Sac7 led to autophagy defects and neurodegeneration. (A — D) the TEM images of the retina from young (2 days (2D)) and old (31 days (31D))
flies with indicated genotypes. (A’-D’) were the enlarged views of (A — D). Autophagosome/autolysosome-like structures (red arrows in B’) were accumulated in the
glial cells (shaded with light blue) when Sac7 was reduced in the eye. In the old flies, the ommatidia were intact in the control (CTL) flies. Some rhabdomeres were
degenerated in Sac? RNAI flies (D). Some gaps (blue arrow) were observed among the ommatidia (D’), indicating the loss of the glial cells. (E and E') were the
statistics of the number of rhabdomeres per ommatidia in the animals with indicated genotypes. n = 32-48. (F - Q') Early third-instar larval fat bodies in CTL and Sac1
RNAi animals with indicated autophagy markers expression under fed and starvation (Stv) conditions were examined. (R) were the statistics of the size and number of
the autophagy marker puncta in CTL and Sac7 RNAi fat body tissues. n = 6, ns: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001. Sac7 RNAi led to the increase of



fly eyes suggested that the loss of Sacl might lead to an
abnormal autophagy. We then examined whether Sacl was
required for autophagy in the fly fat body, which is a model
tissue used to study the autophagy process. We used Cg-Gal4,
a fat body expressing Gal4, to drive Sacl siRNA expression,
together with various autophagy markers (Figure 1F-R).
Knockdown of Sacl in the fat bodies was confirmed by real-
time PCR (Figure S2A). Under fed conditions, most autopha-
gy markers did not change upon Sacl RNAi treatment (Figure
1F-R), except for the PtdIns3P reporter GFP-FYVE, whose
levels slightly increased (Figure 1], K, and R). Upon starva-
tion, the reduction of Sacl led to an increase in all the
autophagy markers assessed, including autophagosome mar-
kers mCherry-Atg8a (Figure 1F, G’, and R), GFP-Atg9
(Figure 1H’, I’, and R), GFP-FYVE (Figure 1J’, K, and R),
GFP-Syx17 (Syntaxin 17) (Figure 1L’, M’, and R), late endo-
some marker GFP-Rab7 (Figure 1N’, O’, and R), and lyso-
some marker GFP-LAMP1 (Figure 1P’, Q’, and R). This
suggested that autophagy was perturbed upon loss of Sacl.
The patterns of endogenous proteins, such as autophagy mar-
ker Atg8a and lysosome marker Cpl/CathL (Cysteine protei-
nase—1), were also examined in control and Sacl RNAI tissues
under both fed and starvation conditions. Both proteins form
puncta during starvation (Figure S2B - G). The size and
number of puncta increased in Sacl RNAI tissues upon star-
vation (Figure S2B’, C, D, E’, F, and G). Atg8a is a ubiquitin-
like protein that can be processed and modified by phospho-
lipids to form a short form (Atg8a-II) under starvation con-
ditions. Atg8a-II labels autophagosomes and is digested in
autolysosomes. We measured the ratio of Atg8a-II to Atg8a-
I (unprocessed long form of Atg8a) using western blotting.
This ratio increased in the Sacl RNA; tissues under starvation
conditions (Figure S3A, A’), suggesting that the reduction in
Sacl led to abnormal autophagy. To confirm that the abnor-
mal autophagy phenotypes were indeed due to the loss of
Sacl, we examined the patterns of GFP-Atg8a and HA-ref
(2)P/SQSTM1/p62, an autophagy substrate, in Sacl mutant
clones (Figure 1S-W). Like what we observed in Sacl RNAi
tissues, GFP-Atg8a and HA-ref(2)P accumulated in Sacl
(Sac1'*”?) mutant clones and could be rescued by introducing
a genomic fragment containing only SacI gene (Figure 1S-W)
[31]. These data suggested that Sacl was required for auto-
phagy and neuronal homeostasis in the flies.

The loss of Sac1 promoted autophagosome formation,
but failed to fully digest the substrates

To fully understand the defects in autophagy upon the reduc-
tion of Sacl, we measured autophagy flux in fat body tissues.
We expressed GFP-RFP-Atg8a in fat bodies and examined its
expression pattern in fed and starved animals with or without
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Sacl knockdown (Figure 2A-B’ and G). Under fed conditions,
GFP-RFP-Atg8a was diffused in both control and Sacl RNAi
animals (Figure 2A and B). Upon starvation, red puncta were
observed in the control animals because of quenching of GFP
in the acidic autolysosomes (Figure 2A’). However, in Sacl
RNAi animals, the puncta were all yellow, and the number of
puncta increased, suggesting a reduction in autophagy flux
(Figure 2B’ and G). We then examined the autophagy sub-
strate ref(2)P. Compared with the control (Figure 2C and C’),
puncta sizes were slightly increased in Sacl RNAI tissues
under both fed (Figure 2D) and starvation conditions
(Figure 2D’, H, and H’), suggesting that autophagy flux was
reduced in Sacl RNAI tissues. However, in Sacl RNAi ani-
mals, both the size and number of HA-ref(2)P under starva-
tion conditions (Figure 2D’) were lower than those under fed
conditions (Figure 2D, H, and H’). These data suggested that
autophagy flux was hindered, but not completely blocked, by
the reduction of Sacl. The GFP signals of GFP-RFP-Atg8a
failed to be quenched in Sacl RNAI tissues, suggesting that
either Atg8a labeled autophagosomes failed to fuse with lyso-
somes or the pH of the autolysosomes was not low enough to
quench GFP. We then examined the pH of the autolysosomes
using the yellow/blue LysoSensor and found that the pH of
the puncta structures in Sacl RNAI tissues was higher than
that in the control tissues (Figure 2E-F and I). We further
explored whether autophagosomes fuse with lysosomes in
Sacl RNAI tissues. Syx17 labels fully formed autophagosomes
and Cpl1 labels lysosomes [32]. In fed control animals, Syx17
was largely diffused, and Cpl signals were weak (Figure 2]).
Upon starvation, both Syx17 and Cpl formed large puncta,
many of which were colocalized in control animals (Figure 27T,
J”). In Sacl RNAIi fat bodies, both Syx17 and Cpl signals
increased and the large puncta of Syx17 and Cpl were colo-
calized under starvation conditions (Figure 2K’, K”). We also
labeled autophagosomes with mCherry-Atg8a and lysosomes
with HRP-LAMP1 (Figure 2L-M”). Both Atg8a and LAMP1
puncta increased in starved Sacl RNAI tissues, and the two
markers colocalized with each other (Figure 2M’, M”), sug-
gesting that autophagosomes fused with lysosomes. We also
examined whether Sacl mutant cells had an autophagosome-
lysosomal fusion defect. We labeled autophagosome with
GFP-Atg8a and stained the fat bodies carrying Sacl'*?
mutant clones with antibody recognizing lysosome marker
Cpl. The accumulated GFP-Atg8a colocalized with Cpl in
the cells, suggesting that the autophagosomes and lysosomes
were fused in the mutant clones (Figure S3E - H).

We then examined the ultrastructures of the early third-
instar larval fat bodies. Under fed conditions, electron-dense
autolysosomes were not observed in control fat bodies (Figure
2N, R) but could occasionally be found in Sacl RNAi tissues
(Figure 20, R). Upon starvation, autophagosomes and

GFP-FYVE under both fed and starvation conditions. The puncta of mCherry-Atg8a, GFP-Atg9, GFP-Syx17, GFP-Rab7, and GFP-LAMP1 were increased in the Sac1 RNAi
tissues during starvation. DAPI marked the nuclei. Scale bar: 10 pm. (S — V') Under the fed and starvation conditions, the patterns of GFP-Atg8a (S - T’) or HA-ref(2)P
(U = V') were examined in the mosaic fat body tissues containing Sac? mutant (Sac1'*?) clones (marked by loss of RFP and outlined by dash lines) with or without a
genomic DNA fragment containing Sac? gene with a ¢cDNA encoding V5 tag inserted just after the start codon (V5-Sac1-gr). (W) was the quantification for the
experiments in (S'-V’). The size and number of GFP-Atg8a and HA-ref(2)P puncta in the cells with indicated genotypes were quantified. The RFP-positive cells in the
mosaic tissues served as CTL. GFP-Atg8a and HA-ref(2)P were accumulated in the Sac? mutant clones and the genomic rescue constructs rescued the phenotypes. n
=4, ns: not significant, **: p < 0.01, ***: p <0.001. DAPI marked the nuclei. Scale bar: 10 um.
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autolysosomes were formed in control tissues (Figure 2P, R).
In Sacl RNAI animals, electron-dense autolysosomes were
enlarged (Figure 2Q, R). The single membrane and electron-
dense nature of the autolysosomes in Sacl RNAI tissues sug-
gested that the autophagosomes fused with lysosomes success-
fully. We then knocked down Syx17 in control and Sacl RNAi
fat

bodies to examine whether autophagosomes were properly
formed upon the loss of Sacl. In fed control animals, loss of
Syx17 had little effect and no autophagosome structure was
found (Figure 2S); however, the reduction of Syx17 together
with Sacl led to the accumulation of autophagosomes in the
fat bodies of the fed animals (Figure 2T), suggesting that
autophagy was induced in Sacl RNAi animals, even without
starvation. In starved animals, the loss of Syx17 led to the
accumulation of autophagosomes in both control (Figure 2U)
and Sacl RNAi animals (Figure 2V), and there were signifi-
cantly more autophagosomes in Sacl RNAi animals than in
controls (Figure 2W). These data suggested that reduction in
Sacl promoted autophagy initiation. However, the autophagy
substrates were not fully digested, likely due to the mild
increase in autolysosome pH.

Levels of Ptdins4P on autolysosomes were critical for
autophagy

Since Sacl is an ER-localized PtdIns4P phosphatase [33], we
examined the distribution of PtdIns4P during starvation. We
constructed a transgenic fly carrying a sensitive PtdIns4P
reporter, GFP-P4M-SidM [34], which binds to PtdIns4P
with high affinity, and expressed it in fat body tissues. GFP-
P4M-SidM labeled the cell membrane in both fed and starved
animals. In addition, it formed dim small puncta inside cells
in the fed animals (Figure 3A) and formed large bright puncta
or ring structures colocalized with lysosomes marked with
Cpl in starved animals (Figure 3A’). These bright puncta/
rings disappeared if autophagy was blocked by RNAi knock-
down of the core autophagy machinery such as Atgl (Figure
3B’), Atg9 (Figure 3C’), or Atgl2 (Figure 3D’). Knockdown of
the respective genes in the fat body tissues was confirmed
using real-time PCR (Figure S2A). RNAi of Sacl slightly
increased intracellular GFP-P4M-SidM puncta in fed animals
(Figure 3E, M - N’). In starved animals, Sacl RNAi dramati-
cally increased intracellular GFP-P4M-SidM puncta, which
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colocalized with Cpl (Figure 3E’, M - N’). Overexpression
of Sacl was largely diffused in the cytosol of both fed and
starved animals (Figure 3F, F’). Overexpression of Sacl greatly
reduced PtdIns4P reporter signals on autolysosomes in
starved animals (Figure 3F, M - N’). These data indicated
that PtdIns4P was enriched on autolysosomes upon starva-
tion, and the loss of SacI elevated its level.

There are three PtdIns4Ks in flies [35]. We then deter-
mined the kinase required for PtdIns4P accumulation on
autolysosomes. fwd is the ortholog of human PI4KB, and
RNAi fwd reduced the intensity of PtdIns4P reporter signals
on the cell membrane in both fed (Figure 3G, M’) and starved
animals (Figure 3G’, M’). In starved animals, the intensity of
PtdIns4P reporter signals on lysosomes was also reduced but
the distribution pattern was similar to that of the controls
(Figure 3G’, O). Pi4KIIa RNAi did not affect PtdIns4P repor-
ter intensity on the cell membrane in both fed (Figure 3H, M’)
and starved animals (Figure 3H’, M’); however, the reduction
of Pi4KIlx decreased the puncta of the PtdIns4P reporter and
Cpl signals inside the starved cells (Figure 3H’, M - O’). The
reduction in Pi4KIIle did not change the intensity of the
PtdIns4P reporter in fed animals (Figure 31, M - N’); how-
ever, the reduction of Pi4KIIlx decreased the intensity of the
PtdIns4P reporter in the cytosol of the starved cells (Figure
3, M - N’). These data suggested that all three PtdIns4Ks
contributed to the production of PtdIns4P on lysosomes upon
starvation. We also examined key autophagy-related markers
in fat bodies with these PtdIns4K reduced (Figure S4). In fed
animals, RNAi of any one of the PtdIns4Ks did not change the
GFP-RFP-Atg8a patterns (Figure S4A - D). Upon starvation,
most Atg8a puncta were red while a few were yellow in the
control fat bodies (Figure S4A’, E), suggesting that most
autophagic structures were acidic. GFP-RFP-Atg8a patterns
in fwd RNAI (Figure S4B, B’, and E) or Pi4KIIIa RNAI (Figure
S4D, D’, and E) tissues were similar to those in controls.
Almost all the GFP-RFP-Atg8a puncta were yellow in the
starved Pi4KIla RNAI fat bodies (Figure S4C’, E), indicating
that the autophagic structures were not acidic enough to
quench GFP signals, likely due to the failure of autophago-
some-lysosome fusion, as reported previously [28]. We also
examined the expression of the autophagy substrate ref(2)P in
PtdIns4K RNAI tissues. A slight increase in ref(2)P was
observed in all RNAi groups under both fed and starved
conditions (Figure S4F - J). The accumulation of ref(2)P

0.001. (J - K"”) GFP-Syx17 labeled autophagosomes were colocalized with lysosome marker Cp1 in both CTL and Sac? RNAi tissues upon starvation. The red and green
channels of (J') and (K') were split and shown as gray scale images next to the merged images. The red or green channels were outlined by red or green, respectively.
(J” and K") were the colocalization curves of green and red signals of the positions marked by short lines in (J' and K)). (L - M”) mCherry-Atg8a labeled
autophagosomes and HRP-LAMP1 labeled lysosomes were colocalized in both CTL and SacT RNAi tissues upon starvation. The red and green channels of (L — M)
were split and shown as gray scale images next to the merged images. The red or green channels were outlined by red or green, respectively. (L” and M”) were the
colocalization curves of green and red signals of the positions marked by short lines in (L' and M’). (N — V) TEM of the fat bodies in the early third-instar larvae with
indicated genotypes. Under fed conditions, there were very few autolysosome-like structures in CTL fat bodies (N). The autolysosome-like structures (red arrows) were
occasionally observed in the SacT RNAi tissues (0). (P and Q) Upon starvation, there were more autolysosomes in SacT RNAi fat bodies than that in the CTL tissues.
The autophagic structures in the SacT RNAI tissues were electron-dense single membraned structures that resemble mature autolysosomes (Q). (R) were the
quantifications of the number and size of the autophagic-structures in the fat bodies with indicated genotypes under either fed or starvation conditions. n =3-5, *: p
<0.05, **: p<0.01. (S = W) Knock-down of Syx17 in CTL fat bodies led to accumulation of double membraned autophagosomes under starvation (U) but not fed
conditions (S). Knock-down of Syx17 in Sac1 RNAi fat bodies led to accumulation of autophagosomes in both the fed (T) and starved animals (V). (W) were the
quantifications of the numbers of the autophagosomes in the fat bodies with indicated genotypes under either fed or starvation conditions. n = 3-4, *: p < 0.05, ***:

p <0.001. The scale bar for the IF images: 10 pm. DAPI marked the nuclei.
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Figure 3. Levels of PtdIns4P on autolysosomes were critical for autophagy. The distributions of PtdIns4P in early third-instar larvae fat bodies were analyzed by
examining the patterns of Ptdins4P reporter GFP-P4M-SidM. Under fed conditions, GFP-P4M-SidM localized on the cell membrane and form small puncta in the



upon loss of fwd under starved conditions was confirmed by
driving fwd sgRNA and UAS-Cas9 expression in fat body
(Figure S4K - M). The GFP-Syx17 and GFP-LAMP1 patterns
were also examined. None of the PtdIns4Ks RNAI affected the
patterns of GFP-Syx17 (Figure S4N - Q) or GFP-LAMPI1
(Figure S4S - V) in fed animals. The GFP-Syx17 puncta
slightly increased and became elongated to form thin tubular
structures in starved fwd RNAI fat bodies (Figure S40’, R).
Pi4KIIa RNAi led to an increase in GFP-Syx17 puncta (Figure
S4P’, R), whereas Pi4KIIla RNAi did not change GFP-Syx17
patterns in starved animals (Figure S4Q’, R). fwd RNAi did
not change GFP-LAMP1 patterns in starved animals (Figure
S4T°, W). During starvation, the sizes of GFP-LAMPI1 were
increased when Pi4KIIax was reduced (Figure S4U’°, W), but
those were significantly reduced upon Pi4KIIlax reduction
(Figure S4V’, W). These data suggested that all three
PtdIns4Ks were required for proper autophagy. The distinct
phenotypes observed upon loss of various PtdIns4Ks sug-
gested that these kinases regulated autophagy in different
manners.

We then expressed HA-tagged PtdIns4Ks in the fat body
and examined their effects on PtdIns4P production and auto-
phagy in fed and starved flies. The majority of HA-Fwd was
localized on the plasma membrane and there were small
puncta inside the cells (Figure 3]). Starvation did not alter
the distribution of Fwd (Figure 3J’). Overexpression of Fwd
increased PtdIns4P reporter signals in both fed and starved
tissues (Figure 3], ', M-N’). HA-Pi4KIla had both plasma
membrane and cytosolic puncta (Figure 3K, K’). The plasma
membrane distribution of Pi4KIla was lower than that of
Fwd, and cytosolic puncta were more obvious than that of
Fwd (Figure 3], J', K, K’, M, and M’). Upon starvation, most
Pi4KIIa molecules translocated to autolysosomes and formed
large puncta (Figure 3K’). Overexpression of HA-Pi4KIla
increased cytosolic puncta of the PtdIns4P reporter in fed
tissues and to a greater extent in starved tissues (Figure 3K,
K’, M-N’). HA-Pi4KIIla diffused in both fed and starved
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tissues (Figure 3L, L’). Overexpression of HA-Pi4KIIla
increased the cytosolic PtdIns4P reporter signals in both fed
and starved animals (Figure 3L, L’, M, M). In the fed animals,
Pi4KIIIa overexpression increased the PtdIns4P reporter sig-
nals on the plasma membrane. During starvation, Pi4KIIla
overexpression decreased the PtdIns4P reporter signals on the
plasma membrane (Figure 3L, L’, M, M’). Upon starvation,
yellow puncta of GFP-RFP-Atg8a and large puncta of GFP-
LAMPI accumulated in Pi4KIIa overexpressed tissues (Figure
3R, R, T-T”, W, W’, Y, Y’). A slight increase of yellow GFP-
RFP-Atg8a puncta were also observed but the GFP-LAMP1
pattern did not change when Fwd was overexpressed (Figure
3Q, Q, T-T7, V, V, Y, Y’). Overexpression of Pi4KIlla also
mildly increased yellow puncta of GFP-RFP-Atg8a and puncta
of GFP-LAMP1 upon starvation (Figure 3S-T”, X-Y’). The
levels of all three PtdIns4Ks remained constant under starva-
tion conditions (Figure 3V”-X”). Among three PtdIns4Ks,
Pi4KIIa had most obvious autolysosomal translocation during
starvation. Overexpression of Pi4KIla most faithfully phe-
nocopied the loss of Sacl. Similar to the results observed in
the fat body tissues following knockdown of Sacl, the ratio of
Atg8a-II:Atg8a-I upon Pi4KIla overexpression increased dur-
ing starvation (Figure S3B, B’). In addition, overexpression of
Pi4KIIa in the eyes of developing flies led to degeneration in
aged flies (Figure S1G - K). These data suggested that Pi4KIIa
was a key enzyme in the production of PtdIns4P on autolyso-
somes, and abnormal levels of PtdIns4P (too low or too high)
on autolysosomes led to autophagy defects.

Osbp and cert were recruited to the autolysosomes by
Ptdins4P upon starvation

PtdIns4P is a key signaling phospholipid that functions by
recruiting downstream effectors. We then investigated the
downstream  effectors that could be recruited to
autolysosomes. We expressed V5 tagged Osbp, cert, Arfip,
or HA-tagged sau, four molecules that were reported to bind

cytosol in the control fat bodies (A). Upon starvation, GFP-P4M-SidM formed large puncta or ring-like structures colocalized with Cp1 positive autolysosomes (A’). (B —
D’) Knock-down the expression of key autophagy related molecules, such as Atg1, Atg9, or Atg12, did not change the patterns of GFP-P4M-SidM under fed conditions
(B - D), but greatly reduced the formation of large puncta or ring-like structure in the starved animal (B'-D’). (E, E') SacT RNAi increased intracellular GFP-P4M-SidM
puncta in both fed and starved animals. (F, F’) Overexpressed HA-Sac1 reduced the GFP-P4M-SidM signals on autolysosomes in starved animals. (G, G') fwd RNAi
reduced the intensity of GFP-P4M-SidM signals on cell membrane and cytosol in both the fed and starved animals. The distribution pattern of GFP-P4M-SidM signals
on lysosomes was similar to the controls. (H, H') Pi4Klla RNAi decreased the intensity of GFP-P4M-SidM in cytosol under both fed and starvation conditions. The size
and number of green puncta were also reduced. (I, I) Pi4Kllla RNAi did not change the intensity of GFP-P4M-SidM in the fed cells, but the reduction of Pi4Kllla
decreased the intensity of GFP-P4M-SidM in the cytosol of the starved cells and on the membrane of the starved cells. (J - L") HA tagged PtdIns4Ks were expressed in
fat body and their expression patterns (gray) were examined together with the expression of GFP-P4M-SidM (green). (J, J') Majority of HA-Fwd localized on the
plasma membrane and a small amount of HA-Fwd formed puncta inside cells in both fed and starved animals. The overexpression of Fwd increased the intensity of
GFP-P4M-SidM in both fed and starved tissues. (K, K') HA-Pi4Klla had both plasma membrane and cytosolic puncta distributions. During starvation, Pi4Klla
translocated on the autolysosomes (red) and formed large puncta. The overexpression of HA-Pi4Klla increased sizes and numbers of cytosolic puncta of GFP-P4M-
SidM in both fed and the starved tissues. (L, L') HA-Pi4Kllla was diffused in both fed and starved tissues. The overexpression of HA-Pi4Kllla slightly increased the
intensity of GFP-P4M-SidM in cytosol but did not affect its patterns in both fed and starved tissues. The red, green or gray channels of (A - L) were split and shown
as gray scale images at the bottom of the merged images. The red, green, or gray channels were outlined by red, green, or gray, respectively. For image (F, F’, J - L),
only the boxed regions in the merged images were shown in the split channels. (M - O’) the statistics of the fluorescence intensity and patterns of GFP-P4M-SidM in
the tissues with indicated genotypes under either fed or starved conditions. n =4, ns: not significant, *: p < 0.05, **: p <0.01, ***: p <0.001. (P - Y’) HA-tagged
PtdIns4Ks were overexpressed in fly fat bodies and the signals of GFP-RFP-Atg8a or GFP-LAMP1 were examined in the early third-instar larvae under fed and
starvation conditions. (P — T”) the numbers of yellow puncta of GFP-RFP-Atg8a increased when the Ptdins4Ks were overexpressed. The overexpression of HA-Pi4Klla
dramatically increased yellow GFP-RFP-Atg8a puncta. (T — T") were the statistics of the GFP-RFP-Atg8a puncta in the fat body cells with indicated genotypes under
fed and starvation conditions. n =4, *: p <0.05, **: p <0.01, ***: p <0.001. (U - X’) the overexpression of HA-Pi4Klla dramatically increased GFP-LAMP1 puncta in
both fed and starvation condition. The overexpression of HA-Pi4Kllla increased GFP-LAMP1 puncta under both fed and starvation conditions. (V"-X") were the
statistical data of the intensity of fluorescence signals for each PtdIns4Ks in fat bodies of the animals under fed or starvation conditions. n = 7; ns: not significant. (Y,
Y’') were the statistics of the GFP-LAMP1 puncta in the fat body cells with indicated genotypes under fed and starvation conditions. n =4, *: p < 0.05, **: p < 0.01, ***:
p <0.001. Scale bar: 10 um. DAPI marked the nuclei.
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Figure 4. Osbp and cert were recruited to the autolysosomes by PtdIns4P. (A — E”) V5 or HA tagged PtdIns4P binding proteins were expressed together with
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puncta or ring-like structures that surrounded or colocalized with Cp1. A fraction of cytosolic cert puncta was near the GM130 puncta in Sac? RNAI tissues. The red or
green channels of (A — M) were split and shown as gray scale images next to the merged images. The red or green channels were outlined by red or green,
respectively. (N, N) the ratio of GM130 that adjacent to Osbp (N) or cert (N') was quantified in control or SacT RNAi tissues under fed or starvation conditions. n =3, *:
p < 0.05, ***: p <0.001, ns: not significant. (O, O') the ratio of Cp1 that co-localized with Osbp (0) or cert (O’) was quantified in control or Sac? RNAi tissues under



to PtdIns4P, together with mCherry-Atg8a in the fat body,
and we subsequently examined their patterns in fed and
starved animals (Figure 4A-E”). Upon starvation, Osbp and
cert, but
not Arfip or sau, were recruited to autolysosomes labeled
with mCherry-Atg8a (Figure 4A-E”), suggesting that Osbp
and cert could be effectors that mediate PtdIns4P function on
the autolysosomes.

We then examined whether the loss of Sacl led to the
recruitment of more Osbp or cert to the lysosomes. Since
Osbp and cert were reported to be localized on the Golgi
apparatus, we examined the distribution of Osbp and cert in
the wild-type or Sacl RNAI tissues by co-staining with the
Golgi marker GM130 (Golgi matrix protein 130 kD) or lyso-
some marker Cpl (Figure 4F-Q”). Under fed conditions,
cytosolic Osbp puncta (Figure 4F, G) or cert (Figure 4], K)
were small and adjacent to GM130 in both wild-type and Sacl
RNAi tissues, indicating that Osbp and cert were localized in
the Golgi apparatus. Sacl RNAI slightly increased the signal
intensity of Osbp puncta in the cytosol (Figure 4G, 1, Q), but
did not change the patterns of cert (Figure 4K, M) in fed
animals. Upon starvation, Osbp and cert formed large puncta
or ring-like structures surrounding Cp1, and their association
with GM130 was greatly reduced in wild-type tissues (Figure
4F, T, N, and N’). In Sacl RNAI tissues, starvation increased
the intensity of Osbp puncta and rings inside the cytosol
(Figure 4G, ', N, O, P, and Q’). Small Osbp puncta were
near GM130 (Figure 4G’, N) and large puncta/ring-decorated
Cpl-labeled autolysosomes (Figure 4I’, O, P, and Q’). In
starved Sacl RNAI tissues, cytosolic cert increased dramati-
cally. Most cytosolic cert was co-localized with Cpl (Figure
4K, M’, N, O’, and P’). The fluorescence intensities of both
Osbp and cert co-localized with Cp1 were increased in starved
Sacl RNAi tissues compared to those in starved controls
(Figure 4Q’, Q7).

We then examined whether Osbp puncta formation
depended on PtdIns4P level. We expressed a mutant form of
Osbp (Osbp™**") that carried a point mutation in its PH
domain and could not bind PtdIns4P in the fat body.
Osbp™*" diffused inside cells and could not form puncta or
ring-like structures in cells (Figure 4S, U), as its wild type
(Figure 4R, T) did under both fed and starvation conditions.

Osbp and cert were required for autophagy

Since Osbp and cert could be recruited to autolysosomes, we
wondered whether they were required for autophagy. We
reduced Osbp or cert expression levels in the fat bodies and
analyzed different autophagy markers. The reduction in Osbp
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levels did not significantly change the patterns of mCherry-
Atg8a and GFP-RFP-Atg8a under both fed and starvation
conditions (Figure 5a-b’, m-n’, Figure S5A, A’, G). Osbp
sgRNA and Cas9 expression dramatically increased the puncta
of GFP-Atg9 (Figure 5c-d’, Figure S5B, B’), GFP-FYVE
(Figure 5e-f, Figure S5C, C’), GFP-LAMP1 (Figure 5k-I
Figure S5F, F’), and HA-ref(2)P (Figure 50-p’, Figure S5H,
H’) under both fed and starved conditions. The puncta of
GFP-Rab7 and GFP-Syx17 did not change under fed condi-
tions (Figure 5g, h, i, and j, Figure S5D, D’), but significantly
increased upon starvation when Osbp was reduced (Figure 5g’,
k’, 7', and j’, Figure S5D - E’). We also examined the expres-
sion of Atg8a in the fat bodies using western blotting. The
Atg8a-II:Atg8a-I ratio did not change significantly in tissues
with reduced Osbp under both fed and starved conditions
(Figure S3C, C’). However, in tissues with reduced Osbp, the
total levels of Atg8a were decreased compared to those in the
control tissues (Figure S3C, C’).

We also knocked down cert expression in fly fat bodies and
found an increase in the puncta of mCherry-Atg8a (Figure
5A-B’, Figure S5I, I’), GFP-Atg9 (Figure 5C-D’, Figure S5],
J’), GFP-FYVE (Figure 5E-F, Figure S5K, K’), GFP-Rab7
(Figure 5G-H’, Figure S5L, L’), GFP-Syx17 (Figure 5I-J,
Figure S5M, M’), or GFP-LAMPI1 (Figure 5K-L’, Figure
S5N, N’) upon starvation. GFP-RFP-Atg8a formed yellow
puncta in starved tissues with cert RNAi (Figure 5M-N’,
Figure S50), suggesting a block of autophagy flux. In addi-
tion, a slight increase in HA-ref(2)P was observed in cert
RNAI tissues (Figure 50-P’, Figure S5P, P’). Similar to the
observation of Sacl RNAi in the fat bodies, the Atg8a-II:
Atg8a-I ratio increased significantly in tissues with reduced
cert under starvation conditions (Figure S3D, D’). Overall, the
changes in autophagy markers in tissues with Osbp or cert
reduction were similar but less obvious than the changes in
Sacl RNAI tissues.

Osbp and cert were required for neuronal homeostasis

The reduction in Osbp and cert mimicked the autophagy
defects that were observed when Sacl was reduced. We then
investigated whether the reduction in Osbp or cert also affects
neuronal homeostasis. We used GMR-Gal4 to drive cert
siRNA expression in the fly eyes and examined the retinal
morphology in the 2-day and 31-day old animals by TEM.
The reduction of cert in fly eyes caused degeneration in the
retina of 31-day old flies (Figure 6A-D’, G). Co-expression of
cert and cert siRNA rescued the eye degeneration phenotypes
(Figure 6E-F’, G). We also used GMR-Gal4 driving UAS-Cas9
and Osbp sgRNA expression in developing fly eyes and

starvation conditions. n =5, ns: not significant. (P, P’) the areas of Osbp (P) or cert (P’) that co-localized with Cp1 were quantified for control or Sac? RNAi tissues
under starvation conditions. n =4, *: p < 0.05. (Q) was the quantification of the fluorescence intensity of Osbp puncta in the fat body cells with indicated genotypes
under fed conditions. n =6, ***: p < 0.001. (Q', Q") were the quantification of the fluorescence intensity of the Osbp (Q’) or cert (Q”) puncta that co-localized with Cp1
under starvation conditions. n= 10, **: p < 0.01, ***: p <0.001. (R — U) V5 tagged Osbp or Osbp™**" (a PH domain mutant form) were expressed in fat bodies.
Osbp™* lost the cytosolic puncta patterns in both fed and starved animals. Scale bar: 10 ym. DAPI marked the nuclei.
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examined eye morphology in 2-day and 31-day old flies. In 2-
day old flies, small fractions of PRs were missing from the
ommatidia. In 31-day old flies, the loss of Osbp led to the loss
of PRs in most of the ommatidia, indicating the degeneration
of PRs (Figure 6H-L). These data suggested that both Osbp
and cert were required for neuronal homeostasis.

Sac1 facilitated PtdIns4P exchange by Osbp and cert at
the ER-autolysosome contacts

Osbp and cert have been reported to function at ER-Golgi
contacts to transport cholesterol and ceramides from the ER
to the Golgi apparatus, respectively. As an exchange, Osbp
could transport PtdIns4P from the Golgi to the ER, followed
by dephosphorylation of PtdIns4P by ER-localized Sacl [23].
As Osbp and cert could be recruited to the autolysosome
during autophagy, we wondered whether Osbp and cert
could transport cholesterol and ceramides to autolysosomes,
respectively. We knocked down Osbp and Sacl in early third-
instar larvae fat bodies and stained cholesterol with filipin in
the fed and starved animals (Figure 7A-F’, M). Filipin stain-
ing diffused in the fed animals (Figure 7A, A’). Upon starva-
tion, the GFP-LAMPI1 labeled autolysosomes were also
stained with filipin (Figure 7B, B’), suggesting cholesterol
enrichment in the autolysosomes. Loss of Osbp led to an
increase in the cytosolic levels of filipin staining in both fed
and starved tissues (Figure 7C-D’, M). Filipin staining of
autolysosomes in starved animals with reduced Osbp was
more obvious than that in starved control animals (Figure
7B, B’, D, and D’). Knockdown of SacI also slightly increased
the cytosolic level of filipin staining in the fed animals (Figure
7E, E’, M). In starved Sacl RNAi animals, the filipin signals
on the autolysosomes were significantly increased compared
to the control animals (Figure 7F, F’, M).

We also used an anti-ceramide antibody to stain fat body
tissues with reduction of cert or Sacl (Figure 7G-M). In the
control animals, the ceramides were mainly localized on the
plasma membrane under both fed and starved conditions
(Figure 7G-H’). Ceramide was not enriched in the autolyso-
somes (Figure 7H, H’). The reduction in cert in the fed
animals did not change the ceramide pattern; however, the
loss of cert led to a dramatic increase in ceramides in the
plasma membrane and cytosol in starved animals (Figure 7I-
J’, M). Cytosolic ceramide puncta did not colocalize with the
autolysosomes (Figure 7], J'). The loss of SacI did not change
the patterns of ceramide, but slightly increased its levels under
both fed and starved conditions (Figure 7K-M).

We investigated whether PtdIns4P was transported by
Osbp and cert. The reduction of cert and Osbp greatly
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increased PtdIns4P levels on the autolysosomes in the starved
animals (Figure 7N-P’, R), suggesting that both proteins were
required for the transport and dephosphorylation of
PtdIns4P. Osbp and cert transport PtdIns4P, cholesterol, or
ceramides through ER-Golgi contacts mediated by VAP pro-
teins [23,36]. We investigated whether VAP protein (Vap33 in
Drosophila) was required for PtdIns4P transport at ER-auto-
lysosome contacts. We knocked down Vap33 expression in fat
bodies and examined the patterns of the PtdIns4P reporter in
both fed and starved animals. The reduction in Vap33
increased cytosolic PtdIns4P puncta in both fed and starved
animals (Figure 7Q-R). We then examined whether ER-auto-
lysosome contacts were present during starvation. The con-
tacts were defined as 10-30 nm intervals between the rough
ER and single-membrane autolysosome structures. At the
contact sites, ribosomes were absent from the ER surface
facing autolysosomes. We examined the fat bodies of early
third-instar larvae under starvation conditions using TEM.
We observed a few cases in which autolysosomes were in
close contact with ER (Figure 7T, T°, Z”); however, most
autolysosomes in starved animals did not contact the ER
(Figure 7S, S, Z7), likely because the contacts between these
two organelles were transient. Interestingly, in Sacl RNAi
tissues, the contacts were frequently observed upon starvation
(Figure 7U-V’, Z”). This suggested that the blockage of
PtdIns4P dephosphorylation by Sacl blocked the dissociation
of the contacts between the ER and autolysosomes. We then
investigated whether Osbp mediated the contact between
autolysosomes and the ER. We overexpressed Osbp in the
fat bodies and observed an increase in contacts (Figure 7W-
X, Z”). We also overexpressed a mutant form of Osbp
(Osbp©Pmu (H503A H504A K713A)y that cannot transfer choles-
terol but is still able to bind to PtdIns4P and Vap33. When
Osbp“®™ was overexpressed, most autolysosomes were
wrapped by the ER (Figure 7Y-Z”), suggesting a significant
increase in ER-autolysosome contacts. The increase in con-
tacts was more dramatic in the tissues with Osbp“®™ over-
expression than in the tissues with Osbp overexpression
(Figure 7Z”), which was likely because Osbp but not
Osbp“®™  overexpression triggered the reduction of
PtdIns4P, which released Osbp from autolysosomes and led
to the disassemble of the contacts.

Discussion

Contact between the ER and other organelles is critical for
many cellular events [1]. In this study, we found that
PtdIns4P and its effectors mediated contacts between the
ER and autolysosomes. These contacts might facilitate

the size and number of GFP-Atg9 puncta under starvation conditions. (E — F’) cert RNAi did not change GFP-FYVE patterns under fed conditions (E, F), but increased
GFP-FYVE puncta under starvation (E, F') conditions. (G — H’) cert RNAI did not change GFP-Rab7 patterns under fed conditions (G, H), but increased the puncta of
GFP-Rab7 during starvation (G, H'). (I - J') Reduction of cert expression did not change the patterns of GFP-Syx17 under fed condition (I, J), but increased the puncta
of GFP-Sxy17 during starvation (I', J'). (K — L) Under fed conditions, cert RNAI slightly increased GFP-LAMP1 puncta size. (K, L') Under starvation conditions, GFP-
LAMP1 puncta increased in the tissues with reduced cert expression. (M — N) the patterns of GFP-RFP-Atg8a did not change in the tissues with reduced cert
expression under fed conditions. (M’, N') the yellow puncta were greatly increased in the cert RNAi tissues under starvation conditions. (O — P’) Under both fed (O, P)
and starvation (O’, P') conditions, HA-ref(2)P puncta increased in the tissues with reduced cert expression. Scale bar: 10 um. DAPI marked the nuclei.
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Figure 6. Cert and Osbp were required for neuronal homeostasis in fly eyes. TEM analyses were performed for the retina from young (2 days (2D)) or old (31 days
(31D)) flies with indicated genotypes. (A — K) were large views to show the morphology of the retina and (A’-K’) were small views to show the detailed structures of
individual ommatidium. (B') the autophagosome/autolysosome-like structures could occasionally be found in the glial cells when cert was reduced in the eye. In the
31D flies, the ommatidia were intact in the control (GMR>Dcr2) flies (C, C'). The numbers of rhabdomeres were progressively reduced in cert RNAi flies (D and D). (E -
F') the degeneration of PRs in cert RNAi eyes was largely rescued by overexpression of cert. (H - K’) the numbers of rhabdomeres were progressively reduced in the
eyes with reduced Osbp (K, K’) but not controls (J and J'). (G and L) were the statistics of the average number of rhabdomeres per ommatidia in the animals with

indicated genotypes. n = 16-50, ***: p <0.001.

cholesterol (or other lipids) transport from the ER to the
autolysosomes; simultaneously, PtdIns4P was transported
from the autolysosome to the ER, where it underwent hydro-
lysis by Sacl. This type of contact borrowed the entire set of

machinery on the contacts between the ER and Golgi appa-
ratus. Both types of contacts used PtdIns4P not only as a
signal molecule to recruit effectors, such as Osbp and cert, to
establish contacts but also as “fuels” hydrolyzed by Sacl to
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Figure 7. Sac1 facilitated PtdIns4P exchange by Osbp and cert at the ER-autolysosome contacts. (A — F') Filipin staining (red) was performed for the early third-instar
larvae fat bodies under fed or starvation conditions. Lysosomes and autolysosomes were labeled by GFP-LAMP1. (A’-F’) indicated the red channels (signals of filipin)
of (A - F). (A, A’) Filipin signals were diffused in the control tissues under fed conditions. (B, B’) Filipin signals were enriched on the GFP-LAMP1 (green) positive
autolysosomes during starvation. (C — D) Reduction of Osbp increased the basal level of filipin staining in the cytosol under both fed and starvation conditions. The
intensity of filipin on the autolysosomes was increased (D, D). (E, E') Sac? RNAi increased the basal level of filipin signals in the cytosol under fed conditions. (F, F')
During starvation, SacT RNAi increased the intensity of filipin both on the autolysosomes and in the cytosol. (G — L) Ceramide (red) was indicated by anti-ceramide
staining for the early third-instar larvae fat bodies under fed and starvation conditions. Lysosomes and autolysosomes were labeled by GFP-LAMP1. (G - H’) Ceramide
was diffused in the fat body cells and was enriched on the plasma membrane under both fed and starvation conditions. (I — J) cert RNAi increased the basal level of
ceramide in cells under both fed and starvation conditions. There were some puncta staining of ceramide in the cytosol under starvation conditions (J, J'). However,
the puncta were not specifically associated with autolysosomes labeled with GFP-LAMP1. (K — L) SacT RNAi increased ceramide levels in the fat bodies under both
fed and starvation conditions. (M) were the statistics for the signals of filipin or ceramide in the tissues with indicated genotypes under either fed or starvation
conditions. n =4, ns: not significant, **: p < 0.01, ***: p <0.001. (N — R) the patterns of PtdIns4P reporter GFP-P4M-SidM were analyzed in the early third-instar larval
fat bodies in the animals with indicated genotypes. Lysosomes/autolysosomes were labeled with Cp1 (red). The puncta of GFP-P4M-SidM were increased in the fat
bodies with reduction of the expression of cert, Osbp, or Vap33 under both fed and starvation conditions. The red or green channels of (N — Q) were split and shown
as gray scale images at the bottom of the merged images. The red or green channels were outlined by red or green, respectively. (R) were the statistics for the signals
of GFP-P4M-SidM in the animals with indicated genotypes under either fed or starvation conditions. n = 4, ns: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001. (S
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trigger lipid transfer and regulate the dynamics of the
contacts. The contacts between the ER and autolysosomes
were very dynamic and rarely observed in wild-type tissues
upon autophagy. These contacts were transient, likely
because PtdIns4P effecters, such as Osbp, no longer mediated
membrane tethering when PtdIns4P was decreased on the
surface of autolysosomes. Loss of Sacl blocked lipid transfer
and locked the two organelles at the contact positions
(Figure 8).

We did not have direct evidence to show the exact direc-
tion of the lipid (such as cholesterol) transport. According to
the model we proposed, cholesterol level should decrease on
the autolysosomal membrane in the tissues with reduced Sacl
or Osbp. Instead, we observed autolysosomes with increased
filipin staining in those tissues. The discordance might due to
that we could not distinguish cholesterol on the autolysoso-
mal membrane from cholesterol inside the autolysosome by
filipin staining. Cholesterol is enriched in the autophagy car-
gos and therefore its level will increase if the autophagy cargo
failed to be fully digested, which is what happened in the
tissues with reduced Sacl or Osbp. The cytosolic levels of
cholesterol or ceramide increased in the tissues with reduced
Sacl or Osbp/cert, which may reflect the increase of these
lipids in ER because of the dampened transport processes.
The transport of the lipids other than PtdIns4P between ER-
autolysosomal contacts was still speculation at this point.
Further studies are required to elucidate which lipid is trans-
ported and in what direction it is transported.

Before this study, contacts between the ER and lysosomes
were observed under normal culture conditions. The lysosomal
lipid transfer protein ORP1L mediates contacts between the ER
and endolysosomes to coordinate cholesterol transfer with the
retrograde movement of endolysosomal vesicles [37]. NPC1
(Niemann-Pick type C protein 1) was also reported to interact
with the sterol transport protein GRAMDIB to tether ER and
endocytic organelles and regulate cholesterol egress [38]. OSBP
delivers cholesterol across ER-lysosome contacts to activate
MTORCI [39]. In addition, the SNX13 (sorting nexin 13) pro-
tein has also been reported as a negative regulator of lysosomal
cholesterol export and contributes to ER-lysosome membrane
contact sites [40]. These studies all support the idea that the ER
and lysosomes have active cholesterol exchange and that several
molecules are involved. In this study, we determined that, during
autophagy, the relocalization of Pi4KIla from the Golgi appara-
tus to autolysosomes helped to relocate the entire machinery
from ER-Golgi contacts to ER-autolysosome contacts. Our data
suggested that both Osbp and cert functioned in ER-autolyso-
some contacts. The composition of cholesterol and other lipids
in the autolysosome might regulate MTOR activity and V-
ATPase assembly, which might explain why the pH of the auto-
lysosome in Sacl RNAI tissues was increased.

Our study revealed no defects in autophagosome-lysosome
fusion, although the cargos failed to be fully digested in the
autolysosomes of Sacl mutant flies. However, loss of Sacl
leads to autophagosome-lysosome fusion defects during auto-
phagy in yeast and xenophagy in mammalian cells [22,41].
Our results suggested that Sacl facilitated lipid exchange
between the ER and autolysosomes and promoted autolyso-
some acidification. It remained unclear whether the contacts
formed before or after autophagosome-lysosome fusion.
Detailed analysis is required to identify the step at which
contacts are formed during autophagy. Recruitment of
PI4KIIa to autophagosomes and increased PtdIns4P levels
on autolysosomes have also been observed in mammals, sug-
gesting that our models are at least partially conserved in
higher organisms. The lipid composition of the autophagic
membrane might affect membrane fusion, autolysosome acid-
ification, and other properties of autophagosome structures in
an organism- or context-specific manner. “Descent with mod-
ification” is the theme of evolution, and thus subtle differ-
ences are expected to exist in different organisms. We do not
think Sacl’s functions in autophagy change from yeast to
Drosophila and change back from Drosophila to mammals.
The subtle modification of Sacl’s function could happen long
after Drosophila went into a separate path from other species
in the long journey of evolution.

We observed an increase in PtdIns4P on autolysosomes in
the tissues with a reduction in cert upon starvation. This
suggested that cert functioned on autolysosomes to transport
PtdIns4P; however, we did not observe an obvious accumula-
tion of ceramide on the autolysosome upon starvation. It is
possible that ceramide was not transported between autolyso-
somes and the ER. Alternatively, the current antibody was not
sensitive enough to detect a small amount of ceramide trans-
ported at ER-autolysosome contacts. We found that the
reduction in cert resulted in the accumulation of ceramide
in the fat body under fed conditions and was more dramatic
under starvation conditions. This suggested that ceramide
transport was actively regulated by starvation, and cert was
required for ceramide transport. A slight increase in ceramide
levels in tissues with Sacl knockdown suggested that Sacl
participated in ceramide transport. However, it is unclear
whether ceramide transport is required for starvation-induced
autophagy. ORD domain-containing proteins can transfer
phospholipids other than cholesterol. Further experiments
are needed to determine whether Osbp and cert can transport
other lipids using PtdIns4P as a “fuel”.

In our study, the loss of either Osbp or cert led to autopha-
gy defects and neurodegeneration; however, neither
phenotype fully mimicked the loss of Sacl expression.
Considering that all these proteins are multifunctional, we
do not think that the degeneration was completely due to

- Z') the TEM of the fat body tissues from the animals with indicated genotypes under starvation conditions. Two independent images for each genotype were
shown. The ER-autolysosome contacts were indicated by red arrows. (S’ -Z') were the enlarged views of the boxed regions in (S — Z). In control (CTL) tissues, ER-

autolysosome contacts were occasionally been observed (T, T'). SacT RNAI, overexpression of V5 tagged Osbp or Osbp®

™! increased the ER-autolysosome contacts.

(Z") were the statistics of the ratio of autolysosomes with ER-autolysosome contacts vs total autolysosomes. n =3, ***: p < 0.001. The scale bar for the IF images: 10

um. DAPI marked the nuclei.
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Figure 8. The working model. A same set of molecular machinery was used by two distinct organelle contacts under different nutrition statuses. Under fed
conditions, PtdIns4P recruited its effectors Osbp and cert to the Golgi apparatus. The interaction between Osbp and ER protein VAP mediated ER-Golgi contact.
PtdIns4P was transported from the Golgi apparatus to ER and hydrolyzed by Sac1, which triggered the cholesterol or other lipid transfer between two organelles
mediated by Osbp and cert. During starvation, Pi4Klla transferred from Golgi to autolysosomes and produced PtdIns4P on the surface of autolysosomes. Osbp and
cert proteins were recruited by the autolysosomal PtdIns4P and established contacts between ER and autolysosomes, which might facilitate lipid such as cholesterol
transfer from ER to the membrane of autolysosomes. The defects in PtdIins4P hydrolyzation resulted in abnormal autophagy and neuronal death.

the malfunction of autophagy. We have no direct evidence
that the malfunction of autophagy in these animals led to
neurodegeneration. It would not be surprised that autophagy
defects contribute to the degeneration in those animals con-
sidering the important functions of autophagy in maintaining
neuronal homeostasis.

It is puzzling that mCherry-Atg8a or GFP-RFP-Atg8a did
not show defects upon the reduction of Osbp. It suggests
that Osbp may function differently from Sacl and cert in
the autophagy steps such as initiation. Another possible
explanation is that mCherry-Atg8a and GFP-RFP-Atg8a
may not be sensitive enough to detect the defects in the
tissues with reduced Osbp. We think cert and Osbp prob-
ably not function in a linier pathway with Sacl. Loss of
Sacl, cert, Osbp, or Vap33 led to increased PtdIns4P on
autolysosomes, but their roles differed. Vap33 served as a
tether to mediate contact. cert and Osbp interacted with
Vap33 and served as tethers. Both proteins transferred
PtdIns4P from the autolysosome to the ER while transfer-
ring other lipids to the autolysosome. Sacl hydrolyzed
PtdIns4P in the ER. Therefore, loss of Sacl or Vap33 led
to reductions in lipids (cholesterol, ceramide or other
unknown lipids) as well as increased PtdIns4P on autolyso-
some membrane. However, loss of Osbp or cert only led to
a reduction in subset of lipids (which requires further ana-
lysis) and an increase in PtdIns4P on autolysosomes.
Therefore, loss of Sacl might have additive effects by com-
promising the activities of both Osbp and cert. Other
unknown PtdIns4P effectors might also participate in this
process. We cannot exclude the possibility that Osbp and
cert can regulate autophagy in both Sacl-dependent and
Sacl-independent manners. However, the detailed mechan-
isms remain unclear.

Although Pi4KIIa was the major PtdIns4K required for
PtdIns4P accumulation in the autolysosome, Fwd and Pi4KIIIa

also participated in autophagy in flies. PI4KIIIP is delivered by
ATGOYA vesicles to the autophagy initiation site to control
PtdIns4P production and recruit the ULK1/2 initiation kinase
complex subunit ATG13 to nascent autophagosomes [29]. Our
data also suggested that various PtdIns4P pools produced by
different PtdIns4Ks regulated autophagy differently.

In this study, the distribution of PtdIns4Ks, Osbp, cert, and
PtdIns4P was assessed using overexpression proteins or repor-
ters because antibodies recognizing endogenous proteins were
lacking. Overexpression of these proteins might cause artifacts
that affect the interpretation of the results. Further experi-
ments on the endogenous protein distribution are required to
determine the functions of these proteins during autophagy.

In summary, cells reused a set of molecules mediating lipid
transfer at the ER-Golgi contacts at the ER-autolysosome
contacts by relocating PtdIns4P during autophagy. During
revision of this manuscript, Tan et al reported that lysosomal
membrane permeabilization stimulates PI4K2A accumulation
on damaged lysosomes [42]. PtdIns4P generated by PI4K2A
recruits multiple OSBP-related protein family members to
establish extensive new membrane contact sites between
damaged lysosomes and the ER. Interestingly, cells use an
almost identical strategy to establish organelle contacts
under different stresses, such as during starvation and lysoso-
mal damage. This strategy is economical and reflects the
“small toolkits” principle of evolution.

Materials and Methods
Fly strains

Fly strains were maintained on standard Drosophila medium
at 25°C. The fly strains used in this study were listed in the
Table S1. All RNAI stocks were obtained from Tsinghua Fly
center. The FLP/FLP recombination target (FRT) stocks and
the stocks carrying UAS-autophagy related markers were
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obtained from the Bloomington Drosophila Stock Center or
generated before in the laboratory. All the transgenic strains
were generated by the standard methods, which were con-
structed by PhiC31-mediated transgenesis to integrate the
DNA fragments at specific sites in the genome. Therefore,
transgenes presumably were single copy insertions. All trans-
gene vectors constructed in this study were based on the
pUASt-attB, p-attB or pCFD5_w plasmids. The genotypes of
fly strains generated in this paper were shown in Table S2-54.

Molecular cloning

The plasmid pUASt-attB-HA-Sacl was generated by cloning
Sacl cDNA into pUASt-attB vector (from Dr. Hugo Bellen’s
laboratory, Baylor College of Medicine, USA) with a N-term-
inal 3xHA tag. The plasmid pUASt-attB-HA-fwd was gener-
ated by cloning fwd cDNA into pUASt-attB vector with a N-
terminal 3xHA tag. The plasmid pUASt-attB-HA-Pi4KIla
was generated by cloning Pi4KIlo ¢cDNA into pUASt-attB
vector with a N-terminal 3xHA tag. The plasmid pUASt-
attB-HA-Pi4KIIla was generated by cloning Pi4KIIla cDNA
into pUASt-attB vector with a N-terminal 3xHA tag. The
plasmid pUASt-attB-cert-V5 was generated by cloning cert
c¢DNA into pUASt-attB vector with a C-terminal V5 tag.
The plasmid pUASt-attB-Osbp-V5 was generated by cloning
Osbp cDNA into pUASt-attB vector with a C-ternimal V5 tag.
The plasmids pUASt-attB-Osbp™**"-V5 and pUASt-attB-
Osbp©Bmy (HS03A H304A K7134)_y5 were generated by site-
directed mutagenesis. The plasmid of pUASt-attB-GFP-RFP-
Atg8a was generated by cloning the GFP-RFP tandem tag
fused to the N-terminus of the coding sequence of Atg8a
into pUASt-attB vector. The plasmid p-attB-V5-Sacl was
generated by cloning the genomic sequence of Sacl into p-
attB vector (from Dr. Hugo Bellen’s laboratory), V5 tag was
fused to the N terminus of Sacl. The plasmid pUASt-attB-
Arfip-V5 was generated by cloning Arfip cDNA into pUASt-
attB vector with a C-terminal V5 tag. The plasmid pCFD5_w-
Osbp sgRNA was generated by cloning the sgRNA of Osbp
(GAGCTACTACCGCAACCAGT) into pCFD5_w vector
[43]. The plasmid pUASt-attB-GFP-P4M-SidM was generated
by cloning GFP-P4M-SidM sequence into pUASt-attB vector.

Starvation treatment

Embryos were collected within a 6-h period after egg laying
and raised on standard fly food at 25°C. After 88-90 h devel-
opment, third-instar larvae were either fed with normal food
or starved in 5 mL 20% sucrose solution to induce autophagy.
Fed and starved larvae were then collected for further analysis.

Immunofluorescence

The third-instar larval fat bodies were dissected in 4% PFA
(Sigma-Aldrich, 158127) and incubated for 30 min at room
temperature (RT). Then, fat bodies were permeabilized 10
min with PBST (PBS with 0.1% Triton X-100 [Sangon
Biotech, T0694]) three times and incubated with primary
antibodies with proper dilutions for 2h at RT, followed by
extensive washing. Tissues were incubated with the secondary

antibodies for 1h at RT in dark. Finally, tissues were washed
with PBST three times, mounted in 80% glycerol (Sangon
Biotech, A100854) containing 5 ng/uL DAPI (Invitrogen, D
-1306) and imaged using LSM710 confocal microscopy (Carl
Zeiss, Oberkochen, Germany) with a Plan-Apochromat x 40
or x 63 oil immersion.

Filipin staining

The third-instar larval fat bodies were dissected in 4% PFA
and incubated for 30 min at RT. Tissues were washed three
times with PBS and incubated with 50 ng/mL filipin solution
for 2h in a dark chamber. Then, tissues were rinsed three
times with PBS and imaged through LSM710 confocal micro-
scopy using a UV filter set (excitation at 340-380 nm and
emission at 385-470 nm).

Determination of lysosomal pH

LysoSensor Yellow/Blue DND-160 (Yeasen, LX4232) was
used to measure lysosomal pH. The third-instar larval fat
bodies were dissected in PBS and incubated in 1uM
LysoSensor Yellow/Blue DND-160 for 10 min at RT in dark.
After washed 3 times with PBS, tissues were mounted in 80%
glycerol and imaged with LSM710 confocal microscopy
immediately.

Antibody and probe

Mouse monoclonal antibodies against V5 (Invitrogen, R96025)
was used with a 1:500 dilution for immunofluorescence. V5 Tag
recombinant rabbit monoclonal antibody (Invitrogen, MA5-
32053) was used with 1:500 dilution for immunofluorescence.
Purified anti-HA.11 epitope tag (Biolegend, 901501) was used
with 1:800 dilution for immunofluorescence. Anti-Cpl/
Cathepsin L/MEP antibody (Abcam, ab58991) was used with
1:500 dilution for immunofluorescence. Recombinant Anti-
GM130 antibody (Abcam, ab52649) was used with a 1:200 dilu-
tion for immunofluorescence. Mouse anti-HRP (Sigma-Aldrich,
SAB5300168) was used with 1:500 dilution for immunofluores-
cence. Mouse anti-Atg8a antibody was generated by the Institute
of Genetics and Developmental Biology, CAS and used with
1:500 and 1:1000 dilutions for immunofluorescence and western
blot, respectively. Mouse monoclonal antibody against a-tubulin
(Beyotime, AT819) was used with 1:1000 dilution for western
blot. HRP-labeled Goat Anti-Mouse IgG (Beyotime, A0216) was
used with 1:5000 dilution for western blot. Filipin IIT (APExBIO,
B6034) was used with 50 ng/mL concentration for fluorescence
staining. Ceramide monoclonal antibody (MID 15B4) (Enzo
Life, ALX-804-196-T050) was used with 1:10 dilution for
immunofluorescence staining. For the secondary antibodies,
Alexa Flour 488-conjugated anti-mouse and anti-rabbit IgG
(Invitrogen, A-21202 and A-21206), Alexa Flour 647-conju-
gated anti-mouse and anti-rabbit IgG (Invitrogen, A-21235
and A-31573) and Cy3 AffiniPure Donkey Anti-Mouse IgG
(Jackson, 715-165-151): a 1:1000 dilution was used.



Transmission electron microscopy

For fly eye samples (2 or 31 days), fly heads were dissected and
incubated in EM eye solution (containing 1.4% cacodylic acid
[Electron Microscopy Sciences, 12201], 4% paraformaldehyde
[Electron Microscopy Sciences, 15711], and 1% glutaraldehyde
[Electron Microscopy Sciences, 16020]) for 1week at 4°C.
Samples were then washed three times with ddH,0, and incu-
bated in 2% OsO4 (Electron Microscopy Sciences, 19152) for 2h
at RT. After rinsing three times with ddH,O, samples were
dehydrated by a graded series of ethanol (50%, 70%, 80%, 90%,
95%, and 100%, respectively) for 20 min/step. Then, samples
were incubated in propylene oxide (PO, [Sigma, 82320]) for
30 min with three times. After that, samples were infiltrated by
a graded series of Eponate 12 resin (50% and 75% in PO) for 3 h/
step at RT, embedded in fresh and pure Eponate 12 resin made
up with Embed 812 (Electron Microscopy Sciences, 14900),
DDSA (Electron Microscopy Sciences, 13710), NMA (Electron
Microscopy Sciences, 19000) and DMP-30 (Electron
Microscopy Sciences, 13600) for 12 h at RT and polymerized at
65°C for 72 h.

For third-instar larval fat bodies, samples were incubated
in 2.5% glutaraldehyde (Electron Microscopy Sciences, 16020)
for 48h and washed with PBS after fixation. All the other
steps were same with fly eyes EM protocol.

After polymerization, samples were cut into 50 nm thin
sections and stained with 4% uranyl acetate (Electron
Microscopy Sciences, 22400) and 2.5% lead nitrate (Electron
Microscopy Sciences, 17800) for electron microscopy analysis
(Hitachi Ltd., HT7700, Tokyo, Japan).

Real-time quantitative polymerase chain reaction

The third-instar larval fat bodies were collected and lysed by
TRIzol (Invitrogen, 15596026) for extracting total RNA
according to the instruction, and the cDNA was synthesized
using 4 ug RNA with M-MLV RT Kkits (Invitrogen, 28025013).
The relative expression of 11 genes (Sacl, fwd, Pi4Klla,
Pi4KIIla, cert, Osbp, Vap33, Syx17, Atgl, Atg9 and Atgl2)
were measured by PowerSYBR Green PCR Master Mix Kit
(Applied Biosystems, 4368708) with specific primers (Table
S5). aTub84B was used as the internal control. The baseline
adjustment method of the BioRadCFX Manager (Bio-Rad,
California, USA) was used to determine the Ct of each reac-
tion. The amplification efficiencies were close to 100%, and all
samples were amplified in triplicate. For data analysis, 274"
method was used to calculate the relative level of samples.

Western blotting

The third-instar larval fat bodies were dissected and lysed
using cell lysis buffer for western blot and IP (Beyotime,
P0013). Protein samples were separated by a SDS PAGE and
then transferred onto a PVDF membrane, followed by block-
ing with 5% nonfat milk (Sangon Biotech, A600669) in TBST
buffer (50 mM Tris-Cl, 150 mM NaCl, 0.1% Tween 20) for 1 h
and incubated with primary antibodies overnight at 4°C. The
membranes were then washed three times in TBST and incu-
bated with HRP labeled secondary antibodies (1:5000 in TBST
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with 5% nonfat milk) for 1h at RT. The membranes were
then washed three times in TBST buffer, incubated with ECL
reagent and then exposed.

Statistical analysis

Confocal, electron microscopy and western blot images were
quantified by Image] and Zen 2.3 software and analyzed with
GraphPad Prism 5 software. To analyze the size and number
of protein puncta, images were imported to Image] software,
and the cytoplasmic part of each cell was selected through
polygon selections and then measured the number of puncta
and area of single dot under the same threshold for every
independent experiment. For fluorescence intensity analysis,
images were imported to Zen 2.3 software, and the mem-
brane, cytoplasm or protein dots of each cell were selected
using spline contour for detecting fluorescence levels, respec-
tively. For colocalized area measurement, images were
imported to Zen 2.3 software, and the colocalized regions
between two proteins was selected with spline contour, and
then the area of each colocalized region was measured. For
flux reporter analysis, the number of yellow puncta that con-
tain both green and red fluorescence and red puncta was
counted by hand, and then the frequency of yellow and red
puncta was calculated with GraphPad Prism 5 software,
respectively. At least three samples for each group were quan-
tified. The two-tailed unpaired Student t test was used for
comparisons between two groups, and the ANOVA analysis
was used for comparisons of multiple groups. All results were
presented as mean values + standard error of the mean (SEM).
P value < 0.05 was considered statistically significant.
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