Dynamic and transient interactions of Atg9 with

ARTICLE

autophagosomes, but not membrane integration,

are required for autophagy

A. Orsi*, M. Razi, H. C. Dooley, D. Robinson, A. E. Weston, L. M. Collinson, and S. A. Tooze

London Research Institute, Cancer Research UK, London WC2A 3PX, United Kingdom

ABSTRACT Autophagy is a catabolic process essential for cell homeostasis, at the core of
which is the formation of double-membrane organelles called autophagosomes. Atg9 is the
only known transmembrane protein required for autophagy and is proposed to deliver mem-
brane to the preautophagosome structures and autophagosomes. We show here that mam-
malian Atg9 (mAtg9) is required for the formation of DFCP1-positive autophagosome pre-
cursors called phagophores. mAtg9 is recruited to phagophores independent of early
autophagy proteins, such as ULK1 and WIPI2, but does not become a stable component of
the autophagosome membrane. In fact, mAtg9-positive structures interact dynamically with
phagophores and autophagosomes without being incorporated into them. The membrane
compartment enriched in mAtg9 displays a unique sedimentation profile, which is unaltered
upon starvation-induced autophagy. Correlative light electron microscopy reveals that mAtg9
is present on tubular-vesicular membranes emanating from vacuolar structures. We show
that mAtg9 resides in a unique endosomal-like compartment and on endosomes, including
recycling endosomes, where it interacts with the transferrin receptor. We propose that
mAtg9 trafficking through multiple organelles, including recycling endosomes, is essential
for the initiation and progression of autophagy; however, rather than acting as a structural
component of the autophagosome, it is required for the expansion of the autophagosome
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precursor.

INTRODUCTION

To remain healthy, eukaryotic cells require a constant turnover and
replacement of old components with functional new ones. Dispos-
ing of old organelles, often as big as mitochondria, is a challeng-
ing task that cells tackle using autophagy. Thus autophagy plays a
major role in cell homeostasis (Mizushima, 2007). The key event in
autophagy is the formation of a double-membrane structure called
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an autophagosome, which engulfs portions of cytosol and entire
organelles. Autophagosomes fuse with the endolysosomal sys-
tem, resulting in the degradation of their content by lysosomal
enzymes (Orsi et al., 2010). Although it is active at basal levels
under normal nutrient conditions, autophagy can be up-regulated
in conditions of nutrient deprivation to maintain cytosolic pools
of amino acids and macromolecules (Rabinowitz and White,
2010). Moreover, autophagy is used to clear protein aggregates
(Tyedmers et al., 2010), as a defense against pathogens (Deretic
and Levine, 2009), and to regulate immunity and inflammation
(Levine etal., 2011). For these reasons, deregulation of autophagy
has been implicated in several pathological conditions, including
neurodegeneration, Crohn's disease, and cancer (Mizushima
et al., 2008).

The process of autophagy is orchestrated by >30 proteins origi-
nally identified in yeast and collectively referred to as Atg proteins
(Klionsky et al., 2003). Because autophagy is a multistep process,
the different Atg proteins are used sequentially and ultimately result
in the completion of the autophagosome. ULK1/2 (Atg1 in yeast),
FIP200 (Atg17), and the phosphatidylinositol 3-kinase (PI3K) class Il
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complex, including Vps34, Atg14, and Beclin 1 (Atgé), are involved in
the induction and initiation phases (Yang and Klionsky, 2010). In yeast,
the autophagosome originates at a precise and unique location in
the cell called the preautophagosomal structure (PAS). In mammalian
cells autophagosomes are formed at multiple locations from phago-
phores (Yang and Klionsky, 2010). Double FYVE—containing protein 1,
(DFCP1), which is found on omegasomes, is a marker for these early
phagophores (Axe et al., 2008; Hayashi-Nishino et al., 2009; Mari
etal., 2011). In mammals, two ubiquitin-like conjugation systems pro-
duce the Atg5-12-16 complex and lipidated LC3 (LC3-II; Mizushima,
2007). LC3-ll remains associated with the expanding autophago-
some membrane and is sequestered inside the closed, completed
autophagosome, providing a useful marker for the autophagosome.
Subsequently, the autophagosome undergoes multiple fusion events
with endosomes and lysosomes to become an autolysosome.

On amino acid withdrawal, autophagy is induced efficiently and
green fluorescent protein (GFP)-LC3—positive autophagosomes are
detected within minutes (Kochl et al., 2006). Autophagosome for-
mation requires extensive membrane remodeling, but the source of
the phagophore and the expanding autophagosome membrane is
under investigation in many laboratories. Recent data suggest that
multiple sources of membranes can contribute to the process (Tooze
and Yoshimori, 2010), but a complete understanding is hampered
by the fact that the association of nearly all Atg proteins with phago-
phores and autophagosomes is transient, and the majority of the
Atg proteins, with the exception of Atg?, have no known integral
membrane domains. In contrast, Atg9 has six conserved transmem-
brane domains (He et al., 2006; Young et al., 2006) and therefore
should be the most useful Atg protein to track the origin of the au-
tophagosome membrane.

In yeast, Atg? is found on "Atg9 reservoirs,” which by electron
microscopy appear as bundles of vesicles and tubules (Mari et al.,
2010). On induction of autophagy by nutrient deprivation, these res-
ervoirs move en bloc to the PAS, and this recruitment depends on
Atg17 and requires Atg1 (Sekito et al., 2009). Because Atg9 has not
been found on autophagic bodies in the yeast vacuole, it has been
postulated that it recycles back to the PAS before autophagosomes
fuse with the vacuole, and that the recycling process is dependent
on Atg18-Atg2 (Reggiori et al., 2004a), which are the yeast homo-
logues of the mammalian WIPI (1-4) proteins, and Atg2A and B. In
mice, Atg? (also known as Atg9a, Atg?L1, or mAtg9), like Atg5 or
Atg7, is required for survival during the early neonatal starvation
period, which depends on autophagy (Kuma et al., 2004; Komatsu
et al., 2005), thus establishing an essential role for mAtg? (Saitoh
et al., 2009). In addition, mAtg9~~ mouse embryonic fibroblasts
(MEFs) display reduced autophagic response, as revealed by fewer
LC3-positive autophagosomes and reduced long-lived protein deg-
radation (Saitoh et al., 2009). Atg? is also essential for formation of
a double-membrane around Salmonella in the Salmonella-contain-
ing vacuole and recruitment of the PI3K complex (Kageyama et al.,
2011). In contrast to the yeast protein, mAtg? localizes to both a
juxtanuclear region, which corresponds to the trans-Golgi network
(TGN), and a peripheral population, which was initially shown to par-
tially colocalize with markers of late endosomes (LEs) such as Rab7
and Rab? (Young et al., 2006). On amino acid deprivation, the tight
juxtanuclear population redistributes in a ULK1-dependent manner,
suggesting that mAtg9 is mobilized to support an increasing de-
mand for autophagosomes. In support of this, it has been shown
that manipulating mAtg? relocalization to peripheral endosomes
through activation of the p38o. mitogen-activated protein (MAP)
kinase pathway results in increased autophagy (Webber and Tooze,
2010a).
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However, the exact function of Atg? is elusive. Our current un-
derstanding of the localization of Atg9 and its role in autophagy is
primarily derived from the yeast Saccharomyces cerevisiae (see ear-
lier discussion) and correlation with relatively late events in mam-
malian cells (LC3 lipidation, LC3 spot formation, Rab7 and 9 colocal-
ization, and long-lived protein degradation; Young et al., 2006;
Saitoh et al., 2009). The current view that Atg9 may function to de-
liver membrane to growing phagophores and autophagosomes has
not been formally proven (Orsi et al., 2010). Given the lack of amino
acid conservation between the cytosolic domains of yeast and mam-
malian Atg? (Figure 1A), which are among the domains likely to in-
teract with cytosolic vesicle-sorting machinery, we addressed the
function of mammalian Atg9 by determining its role in phagophore
formation and expansion and the dynamics of how it interacts with
these autophagosome precursors and autophagosomes. In addi-
tion, we characterized the membrane compartment where Atg9 is
enriched, both morphologically and biochemically. We found that a
population of mAtg9 localizes to several organelles, including recy-
cling endosomes (REs) and early endosomes, in addition to TGN
and LEs as previously described (Young et al., 2006). mAtg? under-
goes a dynamic interaction with phagophores and autophago-
somes, without, however, becoming incorporated into their mem-
brane and shows substantially less colocalization with autophagy
markers than the organelle markers. By clarifying its relationship
with other master regulators of autophagy such as ULK1 and WIPI2,
we also show that mAtg9 acts at or on the phagophore and ome-
gasome, revealing its position at the apex of the Atg protein hierar-
chy in mammalian cells.

RESULTS

mAtg9 affects autophagy at an early stage after induction
To more precisely examine when mAtg? acts, we measured the
number of autophagic and preautophagic structures in HEK293
cells depleted or not of mAtg9. We used markers that are recruited
to the phagophore and form autophagosome at different stages: 1)
ULK1, proposed to be one of the earliest (Itakura and Mizushima,
2010); 2) DFCP1, a early marker that labels the omegasome, ex-
panding phagophores (Axe et al., 2008); 3) WIPI2, which, like
DFCP1, is recruited by PI3P to the phagophore, but remains associ-
ated longer with the autophagosome (Polson et al., 2010); 4) Atg16,
which, together with the Atg12-Atg5 complex, is required for lipida-
tion and recruitment of LC3 (Mizushima, 2007); and 5) LC3, which is
present during the latter stages of autophagosome formation and
maturation.

Knockdown of mAtg? by small interfering RNA (siRNA) deple-
tion in HEK293 cells was nearly complete as revealed by Western
blot (Figure 1B). As expected, depletion of mAtg? significantly re-
duced lipidation of endogenous LC3 (Figure 1B) and the number of
autophagic structures positive for GFP-LC3 (Figure 1C and ) ob-
served upon starvation. All other autophagic structures, that is,
those positive for DFCP1, WIPI2, and Atg16, were also significantly
reduced (Figure 1, C and E-H), suggesting that mAtg9 may act very
early, at the same step as or even before DFCP1. ULK1-positive
puncta were reduced after depletion of Atg9 but not significantly
(Figure 1, C and D). These results are in agreement with results in
yeast, in which Atg? is one of the first Atg proteins to be recruited
to the PAS (Suzuki et al., 2007).

To understand whether the few autophagosomal structures still
forming in cells depleted of mAtg? were detected because of the
presence of residual mAtg9, we used MEFs derived from Atg9”/~
mice (Saitoh et al., 2009). In these MEFs, LC3 lipidation (Supplemen-
tal Figure S1, A and B) and the number of LC3- and WIPI2-positive

1861

Autophagosome initiation requires mAtg9 |



ctrl Atg9 KD

S. Cerevisae ULKA1
7 H" I I I 997
I I I I I Human
1 W — — —l
B MW ctrl Atgg KD GFP DFCP1
kDa F S F S
102- . Atg9
5o, S S b TuD
17- - - C3-| WP
_— ~LC3-II
D , Uk E ., DFCP-1
6 —[_ *%

spot/area
IS

)
o Q

\\\ QO > o
9 q\j‘" @ §~l~
& #
F o WiPI2 G ,Atg16 GFP-LC3
S *k ek
20{ —1— o - = o

@ 15 2
&3 4
Q
2]

10 -
5

%with LC3

ctrl Atg9 KD

- Atg16

%with LC3

ctrl g

mAtg9 affects autophagy at an early omegasome stage. (A) Domain structure of
yeast and human Atg9. Red and blue boxes represent conserved transmembrane domains.
(B) HEK293 cells were treated with either control siRNA (ctrl) or siRNA against mAtg9 (Atg9 KD)
and incubated in full (F) or starvation medium (S) for 2 h. Cell lysates were analyzed by Western
blot using antibodies against mAtg9, B-tubulin, and LC3. (C) Confocal microscopy of HEK293/
GFP-LC3 and HEK293/GFP-DFCP1 cells treated with RISC-Free (ctrl) or mAtg9 (Atg? KD) siRNA
and starved for 2 h. ULK1, WIPI2, and Atg16 were detected by indirect immunofluorescence
using anti-ULK1, -WIPI2, and -Atg16 antibodies. Bars, 10 um. (D-H) Quantification of ULK1,
GFP-DFCP1, WIPI2, Atg16, or GFP-LC3 spots from B expressed as spots/cell area (ULK1,
GFP-DFCP1) or spots/cell (WIPI2, Atg16, GFP-LC3). Error bars, SEM; **p < 0.01 ***p < 0.001
(n = 3, two-tailed unpaired t test). (I) Colocalization of GFP-LC3 with WIPI2 and Atg16 in
HEK293/GFP-LC3 cells treated with mAtg9 siRNA, starved, and detected in C. (J) Quantification
of colocalization of WIPI2 and Atg16 with GFP-LC3 as shown in (l). Error bars, SEM, n = 3.

gesting that mAtg? is important for the
formation of autophagosomes but might
not be strictly required.

Atg9 is not a structural component of
the autophagosomal membrane

We next investigated whether mAtg9 was
required for the correct recruitment of Atg
proteins to the forming autophagosome,
and, in particular, we looked at the recruit-
ment of LC3 to WIPI2- or Atg16-positive
structures. In control starved cells, ~72 and
85% of WIPI2 and Atg1é spots, respec-
tively, were also positive for LC3 (Figure 1, |
and J). In cells depleted of mAtg9, although
the total number of these structures was
greatly reduced (Figure 1, D-H), the per-
centage of WIPI2 and Atg16 spots contain-
ing LC3 was unaltered (Figure 1J). This indi-
cates that in the absence of mAtg9, these
phagophores and autophagosome mem-
branes were able to recruit Atg proteins
upstream of LC3 lipidation and conjuga-
tion. Thus we hypothesized that mAtg9
may be delivering membrane and/or other
components to speed up the process of
autophagosome formation.

We examined the localization of mAtg9
during starvation and found that mAtg9 co-
localizes, albeit to a limited extent, with sev-
eral autophagosome markers. These include
both early (ULK1, GFP-DFCP1, WIPI2) and
later markers (Atg16, GFP-LC3; Figure 2A
and Table 1). However, the vast majority of
mAtg9 was not present on autophagosome
structures (Figure 2A and Table 1). After
amino acid starvation the percentage of the
total population of mAtg9 that is found with
autophagy proteins is ~4%, which is barely
above background of an irrelevant marker
(Table 2). However, in the area of the phago-
phore and autophagosome-positive spots
there is a higher percentage of Atg?, ap-
proaching 23% for DFCP1, colocalizing with
the autophagosome marker (Table 1, local
values). These values correlate with those
previously reported for Atg? and GFP-LC3
(Young et al., 2006). As expected, when we
asked how many ULK1, DFCP1, WIPI2,
Atg16, or LC3 spots contain Atg? we found
a range between 10 and 23% (Table 1).
Moreover, when mAtg9 colocalizes with one
of the autophagic markers in Figure 2, the
colocalization is often only partial, suggest-
ing that mAtg9 is present on an adjacent
but distinct structure. Autophagosome
markers ULK1, WIPI2, and Atg1é overlap
perfectly with GFP-LC3 (Figure 2B); mAtg?
is found in the vicinity of ULK1 and LC3

spots induced by starvation were markedly reduced in comparison  but not completely overlapping, and the shape of the mAtg%-
to wild-type MEFs (Supplemental Figure S1, C and D). However, a  positive structure does not coincide with that of the other markers
few autophagosomes were still able to form in Atg97~ MEFs, sug-  (Figure 2B). In the same way, mAtg9 partially colocalizes with DFCP1
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mAtg9 colocalizes with both early and late autophagosome autophagy markers.
(A) Confocal microscopy of mAtg9 (red) in HEK293/GFP-LC3 and HEK293/GFP-DFCP1 cells.
GFP-DFCP1, ULK1, WIPI2, Atg16, or GFP-LC3 in green as indicated. ULK1, WIPI2, Atg16, and
mAtg9 were detected using antibodies as in Figure 1. Arrows in merge show mAtg9
colocalization with markers. Bars, 10 pm. (B) Confocal microscopy of HEK293/GFP-LC3 cells,
GFP-LC3 (green), ULK1 (blue), mAtg? (red); HEK293/GFP-DFCP1 cells with mAtg9 (red), LC3
(blue); HEK293/GFP-LC3 cells, GFP-LC3 (green), Atg9 (red), and WIPI2 and Atg16 (blue). A low
and partial colocalization of ULK1 and Atg9 is shown and is in contrast to the colocalization of
ULK1 with LC3. LC3 emerges from the GFP-DFCP1 structure, and mAtg9 coincides partially with
both structures. Bottom, WIPI2, Atg16, and GFP-LC3 signals overlap, whereas mAtg9 is found in
close proximity with WIPI2, Atg16, and GFP-LC3. Quantification of the percentage of Atg9

found with ULK1, DFCP1, WIPI2, Atg16, and LC3 is shown in Table 1.

(Figure 2, A and B). As expected, GFP-DFCP1 and LC3 are close but
not overlapping, in agreement with previous data showing that LC3-
positive structures emerge from DFCP1-positive omegasomes (Axe
et al., 2008).

Atg9 interacts with autophagosomes transiently

To reconcile these data with the role of mAtg? in autophagy, we
hypothesized that mAtg9 may interact with phagophores and au-
tophagosomes transiently and not remain on the autophagosome
membrane. To visualize the movement of mAtg9 in live cells, we
used time-lapse widefield microscopy, allowing us to track the flu-
orescent vesicles continuously without the risk of vesicles moving
out of the focal plane. For these experiments, we generated stable
cell lines expressing monomeric red fluorescent protein (mMRFP)-
Atg? alone and in combination with GFP-LC3 (Supplemental
Figure S2). Unfortunately, we could not establish a stable cell line
expressing both mRFP-Atg? and GFP-DFCP1 and had to rely on
transient transfection of mRFP-Atg9 in GFP-DFCP1-expressing
201 cells. When stably expressed at low levels, mRFP-Atg9 showed
an identical behavior and localization profile to that of endogenous
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mAtg? (Supplemental Figure S2A). In sta-
ble cell lines, LC3 lipidation and GFP-LC3
spot formation were comparable with pa-
rental lines (Figure S2, B and C), showing
that they undergo normal autophagy.

In cells expressing mRFP-Atg9 and
GFP-DFCP1, GFP-DFCP1 spots form within
5 min of incubation in starvation medium,
as in cells expressing GFP-DFCP1 alone,
Atg9 and in both we confirmed that GFP-
DFCP1-positive omegasomes are relatively
immobile (Axe et al., 2008). mRFP-Atg?
vesicles, however, appear to be very mo-
bile and dynamic and transiently interact
with GFP-DFCP1 structures (Supplemen-
tary Video 1 and Figure 3A’). Occasionally
a GFP-DFCP1-positive structure emerges
from a mAtg9 spot (Supplementary Video
2 and Figure 3A), whereas in other areas of
the cell the GFP-DFCP1 structure encoun-
ters mAtg9 structures after it has formed.
We observed both brief (<10 s) and pro-
longed (<2 min) contacts but never ob-
served mRFP-Atg9 fusing to GFP-DFPC1-
positive structures. Instead, mAtg? appears
to orbit around GFP-DFCP1 structures
(Figure 3A). In GFP-LC3/mRFP-Atg? cells,
GFP-LC3 structures are more dynamic than
GFP-DFCP1 structures and less restricted
to the juxtanuclear region (Figure 3B).
Again, mAtg9, which is as mobile as LC3,
orbits GFP-LC3-positive structures without
fusing with them (Supplementary Video 2
and Figure 3B). Frequently we observed
GFP-LC3 spots interacting with more than
one mAtg9 structure.

Previous data in yeast demonstrated that
Atg9 was not found on autophagosomes or
in autophagosomes fused with the vacuole
(Lang et al., 2000; Noda et al., 2000; Kim
et al., 2002). Our observations support the
conclusion that mAtg9 interacts dynamically
with phagophores and early and late autophagosomes but does not
at any stage become a stable part of the autophagosome mem-
brane. Due to their high mobility, it is also unlikely that mAtg9-pos-
itive vesicles or membranes act as a stable platform for recruitment
of other Atg proteins.

Atg9

merge

merge

Atg9

merge

Atg9

merge

mAtg9 is not found on the autophagosome membrane

To more clearly visualize the mAtg? compartment and to under-
stand how it relates to phagophores and autophagosomes, we per-
formed correlative light electron microscopy (CLEM) using cells ex-
pressing GFP-LC3 and mRFP-Atg9 (Figure 4 and Supplemental
Figure S3A). Structures containing GFP and mRFP were identified
by confocal microscopy in fixed cells and then relocated after Epon
embedding for transmission electron microscopy (TEM) and imaged
by TEM. These GFP-LC3-mRFP-Atg? structures appear to be very
complex, as can be appreciated in sequential serial sections (Figure
4, B and C). We observed clusters of tubules and vesicles emanating
from endosome- or MVB-like structures corresponding to the mRFP-
Atg9 signal (Figure 4, red arrows), in areas where GFP-LC3 was de-
tected by fluorescence microscopy (Figure 4A).
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Percentage of Atg9 with phagophore and autophagosome markers

Total Atg9 SEM Local Atg9 SEM
Ulk1 0.52 0.37,n=2 15.03 1.01n=2
DFCP1 4.00 0.92,n=3 23.20 402n=3
WIPI2 1.73 0.16,n=3 15.60 1.26n=2
Atg16 1.08 0.89,n=3 9.77 248n=3
LC3 4.50 0.64,n=3 18.42 248n=3
Phagophore and autophagosome markers
Percentage with Atg9 SEM
ULK1 19.01 582,n=2
DFCP1 15.71 3.71,n=3
WIPI2 10.44 273,n=2
Atg16 22.39 6.17,n=2
LC3 16.31 581, n=3

All quantifications were performed with Imaris software, setting an appropriate threshold, which was kept constant during the whole analysis. Images for quan-
tification were taken under the same conditions, and about five images per experiment were quantified. The values of all images from a single experiment were
averaged together, and this value was used as n = 1 for statistical analysis with Excel and Prism software. For “total Atg?,” the signal of Atg9 and the relative marker
in the whole cell were compared. For “local” colocalization, at least 20 spots that were positive for the marker of interest were picked in blind per experiment. The
colocalization between Atg9 and the marker was then evaluated only in a squared area of approximately twice the diameter around each spot.

TABLE 1: Colocalization of mAtg9 with phagophore and autophagosome markers.

To confirm the presence of mAtg9 on these structures, we per-
formed cryoimmuno-EM of HEK293 cells or primary rat hepatocytes
expressing mRFP-Atg9 (Figure 4, D and E, and Supplemental Figure
S3, B-E). A low but specific signal for mAtg? was mostly found on
clusters of small vesicles and tubular structures scattered throughout
the cytosol, similar to the level of signal detected on the Golgi
(Young et al., 2006). These vesicular—tubular structures are reminis-
cent of what has been described as “Atg9 reservoirs” in yeast (Mari
et al., 2010). Very often we observed large, endosome-like struc-
tures surrounded by small, mAtg?-positive vesicles/tubules, similar
to what we observed by CLEM (Figure 4, A-C, and Supplemental
Figure S3, B and E). However, mAtg9 could not be found on the
membrane of morphologically identifiable autophagosomes
(unpublished data) or autolysosomes (Supplemental Figure S3, C
and D). Occasionally we detected gold particles labeling mRFP-
Atg? inside autophagosomes (unpublished data) or in autolyso-
somes (Figure 4E), which could represent mAtg9-positive entrapped
membranes. In summary, these data show that mAtg9 resides on a
tubular/vesicular compartment, in proximity to endosomes and au-
tophagosomes, but apparently not on the autophagosome mem-
brane itself.

mAtg9 is found in a transferrin receptor—positive
compartment

To further understand the mAtg9 compartment, we used subcellular
fractionation. On the basis of the foregoing EM analysis and our re-
sults demonstrating that early and late endosomes cofractionated
with mAtg? (Young et al., 2006), we followed the RE marker transfer-
rin receptor (TfR) and compared it to the behavior of mAtg9. Cell
homogenates from HEK293 cells were fractionated on a Ficoll gra-
dient, and the fractions were resolved by SDS-PAGE and probed for
markers of cellular compartments. As expected, mAtg9 partially
overlaps with TGN (TGN46) and late endosome (cation-indepen-
dent mannose-6-phosphate receptor [CI-MPR]) markers (Figure 5, A
and B). The overall profile of mAtg9 is different from the markers
tested; however, a small amount of mAtg9 is found with EEA1 (frac-
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tions 19 and 20), and a more significant overlapping peak of TfR and
mAtg? is detected in fractions 16-18.

Because the mAtg9-positive membranes appear to be distinct,
we obtained more information about this compartment by screen-
ing for potential interactors using immunoprecipitation followed by
SDS-PAGE and mass spectroscopy analysis. Hemagglutinin (HA)-
tagged mAtg9 was expressed in HEK293A cells and immunopre-
cipitated using anti-HA antibodies (Supplemental Figure S4A). In
two independent determinations (Supplemental Figure S4, B and C)
we identified CI-MPR and TR as specific proteins that coimmuno-
precipitate with HA-mAtg9. The analysis was performed in both
basal (fed) and starved (amino acid depleted) conditions, but we did
not observe any differences in the peptide numbers detected. These
results further support the presence of mAtg? in endosomal com-
partments, including the RE.

We previously found a colocalization of mAtg9 with CI-MPR both
by indirect immunofluorescence and cryoimmunogold labeling of

Percentage Atg9 SEM
EEA1 18.90,n=2 10.90
TR 24.10,n=2 7.43
TGN46 26.30,n=3 4.72
Rab11 9.45,n=2 2.20
COPI 6.40,n=1 ND
PDI 891, n=1 ND
Tubulin 11.24,n=1 ND

Colocalization analyses were performed with Imaris software as described for
Table 1. The whole Atg9 signal and that of the relative organelle marker were
analyzed. TGN46 was included as positive control (as described in Young et al.
2006), whereas tubulin, COPI and PDI were taken as “irrelevant” markers with
which Atg9 may appear to colocalize due to its diffuse distribution.

TABLE 2: Percentage of Atg9 colocalizing with organelle markers.

Molecular Biology of the Cell
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FIGURE 3: (A) Live-cell imaging of HEK293/GFP-DFCP1 cell transfected with mRFP-Atg9 using widefield fluorescence
microscopy. (A") Magnified frames from the boxed region. Frames are taken from Supplementary Video S1, which
started after 5 min of incubation in starvation medium. Images were captured every 5 s, and every other frame is shown.
White arrowhead, mRFP-Atg? vesicle; empty arrowhead, GFP-DFCP1. Note how the two structures orbit each other
without significant overlap except at +110 s, immediately after which they separate. (B) Live-cell imaging of HEK293/
GFP-LC3/mRFP-Atg? cells by widefield fluorescence microscopy. (B’) Magnified boxed regions. Images are extracted
from Supplementary Video S2. Frames were taken every 5 s, and every other frame is shown. Note how the two
structures orbit each other without significant overlap except at +60 s, immediately after which they separate. White

arrowhead, mRFP-Atg9 vesicle.

mAtg? and CI-MPR on late endosomes (Young et al., 2006). We
were able to confirm the coimmunoprecipitation of CI-MPR with
HA-mAtg?, but depletion of CI-MPR had no effect on mAtg? distri-
bution or autophagy (Robinson, unpublished results). We confirmed
the interaction between mAtg9 and TfR by immunoprecipitation us-
ing both mRFP- and HA-tagged mAtg? (Supplemental Figure S4D)
and coimmunoprecipitation of endogenous mAtg? with TfR (Figure
5C). We were able to demonstrate that another RE membrane pro-
tein, syntaxin-13 (Prekeris et al., 1998), did not coimmunoprecipitate
with endogenous Atg? (Supplemental Figure S4E). However we can-
not formally exclude the possibility that the coprecipitation of Atg9
and TFR is indirect due to the mild solubilization conditions
(3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
[CHAPS] detergent lysis). Furthermore, we tested the effect of TfR
depletion on mAtg9 trafficking and LC3 lipidation using previously
published siRNA duplexes (Herbison et al., 2009) but obtained con-
flicting results and were unable to draw any conclusions about the
role of TfR in autophagy. This may be due to the potentially toxic and
stressful effects in our cell lines following loss of the TfR combined
with amino acid depletion. However, knockdown of mAtg9 did not
affect TfR or CI-MPR localization (unpublished data), suggesting that
these proteins are found in the same membrane compartment but
that mAtg? does not regulate the localization of either protein.
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We next asked whether mAtg9 colocalized with TfR in fed and
starved cells. We could detect a juxtanuclear population of mAtg?
that colocalized with TfR (Figure 6A). This colocalization was un-
changed in amino acid starvation (unpublished data). We also ex-
amined other markers of RE, including Rab11, and early endosomes,
EEAT1, and found that they both showed some degree of colocaliza-
tion (Figure 6, B and C). Because mAtg9 has a very widespread
distribution in the cell, we quantified the percentage of Atg? that
colocalized with TfR, Rab11, and EEA1 and compared this to our
positive control TGN46 (Figure 6D) and markers including tubulin
(shown in Figure 6E), COPI, and protein disulfide isomerase (PDI),
which should not colocalize to a large extent with mAtg9. As shown
in Table 2, 26% of total mAtg9 colocalized with TGN46, followed by
TR, with 24% colocalization of total Atg9. Colocalization with Rab11
was not substantially higher than that of the irrelevant markers,
whereas EEA1 showed a reasonable degree of colocalization.

Our data show that mAtg? resides in a distinct membrane com-
partment with characteristics that partially overlap with those of the
Golgi, early and late endosomes, and REs. Moreover, mAtg? inter-
acts and colocalizes with a population of TfR. These conclusions are
supported by the EM analysis, which identified mAtg? juxtaposed
to and labeling tubulovesicular structures with a morphology resem-
bling that of REs. Note that these structures were not close to
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FIGURE 4: CLEM and cryoimmuno-EM demonstrates mAtg9 is
present on tubulovesicular membranes surrounding autophagosomes.
(A) HEK293/GFP-LC3/mRFP-Atg9 cells starved for 2 h were fixed, and
GFP-LC3 (green) or mAtg9 (red) fluorescent structures were identified
by confocal microscopy and subsequently in thin sections prepared
for TEM. Low-magnification TEM of the whole cell is shown in
Supplemental Figure S3A. (B, C) two 70- to 100-nm serial sections of
the boxed area in Supplemental Figure S3A. The mRFP-Atg9-positive
membranes (red arrows) corresponding to vesicular clusters and
tubules emerging from multivesicular structures (red arrows). Bar, 500
nm. (D, E) Cryoimmuno-EM of HEK293/GFP-LC3/mRFP-Atg9 cells (D)
or primary rat hepatocytes (E), transduced with mRFP-Atg9, starved
for 2 h, and labeled for mAtg? (10- or 5-nm gold, respectively). mAtg9
(arrowheads) is found on vesicles and tubules, often surrounding large
endosomal-like structures. In E, note that mAtg9 is not found on the
autolysosome membrane, although some signal is present inside that
could represent trapped material. Bar, 500 nm. a, autolysosome; e,
endosome; m, mitochondria. Bars, 500 nm (B, C), 1 um (D, E).

stacked Golgi complex membranes, making it unlikely that they
were Golgi derived (Figure 4).

To further study the relationship between the mAtg?-positive
membranes and TfR-positive REs, we performed an uptake experi-
ment using fluorescently labeled Tfn and gold-conjugated anti-TfR
antibody in HEK293/mRFP-Atg9 cells for 2 h under starvation condi-
tions, followed by CLEM (Figure 7). This approach enabled us to vi-
sualize the entire RE pathway using TEM. We focused on mAtg%-
positive structures that contained the fluorescent Tfn ligand (Figure
7A) and then located them by TEM (Figure 7B-D). We found heavily
labeled endosomes containing anti-TfR-gold where the fluorescent
ligand was present (Figure 7, C and D, white arrows), and a tubular
vesicular network of membrane where mRFP-Atg9 was localized (red
arrowheads). In addition, within this tubular network were vacuolar
endosome-like structures that contained a small amount of anti-TfR-
gold (Figure 7D, white arrowheads). Of importance, the mRFP-Atg9
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and sparsely labeled endosomes in Figure 7D were near forming
and newly formed autophagosomes (Figure 7, C and D, white ar-
rows). These results demonstrate the close interconnection between
the unique Atg? membranes and the TfR-containing endosomes.
Retromer is an important regulator of retrograde transport from
the endosome and has been implicated in the traffic of both CI-MPR
and TfR (Seaman, 2004; Popoff et al., 2007). Thus we tested whether
retromer likewise controlled the traffic of mAtg9 or had a role in
autophagy. We found a partial colocalization between mAtg9 and
Vps26 (Supplemental Figure S5A), an essential subunit of the ret-
romer complex. However, in cells depleted for Vps26 (Supplemental
Figure S5A, bottom), we detected no difference either in starvation-
dependent mAtg?9 redistribution or in the reestablishment of mAtg9
juxtanuclear population after 30 min of recovery from nutrient de-
pletion (Supplemental Figure S5, B and C). LC3 lipidation and LC3-II
turnover were also unaffected (Supplemental Figure S5, D and E),
showing that retromer activity is dispensable for autophagy.

mAtg9 localization is dependent on WIPI2

In yeast, Atg? cycles between the "Atg? reservoir” and the PAS.
This traffic largely depends on Atg1 and Atg18, and in the absence
of Atg18, Atg9 remains on the PAS (Reggiori et al., 2004a; Mari
et al., 2010). Recent data in mammalian cells suggest that DFCP1-
positive omegasomes may be considered a mammalian equivalent
of the PAS (Axe et al., 2008). Depletion of WIPI2, one of the mam-
malian homologues of Atg18, causes an accumulation of GFP-
DFCP1—positive omegasomes in both fed and starved cells. These
structures are unable to mature, as they do not recruit LC3 (Polson
et al., 2010). Thus we asked whether WIPI2 was required for mAtg9
trafficking. After depletion of WIPI2, we observed that mAtg? is
found in the regions of these stalled omegasomes, suggesting that
mAtg9 can move to these structures in the absence of WIPI2 but is
unable to be removed (Figure 8A). Depletion of ULK1, the mam-
malian homologue of Atg1, was previously shown to cause a con-
centration of mAtg? around the juxtanuclear region (Young et al.,
2006). Under these conditions, the omegasome structures cluster in
a juxtanuclear region; however, the extent of DFCP1-mAtg? colocal-
ization is unaltered, suggesting that ULK1 is required neither for
mAtg9 recruitment to the omegasomes nor for its retrieval (Figure
8A). Double knockdown of WIPI2 and ULK1 (Figure 8, A and B) re-
capitulates both phenotypes: an increased number of DFCP1 struc-
tures (especially in full medium) with increased mAtg9-DFCP1 colo-
calization (WIPI2 phenotype) and clustering of these structures
around the nucleus (ULK1 phenotype). Thus we propose that mAtg?
is able to traffic to DFCP1-positive omegasomes independent of
WIPI2 and ULK1, whereas its retrieval depends on WIPI2. ULK1 in-
stead appears to regulate the distribution of mAtg? in peripheral
structures and the areas where new omegasomes can form.

The mAtg9 compartment retains its distinct properties after
starvation and loss of WIPI2 and ULK1

Our data so far suggest that mAtg9, despite being essential for the
formation and expansion of autophagosomes, does not actually
become a stable component of their membranes at any stage. Thus
we hypothesized that the characteristics of the mAtg? compartment
may not change upon induction of autophagy. Using subcellular frac-
tionation in fed and starved conditions, we detected the formation of
autophagosomes using lipidated LC3. In starved conditions LC3-I
appears in the heavy fractions, which correspond to autophagosomes
(Figure 9A). However, we could not detect any major difference in the
distribution of endogenous mAtg? between full-medium and starved
conditions (Figure 9, B and D, and Supplemental Figure S6C).

Molecular Biology of the Cell
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DISCUSSION

As the only transmembrane Atg protein,
Atg?9 has been regarded as key to one of the
mysteries of autophagy: where does the au-
tophagosome membrane come from? De-
spite the fact that Atg9~ mice are deficient
in autophagy (Saitoh et al., 2009), it is evi-
dent that low numbers of autophagosomes
are still able to form without mAtg9. This
suggests that mAtg? is not strictly required
for the process of autophagosome forma-
tion. We propose that mAtg?'s function is
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FIGURE 5: mAtg9 is on recycling endosomes. (A) Homogenates from HEK293 cells were
separated on 1-22% Ficoll gradients. Gradient fractions were loaded from left (heavy) to right
(light) and then analyzed by Western blot using antibodies against CI-MPR (marker for late
endosomes/TGN), EEA1 (early endosomes), TGN46 (TGN), mAtg9, TfR (RE), and SOD1
(cytosol). (B) Distribution of marker proteins. The intensity of each band (in arbitrary units) is
plotted on the y-axis and the fraction number on the x axis. mAtg9, black solid line; all other
markers are dashed lines: red, CI-MPR; yellow, EEA1; green, TGN46; blue, TfR; gray, SOD1.
(C) Lysates from HEK293 cells incubated in full medium (F) or starved for 2 h (S) were
immunoprecipitated using beads alone (-), a nonrelevant antibody (NR) at 1x and 2x
immunoglobulin G (IgG), and anti-mAtg? IgG and then analyzed by Western blot using
antibodies against mAtg9 and TfR. Input, 5% of total lysate before immunoprecipitates (IP).

Data are representative of three independent experiments.

We took advantage of the ULK1- and WIPI2-knockdown pheno-
types to provide a way to substantially alter the mAtg9 compart-
ment. We predicted that in starved cells devoid of ULK1, mAtg9
would be predominantly in its nonautophagosomal locations, at the
TGN and endosomes, whereas after WIPI2 knockdown mAtg? would
accumulate at the stalled preautophagosome structures. However,
surprisingly, even in these knockdown conditions we were unable to
detect any significant difference in the sedimentation behavior of en-
dogenous mAtg9 (Figure 9, B-D). This suggests that either the bulk
of mAtg? is not on the stalled or clustered omegasomes or the ap-
parent colocalization results from close juxtaposition of mAtg? and
GFP-DFCP1—positive membranes. Our quantification, shown in Table
1, also supports the conclusion that the bulk of mAtg? is not present
on autophagosomes. In light of these data, we decided to investi-
gate the localization of mAtg? in WIPI2-depleted cells and performed
CLEM analysis on starved GFP-DFCP1 HEK293 cells expressing
mRFP-Atg? treated with control or WIPI2-specific siRNA (Figure 10).
In WIPI2-depleted cells (Figure 10A), we examined the regions posi-
tive for both GFP-DFCP1 and mRFP-Atg9 using TEM and again ob-
served tubular-vacuolar structures and clusters of vesicles (Figure
10A, red arrowheads) that were very similar to those structures seen
in starved HEK293 cells and primary rat hepatocytes (Figures 4 and
7). In the control siRNA-treated GFP-DFCP1 cells expressing mRFP-
Atg9 we were also able to identify the mRFP-Atg9—positive mem-
branes in the vicinity of phagophores and forming autophagosomes
(Figure 10B, black arrowheads). These biochemical and morphologi-
cal data indicate that the characteristics of the mAtg? compartment
do not depend on ULK1 or WIPI2, and they provide further evidence
that mAtg? is not incorporated into precursor autophagosomes,
phagophores, or autophagosome membranes but instead are found
in a compartment that equates to the yeast Atg? reservoir.
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not essential in basal conditions (when few
autophagosomes form) but might become
essential when autophagy is induced and
the demand for new autophagosome mem-
branes increases. This proposal is in line with
the current hypothesis that Atg? delivers lip-
ids required for the initiation and expansion
of autophagosomes (Reggiori et al., 2004a;
Longatti and Tooze, 2009), but it may also
be possible that Atg9 delivers regulators to
the growing phagophore.

Yeast, as well as mammalian, Atg9 is
translocated into the secretory pathway at
the level of the ER, where it is glycosylated
and then trafficked through the Golgi to a
post-Golgi compartment (Young et al.,
2006; Mari et al., 2010; van der Vaart et al.,
2010). Moreover, it appears that Atg? must
traffic through and exit the Golgi to exert its
function in autophagy (Ohashi and Munro, 2010). The post-Golgi
pool of yeast Atg? is found in a novel organelle—the "Atg? reser-
voir” (Mari et al., 2010)—and is retrieved from the autophagosome
before fusion with the vacuole (Lang et al., 2000; Noda et al., 2000;
Kim et al., 2002). Furthermore, we showed that Atg9 colocalizes
with CI-MPR and Rab7- and Rab9-positive endosomes (Young et al.,
2006). Here we show that mammalian Atg? is on a distinct, vesicular
compartment: the colocalization of mAtg? with phagophores and
autophagosome markers is partial and asymmetric, and mAtg? is
not detectable on autophagosome membranes. Furthermore, the
regulation of Atg9 trafficking originally described in yeast appears
to be conserved between yeast and mammals. Given the complex-
ity of the mammalian endosomal pathway and autophagosome
maturation, this may be surprising; however, our data demonstrate
that mAtg? is present on a unique tubular vesicular compartment
that has many of the same properties as the yeast Atg9 reservoirs.

Our biochemical analysis revealed that the characteristics of the
mAtg9 compartment are unaffected by starvation-induced au-
tophagy or by disruption of its starvation-stimulated trafficking, as
controlled by Ulk1 and WIPI2. Similarly, Atg9 reservoirs in yeast dis-
play the same sedimentation properties in both atg1A and atg11A
mutants (Mari et al., 2010), underscoring the unique behavior of
Atg9-positive membranes. Using CLEM and immuno-EM, we show
that mAtg9 is most often found on clusters of vesicles or tubules,
occasionally surrounding endosome-like vacuolar structures in the
vicinity of double-membrane phagophores. Our results may also
suggest that the majority of mAtg? is found on a completely inde-
pendent compartment, which neither buds from nor fuses with other
organelles. This is unlikely, since we report here that mAtg? physi-
cally interacts with endosomal markers, in particular TfR. We favor
the hypothesis that mAtg9 traffics by tubulation from an existing
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mAtg9 colocalizes with endosomes and TGN. Confocal microscopy of HEK293/
GFP-LC3 cells. mAtg9 (red) and (A) TfR, (B) Rab11, (C) EEA1, (D) TGN46, and (E) tubulin were
detected by indirect immunofluorescence with antibodies to indicated proteins (green). TfR and
TGN46 show the highest degree of partial colocalization with mAtg9. Insets in the merge panel
are shown on the right. Quantification is shown in Table 2. Bar, 10 pm.

compartment and in doing so is able to maintain the same density
as the donor compartment. Thus we propose that mammalian
equivalents of yeast “Atg9 reservoirs” continuously emanate from
vacuolar RE-like compartment, help promote autophagosomes for-
mation, and then rapidly return to the donor compartment.
Recently, mAtg?-positive Golgi membranes, after amino acid
starvation, were shown to undergo tubulation and fragmentation to
produce cytoplasmic punctate structures dependent upon the N-BAR
domain of Bif-1 (Takahashi et al., 2011). Vesicular traffic of mAtg9
may be occurring through these tubulated membranes. Given that
REs are known to be highly tubulated (Bonifacino and Rojas, 2006), it
would be interesting to test whether Bif-1 was also acting on the
RE-like compartment we identified. Retromer mediates the tubula-
tion of the RE and the sorting of CI-MPR and TnR from the REs
(Seaman, 2004; Bonifacino and Rojas, 2006; Popoff et al., 2007), and
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recent experiments suggested that Atg?
trafficking from a Golgi-endosome traffick-
ing pathway in yeast contributes to au-
tophagy (Ohashi and Munro, 2010). In agree-
ment with previous results in yeast (Reggiori
et al., 2004b), we did not detect any role for
retromer in mammalian autophagy.

Evidence from several groups suggests
that autophagosomes can obtain mem-
branes from muiltiple sources, including the
ER (Hayashi-Nishino et al., 2009; Yla-Anttila
etal., 2009), Golgi (Geng et al., 2010; van der
Vaart et al., 2010; Yen et al., 2010), mitochon-
dria (Hailey et al., 2010), and the plasma
membrane (Ravikumar et al., 2010). We spec-
ulate that due to its widespread distribution,
mAtg? is the perfect candidate to relay mem-
branes from different sources. In this context,
mAtg? may be strategically placed at the RE,
a compartment that regulates endocytotic
trafficking and connects the endocytic to the
exocytic pathway (Bonifacino and Rojas,
2006; van ljizendoorn, 2006). Further support
for our hypothesis comes from data showing
a functional connection between REs and the
ER-Golgi intermediate compartment (Marie
et al., 2009). It is tempting to speculate that
mAtg? traffic through the RE is essential for
autophagy, and further experiments are re-
quired to directly test this hypothesis.

Atg9 is one of the first proteins to be re-
cruited to the PAS in yeast (Suzuki et al.,
2007). We show here for the first time that in
starved mammalian cells mAtg9 acts at an
early stage, as depletion of mAtg? inhibits
the formation of early ULK1-, DFCP1-, and
WIPI2-positive phagophores. Similar find-
ings on the role of Atg9 early in membrane
formation, in particular recruitment of Atg 14,
was found in Salmonella-infected cells
(Kageyama et al., 2011). Conversely, ULK1
and Atg13 knockdown inhibit mAtg9 traf-
ficking, and mAtg9 localizes to a juxtanu-
clear region (Young et al., 2006; Chan et al.,
2009), and early DFCP1-positive omegas-
omes are also restricted to this area and are
unable to mature into LC3-positive autopha-
gosomes. When WIPI2 is depleted, mAtg9 accumulates on DFCP1-
positive omegasomes that are unable to mature. A similar result was
recently obtained in Caenorhabditis elegans, in which an accumula-
tion of large, Atg9-positive structures was seen after loss of EPG-6
(WIPI4), which had a unique distribution compared with Unc-51 and
EPG-1 (Atg1 and Atg13 homologues in C. elegans) mutants (Lu
et al., 2011). The ULK1/2 complex, in particular FIP200, has been
shown to be the most upstream protein to be recruited to ER-local-
ized phagophores and is required for localization of the class IIl PI3K
complex (ltakura and Mizushima, 2010), followed by recruitment of
WIPI2 (Polson et al., 2010). Because the combined knockdown of
WIPI2 and ULKT1 still allows mAtg? to reach DFCP1-positive mem-
branes, the initial recruitment of mAtg? to the omegasome is inde-
pendent of these two proteins (ULK1 and WIPI2), again placing
mAtg? high in the hierarchy of Atg proteins.

Molecular Biology of the Cell



FIGURE 7: CLEM of transferrin-positive compartments and mAtg9 compartments. HEK293/

salt solution (EBSS). When indicated, bafilo-
mycin A1 (Calbiochem, La Jolla, CA) in
dimethyl sulfoxide was used at 100 nM.
The 293/GFP-LC3 cells were previously
described (Kochl et al., 2006). The 293/
GFP-DFCP1 (clone 201; Axe et al,
2008) was a kind gift from N. T. Ktistakis
(Brabaham Institute, Cambridge, United
Kingdom) and was were maintained in the
presence of G418 at 400 pg/ml. The Atg9~"~
and matched wild-type immortalized MEFs
(Saitoh et al., 2009) were a kind gift from
T. Saitoh and S. Akira (Osaka University,
Osaka, Japan) and were maintained in
FM. The 293/GFP-LC3/mRFP-Atg? and
293/mRFP-Atg? were generated by trans-
fection of 293/GFP-LC3 and HEK293 cells
with pCDNA4-TO-mRFP-Atg9 or pEGFP-
mRFP-Atg9 plasmids and selected with
750 pg/ml of Zeocin (Invitrogen, Carlsbad,
CA) or 800 pg/ml of G418 (Life Technolo-
gies, Carlsbad, CA), respectively, followed
by clonal dilution. Clones were screened by
Western blot and confocal microscopy
for low-level expression, in which mRFP-
Atg9 distribution resembled that of endog-
enous mAtg9. The 293/GFP-LC3/mRFP-
Atg9 clone 9B9 was maintained in the
presence of Zeocin at 400 pg/ml. The 293/
mRFP-Atg9 clone 1F10 was maintained in
the presence of G418 at 400 pg/ml.

mRFP-Atg9 cells were incubated for 2 h with anti-TfR antibody conjugated to 10-nm gold and

Alexa 647-conjugated Tfn. Cells were fixed, and (A) Tfn-Alexa 647 (blue) or mRFP-Atg9 (red)
fluorescent structures were identified by confocal microscopy and subsequently in thin sections
prepared for EM. (B) Low-magnification TEM of the top of the cell from A. (C, D) two sets of
70- to 100-nm serial sections from the boxed area in B. TfR-gold-positive vacuoles were
identified in TEM (white arrowheads) near the Atg9 compartment: mRFP-Atg9—positive
membranes (red arrowheads) corresponding to vesicular clusters and tubules, and vacuoles,
some of which contain small amounts of TfR-gold. White arrows show phagophore and

autophagosome membranes. Bar (A), 10 uM.

Finally, despite its essential role in autophagy, mAtg? it is not
a component of autophagosomes. In fact, mAtg9 resides on a
separate compartment, acts dynamically and independently on
the phagophore, and remains distinct from the autophagosome
membrane. Our observations that phagophores and omegas-
omes form mainly in Atg9-positive regions lead us to propose
that the widespread distribution of mAtg? facilitates formation of
autophagosomes throughout the cell. Our previous experiments
revealed a role for p38 MAP kinase (Webber and Tooze, 2010b)
and moreover showed that when the ability of mAtg9 to traffic to
dispersed peripheral sites is restricted, autophagy is compro-
mised. Further work is required to elucidate the signals in mam-
malian cells controlling Atg9 trafficking from the unique Atg9
compartment.

MATERIALS AND METHODS

Cell culture and transfection

HEK293A cells and derivatives were maintained in full medium
(FM): DMEM with 10% fetal calf serum (FCS) as previously de-
scribed (Kochl et al., 2006; Chan et al., 2007). To induce autophagy,
cells were incubated for 2 h in starvation medium: Earle’s balanced
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Transfection

For RNA interference, cells were trans-
fected using Oligofectamine (Invitrogen),
followed by a second transfection 24 h later
with Lipofectamine 2000 (Invitrogen). Cells
were analyzed 72 h after the first transfec-
tion. The final concentration of siRNA
oligos ranged between 20 and 50 pM, de-
pending on the target protein: D-001220-
01 (RISC-Free, control), D-014294-02 or -04 (Atg9), D-020521-09
or -12 (WIPI2), or D-005049-04 (ULK1; Dharmacon, Lafayette, CO).
Custom siRNA oligo UGA UGG GGA AAC CAG GAA AUU
was used to knock down Vps26. Transferrin receptor was knocked
down using siRNA oligos (pools of two) as previously described
(Herbison et al., 2009).

Lipofectamine 2000 was used for transient transfection of DNA.
For biochemical analysis, 1 pg of plasmid per milliliter of transfection
mix was used, whereas for immunofluorescence (IF) and live-cell im-
aging the plasmid was diluted 1:5 with a carrier vector.

Antibodies

The following primary antibodies were used: rabbit anti-mAtg?
(STO215, STO219; Young et al., 2006); Armenian hamster anti-mAtg?
(clone 14F2; Webber and Tooze, 2010a); mouse anti-Atg16L (TMD-
PH-AT16; CosmoBio, Carlsbad, CA); rabbit anti—B-tubulin (Abcam,
Cambridge, MA); mouse anti-LC3 (clone 5F10; 0231-100; NanoTools,
Teningen, Germany); rabbit anti-LC3 (ab48394; Abcam); rabbit anti-
WIPI2 (Polson et al., 2010); mouse anti-TfR (13-6800; Invitrogen); sheep
anti-TGN46 (AHPOOG; AbD Serotec, Raleigh, NC); rabbit anti-CIMPR
(STO52; Dittie et al., 1999); mouse anti-EEAT (610457; BD Biosciences
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kind gift of M. Seaman (Cambridge Institute
for Medical Research, Cambridge, United
Kingdom); COPI was a kind gift of F. Wieland
(University of Heidelberg, Heidelberg,
Germany). The gold-conjugated anti-TfR
antibody was a kind gift of Clare Futter (In-
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Regulation of mAtg9 traffic by ULK1 and WIPI2. (A) Confocal microscopy of
HEK293/GFP-DFCP1 cells treated with siRNAs against RISC-free (ctrl), ULK1, WIPI2, or WIPI2
and ULK1. Cells were incubated in full medium or starved for 2 h before fixation. mAtg9 was
detected by indirect immunofluorescence. Arrows indicate areas of colocalization between
GFP-DFCP1 and mAtg9. In WIPI2 KD virtually every DFCP1 spot colocalizes with mAtg9. (B) The
efficiency of the knockdowns in A was confirmed by Western blot using antibodies against
ULK1, WIPI2, and B-tubulin. One representative experiment of three is shown.

PharMingen, San Diego, CA); polyclonal anti-ULK1 (sc-33182; Santa
Cruz Biotechnology, Santa Cruz, CA); rabbit anti-SOD1 (16831,
Abcam); mouse anti-GFP (clone 3E1; Cancer Research UK, London,
United Kingdom); mouse anti-Rab11 (610657; BD Biosciences Phar-
Mingen); rabbit anti-PDI (SPA-891; Bioquote, York, United Kingdom);
mouse anti-tubulin (7291, Abcam); rabbit anti-syntaxin-13 (110 132;
Synaptic Systems, Géttingen, Germany); rabbit anti-Vps26 was a
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Starved

stitute of Ophthalmology, London, United
Kingdom).

Light microscopy

Indirect IF was performed as previously
described (Young et al., 2006). For visualiza-
tion of endogenous LC3, cells were either
fixed in 3% paraformaldehyde and permea-
bilized in methanol and blocked in 5% bo-
vine serum albumin. Secondary antibodies
were all Alexa Fluor conjugated (488, 555,
or 647) from Invitrogen, with the exception
of Cy3-conjugated goat anti-Armenian
hamster (Jackson ImmunoResearch Labora-
tories, West Grove, PA).

Cells were imaged with either an LSM
510 or an LSM 710 laser scanning confocal
microscope equipped with a 63x, 1.4 nu-
merical aperture (NA), Plan Apochromat oil
immersion objective (Carl Zeiss Microlmag-
ing, Jena, Germany). Confocal sections for
colocalization analysis were 0.8 pm thick.
Images were processed using LSM 510 and
Zen software.

Quantification of Atg9

All quantifications were performed with
Imaris software (Bitplane, Zurich, Switzerland),
setting an appropriate threshold, which
was kept constant during the whole analy-
sis. Images for quantification were taken
under the same conditions, and about five
images per experiment were quantified.
The values of all images from a single ex-
periment were averaged together, and this
value was used as n = 1 for statistical analy-
sis with Excel (Microsoft, Redmond, WA)
and Prism (GraphPad Software, La Jolla,
CA) software.

For “total Atg9” the signal of Atg9 and
the relative marker in the whole cell were
compared. For “local” colocalization, at
least 20 spots that were positive for the
marker of interest were picked in blind per
experiment. The colocalization between
Atg9 and the marker was then evaluated
only in a squared area of approximately
twice the diameter around each spot.

Live-cell imaging

For live-cell imaging, cells were grown on MatTek dishes (MatTek
Corporation, Ashland, MA). Full-medium imaging medium con-
sisted of DMEM, 10% FCS, 30 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES), pH 7.4, low bicarbonate, minus
phenol red, minus riboflavin, and minus folic acid. Starvation imag-
ing medium was EBSS and 30 mM HEPES, pH 7.4.
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FIGURE 9: The mAtg9 compartment is unaltered after starvation.
(A) HEK293 cells were incubated in full (F) or starvation medium for
2 h (S) before homogenization and separation on a 1-22% Ficoll
gradient as in Figure 6A. Fractions were loaded from left (heavy) to
right (light) and analyzed by Western blot using an antibody against
LC3. Membrane-associated LC3-Il is found in fractions 13-21.

(B) HEK293 cells were treated with RISC-Free (ctrl) siRNA or siRNA
against WIPI2 or ULK1 and then incubated in full medium (F) or
starved (S) for 2 h before homogenization and fractionation as in A,
followed by Western blot for endogenous mAtg9. (C) The efficiency
of the knockdown in B was evaluated using antibodies against ULK1,
WIPI2, and B-tubulin and confirmed by inhibition of LC3 lipidation
after both WIPI2 and ULK1 KD. (D) The intensity of mAtg9 signal was
quantified (in arbitrary units) and plotted against the refractive index
of each fraction (see example in Supplemental Figure S5D and
Materials and Methods). To allow comparison of experiments, a
Gaussian curve was fitted for each profile. For each experiment the
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Cells were imaged at 37°C using a widefield inverted Nikon
Eclipse TE2000-E microscope and a 60x, 1.40 NA, oil immersion
objective (Nikon, Melville, NY). Image sequences were then
processed using MetaMorph (Molecular Devices, Sunnyvale, CA)
and exported as .avi files (Microsoft Video 1 compression).

Electron microscopy

For CLEM, GFP-LC3/mRFP-Atg9 cells were grown on photoetched
gridded coverslips and incubated for 2 h in starvation medium. For
the CLEM experiments with Tfn and TnR, cells were starved for 2 h
in EBSS and the Tnf-Alexa 647 ligand and anti-TnR gold conjugate
(10-nm gold) was added to the EBSS. Cells were then fixed in 8%
formaldehyde/0.2 M HEPES, pH 7.2, added directly to the cell me-
dium for 10 min, followed by fixation in 4% formaldehyde/0.2 M
HEPES, pH 7.2, for 1 h. Cells of interest were identified and imaged
by phase contrast and fluorescence microscopy, using a 63x water
objective and taking 0.8-um-thick z-stacks at 0.4-pm intervals. Cells
were then fixed in 2.5% glutaraldehyde/4% formaldehyde in 0.1 M
phosphate buffer (PB) for 1 h. The samples were postfixed in reduced
osmium tetroxide, stained with tannic acid, dehydrated stepwise to
100% ethanol, and embedded in Epon. Serial sections (~70 nm)
were cut using an Ultracut UCT ultramicrotome (Leica Microsystems
UK, Milton Keynes, United Kingdom), collected on formvar-coated
slot grids, and poststained with lead citrate.

EM immunolocalization of Atg? was performed by cryosection-
ing and immunolabeling (Tokuyasu, 1973). Briefly, cells were fixed in
8% formaldehyde/0.4% gluteraldehyde/0.1 M PB, added directly to
the cell medium at 37°C for 10 min, and followed by fixation in 4%
formaldehyde/0.2% gluteraldehyde/0.1 M PB for 30 min at room
temperature. The cells were embedded in 2% gelatin, cryopro-
tected in 2.3 M sucrose, mounted onto pins, and plunge-frozen in
liquid nitrogen. Ultrathin cryosections were cut using an FC6 cryo-
ultramicrotome (Leica Microsystems UK). Cryosections were immu-
nolabeled with rabbit polyclonal anti-Atg? (1:10; Young et al., 2006)
and protein A conjugated to 10-nm gold (Cell Microscopy Center,
University Medical Center Utrecht, Utrecht, Netherlands).

Sections were viewed using a Tecnai G2 Spirit 120-kV transmis-
sion electron microscope (FEI Company, Eindhoven, Netherlands)
with either an Orius or an Ultrascan 1000 charge-coupled device
camera (Gatan UK, Abingdon, United Kingdom).

Rat hepatocytes were prepared and infected with mRFP-Atg9
and GFP-LC3 viruses as previously described (Kochl et al., 2006;
Young et al., 2006) before immuno-EM immunolocalization as
described.

Western blot

Cells were lysed in ice-cold TNTE buffer (20 mM Tris, pH 7.5,
150 mM NaCl, 0.3% wt/vol Triton X-100, 5 mM EDTA) containing
EDTA-free Complete Protease Inhibitor cocktail (Roche, Indianapo-
lis, IN). Lysates were cleared by centrifugation and resolved by
SDS-PAGE. For LC3 lipidation assays NuPage 4-12% Bis-Tris gels in
2-(N-morpholino)ethanesulfonic acid buffer were used (Invitrogen).
For gradient fractions 20 x 20 cm format 8% Laemmli SDS-PAGE
was performed. Gels were transferred onto polyvinylidene fluoride
membrane using Bio-Rad Semidry apparatus (Bio-RAD, Hercules,
CA). Blots were revealed by horseradish peroxidase—conjugated
secondary antibodies, followed by enhanced chemiluminescence

values were normalized to the median value of the ctrl-F sample, and
a Gaussian curve was fitted for each value. No significant shift from
the median value was detected. Representative experiments are
shown. Ctrl-F and ctrl-S, n = 4; WIPI2 and ULK1, n = 2.
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FIGURE 10: CLEM analysis of mRFP-Atg9 in WIPI2-depleted GFP-DFCP1 cells. (A) CLEM of
WIPI2-depleted starved or (B) RF starved cells. (A) Left, GFP-DFCP1/mRFP-Atg9-expressing cell.
Right, boxed area in low-magnification image and two serial sections from this region. Red
arrowheads indicate tubular and vacuolar Atg9-positive membranes. Black arrowhead indicates
double-membrane phagophore. (B) Top left, confocal microscopy of mRFP-Atg9 and GFP-
DFCP1-positive structures (boxes 1-3). These structures were then identified in low-
magnification TEM and then in higher-magnification images, and sections from three different
areas (1-3) are shown. Black arrowhead indicates double-membrane phagophores. Asterisk

indicates autophagosome. Bars, 50 pm (A, B), 1 um (A, middle panel).

(GE Healthcare, Piscataway, NJ). When needed, membranes were
stripped using Restore PLUS (Thermo Scientific, Waltham, MA).

Immunoprecipitation and mass spectrometry analysis
Cells were lysed in ice-cold CHAPS buffer (1% CHAPS, 150 mM
NaCl, 20 mM Tris-HCI, pH 7.5, 5 mM EDTA) containing Complete
Protease Inhibitor (Roche). Lysates cleared by centrifugation were in-
cubated with protein G- or protein A-Sepharose beads (Sigma-Al-
drich, St. Louis, MO) coupled to one of the following antibodies:
mouse anti-HA (clone 12CA5; Cancer Research UK), rat anti-HA
(11 867 423 001; Roche), mouse anti-GFP (clone 4E1; Cancer
Research UK), rabbit affinity-purified anti-Atg9 (STO215), and
hamster anti-Atg9 (14F2). After three washes in TNTE, proteins were
eluted using 5x SDS sample buffer and heated to 65°C for 5 min.
For mass spectroscopy determination of mAtg9 interactors,
HEK293 cells were transfected with either HA-tagged mAtg9 or
empty vector. Cell lysates were immunoprecipitated as de-
scribed. To reduce the risk of nonspecific binding, we performed
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two independent determinations using
antibodies from different species: mouse
or rat anti-HA antibodies. Proteins were
resolved on NuPage 4-12% Bis-Tris gels
and stained with GelCode Blue (Pierce,
Thermo Fisher Scientific, Rockford, IL).
Entire lanes were analyzed. Interactors
were considered significant if they were
present in both experiments.

Gradients

Cells were homogenized in basic homoge-
nization buffer (HBB; 250 mM sucrose,
25 mM HEPES, pH 7.2; Figure 5), or rich ho-
mogenization buffer (HRB: 250 mM sucrose,
25 mM HEPES, pH 7.2, 25 mM KCl, 2.5 mM
Mg acetate), both containing Complete
Protease Inhibitor. Postnuclear supernatants
were loaded on 1-22% Ficoll gradients,
20 mM TES (N-Tris(hydroxymethyl)methyl-
2-aminoethanesulfonic acid), pH 7.4, and
250 mM sucrose, on a 45% Nycodenz
cushion and prepared in a 12.5 Quick-Seal
tube (342413; Beckman Coulter, Brea, CA).
Samples were centrifuged for 36 min at
50,000 rpm, using a VTi65.1 rotor in a Beck-
man Coulter Optima L-100 XP centrifuge.

We collected 500-pl fractions (~24 or
25 per sample), and the refractive index
of each fraction was determined using a
refractometer (Bellingham + Stanley Ltd.,
Tunbridge Wells, United Kingdom). The
fractions in the linear range (usually numbers
6-24) were analyzed by SDS-PAGE.

To determine the distribution profile of
the different markers, Western blots were
quantified using ImageJ (National Insti-
tutes of Health, Bethesda, MA) and plotted
against the refractive index of the corre-
sponding fraction. To compare the data
across experiments, each profile was fitted
to a Gaussian curve (least square fit) using
GraphPad Prism, version 5.0d, determin-
ing the mean value of the control full-me-
dium sample, to which all other values were compared.

Data analysis

Spots (GFP-DFCP1, GFP-LC3, WIPI2, Atg16) were counted using
Imaris and expressed as spots/cell or spots/area unit. LC3-l and
LC3-Il blots were quantified using ImageJ. A two-tailed unpaired
t test or one-way analysis of variance followed by a Tukey posttest
was performed using GraphPad Prism, version 5. To measure
mAtg9 dispersion, images were blinded and scored by two opera-
tors. From 50 to 90 cells were counted per condition in two inde-
pendent experiments.
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