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Atlastin 2/3 regulate ER targeting of the ULK1
complex to initiate autophagy

Nan Liu»2@®, Hongyu Zhao!, Yan G. Zhao?, Junjie Hu"?®, and Hong Zhang"?®

Dynamic targeting of the ULK1 complex to the ER is crucial for initiating autophagosome formation and for subsequent
formation of ER-isolation membrane (IM; autophagosomal precursor) contact during IM expansion. Little is known about how
the ULK1 complex, which comprises FIP200, ULK1, ATG13, and ATG101 and does not exist as a constitutively coassembled
complex, is recruited and stabilized on the ER. Here, we demonstrate that the ER-localized transmembrane proteins Atlastin
2 and 3 (ATL2/3) contribute to recruitment and stabilization of ULK1 and ATG101 at the FIP200-ATG13-specified
autophagosome formation sites on the ER. In ATL2/3 KO cells, formation of FIP200 and ATG13 puncta is unaffected, while
targeting of ULK1 and ATG101 is severely impaired. Consequently, IM initiation is compromised and slowed. ATL2/3 directly
interact with ULK1 and ATG13 and facilitate the ATG13-mediated recruitment/stabilization of ULK1 and ATG101. ATL2/3 also
participate in forming ER-IM tethering complexes. Our study provides insights into the dynamic assembly of the ULK1

complex on the ER for autophagosome formation.

Introduction
The ER, consisting of tubules and sheets, forms extensive
membrane contact sites (MCSs) with other membrane-bound
structures, including endosomes, mitochondria, the Golgi ap-
paratus, lipid droplets, and the plasma membrane (Phillips and
Voeltz, 2016; Prinz, 2014; Shibata et al., 2006; Zhang and Hu,
2016). The MCSs participate in lipid transfer and Ca2* exchange
between the two apposed organelles as well as regulate dynamic
organelle processes, such as fission, fusion, and positioning
(Phillips and Voeltz, 2016; Prinz, 2014; Raiborg et al., 2015). For-
mation of MCSs is mediated by protein-protein and/or protein-
phospholipid interactions (Phillips and Voeltz, 2016; Prinz, 2014).
The integral ER membrane proteins VAPA and VAPB (collectively
called VAPs) participate in ER contact formation by directly in-
teracting with factors on apposed membranes, including the
VAPs-SNX2 interaction in the ER-endosome contact, the VAPs-
OSBP interaction in the ER-Golgi contact, and the VAPs-PTPIP51
interaction in the ER-mitochondrion contact (De Vos et al., 2012;
Dong et al., 2016; Peretti et al., 2008). VAPs can also interact with
proteins on the ER or with phospholipid-binding proteins, which
in turn bind to proteins or phospholipids on the apposed mem-
branes, to mediate ER contact formation (Prinz, 2014).
Autophagy refers to a process involving the sequestration of a
portion of the cytosolic constituents in a double-membrane

autophagosome and its delivery to lysosomes for degradation
(Feng et al., 2014; Lamb et al., 2013; Mizushima et al., 201];
Nakatogawa et al., 2009). The core steps of autophagy contain
the initiation and nucleation of a cup-shaped isolation mem-
brane (IM) and its subsequent expansion and closure into the
autophagosome. Upon closure, the autophagosome fuses with
vesicles originating from the endolysosomal compartment to
become acidified and eventually form a degradative autolyso-
some (Mizushima, 2018; Zhao and Zhang, 2019). In mammalian
cells, the autophagy induction signal triggers the ER targeting of
the ULK1 complex (composed of the scaffold protein FIP200, the
kinase ULKI, and the cofactors ATG13 and ATG101), followed by
the VPS34 PI(3)P kinase complex to generate PI(3)P-enriched
subdomains of the ER known as omegasomes (Axe et al., 2008;
Ktistakis and Tooze, 2016). The omegasome acts as a platform for
the nucleation and expansion of IMs. It has been suggested that
vesicles containing the multispanning membrane protein ATG9
act as one of the membrane sources for IM nucleation and ex-
pansion (Karanasios et al., 2016). The WD40 repeat-containing
PI(3)P-binding protein WIPI2 (one of four mammalian ATGI8
homologues) and the ATG16L-ATG5-ATGI2 complex are tar-
geted to IMs for lipidation of the ubiquitin-like protein LC3
(mammalian ATG8 homologue; Polson et al., 2010; Zhao and
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Zhang, 2018). During its expansion, the IM forms highly dy-
namic contacts with the ER (Hayashi-Nishino et al., 2009; Yl&-
Anttila et al., 2009). The FIP200/ULK1-WIPI2 complex and the
ATG2-WIPI4 complex have been suggested to be involved in
tethering the ER-IM contact (Zhao et al., 2017, 2018; Zhang,
2020). ATG2 possesses lipid transfer activity and may trans-
port lipids from the ER to the IM at the contact sites (Maeda
et al., 2019; Osawa et al., 2019; Valverde et al., 2019). The ER-
localized autophagy protein EPG-3/VMP1 modulates the disas-
sembly of the IM-ER contact by regulating the activity of SERCA
(Zhao et al., 2017). Loss of VMPI activity results in enhanced
ER-IM contact (Zhao et al., 2017).

The ULK1 complex is not an ordered and constitutively
coassembled complex (Shi et al., 2020). Components of the ULK1
complex contain both modular domains as well as intrinsically
disordered regions (IDRs) and form dissociable interactions (Lin
and Hurley, 2016; Mizushima, 2010; Shi et al., 2020). FIP200,
consisting of an N-terminal domain (NTD), an IDR linker, a
coiled-coil domain, and a C-terminal CLAW domain, acts as the
scaffold in assembly of the ULK1 complex. ULKI contains an
N-terminal kinase domain, a long IDR, and a C-terminal early
autophagy targeting/tethering (EAT) domain. ATG13 consists of
an N-terminal HORMA (Hopl, Rev7, and MAD2) domain, which
dimerizes with the HORMA domain of ATGI101, and a long
C-terminal IDR. The IDR of ATGI3 interacts with the NTD of
FIP200 as well as with the EAT domain of ULK1 (Shi et al., 2020).
Binding to ATGI13 triggers conformational changes in the FIP200
NTD that further elicit a direct interaction between FIP200 NTD
and ULK1 EAT (Shi et al., 2020). The ULKI complex is targeted to
the ER upon autophagy induction and disassociates from the
omegasome before closure of IMs into autophagosomes
(Karanasios et al., 2013). The puncta formed by the ULK1 com-
plex on the ER are stabilized by sustained PI(3)P synthesis
(Karanasios et al., 2013). VAPs also directly interact with FIP200
and ULK1 through their conserved FFAT motifs and stabilize the
ULKI-FIP200 interaction (Zhao et al., 2018). VAPs also con-
tribute to ER-IM contact formation by enhancing formation of
the FIP200/ULK1-WIPI2 tethering complex (Zhao et al., 2018). It
remains largely unknown how components of the ULK1 complex
are dynamically targeted to the ER and form a stable complex
there for autophagosome initiation.

The ER-localized transmembrane proteins ATL], 2, and 3, a
class of dynamin-like GTPases, mediate ER membrane fusion.
Depletion of ATLs results in the formation of long, unbranched,
and less mobile ER tubules (Hu et al., 2009). ATLs regulate
multiple ER-related processes, such as calcium homeostasis,
lipid metabolism, microtubule dynamics, and membrane traf-
ficking (Lii et al., 2020; Niu et al., 2019; Park et al., 2010). ATLs
have been suggested to function in ERphagy, a process referring
to selective engulfment of ER fragments into the autophagosome
for degradation (Chino and Mizushima, 2020). ATL2 remodels
the ER membrane to separate ER fragments for autophagic
degradation (Liang et al., 2018), while ATL3 functions as a
putative receptor to promote degradation of the tubular ER
by interacting with ATG8 family autophagy proteins (Chen
et al., 2019). Here, we demonstrate that ATL 2 and 3 (ATL2/3)
also function in the basal autophagy pathway. ATL2/3 regulate
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autophagosome initiation by modulating the ATG13-mediated
targeting and stabilization of ULK1 and ATGI101 at the autopha-
gosome formation sites on the ER. ATL2/3 also function in the
formation of the ER-IM contact. Our study provides insights into
the dynamic assembly of the ULK1 complex in early steps of
autophagosome formation.

Results
Depletion of ATL2/3 impairs autophagy activity
Of all the members of the ATL family, ATL2/3 are expressed in
most cell types (Lil et al., 2020). To investigate whether ATLs
regulate autophagy, we used ATL2 and ATL3 single knockout
(KO) cells and double KO (DKO) COS-7 cells. In these cells, we
examined lipidation of LC3 and degradation of the autophagy
substrate p62, which are two widely used assays for monitoring
autophagy activity (Klionsky et al., 2016). Upon autophagy in-
duction, the diffuse LC3 (LC3-I) is conjugated to PE (LC3-II, the
lipidated form) that associates with autophagic structures.
Blocking autophagy at different steps leads to characteristic
changes in the LC3-I level as well as in the LC3-1I/LC3-I ratio. A
decrease in the LC3-1I/LC3-I ratio suggests an impairment of IM
formation, while an increase in the LC3-II/LC3-I ratio suggests
that autophagy activity is elevated or blocked at a step down-
stream of IM initiation (e.g., progression of IMs into autopha-
gosomes or formation and/or function of autolysosomes). We
found that in ATL2/3 DKO cells under normal or 1-h starvation
conditions, levels of LC3-I1 were dramatically increased, while
levels of LC3-II were increased much less, resulting in a marked
reduction in the ratio of LC3-II/LC3-I (Fig. 1, A and B). Compared
with control cells under starvation conditions, the number of
LC3 puncta was not significantly changed in ATL2 or ATL3 single
KO cells but was dramatically reduced in DKO cells (Fig. 1, C-F
and H). Levels of p62 were also increased in ATL2/3 DKO cells
(Fig. 1, A and B). The autophagy defect in ATL2/3 DKO cells was
rescued by expression of ATL2 and ATL3 (Fig. 1, G-J).

Upon rapamycin treatment, the ratio of LC3-1I/LC3-1in ATL2/
3 DKO cells was increased compared with untreated DKO cells,
but the degree of increase was less dramatic than in control cells
with rapamycin treatment (Fig. 1, K and L). This suggests that
autophagy still proceeds but at a reduced rate in ATL2/3 DKO
cells. After treatment with the autophagosome-lysosome fusion
inhibitor bafilomycin Al (Baf.Al), levels of LC3-II were lower in
ATL2/3 cells than in control cells (Fig. 1, M and N), which is
consistent with the notion that autophagy induction is impaired.
Ultrastructural EM analysis showed that after 1 h of starvation,
there were fewer autophagosomes in ATL2/3 DKO cells than in
control cells with or without simultaneous Baf.Al treatment
(Fig. 1, O-S). Taken together, these results indicate that the
formation of autophagosomes was impaired by depletion of
ATL2/3.

The reduced formation of LC3 puncta in ATL2/3 DKO cells is
not associated with altered ER morphology

In ATL2/3 DKO cells, the ER forms long, unbranched tubules, and
the severity of the ER morphology defects varies among cells
(Hu etal., 2009; Wang et al., 2013). We found that the number of
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Figure 1. Depletion of ATL2/3 impairs autophagy activity. (A and B) Immunoblotting assays showing levels of p62 and LC3 in control and ATL2/3 DKO
COS-7 cells under control conditions and after 1 h of starvation. Quantifications of p62 levels, LC3-I levels, and LC3-1I/LC3-I ratios are also shown (normalized
by actin levels). The level of LC3-I and ratio of LC3-11/LC3-1 in control cells are set to 1.00. (B) The quantitative data of A shown as mean + SEM (n = 3). *, P <
0.05. (C-G) Compared with control cells (C), the number of LC3 puncta in ATL2 KO (D) and ATL3 KO (E) cells is not evidently decreased, while the number of LC3
puncta in ATL2/3 DKO (F) cells is dramatically decreased after 1 h of starvation. The decreased number of LC3 puncta in ATL2/3 DKO cells is rescued by
expression of GFP-ATL3 and Myc-ATL2 (G). Scale bars, 5 um. (H) Quantitative data for the number of LC3 puncta in control (C), ATL2 KO (D), ATL3 KO (E), ATL2/
3 DKO (F) cells and ATL2/3 DKO cells expressing Myc-ATL2 and GFP-ATL3 (G) are shown as mean + SEM (n = 30 cells in each group). ***, P < 0.001. (1and J) The
decreased ratio of LC3-11/LC3-1in ATL2/3 DKO cells is rescued by expression of GFP-ATL2 and GFP-ATL3. Quantification of the LC3-11/LC3-I ratios (normalized
by actin levels) is also shown. The LC3-1I/LC3-I ratio in control cells is set to 1.00 (1). The quantitative data are shown in | as mean + SEM (n = 3). *, P < 0.05.
(K and L) Immunoblotting assays showing that the ratios of LC3-II/LC3- are increased after treatment with rapamycin in control and ATL2/3 DKO cells.
Compared with control cells, the degree of change is less dramatic in ATL2/3 DKO cells. Quantification of LC3-1/LC3-I ratios (normalized by actin levels) is also
shown. The LC3-11/LC3-I ratios in control and ATL2/3 DKO cells without rapamycin treatment are set to 1.00 (K). The quantitative data are shown in L as mean +
SEM (n = 3). *, P < 0.05. (M and N) Levels of LC3-II are increased after treatment with Baf.Al in control and ATL2/3 DKO cells in immunoblotting assays.
Compared with control cells, the degree of increase of LC3-Ilis less dramatic in ATL2/3 DKO cells. Quantification of LC3-Il ratios (normalized by actin levels) is
also shown. The LC3-11/LC3-I ratio in control cells without rapamycin treatment is set to 1.00 (M). The quantitative data are shown in N as mean + SEM (n = 3).
*, P < 0.05. (0-S) EM micrographs of control (O and Q) and ATL2/3 DKO (P and R) COS-7 cells after 1 h of starvation (O and P) or after Baf.Al treatment (Q and
R). Arrowheads indicate autophagosomes. The numbers of autophagosomes are quantified in S as mean + SEM (n = 50 sections in each group, one section for
each cell). *, P < 0.05; ***, P < 0.001. Scale bars, 0.5 pm. ctrl, control; Strv, starved.

LC3 puncta was the same in ATL2/3 DKO cells with a severe
unbranched ER phenotype and in cells with a less evident ER
morphology defect (Fig. S1, A-C). The unbranched ER mor-
phology defect was also evident in ATL2, but not ATL3, single
KO cells; however, autophagy was not significantly affected in
ATL2 or ATL3 single KO cells compared with control cells
(Fig. 1 H; and Fig. S1, D-F). The number of LC3 puncta was not
evidently changed in cells overexpressing RNT4a, which
caused an unbranched ER phenotype as in ATL2/3 DKO cells
(Fig. S1, G-I). Therefore, the reduced number of LC3-labeled
autophagic structures in ATL2/3 DKO cells is not associated
with alterations in the ER morphology.

Liuetal.
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We noticed that in ATL2/3 DKO cells, LC3 puncta were con-
centrated at the perinuclear region, even in cells with a mild ER
morphology defect (Fig. 2, A-C; and Fig. S1, A and B). In control
cells, LysoTracker-stained lysosomes were abundant and scat-
tered throughout the cytosol, while in ATL2/3 DKO cells, they
were fewer in number and exhibited perinuclear distribution
(Fig. 2, D-G). Thus, depletion of ATL2/3 affects the distribution of
LC3 puncta and lysosomes.

The initiation of IMs is slowed down in ATL2/3 DKO cells
Autophagy occurs in a stepwise manner, involving forma-
tion of omegasomes and IMs, fusion of autophagosomes with
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Figure 2. The distribution of autophagosomes and lysosomes is affected in ATL2/3 DKO cells. (A-C) Compared with control cells (A), LC3 puncta are
concentrated at the perinuclear region in ATL2/3 DKO COS-7 cells (B). The column scatter charts in C show the distances from LC3 puncta to the nearest DAPI-
labeled nucleus. Mean + SEM is shown in blue (n = 218 puncta from 10 cells in control cells, n = 96 puncta from 10 cells in ATL2/3 DKO cells). Scale bars, 5 um.
(D-G) Compared with control cells (D), the number of LysoTracker-stained puncta is decreased in ATL2/3 DKO COS-7 cells (E). LysoTracker-stained puncta are
also concentrated in the perinuclear region in ATL2/3 DKO cells (E). (F) Quantification of the number of LysoTracker-stained lysosomes as mean + SEM (n = 10
cells in each group). ***, P < 0.001. The column scatter charts in G show the distances from LysoTracker puncta to the nucleus. The data are shown as mean +
SEM (n = 510 puncta from 10 cells in control cells, n = 269 puncta from 10 cells in ATL2/3 DKO cells). The dashed line represents the cell outline. Scale bars,

5 pm. ctrl, control; Strv, starved.

endosomes to form amphisomes, and formation of autolyso-
somes (Zhao and Zhang, 2019). The kinetics of starvation-
induced autophagy are highly reproducible in a given cell
type. LC3-labeled IMs associate with the omegasome marker
DFCP], while LC3-labeled closed autophagosomes, amphisomes,
and autolysosomes are separate from the DFCP1 puncta. We
examined the dynamic association of GFP-DFCP with RFP-LC3
in control and ATL2/3 DKO cells. Upon starvation, GFP-DFCP1
puncta and RFP-LC3 puncta appeared almost simultaneously in
control cells, while RFP-LC3 appeared later than GFP-DFCP1 in
ATL2/3 DKO cells (Fig. 3, A-C). GFP-DFCP1 puncta and RFP-LC3
puncta were colocalized in both control and ATL2/3 DKO cells.
The association time of GFP-DFCP1 with RFP-LC3 in ATL2/3
DKO cells was significantly longer than in control cells (Fig. 3,
A, B, and D). These results indicate that the initiation and ex-
pansion of IMs is retarded in ATL2/3 DKO cells.

We then used an RFP-GFP-LC3 reporter to monitor the pro-
gression of autophagic flux. GFP signals are quenched in acidi-
fied environments. Therefore, yellow RFP-GFP-LC3 puncta
represent IMs and immature autophagosomes, while red puncta
indicate acidified amphisomes and autolysosomes (Kimura et al.,
2007). In control cells, the percentage of red-only puncta in-
creased as the starvation time increased, but in ATL2/3 DKO
cells, the percentage was less at the same starvation time points
(Fig. 3, E-K). We further determined the association of LC3
puncta with late endosomes/lysosomes. After 2 h of starvation,
GFP-LC3 puncta partially colocalized with LAMP1-labeled late
endosomes/lysosomes, and the percentage of colocalizing puncta
was increased after 4 h of starvation in control cells (Fig. S2, A,
C, and E). In ATL2/3 DKO cells, the colocalization ratio was also
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increased as starvation proceeded, but it was lower than in
control cells at the same starvation time points (Fig. S2, B, D,
and E). These results indicate that the progression of the flux
is slowed down by ATL2/3 depletion, which could be due to
impaired autophagosome formation and/or autophagosome
maturation.

ATL2/3 contribute to the ER targeting of ULK1 and ATG101
We next investigated which step of autophagosome initiation is
impaired. Upon autophagy induction, FIP200 acts at the most
upstream step in recruiting other components of the ULK1
complex to the ER (Hara et al., 2008; Itakura and Mizushima,
2010; Nishimura et al., 2017). Compared with control cells, the
numbers of anti-FIP200- and anti-ATG13-stained puncta in
ATL2/3 DKO cells remained largely unchanged (Fig. 4, A-D and
1), while the numbers of ULKI-GFP and anti-ATG101-stained
puncta were decreased in ATL2/3 DKO cells (Fig. 4, E-I). We
found that in ULKI/2 knockdown (KD) cells, the number of
ATGI101 puncta was also dramatically decreased, suggesting that
deletion of ATL2/3 may indirectly impair ATG101 by affecting
ULK1 (Fig. S2, F-H). Targeting of the ULK1 complex components
to the FIP200-labeled autophagosome formation sites is dy-
namic. The colocalization of ATG13 with FIP200 puncta was
similar in control and ATL2/3 DKO cells (Fig. S3, A-D). However,
the number of ATGI13 puncta that were also positive for ULK1-
GFP was decreased in ATL2/3 DKO cells (Fig. 4, J-L). Thus, de-
pletion of ATL2/3 impairs the recruitment of ULKI to ATGI13
puncta.

We next examined the formation of the ULK1 complex
in ATL2/3 DKO cells. Compared with control cells, levels of
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Figure 3. IM initiation is slowed down in ATL2/3 DKO cells. (A-D) The temporal appearance of LC3 puncta and DFCP1 puncta in control and ATL2/3 DKO
cells. RFP-LC3 puncta and GFP-DFCP1 emerge almost simultaneously in control cells (A), while RFP-LC3 puncta appear later than GFP-DFCP1 in ATL2/3 DKO
cells (B). The duration of colocalization of GFP-DFCP1 and RFP-LC3 is also longer in ATL2/3 DKO cells (B) than in control cells (A). Control and ATL2/3 DKO cells
were transfected with GFP-DFCP1 and RFP-LC3, treated with HBSS starvation medium, and then monitored using live-cell imaging. Quantitative data in C and
D are shown as mean + SEM (n = 10 cells in each group). Scale bars, 2 um. (E-K) Formation of red-only puncta in the RFP-GFP-LC3 assay at different time
points after starvation in control and ATL2/3 DKO cells. Compared with control cells (F, H, and J), the percentages of red-only puncta are less in ATL2/3 DKO (G,
I, and K) cells at the same time points after starvation. Quantitative data in E are shown as mean + SEM (n = 20 cells in each group). Scale bars, 5 um; inset scale

bars, 0.5 um. ctrl, control; Strv, starved.

endogenous FIP200 coimmunoprecipitated by GFP-ATGI13 re-
mained unaltered in GFP-Trap assays, while levels of endoge-
nous ULK1 and ATGIO1 coprecipitated by GFP-ATG13 were
dramatically decreased in ATL2/3 DKO cells (Fig. 4 M). Levels of
endogenous FIP200 and ATGI3 coprecipitated by ULKI1-GFP
were decreased in ATL2/3 DKO cells (Fig. S3 E). Levels of en-
dogenous FIP200, ULK1, and ATGI3 precipitated by GFP-
ATG101 were also reduced in the DKO cells (Fig. 4 N). The ULK1
protein level was decreased in ATL2/3 DKO cells (Fig. S3 F),
which is consistent with the previous notion that ATG13 is
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involved in stabilizing ULK1 (Hosokawa et al., 2009b). The ULK1
complex is primarily present in the cytosol and translocates to
membranes during starvation (Chan et al., 2009; Hosokawa
et al., 2009b). We next examined whether ATL2/3 regulate the
assembly of this complex on the ER membrane or in the cytosol.
We fractionated the ER from control and ATL2/3 DKO cellular
extracts to examine the interactions between GFP-ATGI13 and
ULK1/ATGI101 in the ER and soluble fractions. In the ER fractions,
compared with control cells, the levels of endogenous ULK1 and
ATGI01 proteins were not obviously changed in ATL2/3 DKO
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anti-FIP2000C * anti-ATG13AD i Figure 4. ATL2/3 contribute to the recruitment of
ULK1 to the autophagosome formation sites specified
by FIP200/ATG13. (A and B) Compared with control
cells (A), puncta formed by endogenous FIP200 (detected
by anti-FIP200) show no evident change in ATL2/3 DKO
COS-7 cells (B) after 1 h of starvation. Scale bars, 5 um.
(C and D) Compared with control cells (C), puncta labeled
by anti-ATG13 antibody are not changed in ATL2/3 DKO
COS-7 cells (D) after 1 h of starvation. Scale bars, 5 um.
(E and F) ULK1-GFP forms fewer puncta in ATL2/3 DKO
COS-7 cells (F) compared with control cells (E) after 1 h of
starvation. Scale bars, 5 um. (G and H) Compared with
control cells (G), fewer puncta are labeled by anti-ATG101
antibody in ATL2/3 DKO COS-7 cells (H) after 1 h of
starvation. Scale bars, 5 um. (1) Quantitative data for A-H
are shown as mean + SEM (n = 30 cells in each group).
*, P < 0.05 *** P < 0.001. (J-L) The relationship be-
tween ATG13 puncta and ULK1-GFP puncta in control (K)
and ATL2/3 DKO COS-7 cells (L) after 1 h of starvation.
FIP200  ATG13 ULK1-GFP ATG101 ctrl  ATL2/3DKO The percentage of ATG13 puncta positive for ULK1-GFP is
decreased in ATL2/3 DKO cells (L) compared with control
cells (K) after 1 h of starvation. Quantitative data are
shown in ] as mean + SEM (n = 20 cells in each group).
*** P < 0.001. Scale bars, 5 pm; inset scale bars, 0.5 pum.
(M) Levels of endogenous ULK1 and ATG101 coprecipi-
tated by GFP-ATG13 are decreased in ATL2/3 DKO COS-7

anti-ATG13 cells compared with control cells in GFP-Trap assays,
Strv. 1h while levels of endogenous FIP200 precipitated by GFP-
ATG13 are not reduced. Quantifications of ULK1, ATG101,

and FIP200 levels (normalized by GFP-ATG13 levels) are

also shown. (N) Levels of endogenous FIP200, ULK], and

ATG13 coprecipitated by GFP-ATGI101 are dramatically
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No. of indicated puncta

% of ATG13 puncta
positive for ULK1-GFP
o O O O =

620z Jequiada( G0 U0 3sanb Aq 4pd° 160210202 A0l/LEL9€81/160Z L 020Z®/L/02Z/Pd-8lonie/qol/Bio-ssaidni//:dny woy pepeojumoq

GFP- Trap Inpul GFP-Trap decreased in ATL2/3 DKO COS-7 cells compared with
o o o o S & s &  control cells in GFP-Trap assays. Quantifications of FIP200,
PO PO & & & O ULKZ, and ATG13 levels (normalized by GFP-ATG101 levels)
g & & o & & e & & e & & are also shown. (0-Q) A subset of ULKI-GFP punctate
& & & & & & S & & & & & : oo p

ATL23 ctd ctdl DKO  ctl ctl DKO kD ATL23 ot ctl DKO  ctl ctl DKO kD structures accumulate at distinct Myc-ATL2 (O) and
anti-FIP200 s s S - ’1'37’250 anFIP200 | s e s W 250 Myc-ATL3 (P) puncta in control cells after 1h of star-
anti-ULKY e i e - - + 130 ANt-ULKT e g— e— omm = 3 vation. Myc-ATL2 and Myc-ATL3 puncta are defined as
AATG101 1-00 = . B — o= w2 70 having a fluorescence intensity that is clearly stronger
o0 0isT Lo 028 than the surrounding area. Quantitative data are
GFP-ATG13 - _— - GFP-ATG101 = - shown in Q as mean + SEM (n = 15 cells in each group).
GFp -— - s GFP ' a s Scale bars., 5 pm; inset §cale bars, 0.5 pm. (R) In cells
v—Q treated with wortmannin, levels of endogenous ATL2
and ATL3 precipitated by ULK1-GFP are dramatically
decreased compared with untreated cells. Quantifica-
- tion of ATL2 and ATL3 levels (normalized by ULK1-GFP

g2 y
g os levels) are also shown. (S) Levels of endogenous ATL2
gé g"; and ATL3 precipitated by ULK1-GFP are increased in
9% 02 VMPI KO COS-7 cells compared with control cells in
§§ 0.1 GFP-Trap assays. Quantifications of ATL2 and ATL3
<2 0O e AT Mycatis  levels (normalized by ULK1-GFP levels) are also shown.

ctrl, control; Strv, starved.

R Input GFP-Trap S Input GFP-Trap
QR QR R QR R Q Q
\é \’é< \"( \é \‘( \é( \’Q \é
R ST SR S S R A I S
& & Y é< S ¥ S ¥ ¥ & 3 ¥
wortmannin - - + - + kD VMP1 ctrl  ctrl KO ctrl  ctrl KO kD
ANM-ATL2 S————— .0 anti-ATL2 e ———— BN
X 1.00 0.37 X 1.00 6.68
ANL-ATLS s s—— . - 55 ANL-ATLS | — —— . —_—
1.00 0.20 1.00 14.63
ULK1-GFP —— c— — 170 ULK1-GFP S— ga— S e 170
GFp w— — -35 GFP - — 25
Liu et al. Journal of Cell Biology 6 of 14

ATL2/3 specify the ER targeting of ULK1 https://doi.org/10.1083/jcb.202012091


https://doi.org/10.1083/jcb.202012091

cells. However, the interactions of GFP-ATGI3 with endogenous
ULK1 and ATG101 were dramatically decreased in ATL2/3 DKO cells
(Fig. S3 G). In soluble fractions, the endogenous ULK1 level was
dramatically decreased, while the ATG101 level was only slightly
reduced in ATL2/3 DKO cells. The interactions of GFP-ATG13 with
ULK1 and ATGI101 did not evidently change when they were nor-
malized by their respective input protein levels (Fig. S3 H).

In cells expressing Myc-RTN4a, which exhibited an extensive
unbranched ER phenotype, the interaction of ULK1 with ATG13
in the coimmunoprecipitation assays was not decreased com-
pared with control cells (Fig. S3 I). These results suggest that
ATL2/3 contribute to the recruitment and/or stabilization of
ULK! and ATGIOI to the puncta on the ER formed by the
FIP200-ATG13 subcomplex. This function of ATL2/3 is likely
independent of their function in controlling ER morphology.

ATL2/3 interact with components of the ULK1 complex

We determined whether ATL2/3 interact with components of
the ULK1 complex. A subset of ULK1-GFP puncta was colocalized
with structures with intense Myc-ATL2/3 signals (Fig. 4, 0-Q).
In coimmunoprecipitation assays, we found that endogenous
ATL2 and ATL3 were coprecipitated by ULK1-GFP, GFP-FIP200,
and GFP-ATGI3 (Fig. 4 S; and Fig. S3, ] and K). However, GFP-
ATGIO0L1 failed to precipitate endogenous ATL2 and ATL3 (Fig.
S3 L). PI(3)P has been shown to stabilize the association of
puncta formed by the ULK1 complex on the ER (Karanasios et al.,
2013). Upon treatment with the PI(3)P kinase inhibitor wort-
mannin, the interactions of ULK1 with ATL2/3 were greatly at-
tenuated (Fig. 4 R), suggesting that PI(3)P may contribute to
their interactions and/or stabilization. These results indicate
that ATL2/3 interact with the ULK1 complex.

The IM stably associates with the ER in VMPI KO cells (Zhao
et al., 2017). In control cells, a subset of ATG13 or LC3 puncta
were colocalized with structures with intense GFP-ATL2/3 sig-
nals, and the colocalization ratio was increased in VMP1 KO cells
(Fig. S4, A-L). The interactions of ATL2/3 with ULKI-GFP and
GFP-FIP200 in VMPI KO cells were much more prominent in
GFP-Trap assays (Fig. 4 S and Fig. S3 J). These results suggest
that ATL2/3 are likely to concentrate at autophagosome forma-
tion sites specified by the ULKI1 complex on the ER.

ATL2/3 directly interact with ULK1 and ATG13 via the

GTPase domain

ATL proteins contain an N-terminal GTPase domain, a three-
helix bundle region (3HB), two membrane-embedded regions,
and a C-terminal tail (Fig. 5 A; Wang and Rapoport, 2019). In
GFP-Trap assays, the N-terminal GTPase domains of ATL2 and
ATL3 (aa 1-373 of ATL2 and aa 1-343 of ATL3) were coprecipi-
tated by GFP-ATG13 and ULK1-GFP, while ATL2 and ATL3 with
the N terminus deleted showed no interactions (Fig. 5, B and C;
and Fig. S5, A and B).

We also delineated the domains in ULK1 and ATGI13 that bind
to ATL2/3. ULKI contains an N-terminal kinase domain, a long
IDR, and a C-terminal EAT domain (Fig. 5 D; Chan et al., 2009;
Shi et al., 2020). We found that endogenous ATL2 and ATL3
were coimmunoprecipitated by the kinase domain of ULKI (aa
1-277; Fig. 5 F). ATGI3 contains an ATG101-binding HORMA
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domain (aa 12-190), a long IDR that contains an FIP200-binding
motif (aa 348-373), and a C-terminal ULK1/2-binding site (Fig. 5
E; Qi et al., 2015; Wallot-Hieke et al., 2018). We found that an
ATG13 fragment (aa 1-346) bound to endogenous ATL2 and ATL3
in GFP-Trap assays (Fig. 5 G). In vitro pulldown assays showed
that GST-ULK1(1-277) and GST-ATG13(1-346) bound to HA-
ATL2(1-474) and HA-ATL3(1-443) (Fig. S5, C and D). These
results suggest that ATL2 and ATL3 directly interact with
ULK1 and ATGI13. The binding of GST-ATG13(1-346) to HA-
ATL2(1-474) and HA-ATL3(1-443) was not evidently decreased
with the addition of MBP-ULK1(1-277) into the in vitro pulldown
reactions (Fig. S5, E and F). This suggests that ATG13 and ULK1
can bind to ATL2/3 simultaneously.

ATL2/3 and VAPA/B function together for ER targeting of the
ULK1 complex

The ER-localized proteins VAPA and VAPB stabilize the ULK1-
FIP200 interaction and contribute to the formation of the ER-IM
contact (Zhao et al., 2018). Compared with VAPA/B KD or ATL2/3
DKO cells, simultaneous depletion of VAPA/B in ATL2/3 DKO
cells further reduced the number of LC3 puncta (Fig. 6, A, B, and
L). Levels of LC3-I were more dramatically increased, and the
ratio of LC3-II/LC3-1 was further decreased (Fig. 6 C). The
number of LC3 puncta and the ratio of LC3I-I/LC3-1 in ATL2/3
DKO; VAPA/B KD cells resembled that in ULK1/2 KD cells (Fig. S5,
G-J). The numbers of ULKI-GFP puncta and ATG101 puncta in
ATL2/3 DKO cells were further reduced by simultaneously de-
pleting VAPA/B (Fig. 6, D-G and L). The numbers of FIP200
puncta and ATGI3 puncta were not evidently affected by de-
pletion of either VAPA/B or ATL2/3; however, their numbers
were dramatically reduced in ATL2/3 DKO cells with simulta-
neous depletion of VAPA/B (Fig. 6, H-L). EM analysis revealed
that KD of VAPA/B further decreased the number of autopha-
gosomes in ATL2/3 DKO cells (Fig. 6, M-Q). These results suggest
that VAPA/B and ATL2/3 act in a partially redundant manner for
the ER targeting of the ULK1 complex.

Depletion of ATL2/3 impairs the formation of the ER-IM
contact
The interaction of the ULK1 complex and the IM-localized pro-
tein WIPI2 contribute to ER-IM contact formation (Zhao et al.,
2017, 2018). In ATL2/3 DKO cells, levels of endogenous WIPI2
coimmunoprecipitated by GFP-FIP200 and ULK1-GFP were sig-
nificantly decreased (Fig. 7, A and B). VAPs also interact with the
ULK1 complex and with WIPI2, which contributes to ER-IM
contact formation. The interactions of GFP-VAPB or GFP-VAPA
with ULK1 and WIPI2 were decreased in ATL2/3 DKO cells (Fig. 7,
C and D). We also performed EM analysis to directly visualize
the ER-IM contact. Compared with control cells, the percentage
of the IM/autophagosome perimeter in contact with the ER was
lower in ATL2/3 DKO cells (Fig. 7, E-G). The enhanced interac-
tions of endogenous WIPI2 with ULK1-GFP and GFP-VAPA/B in
VMP1 KD cells were dramatically decreased by simultaneous
depletion of ATL2/3 (Fig. 7 H; and Fig. S5, K and L). These results
indicate that depletion of ATL2/3 impairs the ER-IM contact.
The interactions of Myc-VAPA with GFP-ORPIL and GFP-
VAPB with PTPIP51, which participate in the formation of the
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Figure 5. ATL2/3 interact with ULK1 and ATG13. (A) Schematic illustration of the domains in ATL2 and ATL3. ATL2/3 contain an N-terminal GTPase domain,
a 3HB, two membrane-embedded regions (TMs), and a C-terminal tail (CT). (B and C) In GFP-Trap assays, the N terminus of Myc-ATL2(1-373) is precipitated by
ULK1-GFP (B) and GFP-ATG13 (C). HEK293T cells were transfected with ULK1-GFP (B) or GFP-ATG13 (C) together with Myc-tagged full-length or fragments of
ATL2. Cell lysates were immunoprecipitated using GFP-Trap and analyzed by immunoblotting with anti-Myc antibody. (D and E) Schematic illustration of the
domains in ULK1 (D) and ATG13 (E). ULK1 contains an N-terminal kinase domain, a long IDR, and a C-terminal EAT domain. ATG13 contains a HORMA domain in
the N-terminal region, which dimerizes with the HORMA domain of ATG101, and a long C-terminal IDR. The IDR of ATG13 interacts with FIP200 and ULK1. The
dotted line (348-373) indicates the FIP200-binding motif, and the last 3 aa in the C terminus constitute the ULK1-binding motif. (F and G) Endogenous ATL2/3
are precipitated by the kinase domain of ULK1 and the 1-346 fragment of ATG13. HEK293T cells were transfected with full-length or fragments of ULK1-GFP or
GFP-ATGI3. Cell lysates were immunoprecipitated using GFP-Trap and analyzed by immunoblotting with anti-ATL2 or anti-ATL3 antibody.

ER-endosome contact and the ER-mitochondrion contact, re-
spectively (De Vos et al., 2012; Rocha et al., 2009), were not
changed in ATL2/3 DKO cells (Fig. S5, M and N). Thus, ATL2/3
are not generally involved in the formation of ER contacts with
other organelles.

Discussion

ATL2/3 modulate autophagosome formation

We demonstrate here that depletion of ATL2/3 impairs the initial
step of autophagosome formation. ATL2/3 DKO cells exhibit el-
evation of the LC3-I level and a reduction in the LC3-II/LC3-I
ratio. These are characteristic features when autophagy is in-
hibited by impairing the assembly of the ULK1 complex, such as
through depletion of ULK1, ATG101, FIP200, or VAPs (Hosokawa
etal., 2009a; Zhao et al., 2018). In terms of membrane dynamics
activity, ATLs have been suggested to be involved in ER-
associated processes (Hu et al., 2009; Orso et al., 2009). The
impaired COPII formation and ER export in ATL-depleted cells
probably results from reduced mobility of ER contents and a
consequent defect in cargo packaging (Pawar et al, 2017

Liuetal.
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Behrendt et al., 2019; Niu et al., 2019). Depletion of ATL2/3 also
affects the Golgi morphology and distribution (Chen et al., 2011;
Namekawa et al., 2007; Stefano et al., 2012; Zhao et al., 2016).
The altered spatial distribution of these organelles may also
account for the overall impairment of autophagic flux in ATL2/3
DKO cells. Surprisingly, two lines of evidence indicate that the
reduced number of LC3 puncta in ATL2/3 DKO cells is not di-
rectly associated with the unbranched ER morphology. First,
overexpression of the tubule-forming integral ER membrane
protein RNT4a (Voeltz et al., 2006), which causes long and un-
branched ER tubules similar to those in ATL2/3 DKO cells, has no
evident effect on LC3 punctum formation after starvation. Sec-
ond, in ATL2/3 DKO cells, the extent of changes in ER mor-
phology varies from cell to cell. However, the number of LC3
puncta in ATL2/3 DKO cells with a severe unbranched ER phe-
notype is similar to cells with a mild unbranched ER phenotype.
The ER morphology, however, may affect other aspects of the
autophagy pathway. The ER forms contacts with the IM during
autophagosome elongation, so the change in the ER morphology
may affect the dynamics of autophagosome formation. More-
over, alteration of the ER morphology in ATL2/3-depleted cells
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Figure 6. ATLs and VAPs act partially redun-

ATL2/3 DKO dantly in mediating the formation of FIP200/
= kD ULK1 puncta. (A and B) Compared with ATL2/3
- a5 DKO COS-7 cells (A), the number of LC3 puncta is
P — further decreased by simultaneous KD of VAPA/B
285 59 (B). Scale bars, 5 pm. (C) Immunoblotting assays

S— 5 showing LC3 levels in control and ATL2/3 DKO
COS-7 cells with or without KD of VAPA/B.
= 25

Quantifications of LC3-1 and LC3-1I/LC3-I ratios
are also shown (normalized by actin level). The
level of LC3-1 and the ratio of LC3-II/LC3-I in
control cells is set to 1.00. (D and E) Compared
with ATL2/3 DKO COS-7 cells (D), the number of
ULK1-GFP puncta is much lower after simulta-
neous KD of VAPA/B (E). Scale bars, 5 um. (F-K)
Compared with ATL2/3 DKO COS-7 cells (F, H,
and J), the numbers of ATG101 puncta, FIP200
puncta, and ATG13 puncta are dramatically de-
creased by simultaneous KD of VAPA/B (G, |, and
K). Scale bars, 5 um. (L) Quantitative data for A
and B and D-K are shown in L as mean + SEM
(n=32cellsinAand B, n=26cellsinD,n=21
cells in E, n = 20 cells in F-K). *** P < 0.001.
(M-Q) EM micrographs showing autophagic
structures in ATL2/3 DKO COS-7 cells (M and O)
and ATL2/3 DKO cells with simultaneous deple-
tion of VAPA/B (N and P) after 1 h of starvation (M
and N) or after Bfa.Al treatment (O and P). Ar-
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results in perinuclear distribution of autophagosomes and ly-
sosomes, which may affect autophagosome maturation (Zhao
and Zhang, 2019). However, these defects are not necessarily
reflected in the overall number of LC3 puncta.

Previous studies have shown that ATLs act in ERphagy.
Several ER membrane proteins, including FAMI134B, Rtn3,
Sec62, CCPG], and TEX264, have been shown to act as receptors
to mediate ER turnover by directly interacting with ATG8 family
members (Chino and Mizushima, 2020). ATL2 colocalizes with
FAM134B and acts downstream of FAMI134B in the ERphagy
pathway, probably by remodeling the ER membrane to separate
ER fragments for autophagic degradation (Liang et al., 2018).
The function of ATL2 in ERphagy can be compensated by other
ATL family members. ATL3 directly interacts with the GA-
BARAP ATG8 subfamily, acting as a receptor for degradation of
the tubular ER (Chen et al., 2019). Thus, ATLs have multiple
functions in basal autophagy and selective ERphagy.

ATL modulates targeting of ULK1 and ATG101 to the FIP200-
ATG13-specified autophagosome formation sites on the ER
The ULK1 complex is not a well-ordered complex, nor is it
constitutively coassembled on the ER (Chan et al., 2009;
Hosokawa et al., 2009b; Shi et al., 2020). Instead, the formation
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rowheads indicate autophagosomes. Quantifica-
tions of the numbers of autophagosomes are
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of the ULK1 complex is mediated by dynamic interactions
among the subunits involving IDRs. For example, the
C-terminal IDR of ATG13 interacts with the FIP200 NTD as well
as with the ULK1 EAT domain. A recent study provided struc-
tural insights into the assembly of the ULK1 complex (Shi et al.,
2020). FIP200 forms a dimeric structure mediated by its NTD
and acts as a scaffold in assembling other subunits. The inter-
action of ATGI3-ATG101 with FIP200 NTD stabilizes the
C-shaped conformation of FIP200 NTD, which triggers direct
interaction between ULKI and FIP200 NTD (Shi et al., 2020).
The FIP200 NTD dimer is asymmetrically organized and in-
teracts with one copy each of ATG13, ATG101, and ULKI. These
three proteins are located near one tip of the C-shaped FIP200
NTD dimer (Shi et al., 2020). Our study here indicates that
depletion of the ER-localized ATL2/3 proteins has no effect on
the formation of FIP200 and ATGI13 puncta but impairs the
targeting of ULK1 and ATGIOl to the FIP200-ATGI3 sub-
complex on the ER. The interaction of ATG13 with ULKI and
ATGI01 on the ER membrane is decreased in ATL2/3 DKO cells.
ATGI01 does not interact with ATL2 and ATL3. ATG101 forms
fewer puncta in cells depleted of ULK1/2. Thus, KO of ATL2/3 is
likely to indirectly impair ATG101 by affecting ULKI. Previous
studies indicate that the HORMA domain of ATGI13, which
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possesses an unstable fold, is stabilized by interacting with the
HORMA domain of ATG101 (Suzuki et al., 2015). Our results
indicate that ATLs also stabilize or facilitate the ATG13-ATG101
interaction as well as the ATG13-ULK1 interaction on the ER
membrane.

The ER-localized proteins VAPA and VAPB contribute to
stabilizing the ULK1-FIP200 interaction at the autophagosome
formation sites. In VAPA/B-depleted cells, the number of ATG13
puncta is not evidently affected, while the formation of ULK1
puncta is significantly reduced. The interaction of ULK1 with
FIP200 is reduced, while the interactions of ATG13 with FIP200
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Figure 7. Depletion of ATL2/3 impairs the
formation of the ER-IM contact. (A and B)
Compared with control cells, levels of WIPI2
precipitated by GFP-FIP200 (A) and ULK1-GFP
(B) are dramatically decreased in ATL2/3 DKO
COS-7 cells in GFP-Trap assays. Quantification of
WIPI2 levels (normalized by GFP-FIP200 levels
and ULK1-GFP levels, respectively) is also shown.
(C and D) Levels of endogenous ULK1 and WIPI2
precipitated by GFP-VAPA (C) and GFP-VAPB (D)
are dramatically decreased in ATL2/3 DKO COS-7
cells compared with control cells in GFP-Trap
assays. Quantifications of ULK1 and WIPI2 lev-
els (normalized by GFP-VAPA levels and GFP-
VAPB levels, respectively) are also shown. (E-G)
EM micrographs showing the contacts between
the ER and autophagosomes in control (E) and
ATL2/3 DKO (F) COS-7 cells with Baf.Al treat-
ment. The arrowheads indicate the ER. For in-
dividual autophagosomes, the percentage of the
perimeter in contact with the ER was deter-
mined. Data are shown in G as mean + SEM (n =
50 autophagosomes in each group). Scale bars,
200 nm. (H) Compared with VMP1 KD cells,
levels of WIPI2 precipitated by ULK1-GFP are
dramatically decreased in VMP1 KD cells with
simultaneous depletion of ATL2/3 in GFP-Trap
assays. Quantification of WIPI2 levels (normal-
ized by ULK1-GFP levels) is also shown. (I and J)
Model for the role of ATL2/3 in targeting and
stabilizing the ULK1 complex on the ER. In early
steps of autophagy, FIP200 and ATG13 are re-
cruited to the autophagosome formation site.
The C-shaped NTD of FIP200 is shown here.
ULK1 is recruited to the FIP200 puncta with the
aid of ATL2/3 and VAPA/B. VAPA/B contribute to
stabilizing FIP200-ULK1, while ATL2/3 contrib-
ute to stabilizing ATGI3-ULK1. ATL2/3 and
VAPA/B also contribute to the establishment
and/or stabilization of the ER-IM contacts (1). In
ATL2/3 DKO cells, formation of FIP200 and
ATGI13 puncta is unaffected, while targeting of
ULKI and ATG101 is severely impaired. The ER-
IM contacts are also impaired (J). ctrl, control.

or ULK1 are not reduced in cells depleted of VAPs (Zhao et al.,
2018). Thus, ATLs stabilize the interaction of ULK1 with ATGI13,
while VAPs recruit/stabilize ULK1 at FIP200 puncta (Fig. 7 I). In
ATL2/3 DKO cells, formation of FIP200 and ATGI3 puncta is
unaffected, while targeting of ULKI and ATGIO1 to the auto-
phagosome formation sites as well as the formation of ER-IM
contacts are severely impaired (Fig. 7 J). Consistent with the
notion that ATLs and VAPs act at distinct steps of ULK1 re-
cruitment, simultaneous depletion of ATLs and VAPs causes a
synthetic loss of ULKI puncta. ATLs and VAPs also act redun-
dantly in stabilizing the FIP200 and ATG13 puncta on the ER.
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The components of the ULK1 complex are not integral ER mem-
brane proteins, and they dynamically associate with the ER.
FIP200, sustained PI(3)P synthesis, and ATLs/VAPs appear to
form a positive feedback loop in regulating the ER localization
of the ULK1 complex. Inhibiting PI(3)P synthesis by wortman-
nin treatment reduces the number and duration of ULK1 com-
plex puncta (Karanasios et al., 2013). ATL2/3 proteins and VAPs
become concentrated at the FIP200-labeled autophagosome
formation sites upon autophagy induction (Zhao et al., 2018).
Wortmannin treatment attenuates the recruitment of VAPs to
FIP200-labeled puncta and reduces the interactions of ULK1 with
ATL2/3. Turnover of PI(3)P on autophagic structures at the end
stage of autophagosome formation may contribute to the disas-
sociation of the ULKI complex from autophagic structures.

ATLs and VAPs contribute to the formation of the ER-IM
contact

During expansion of the IM into the autophagosome, the ER
forms dynamic contacts with the IM. The interaction of FIP200/
ULK1 and WIPI2 contributes to tethering of the ER to IMs. In
WIPI2-depleted cells, IMs are separate from omegasomes and fail
to proceed to autophagosomes (Polson et al., 2010; Zhao et al.,
2017). The lipid transfer autophagy protein ATG2, which forms a
complex with WIPI3/4, also participates in ER-IM contact for-
mation (Maeda et al., 2019; Osawa et al., 2019; Valverde et al.,
2019). ATL2/3 enhances formation of the FIP200/ULK1-WIPI2
tethering complex. The involvement of ATL2/3 in ER-IM teth-
ering is further supported by the fact that they are required for
the enhanced formation of ER-IM tethering complexes, such as
ULK1-WIPI2 and WIPI2-VAPs, in VMPI KO cells. One possible
function of ATL2/3 in ER-IM contacts is to stabilize the ULK1
complex on the ER. Our study provides insights into the dynamic
assembly of the ULKI autophagosome initiation complex on the
ER and its subsequent function in forming ER-IM contacts
during autophagosome formation.

Materials and methods
Cell lines
HEK293T and COS-7 cells (from ATCC) were cultured in DMEM
(SH30022.01; HyClone) and 10% FBS (SH30084.03; HyClone)
supplemented with penicillin-streptomycin at 37°C and 5% CO,.
Neither of these cell lines is listed as misidentified or cross-
contaminated in the International Cell Line Authentication Com-
mittee database, and both were free of mycoplasma contamination.

For amino acid (aa) starvation, cells were washed three times
with 1xPBS and then cultured in DMEM without aa (SH4007.01;
HyClone) for the indicated time. For HBSS starvation, cells were
washed three times with 1xPBS and then cultured in HBSS
medium (14025-092; Gibco). For rapamycin (R0395; Sigma-
Aldrich) or Baf.Al (B1793; Sigma Aldrich) treatment, cells were
cultured in DMEM containing 10% FBS and rapamycin (100 nM)
or Baf.Al (100 nM) for 6 h. To inhibit PI(3)P kinase, cells were
treated with 2 WM wortmannin (PHZ1301; Life Technologies) for
4h.

To produce ATL2 and ATL3 single KO cells, single gRNA-
expressing plasmids were constructed using the vector px458.
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COS-7 cells were transfected with recombinant plasmids and
then sorted by flow cytometry 24 h after transfection. The single
gRNA sequences are ATL2, 5'-GACCAGCGACCCAAGCGCCGC
GG-3'; and ATL3, 5'-GTTTTCACTGTGGAGAAGCCAGG-3'.

Reagents and antibodies

The following antibodies were used for immunostaining or
immunoblotting assays: mouse anti-LC3 (MBL, M152-3), rabbit
anti-LC3 (2775S; Cell Signaling Technology), rabbit anti-p62
(MBL, PMO045), rabbit anti-FIP200 (SAB4200135; Sigma-
Aldrich), rabbit anti-FIP200 (17250-1-AP; Proteintech), rabbit
anti-ULK1 (8054; Cell Signaling Technology), rabbit anti-Atgl3
(13468S; Cell Signaling Technology), rabbit anti-ATL2 (16688-1-
AP; Proteintech), rabbit anti-ATL3 (ab117819; Abcam), mouse
anti-WIPI2 (abl05459; Abcam), mouse anti-VAPB (66191-1-IG;
Proteintech), rabbit anti-VAPA (15275-1-AP; Proteintech), mouse
anti-LAMP1 (553792; BD Biosciences), rabbit anti-PTPIP51
(20641-1-AP; Proteintech), rabbit anti-ATG101 (13492; Cell Sig-
naling Technology), rabbit anti-Myc (2278S; Cell Signaling
Technology), mouse anti-Myc (M5546; Sigma-Aldrich), mouse
anti-GFP (11814460001; Roche), mouse anti-actin (60008-1-IG;
Proteintech), and rabbit anti-HA (H6908; Sigma-Aldrich).

The following reagents were used in this study: wortmannin
(PHZ1301; Life Technologies), bafilomycin (B1793; Sigma-Al-
drich), rapamycin (R0395; Sigma-Aldrich), Lipofectamine 2000
(12566014; Life Technologies), Lipofectamine RNAi MAX (13778150;
Life Technologies), and LysoTracker Deep Red (L12492; Thermo
Fisher Scientific).

Plasmids

CANX-GFP, GFP-VAPA, GFP-VAPB, 3xMyc-VAPA, GFP-ATGI3,
ULK1-GFP, GFP-MFN1, GFP-DFCP1, GFP-ORPIL, and RFP-LC3
were generated as previously described (Zhao et al., 2018).
Human cDNAs encoding ATL2 and ATL3 were inserted into
pEGFP-C1 vector. Myc-ATL2(1-373), Myc-ATL2(374-583), Myc-
ATL3(1-343), Myc-ATL3(344-541), ULK1-GFP (1-277), and GFP-
ATG13(1-346) were generated by truncation of corresponding
constructs. Human cDNA encoding RTN4a was inserted into
pCMV-Myc vector. GFP-FIP200 was kindly provided by Dr.
Noboru Mizushima (University of Tokyo, Tokyo, Japan).

The following primers are used for plasmid construction:
GFP-ATL2 (forward) 5'-CGGACTCAGATCTCGAGCTGCGGAGGG
GGACGAGGCA-3/, (reverse) 5'-GCAGAATTCGAAGCTTCTAATT
TTTCTTCTTGTTATTG-3'; GFP-ATL3 (forward) 5'-GGTACCGCG
GGCCCGGGATCCTTGTCCCCTCAGCGAGTG-3/, (reverse) 5'-TCT
AGATCCGGTGGATCC CTATTGAGCTTTTTTATCCATG-3'; Myc-
ATL2(1-373) (forward) 5'-TCCAAAGTCCTGAATTCATTGATCAT
AATC-3', (reverse) 5'-ATGAATTCAGGACTTTGGATGTGGAAG
TTC-3';Myc-ATL2(374-583) (forward) 5'-TCGAATTC ATGCTT
CAGGCAACAGCTGAAGC-3', (reverse) 5'-CTGAAGCATGAATTC
GATATCCTGCAGG-3'; Myc-ATL3(1-343) (forward) 5'-CAAGTC
CATGTAGGCCCGGGATAGGTACCTCG-3', (reverse) 5 -CGGGCC
TACATGGACTTGGGGTGAGGCAGATC-3'; Myc-ATL3(344-541)
(forward) 5'-GGCTCCATGCTTCAGGCCACTGCTGAAGCCAAC-3/,
(reverse) 5'-GGCCTGAAGCATGGAGCCTCCGCCTTCAAAGC-3';
ULKI-GFP (1-277) (forward) 5’'-CCACCCTTTCGATCCACCGGTCGC
CACCATGG-3, (reverse) 5'-CCGGTGGATCGAAAGGGTGGTGGA
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AAAATTCA-3'; GFP-ATG13(1-346) (forward) 5'-CCCATTAACAAT
GACAAGCTTCGAATTCTG-3', (reverse) 5'-CTTGTCATTAGTTAA
TGGGTTTGTTGACAAAAG-3'; and Myc-RTN4a (forward) 5'-ATG
GAGGCCCGAATTCGGATGGTGAGCAAGGGC-3', (reverse) 5'-GCC
GCGGTACCTCGAGATCATTCAGCTTTGCG-3'.

Transfection and RNAi

Transfection of plasmids was performed with Lipofectamine
2000 (12566014; Life Technologies). Cells were transfected with
siRNA and RNAi MAX (13778150; Life Technologies) and cul-
tured for 72 h for siRNA interference. siRNA oligos were pur-
chased from GenePharma and JTS Bio.

The siRNAs sequences are as follows: siRNA negative control,
5'-UUCUCCGAACGUGUCACGUTT-3'; siRNA monkey VAPA, 5'-GG
AUCAACCUCAACUGCAUTT-3'; siRNA monkey VAPB, 5'-GGAA
GACAGUGCAGAGCAATT-3’; siRNA monkey VMPI, 5'-GUGAUG
GUGUGUUACUUCATT-3'; siRNA monkey ULKI-1, 5'-CCUCCUU
CGACUUCCCAAATT-3’; siRNA monkey ULK2-1, 5'-GCAUAGGA
ACAGUGAUAUATT-3'; siRNA monkey ULK2-2, 5'-CCUAGUAUU
CCCAGAGAAATT-3’; and siRNA monkey ULK2-3, 5'-GCACCAAU
UCCAGUACCUATT-3'.

Immunostaining assays

Cells were cultured on coverslips in cell culture plates. After
harvesting, cells were washed with 1xPBS and fixed with 4% PFA
for 20 min at room temperature and then permeabilized by
10 mg/ml digitonin (D141; Sigma) for 10 min. Cells were blocked
by 5% goat serum for 1 h and incubated with primary antibodies
(diluted by 5% goat serum) at 4°C overnight. After washing three
times with 1xPBS (10 min for each), cells were incubated with
fluorescently conjugated secondary antibodies (diluted by 5%
goat serum) for 1 h at room temperature. After three washes
with 1xPBS, coverslips were placed on microscope slides with
DAPI in 50% glycerol. LysoTracker Deep Red (1:1,000, L12492;
Thermo Fisher Scientific) was used to stain lysosomes for
30 min at 37°C and 5% CO,. Cells were examined with a confocal
microscope (LSM 880 Meta plus Zeiss Axiovert Zoom; Zeiss)
equipped with a 63x/1.40 oil immersion objective lens (Plan-
Apochromat; Zeiss) and a camera (AxioCam HRm; Zeiss).

Immunoblotting assays

Cells were washed with 1xPBS, then lysed with lysis buffer
(50 mM Hepes, pH 7.4, 150 mM NaCl, 1 mM EDTA, and 1% Triton
X-100) supplemented with protease inhibitor cocktail (B14003;
Roche) and incubated on ice for 30 min. Cell lysates were centri-
fuged for 10 min at 4°C at 13,000 rpm. The supernatants were
subjected to SDS-PAGE and then transferred to a polyvinylidene
difluoride membrane. The protein signals were detected by using
the corresponding primary antibodies and secondary antibodies.
After incubation with the antibodies, the polyvinylidene difluoride
membrane was exposed using an imaging system (ChemiScope
6000 Touch; ClinX). The immunoblotting results were normalized
with actin protein, which was used as the loading control.

Immunoprecipitation assays
24 h after transfection of plasmids, cells were washed with
1xPBS and then lysed with lysis buffer (50 mM Hepes, pH 7.4,
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150 mM NaCl, 1 mM EDTA, and 1% Triton X-100) supplemented
with protease inhibitor cocktail (B14003; Roche) and incubated
on ice for 30 min. Cell lysates were centrifuged for 10 min at 4°C
at 13,000 rpm. The supernatant was incubated with GFP-Trap
agarose beads with gentle rotation at 4°C for 1 h. After four
washes with elution buffer (50 mM Hepes, pH 7.4, 150 mM NaCl,
1 mM EDTA, and 0.1% Triton X-100), the beads were boiled with
2xSDS loading buffer at 100°C for 10 min. The samples are an-
alyzed by immunoblotting assays.

ER extraction assay

Cells were collected with 1xPBS into a 1.5-ml centrifuge tube and
then centrifuged for 5 min at 4°C at 500 g. The supernatant was
removed and the pellet resuspended in 1 ml buffer E (20 mM
Hepes, pH 7.4, 250 mM sucrose, 1 mM EDTA, and protease in-
hibitor cocktail). The cells were placed on ice for 15-20 min and
then homogenized on ice and transferred to a new centrifuge tube.
The homogenate was centrifuged for 5 min at 4°C at 1,000 g, and
then the supernatant moved to a new tube and centrifuged for
20 min at 4°C at 8,000 g. The supernatant was transferred to a
new tube and centrifuged for 1 h at 4°C at 100,000 g. Finally, the
supernatant was removed and retained as the soluble fraction, and
the pellet was retained as the ER fraction for analysis.

Protein expression and purification

ULK1(1-277) and ATG13(1-346) were PCR amplified and then
inserted into the pGEX-6P-1 vector to generate GST-ULK1(1-277)
and GFP-ATG13(1-346), respectively. His-HA-ATL2(1-474)
and His-HA-ATL3(1-443) were kindly provided by Dr. Junjie
Hu. These proteins were expressed in Escherichia coli BL21-
CodenPlus (DE3) and purified using Sepharose 4B beads (for
GST-tagged protein; GE Healthcare) and Ni-NTA agarose beads
(for His6-tagged proteins; QIAGEN). After desalination with
desalting columns (GE Healthcare), proteins were eluted with
1xPBS buffer.

In vitro pulldown assays

GST, GST-ULK1(1-277), and GST-ATG13(1-346) proteins were
incubated with 20 pl GST beads in 500 pl pulldown buffer
(1xPBS and 0.1% NP-40), and then rotated gently at 4°C for
30 min. The samples were centrifuged for 3 min at 4°C at 3,000
rpm, and the supernatant was removed. His-HA-ATL2 or His-
HA-ATL3 (50 pg) was incubated in 500 wul pulldown buffer and
then added to the GST beads and rotated gently at 4°C for 1 h.
After four washes with pulldown buffer, the beads were boiled
with 20 pl 2xSDS loading buffer and subjected to SDS-PAGE and
immunoblotting analysis.

Live-cell imaging

Cells were cultured on glass bottom dishes (801001; NEST). 24 h
after transfection of plasmids, cells were cultured in HBSS me-
dium and imaged at 37°C and 5% CO, using a 100x objective (CFI
Plan Apochromat Lambda, NA 1.45; Nikon) with immersion oil
on an inverted fluorescence microscope (Eclipse Ti-E; Nikon)
with a spinning-disk confocal scanner unit (UltraView; Perkin-
Elmer). Images were taken every 5 s for 1 h. The images were
analyzed with Volocity software (PerkinElmer).
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EM

The OTO (ferrocyanide-reduced osmium tetroxide postfixation,
thiocarbohydrazide-osmium liganding) method was used to
prepare the cell samples for transmission EM. Cells were fixed
with 2.5% glutaraldehyde in PBS for 2 h at room temperature (or
overnight at 4°C). After postfixation in 1% 0sO,4 and 0.05% po-
tassium ferrocyanide for 50 min, cells were washed with dis-
tilled water and placed in thiocarbohydrazide solution for
30 min at room temperature. The cells were then washed in
distilled water again and incubated with 1% OsO, for 45 min at
room temperature. After washing with ddH,0, cells were fur-
ther dehydrated with a graded series of ethanol solutions and
embedded in epoxy resin. Ultrathin sections were stained with
uranyl acetate and lead citrate and examined using a 120-kV EM
(H-7650B; Hitachi) at 100 kV, and images were captured with an
AMT charge-coupled device camera (XR-41) using Digital-
Micrograph software at room temperature.

Quantification and statistical analysis

Immunoblotting, in vitro pulldown, and coimmunoprecipitation
results are representative of at least three independent experi-
ments. The immunoprecipitation efficiency was normalized
with the amount of the respective inputs. Cells and images for
analysis were chosen randomly. GraphPad Prism and ImageJ
software were used in statistical analysis, and parameters, in-
cluding n, SEM, and P value, are reported in the corresponding
figure legends. Statistical comparisons were made using the
two-tailed unpaired t test, and the results are shown as mean =+
SEM. ns, P > 0.05; *, P < 0.05; **, P < 0.0L; ***, P < 0.001.

Online supplemental material

Fig. S1 shows a reduction in the number of LC3 puncta in ATL2/3
DKO cells independent of the altered ER morphology. Fig. S2
shows a delay of the autophagic flux in ATL2/3 DKO cells. Fig.
S3 illustrates that ATL2/3 contribute to the recruitment of ULK1
by ATGI3. Fig. S4 shows enrichment of GFP-ATL2 and 3 at the
autophagosome formation sites. Fig. S5 displays the interaction
of ATL2/3 with ULKI and ATGI13, the autophagy defect in ATL2/3
DKO cells with simultaneous depletion of VAPA/B, and the role of
ATL2/3 in the formation of the complexes mediating the ER-IM
contact.
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Figure S1. ATL2/3 DKO cells show a reduction in LC3 puncta that is not associated with the altered ER morphology. (A-C) The number of LC3 puncta is
not significantly different in ATL2/3 DKO cells with a severe or mild ER morphology defect. (A) A mild ER defect. (B) A severe defect with long, unbranched ER
tubules that concentrate at the perinuclear region. Cells were starved for 1 h to induce autophagy. Quantitative data are shown in C as mean + SEM (n = 20 cells
in each group). Scale bars, 5 um. (D-F) Compared with control cells (D), ER morphology is evidently changed in ATL2 KO cells (E) but is largely normal in ATL3
KO cells (F). The formation of LC3 puncta is not affected in ATL2 or ATL3 single KO cells. Scale bars, 5 um. (G-1) Compared with control cells (G), ER morphology
is altered in cells expressing RTN4a-GFP (H), while the number of LC3 puncta is not changed (H). Long, unbranched ER tubules are present and concentrate at
the perinuclear region in RNT4a-GFP-expressing cells. Quantitative data are shown in | as mean + SEM (n = 20 cells in each group). Scale bars, 5 pm. ctrl,
control; Strv, starved.
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Figure S2. The autophagic flux is delayed in ATL2/3 DKO cells. (A-E) Compared with control cells (A and C), the percentage of GFP-LC3 puncta that closely
associate or colocalize with LAMP1 puncta is less in ATL2/3 DKO (B and D) after 2-h starvation (A and B) or after 4-h starvation (C and D). Quantitative data are

shown in E as mean + SEM (n = 20 cells in each group). Scale bars, 5 pum; inset scale bars, 0.5 um. (F and G) Compared with control cells (F), the number of

ATG101 puncta is dramatically decreased in ULK1/2 KD cells (G). Scale bars, 5 um. (H) Quantitative data for F and G are shown in H as mean + SEM (n = 30 cells

in each group). ***, P < 0.001. ctrl, control; Strv, starved.
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Figure S3. ATL2/3 contribute to the recruitment of ULK1 by ATG13. (A-D) The percentage of FIP200 puncta positive for ATG13 or the percentage of ATG13
puncta positive for FIP200 is not changed in ATL2/3 DKO COS-7 cells (B) compared with control cells (A) after 1 h of starvation. Quantitative data are shown in
C and D as mean + SEM (n = 17 cells for A, n = 19 cells for B). Scale bars, 5 um; inset scale bars, 0.5 um. (E) Levels of endogenous FIP200 and ATG13 co-
precipitated by ULK1-GFP are decreased in ATL2/3 DKO COS-7 cells compared with control cells in GFP-Trap assays. Control or ATL2/3 DKO COS-7 cells were
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transfected with ULK1-GFP. Cell lysates were immunoprecipitated using GFP-Trap and analyzed by immunoblotting with anti-FIP200 or anti-ATG13 antibody.
Quantifications of ATG13 and FIP200 levels (normalized by ULK1-GFP levels) are also shown. (F) Levels of ULK1 protein are decreased in ATL2/3 DKO cells
compared with control cells. Quantification of ULK1 levels (normalized by actin levels) is also shown. (G) In ER fractions, the levels of endogenous ULK1 and
ATG101 proteins are not evidently changed in ATL2/3 DKO cells. Compared with control cells, the interactions of GFP-ATG13 with ULK1 and ATG101 are
decreased in ATL2/3 DKO cells. Quantification of endogenous ULK1 and ATG101 are normalized by protein disulfide isomerase (PDI) levels. Quantifications of
ULK1 and ATG101 trapped by GFP-ATG13 are first normalized by GFP-ATG13 protein levels and further normalized by their respective input samples. (H) In
soluble fractions, the endogenous ULK1 protein level is decreased in ATL2/3 DKO cells, while the ATG101 protein level is only slightly reduced. Compared with
control cells, the interactions of GFP-ATG13 with ULK1 and ATG101 are not changed obviously in ATL2/3 DKO cells. Quantifications of endogenous ULK1 and
ATG101 are normalized by actin levels. Quantifications of ULK1 and ATG101 trapped by GFP-ATG13 are first normalized by GFP-ATGI3 protein levels and
further normalized by their respective input samples. (I) Levels of endogenous ATG13 precipitated by ULK1-GFP are not decreased in cells expressing Myc-
RTN4a compared with control cells in GFP-Trap assays. Quantification of ATG13 (normalized by ULK1-GFP levels) is also shown. (J) Levels of ATL2 and ATL3
precipitated by GFP-FIP200 are increased in VMP1 KO COS-7 cells compared with control cells in GFP-Trap assays. Control or VMP1 KO cells were transfected
with GFP-FIP200. Lysates were immunoprecipitated using GFP-Trap and analyzed by immunoblotting with anti-ATL2 or anti-ATL3 antibody. Quantifications of
ATL2 and ATL3 levels (normalized by GFP-FIP200 levels) are also shown. (K) Endogenous ATL2 and ATL3 are precipitated by GFP-ATG13 in GFP-Trap assays.
(L) GFP-ATGL101 fails to precipitate endogenous ATL2 and ATL3 in GFP-Trap assays. ctrl, control; Strv, starved.
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Figure S4. GFP-ATL2 and 3 are enriched at the autophagosome formation sites. (A-C) Compared with control cells (A), more ATG13 punctate structures
accumulate at distinct GFP-ATL2 puncta in VMP1 KO cells after 1 h of starvation. GFP-ATL2 puncta are defined as having a fluorescence intensity that is clearly
stronger than the surrounding area. Quantitative data are shown in C as mean + SEM (n = 19 cells in each group). Scale bars, 5 um; inset scale bars, 0.5 um.
(D-F) Compared with control cells (D), more LC3 puncta accumulate at distinct GFP-ATL2 puncta in VMPI KO cells (E) after 1 h of starvation. Quantitative data
are shown in F as mean + SEM (n = 20 cells in each group). Scale bars, 5 um; inset scale bars, 0.5 um. (G-1) Compared with control cells (G), more ATG13 puncta
accumulate at distinct GFP-ATL3 puncta (H) after 1 h of starvation. Quantitative data are shown in | as mean + SEM (n = 19 cells in each group). Scale bars,
5 um; inset scale bars, 0.5 um. (J-L) Compared with control cells (J), more LC3 puncta accumulate at distinct GFP-ATL3 puncta after 1 h of starvation in VMP1
KO cells (K). Quantitative data are shown in L as mean + SEM (n = 20 cells in each group). Scale bars, 5 um; inset scale bars, 0.5 um. ***, P < 0.001. ctrl, control;
Strv, starved.
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Figure S5. ATL2/3 interact with ULK1 and ATG13 and function partially redundantly with VAPA/B in autophagy. (A and B) The N terminus of Myc-
ATL3(1-343) is precipitated by ULK1-GFP (A) and GFP-ATG13 (B) in GFP-Trap assays. HEK293T cells were transfected with ULK1-GFP or GFP-ATG13 together
with Myc-tagged full-length or fragments of ATL3. Cell lysates were immunoprecipitated using GFP-Trap and analyzed by immunoblotting with anti-Myc
antibody. (C and D) In vitro pulldown assay shows that the N termini of ATL2(1-474) and ATL3(1-443) directly bind to ULK1(1-277) and ATG13(1-346).
Asterisks indicate the bands corresponding to the GST fusion proteins. (E and F) In vitro pulldown assays show that the interactions of GST-ATG13(1-346) with
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HA-ATL2(1-474) (E) and HA-ATL3(1-443) (F) are not evidently decreased by addition of MBP-ULK1(1-277) into the reactions. Asterisks indicate the bands
corresponding to the GST fusion proteins. (G-1) The formation of LC3 puncta is similar in ULK1/2 KD cells (G) and in ATL2/3 DKO cells with simultaneous KD of
VAPA/B (H). Quantitative data are shown in | as mean + SEM (n = 20 cells in each group). Scale bars, 5 um. (J) Compared with control cells, LC3-I/LC3-I ratios
are decreased in ULK1/2 KD cells and ATL2/3 DKO cells with simultaneous KD of VAPA/B. Quantifications of LC3-1/LC3-I ratios are also shown (normalized by
actin level). (K and L) Compared with VMP1 KD in control cells, levels of WIPI2 precipitated by GFP-VAPA (K) and GFP-VAPB (L) are dramatically decreased in
VMPI KD cells with simultaneous depletion of ATL2/3 in GFP-Trap assays. Quantifications of WIPI2 levels (normalized by GFP-VAPA and GFP-VAPB levels) are
also shown. (M) Levels of Myc-VAPA coprecipitated by GFP-ORPIL remain unchanged in ATL2/3 DKO COS-7 cells compared with control cells in GFP-Trap
assays. Quantifications of Myc-VAPA levels (normalized by GFP-ORPIL levels) are also shown. (N) Levels of PTPIP51 coprecipitated by GFP-VAPB are not
evidently altered in ATL2/3 DKO COS-7 cells compared with control cells in GFP-Trap assays. Quantifications of PTPIP51 levels (normalized by GFP-VAPB levels)
are also shown. ctrl, control; NC, negative control; Strv, starved.
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