AUTOPHAGY
2017, VOL. 13, NO. 2, 345-358
http://dx.doi.org/10.1080/15548627.2016.1256521

Taylor & Francis

Taylor & Francis Group

BASIC RESEARCH PAPER

Transiently expressed ATG16L1 inhibits autophagosome biogenesis
and aberrantly targets RAB11-positive recycling endosomes
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ABSTRACT

The membrane source for autophagosome biogenesis is an unsolved mystery in the study of autophagy.
ATG16L1 forms a complex with ATG12-ATG5 (the ATG16L1 complex). The ATG16L1 complex is recruited
to autophagic membranes to convert MAP1LC3B-I to MAP1LC3B-Il. The ATG16L1 complex dissociates from
the phagophore before autophagosome membrane closure. Thus, ATG16L1 can be used as an early event
marker for the study of autophagosome biogenesis. We found that among 3 proteins in the ATG16L1
complex, only ATG16L1 formed puncta-like structures when transiently overexpressed. ATG16L1" puncta
formed by transient expression could represent autophagic membrane structures. We thoroughly
characterized the transiently expressed ATG16L1 in several mammalian cell lines. We found that transient
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expression of ATG16L1 not only inhibited autophagosome biogenesis, but also aberrantly targeted RAB11-
positive recycling endosomes, resulting in recycling endosome aggregates. We conclude that transient
expression of ATG16L1 is not a physiological model for the study of autophagy. Caution is warranted
when reviewing findings derived from a transient expression model of ATG16L1.

Introduction

Autophagosome biogenesis is initiated at not well-defined
intracellular membranes of the cell. Autophagy-specific protein
complexes are recruited to the membrane to drive the creation
of a double membrane-bound autophagosome."* Evidence sug-
gests that the phagophore membrane (the precursor to the
autophagosome) could be generated from existing intracellular
membranes, including the endoplasmic reticulum (ER) mem-
brane,”” mitochondrial membrane,® connection sites of the
mitochondrial and ER membranes,” and the ER-Golgi interme-
diate compartment (ERGIC) membrane.*’ Recycling endo-
somes (REs) and the plasma membrane may also contribute
membrane to autophagosome biogenesis.'’"

Several autophagy-specific protein complexes control auto-
phagosome biogenesis. Hierarchical analysis has revealed that the
most proximal complex in mammalian cells is the ULKI1-
RB1CC1-ATG13-ATG101 complex (hereafter referred to as the
ULK1 complex) and that its function is governed by MTORCI
activity. The downstream PIK3C3 complex regulates the ATG12-
ATG5-ATGI16L1 complex (referred to as the ATG16L1 com-
plex). The ATGI16L1 complex serves as an E3 ligase for
MAPILC3B-I/LC3B-I to conjugate with phosphatidylethanol-
amine (to generate LC3B-)."*'*'® As the ATGI6L1 complex
specifies the membrane where LC3B-I is converted to LC3B-II to
start autophagosome biogenesis,”” " studies to identify the

adaptor protein that recruits the ATG16L1 complex to the auto-
phagic membrane®®** and to identify the origin of the autopha-
gic membrane using ATGI6L1 as an early autophagosome
biogenesis marker have been emerging,'*'>*®

A previous study demonstrated that correct stoichiometry of
ATGI16LI1 complex components (ATG16L1 and ATG12-ATGS5) is
critical for autophagosome biogenesis.'” Our observations indicate
that transiently expressed ATG16L1, but not ATG5 and ATGI2,
forms puncta-like structures in the absence of autophagic stimula-
tion. To determine whether transiently expressed ATG16L1 can be
used as a marker for the study of autophagosome biogenesis, we
thoroughly defined the outcome of transient expression of
ATGI16L1 in several mammalian cell lines. We found that transient
expression of human ATGI6LI inhibits autophagosome biogene-
sis. In addition, transiently expressed ATG16L1 forms abnormal
puncta-like structures, which proved to be RAB11" REs.

Results

Characterization of endogenous ATG16L1 trafficking
under autophagic stimulation

To better understand the function of transiently expressed
ATGI16L1, we first examined endogenous ATG16L1 trafficking
in the process of autophagy. It has been demonstrated that
ATGI6L1 targets the autophagic membrane in complex with
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the ATGI12-ATG5 conjugate under autophagic stimula-
tion."'*17122728 'With Atg5 gene deletion, the ATG12-ATG5
conjugate is not generated (Fig. 1A). ATG7 is the El-like
enzyme in the conjugation reaction of ATG5 with ATG12.%
Deletion of Atg7 abolished ATG12-ATG5 conjugate formation
(Fig. 1A). The absence of the ATG16L1 complex led to a defi-
ciency of LC3B lipidation, as demonstrated by the lack of
LC3B-II in these cell models (Fig. 1A).

The role of the ATG12-ATG5 conjugate in targeting
the ATG16L1 complex to the autophagic membrane was
scrutinized by verifying the capacity of ATG16LI to form

puncta in Atg5 and Atg7 knockout (KO) mouse embryonic
fibroblasts (MEFs). As shown in Figure 1B, nutrient depri-
vation was unable to stimulate ATG16L1 puncta formation
in both MEF atg5 KO and MEF atg7 KO cells compare
with wild-type MEFs. These results demonstrate that the
ATGI12-ATG5 conjugate is obligatory for ATGI16L1 to tar-
get the autophagic membrane. ATGI6L1 alone (in the
absence of the ATG12-ATG5 conjugate) under autophagic
stimulation does not target the autophagic membrane and
fails to function as an E3-like enzyme for LC3B-I to
LC3B-II conversion.
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Figure 1. Phagophore targeting by endogenous ATG16L1 requires the ATG12-ATG5 conjugate and PtdIns3K activity. (A) Wild-type (WT), atg5 KO, or atg7 KO mouse
embryonic fibroblasts (MEFs) were cultured in complete medium (CM) with or without the lysosome inhibitor chloroquine (CQ, 50 M) for 2 h. Cells were then lysed for
immunoblot assays using the antibodies as indicated. (B) WT, atg5 KO, or atg7 KO MEFs were starved in EBSS for 2 h. Cells were then fixed and probed with ATG16L1 anti-

body. (C) A549 cells were cultured in CM or starved in EBSS with or without the Pt
ATG16L1 antibody. (D) A549 cells stably expressing GFP-ATG16L1 were cultured

dIns3K inhibitor wortmannin (200 nM) for 2 h. Cells were then fixed and probed with
in CM or starved in EBSS with/without wortmannin (200 nM) for 2 h. Images were

recorded by a fluorescence microscope. IF, immunofluorescence staining. Scale bar: 25 micron. Of note, images and immunoblots represent at least 3 experiments in all

figures presented in this study.



We further established an A549 cell stably expressing green
fluorescent protein (GFP)-tagged human ATGI6L1. Parental
A549 cells had few ATGI6L1 puncta in nutrient-rich medium
(complete medium, CM); whereas a significant number of
ATGI6LI puncta were induced by metabolic stress (starvation),
and ATGI6L1 puncta formation was blocked by a class III phos-
phatidylinositol 3-kinase (PtdIns3K) inhibitor (Fig. 1C). Further,
a similar observation was confirmed in A549 cells stably express-
ing GFP-ATGI16L1. A number of GFP-ATGI6L1 puncta were
induced by nutrient deprivation, which can be blocked by a
PtdIns3K inhibitor (Fig. 1D). These results demonstrate that sta-
bly expressed GFP-ATGI16L1 appears to have a similar response
to autophagic stimulation as endogenous ATG16L1.

Transiently expressed ATG16L1 does not reflect the
functionality of endogenous ATG16L1

Next, we asked whether the functional trafficking of endoge-
nous ATGI16L1 was similar to that of transiently expressed
ATGI16L1, ATGI12, and ATG5. Plasmids expressing human
ATGI16L1, ATG5, or ATG12 with an N-terminal GFP tag
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(500 ng per 6-well plate) were transfected into HeLa cells using
Lipofectamine 2000 for 24 h. Cells were then maintained in
either nutrient-rich medium (CM) or starvation media (Earle’s
balanced salt solution; EBSS) for 2 h. In the absence of autopha-
gic stimulation, transiently expressed GFP-ATGI6L1 formed
puncta-like structures (Fig. 2A, upper right panel). Distinctly,
PtdIns3K inhibition did not block GFP-ATG16L1 puncta for-
mation (Fig. 2A, lower right panel). In contrast, transiently
expressed GFP-ATG5 and GFP-ATGI12 did not form puncta,
nor did starvation induce puncta formation of GFP-ATG5 and
GFP-ATG12 (Fig. 2A, left panels and middle panels,
respectively).

These results demonstrate that transiently expressed pro-
teins in the ATG16L1 complex do not reflect their endogenous
counterparts. Endogenous ATG16L1 or stably expressed GFP-
ATGI6L1 can be induced to form puncta (autophagic mem-
brane targeting) by autophagic stimulation, which can be
blocked by a PtdIns3K inhibitor (Fig. 1C). In contradistinction
to that physiological response, transiently expressed ATG16L1
forms puncta-like structures independent of autophagic stimu-
lation and independent of PtdIns3K inhibition.
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Figure 2. Puncta formation of transiently expressed ATG16L1 is independent of PtdIns3K activity and the ATG12-ATG5 conjugate. (A) Hela cells were cultured in a 6-well
plate at 2 x 10° cells per well for 16 h. Cells were then transfected with 500 ng of GFP-ATG5, GFP-ATG12, or GFP-ATG16L1 expression plasmid per 6-well plate for 20 h,
respectively. Cells were starved in EBSS with/without wortmannin (200 nM) for 2 h. (B) A549 cells, Hela cells, MEF WT, MEF atg5 KO, MEF atg7 KO, or MEF rbTcc1 KO cells
were transduced with adenoviral vector expressing GFP-ATG16L1 at 2 MOI for 20 h, respectively. Scale bar: 25 micron.
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A further observation was made in Afg gene-deficient
MEFs. Puncta-like structures formed with no autophagic
stimulation following transient expression of GFP-ATG16L1
in all tested cell lines, even in the absence of ATG5 and
ATG?7. GFP-ATGI16L1 generated puncta-like structures with
equal efficiency in Atg5- or Atg7-deficient cell models
(Fig. 2B, lower panels). Recent studies demonstrated that
RB1CC1, a component of the ULK1 complex, interacts with
ATGI6L1 and recruits the ATGI6L1 complex to the auto-
phagic membrane.”>** Transiently expressed GFP-ATGI16L1
in Rblccl-deficient MEFs similarly formed puncta-like
structures with equal efficiency when compare with all other
cell models (Fig. 2B, lower panel). These data collectively
indicate that transiently expressed ATGI16L1 either forms
protein aggregates or aberrantly targets intracellular mem-
brane structures.

Puncta-like structures generated by transiently expressed
ATG16L1 are not autophagosomal structures

We asked whether the ATGI6L1" structures formed by tran-
sient expression functioned as autophagosomal structures.
First, we examined whether these transiently expressed
ATGI16L1 puncta were positive for endogenous ATG12-ATGS5.
Of note, overexpressed ATG16L1 formed puncta structures in
nutrient-rich medium and starvation had no effect on this for-
mation. As shown in Figure 3A, transiently expressed
mCherry-ATG16L1 puncta were negative for ATG12. ATG12
antibody used for this assay was validated based on its positive
puncta colocalization with GFP-LC3B under starvation condi-
tions (Fig. S1A). In comparison, stably expressed GFP-
ATGI16L1 puncta induced by starvation were positive for
ATGI12 (Fig. 3B). The ULK1 complex is the most proximal
autophagy-specific protein complex.”> ULK1 is recruited to the
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Figure 3. Transiently expressed ATG16L1* puncta were negative for the ATG12-ATG5 conjugate and ULK1. (A) A549 cells were transduced with Ad-mCherry-ATG16L1
vector (MOI 2) for 16 h. Cells were then starved with EBSS for 2 h before they were fixed and probed with ATG12 antibody. (B) A549 cells stably expressing GFP-ATG16L1
were starved with EBSS for 2 h before they were fixed and probed with ATG12 antibody. (C) A549 cells were transduced with Ad-mCherry-ATG16L1 vector (MOI 2) for
16 h. Cells were then starved with EBSS for 2 h before they were fixed and probed with ULK1 antibody. (D) A549 cells stably expressing GFP-ATG16L1 were starved with
EBSS for 2 h before they were fixed and probed with ATG12 antibody. Arrows point to starvation-induced GFP-ATG16L1 puncta positive for ATG12 or ULK1. Scale bar:

25 micron.



autophagic membrane under autophagic stimulation.”® We
examined the localization of ULK1 with GFP-ATGI6L1
puncta. ULK1 formed puncta with nutrient deprivation and
these ULK1 puncta colocalized with GFP-LC3B (Fig. S1B) indi-
cating that the ULK1 complex is indeed recruited to the auto-
phagic membrane. We could not detect ULK1 within the GFP-
ATGI16L1" puncta-like structures (Fig. 3C). In sharp contrast,
stably expressed GFP-ATG16L1 puncta induced by starvation
were positive for ULK1 (Fig. 3D).

The interaction of ATG5 with ATGI16L1 at its N-terminal
domain has been well documented.'” Thus, it is not surprising to
see colocalization of transiently expressed ATGI6L1 with tran-
siently expressed ATG5 in ATG16L1-containing puncta (Fig. S1C).
In contrast, transiently expressed ATG12 did not demonstrate any
colocalization with mCherry-ATG16L1" structures (Fig. S1D).

An important question is whether these observations of
ATGI16L1 puncta formation could be caused by GFP or
mCherry tag. To exclude this possibility, we generated a non-
tagged ATGI6LI expressing vector. As shown in Figure S1E
(left), transiently expressed nontagged ATGI16L1 formed
puncta based on ATGI6L1 antibody staining. GFP-ATG5
formed no puncta and were distributed throughout the cells
(Fig. 1A and Fig. S1E, middle). When expression of GFP-ATG5
and nontagged ATG16L1 was co-transient, GFP-ATGS5 inter-
acted with nontagged ATG16L1 and was located in punctate
structures (Fig. S1E, right). By using this model, we examined
again the colocalization of nontagged ATG16L1 puncta with
ATGI12 and ULK1. The GFP-ATGS5 and nontagged ATG16L1
puncta were negative for ULK1 and ATG12 (Fig. S2A).

Together, the data indicate that the transiently expressed
GFP-ATGI16L1" structures lack ATG12-ATG5 and ULKI.
They do not represent authentic autophagic structures.

Transient expression of ATG16L1 inhibits
autophagosome biogenesis

To determine the effect of overexpressed ATGI6L1 on auto-
phagosome biogenesis, we first examined the autophagy flux in
HeLa cells stably expressing GFP-LC3B. As shown in
Figure 4A, HeLa-GFP-LC3B cells showed few GFP-LC3B
puncta in nutrient-rich medium (CM). Extensive GFP-LC3B
puncta were induced by EBSS for 3 h (starvation). EBSS starva-
tion plus the lysosome inhibitor bafilomycin A; (Baf Al)
increased the GFP-LC3B puncta accumulation at perinuclear
regions of the cells (starvation + Baf Al). In comparison, we
examined HeLa-GFP-LC3B cells that transiently overexpressed
mCherry-ATG16L1 for 16 h. Cells were then starved with
EBSS for 3 h. A few GFP-LC3B puncta were observed in
mCherry-ATG16L1-expressing cells (Fig. 4B, upper panel). As
illustrated in the enlarged window, mCherry-ATG16L1 puncta
were negative for GFP-LC3B. Furthermore, starvation + Baf
Al-treated cells demonstrated an extensive number of GFP-
LC3B puncta in cells lacking mCherry-ATG16L1 (Fig. 4B,
lower panel, cells indicated with arrows). In sharp contrast,
mCherry-ATG16L1-expressing cells (cell #1, 2, and 3) had few
GFP-LC3B puncta (Fig. 4B, lower panel). One question is
whether the inhibitory effect on autophagosome biogenesis
may be due to adenoviral vector-mediated ATGI16L1 gene
expression. As shown in Figure S3, transient expression of
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ATGI16L1 via Lipofectamine 2000-mediated plasmid transfec-
tion abolished GFP-LC3B puncta formation. These results
demonstrate that transient expression of ATGI6L1 inhibits
autophagosome biogenesis.

We further examined this phenomenon using a biochemical
assay. HeLa cells were transduced with a control adenoviral vec-
tor or with Ad-GFP-ATGI6LI for 16 h. As shown in Figure 4C,
there was no appreciable autophagic response (LC3B-II level)
with either starvation or starvation plus lysosome inhibitor treat-
ment (bafilomycin A, or chloroquine) in HeLa cells following
transient overexpression of GFP-ATGI16L1. A significant degree
of SQSTM1 protein accumulation was observed, indicating a
global inhibition of autophagy with ATG16L1 overexpression. In
contrast, HeLa cells demonstrated normal autophagic flux exhib-
ited by accumulation of LC3B-II with starvation and lysosome
inhibitor treatments (Fig. 4C).

Although mCherry-ATG16L1 puncta were negative for
GFP-LC3B, we observed a limited number of GFP-LC3B
puncta in mCherry-ATG16L1-expressing cells. A previous
study regarded the GFP-LC3B puncta as autophagosomal
structures in ATGI16L1-overexpressing cells.'” As SQSTMI
can bind LC3B*! in the context of SQSTM1 accumulation
in ATG16L1-overexpressing cells, the likelihood of LC3B™
puncta in the setting of transient expression of ATGI16L1
more likely represents protein aggregates, not autophago-
some or autolysosome structures. To examine this hypothe-
sis, we constructed vectors expressing GFP-tagged wild-type
LC3B and the LC3B“"*** mutant. LC3B%"*** is a mutant
LC3B, in which glycine 120 is replaced with an alanine.
LC3B“'*** cannot be cleaved by ATG4B to expose glycine
120 and thus cannot be lipidated and recruited to the auto-
phagic membrane.”> Thus, whether GFP-LC3B is incorpo-
rated within the autophagic membrane or into protein
aggregates can be determined utilizing these tools. Wild-
type GFP-LC3B responded normally to nutrient deprivation.
Inhibition of autolysosome-dependent degradation by Baf
Al led to accumulation of distinct GFP-LC3B* puncta
(Fig. 5A, right). In contrast, the GFP-LC3B®'*** mutant did
not respond to starvation or Baf Al, as demonstrated by
the lack of GFP-LC3B®'***-positive puncta accumulation
(Fig. 5B, right). Co-transient expression of mCherry-
ATGI16L1 and GFP-LC3B“'*** led to GFP-LC3B®"**
puncta (Fig. 5C). Some GFP- LC3B“"?°** puncta were close
to or associated with mCherry-ATG16L1" structures, but
did not colocalize with each other. To confirm SQSTMI1
protein aggregate formation upon transient expression of
ATGI6L1, A549 cells expressing GFP-ATGI6L1 were
probed with SQSTM1 antibody, and an accumulation of
large SQSTM1 protein aggregates was clearly observed, with
only a few of these SQSTMI1 aggregates being associated
with GFP-ATGI6L1" structures (Fig. S2B). In comparison,
stably expressed GFP-ATGI16L1 puncta induced by starva-
tion were mostly colocalized with SQSTM1 (Fig. S2C). Of
note, a previous study demonstrated that SQSTMI is
recruited to the autophagosome formation site under starva-
tion conditions, which is distinct from SQSTMI1 being
degraded by autophagy.’® This result furthermore supports
the idea that the transiently expressed ATG16L1 puncta are
not indicative of autophagic membranes.
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Figure 4. Transient expression of ATG16L1 inhibits autophagosome biogenesis. (A) HelLa cells stably expressing GFP-LC3B were cultured in complete medium (CM),
starved in EBSS for 3 h (starvation), or starved in EBSS plus Baf A1 (100 nM) for 3 h (starvation + Baf A1). Boxed areas are enlarged to show the detailed GFP-LC3B puncta.
Scale bar: 25 micron. (B) HeLa cells stably expressing GFP-LC3B were infected with Ad-mCherry-ATG16L1 (MOI 2) for 16 h. Cells were then starved in EBSS for 3 h (upper
panel) or starved in EBSS plus baf A1 (100 nM) for 3 h (lower panel). Boxed area is enlarged to show the GFP-LC3B and mCherry-ATG16L1 puncta. Arrows point to cells
with no mCherry-ATG16L1 expression. Cells with mCherry-ATG16L1 expression are labeled 1, 2, and 3. Scale bar: 25 micron. (C) HelLa cells were infected with Ad-GFP-
ATG16L1 (MOI 2) for 16 h; cells were starved in EBSS, EBSS plus baf A1 (from left 50 nM, 100 nM and 200 nM, respectively), or chloroquine (100 £M). Cells were lysed and
analyzed with immunoblot using ATG16L1, SQSTM1, or LC3 antibodies as indicated. St, starvation; Baf A1, bafilomycin A;. CQ, chloroquine.

Collectively, these data demonstrate that GFP-LC3B™
puncta in the context of transient expression of ATG16L1 likely
represent protein aggregates.

Transiently expressed ATG16L1 aberrantly targets RAB11"
recycling endosomes

A typical expression of a protein can form aggregates and be
observed as puncta-like structures, as superfluous expression of

SQSTM1 demonstrates.”’ Alternatively, an overexpressed pro-
tein could aberrantly target intracellular membranes. We exam-
ined the membrane system of the cell to identify the membrane
that is aberrantly targeted by the transiently expressed
ATGI16L1. GFP-ATGI6L1" puncta-like structures did not
colocalize with the cis-Golgi membrane (Fig. 6A), the trans-
Golgi membrane (Fig. 6B), the ERGIC membrane (Fig. 6C), the
lysosome membrane (Fig. 6D), or the late endosome membrane
(Fig. 6E).
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Figure 5. GFP-LC3B puncta represent protein aggregates in cells overexpressing ATG16L1. (A) A549 cells were infected with Ad-GFP-LC3B vector (MOI 2) for 16 h (left).
Cells were then starved in EBSS with bafilomycin A; (100 nM) for 2 h (right). (B) A549 cells were infected with Ad-GFP-LC3BC"%" vector (MOI 2) for 16 h (left). Cells were
then starved in EBSS with bafilomycin A; (100 nM) for 2 h (right). (C) A549 cells were co-infected with Ad-mCherry-ATG16L1 and Ad-GFP-LC3B%"?* at MOI 2 for 16 h. Boxed
areas are enlarged to show the association between GFP-LC3B%'?°* puncta and mCherry-ATG16L1 puncta. Scale bar: 25 micron.

To examine whether the ATG16L1" puncta colocalize with
the early endocytic compartments, labeled TRF (transferrin)
was loaded onto the A549 cells overexpressing GFP-ATGI16L1.
TRF colocalized with preformed GFP-ATGI16L1" puncta
(Fig. 7A). Additionally, GFP-ATGI16L1" structures were
stained positive for TFRC (transferrin receptor) (Fig. 7B).
These findings suggest that overexpressed ATG16L1 may aber-
rantly target the early endocytic compartments.

TFRC enters the endocytic membrane system as early
endocytic vesicles and proceeds to early sorting endosomes
with passage to fast recycling and slow REs.** Colocalization
of endocytic compartment-specific RAB proteins with
ATGI16L1" puncta were examined to differentiate the spe-
cific early endocytic compartment atypically targeted by
transiently expressed ATG16L1. RAB5" endocytic vesicles
and RAB5" early endosomes were not identified in the
colocalization with ATGI6L1" structures (Fig. S4A). Stain-
ing for the early endosome marker EEA1 further confirmed
these findings (Fig. S4B). Similar to RAB5" early endo-
somes, RAB4™ fast REs did not colocalize with ATG16L1"
structures (Fig. S4, C). These data, in addition to the coloc-
alization of TRF with ATGI16L1" puncta-like structures,

collectively imply that exogenous ATG16L1 may uncharac-
teristically target slow REs. Indeed, GFP-ATG16L1" struc-
tures fully colocalized with RAB11* REs (Fig. 7C). This
finding was confirmed in wild-type MEFs (data not shown),
MEF atg5 KO (data not shown), MEF atg7 KO (Fig. $4D),
and HeLa cells (Fig. S4E). In contradistinction and impor-
tantly, stably expressed GFP-ATGI16L1 puncta did not
colocalize with RAB11" REs (Fig. 7D). We furthermore
confirmed that endogenous ATG16L1" or WIPI2* phago-
phores were not colocalized with TFRC antibody-labeled
REs or RABI1T REs or TRF-labeled REs (Fig. 8 and
Fig. S5C). We validated the WIPI2 antibody for immunoflu-
orescence staining. As shown in Figure S5A, a few WIPI2"
phagophores was observed in nutrient-rich medium (CM).
In contrast, a number of WIPI2" phagophores formed after
starvation, which were blocked by wortmannin treatment.
100% of ATGIL6L1" phagophores (by counting 30 cells)
were colocalized with WIPI2" puncta (Fig. S5B). Approxi-
mately 75 £ 5% of WIPI2* phagophores were positive for
ATGI6L1 staining, which supports the notion that WIPI2
on the autophagic membrane may recruit the ATGI16L1
complex onto the phagophore.”> This finding again
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Figure 6. Identification of the aberrant targeted membrane by transiently expressed ATG16L1. A549 cells were infected with Ad-GFP-ATG16L1 (MOI 2) for 16 h. Cells were
then fixed and probed with a cis-Golgi marker GOLGA2/GM130 (A), trans-Golgi marker TGOLN2/TGN46 (B), ER Golgi intermediate compartment marker (LMAN1/ERGIC-
53) (C), lysosome marker LAMP2 (D), or late endosome marker RAB7 (E). Boxed areas are enlarged to show the association between GFP-ATG16L1" puncta and corre-

sponding subcellular compartments. Scale bar: 25 micron.

accentuates the difference observed between endogenous
ATGI16LI1 and exogenously overexpressed ATG16LI.

Transiently expressed ATG16L1 causes RAB11" RE
aggregates

Translocation of the ATG16L1 complex from the cytosol to
the autophagic membrane is regulated by autophagy signal-
ing and proceeds in a dynamic fashion during the auto-
phagy  process. Dissociation from the completed
autophagosome is an essential process for recycling of the

ATGI6L1 complex. Yet, transient expression of ATGI6L1
was observed to limit its capacity to dissociate from
RAB11" RE membranes and, in studying these epiphenom-
ena, we were struck by the reality that REs were never
observed to innately form such large structures in any cell
model tested (data not shown). As shown in Figure 9A,
overexpressed mCherry-ATG16L1 formed smaller puncta at
an early time point (8 h, arrow). At 16 h post expression,
these mCherry-ATG16L1 puncta had clustered to generate
large puncta at the perinuclear regions of the cells (arrow-
head). A single larger punctum was evident at 24 h
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Figure 7. Transiently expressed ATG16L1 aberrantly targets RAB11% recycling endosomes. (A) A549 cells were infected with Ad-GFP-ATG16L1 (MOI 2) for 16 h. Cells were
then loaded with Alexa Fluor 555-conjugated TRF for 30 min. (B) A549 cells were infected with Ad-GFP-ATG16L1 (MOI 2) for 16 h. Cells were then fixed and probed with
TFRC antibody. (C) A549 cells were infected with Ad-GFP-ATG16L1 (MOI 2). Cells were fixed and probed with RAB11 antibody. (D) A549 cells stably expressing GFP-
ATG16L1 were starved in EBSS for 2 h. Cells were then fixed and probed with RAB11 antibody. Boxed area is enlarged to show the colocalization. Quantified colocaliza-

tions are labeled as indicated. Scale bar: 25 micron.

(arrowheads). We postulated that the ATGI6L1" RABI1*
REs were able to receive more REs by homotypic tethering.
To test this hypothesis, large GFP-ATGI6L1" structures
were generated with overexpression of GFP-ATGI16L1, fol-
lowed by loading the cells with Alexa Fluor 555-labeled
TRF (TRF-Alexa555). In time, the newly generated TREF-
Alexa555" vesicles advanced to tether with the smaller
GFP-ATG16L1" structures (Fig. 9B, arrows). Ring-like
TRF-Alexa555" REs were distributed peripherally around
large pre-existing GFP-ATGI16L1" structures (Fig. 9B,
arrowhead). These observations suggest that once formed,
ATG16L1" RAB11" REs become a membrane center to
receive newly generated REs and ATG16L1" RAB11" REs
to form a larger membrane aggregate by homotypic

tethering but not fusion, because an evident vesicle lumen
was never observed.

Discussion

One methodology to define membrane contribution to auto-
phagosome biogenesis is to follow autophagy-specific protein
trafficking under autophagic stimulation. Such strategies have
led to the seminal findings of the contributing membrane,
including the ER and mitochondrial membranes,*®’ to auto-
phagosome biogenesis.

The functional ATG16L1 complex may or may not form in
the correct stoichiometric manner when ATGI16L1 is overex-
pressed. It would appear there is a mutual dependence between
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Figure 8. Endogenous ATG16L1" or WIPI2* phagophores do not colocalize with recycling endosomes. (A) A549 cells were starved with EBSS for 2 h. Cells were then fixed
and co-probed with ATG16L1 antibody and TFRC antibody. Alexa Fluor 488-conjugated goat anti-rabbit IgG- and Alexa Fluor 647-conjugated donkey anti-mouse IgG sec-
ondary antibodies were used to detect ATG16L1 and TFRC" RE, respectively. Boxed area 1 and 2 are enlarged to show the colocalization between ATG16" puncta and
TFRC-labeled recycling endosomes. (B) A549 cells were starved with EBSS for 2 h. Cells were then fixed and co-probed with RAB11 antibody and WIPI2 antibody. Alexa
Fluor 488-conjugated goat anti-rabbit IgG and Alexa Fluor 647-conjugated donkey anti-mouse IgG secondary antibodies were used to detect RAB11" REs and WIPI2*
phagophores, respectively. (C) A549 cells were starved with EBSS plus fluorescein-conjugated human TRF for 2 h. Cells were then fixed and probed with WIPI2 antibody.
Alexa Fluor 647-conjugated donkey anti-mouse IgG secondary antibody was used to detect WIPI2" phagophores. Boxed area is enlarged to show the details. Scale bar:

25 micron.

ATGI16L1 and ATGI2-ATG5 for accurate targeting of the
complex, without which, autophagic membrane targeting is
lost. For example, endogenous ATG16L1 does not target auto-
phagic membrane in the absence of the ATG12-ATG5 conju-
gate (Fig. 1B) and the ATG12-ATGS5 conjugate does not target
the autophagic membrane without ATG16L1. *

We consider that inhibition of autophagosome biogenesis by
overexpressed ATGI16L1 is a separate event from aberrantly
targeting RAB11" REs by overexpressed ATG16L1. Transiently
expressed ATG16LI is able to inhibit LC3B conversion when it
has not yet reached the expression level to form punctate struc-
tures (Fig. 4). We also observed that the overexpressed coiled-
coil domain of ATG16L1 was able to inhibit autophagosome

biogenesis (data not shown). Our observations agree with those
from the Fujita et al. study.'” In that study, Fujita et al. found
inhibition of autophagy by overexpressed full-length mouse
ATGI16L1 or coiled-coil domain. They further found that over-
expressed ATGI6L1 did not interfere with any pre-existing
ATGI16L1 complexes, meaning that transiently expressed
ATGI16L1 does not replace endogenous ATG16L1 from an
existing ATG16L1 complex. Overexpressed ATGI16L1 lacks
ATGI12-ATGS5 conjugate (Fig. 3 and Fig. S2A). This is easy to
understand because there is limited endogenous ATGI12-
ATGS conjugate available for overexpressed ATG16L1 to form
a functional complex. The underlying mechanism of the inhibi-
tory effect of overexpressed ATGI16L1 on autophagosome
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Figure 9. Transiently expressed ATG16L1 causes RAB11" recycling endosome aggregates. (A) A549 cells were infected with Ad-GFP-ATG16L1 (MOI 4). Images were
recorded at 8, 16, and 24 h post infection. Arrow points to puncta. Arrowheads point to GFP-ATG16L1" aggregates. Scale bar: 25 micron. (B) A549 cells were infected
with Ad-GFP-ATG16L1 (MOI 4) for 24 h to form larger GFP-ATG1 6L17" structures (arrowhead). Cells were then loaded with Alexa Fluor 555-conjugated TRF for 30 min. Scale

bar: 25 micron.

biogenesis is unknown. We hypothesize that transiently overex-
pressed ATG16L1 forms a defective ATG16L1 complex due to
the limited amount of endogenous ATG12-ATG5; moreover,
excess ATG16L1 may titrate out an unknown factor that con-
trols endogenous ATGI6L1 complex autophagic membrane
targeting, which results in the inability of pre-existing endoge-
nous ATG16L1 complex to target the phagophore membrane
for LC3B-I to LC3B-II conversion.

As for aberrant targeting of RAB11" REs by overexpressed
ATG16L1, we observed that the coiled-coil domain coordinat-
ing with the N-terminal fragment of overexpressed ATGI16L1
caused RAB11" RE targeting (data not shown). Deletion of the
coiled-coil domain or N-terminal fragment (amino acids 1-79)
of human ATGI16L1 abolished the aberrant membrane target-
ing (data not shown). We hypothesize the following: 1) Com-
plex formation of ATG12-ATG5 with ATG16L1 may regulate
ATGI16L1 complex conformation for the ATGI6L1 that
remains in the cytosol. The cytosolic ATG16L1 complex will be
recruited onto the phagophore membrane by interaction with
adaptor proteins on the phagophore under autophagic stimula-
tion; the coiled-coil domain, which is responsible for forming a
dimer of ATG16L1,”® may play a critical role in aberrant target-
ing via abnormal complex formation when overexpressed. 2)
Alternatively, an unknown factor controls the ATG16L1 com-
plex to correctly target to the phagophore membrane. When
ATG16L1 is transiently overexpressed, the limited control fac-
tor loses that regulatory effect, which leads to ATG16L1 itself
aberrantly targeting membrane under no autophagic stimula-
tion. These hypotheses await future investigation.

Although the study of autophagy has made dramatic prog-
ress, the fundamental mystery of the origin of the autophagic
membrane and how it grows to form an autophagosome is still
under debate. Thus far, it has been suggested in mammalian
cells that the membranes of the ER,”” mitochondria,” Golgi,*
ER-Golgi intermediate compartment,” RE,'* and plasma mem-
brane,'® as well as other unlisted membranes, contribute to

autophagosome formation. As we can see, on the one hand
data suggest that multiple membranes from various sources
contribute to autophagosome biogenesis. On the other hand,
this is confusing (e.g., how is this coordinated, what SNARE
proteins are involved?). We consider that the lack of standard-
ized approaches and utilization of not well-validated tools
could be the reason for these discrepancies. The ability to draw
any conclusions regarding ATG16L1 intermolecular interac-
tions and membrane targeting or trafficking as it is being
overexpressed becomes severely limited. Conclusions derived
from studies utilizing such methodologies should be reserved.

Materials and methods
Chemicals and antibodies

Wortmannin (Cell Signaling Technology, 9951); bafilomycin
A, (LC Laboratories, B1080); chloroquine diphosphate salt
(Sigma-Aldrich,  C6628);  TGOLN2/TGN46  antibody
(Sigma-Aldrich, T7576); Alexa Fluor 555-conjugated TRF
(ThermoFisher Scientific, T35352); fluorescein-conjugated
human TRF (ThermoFisher Scientific, T2871). RAB11 anti-
body (ThermoFisher Scientific, 71-5300); TFRC antibody
(ThermoFisher Scientific, 236-15375); EEA1l antibody
(BD Biosciences, 610457); GOLGA2/GM130 antibody (BD
Biosciences, 610822); ATG16L1 antibody (Cell Signaling Tech-
nology, 8089); WIPI2 antibody (Bio-Rad, MCA5780GA);
MAPILC3B antibody (Cell Signaling Technology, 3868);
ATG?7 antibody (Cell Signaling Technology, 8558); anti-human
ATGI12 (Cell Signaling Technology, 2010) and anti-mouse
ATGI12 (Cell Signaling Technology, 2011); RAB7 antibody
(Cell Signaling Technology, 9367); SQSTM1 antibody (Santa
Cruz Biotechnology, sc-28359); ULK1 antibody (H-240; Santa
Cruz Biotechnology, 33182); LAMP2 antibody (Santa Cruz
Biotechnology, sc-18822); LMAN1/ERGIC-53 antibody (C-6;
Santa Cruz Biotechnology, sc-365158); anti ACTB/B-actin
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(Santa Cruz Biotechnology, sc-47778); anti-rabbit IgG (Alexa
Fluor 488 or 555 conjugate) (Cell Signaling Technology, 4412;
4413); anti-mouse IgG (Alexa Fluor 488 or 555 conjugate) (Cell
Signaling Technology, 4408; 4409); donkey anti-mouse or anti-
rabbit IgG (Alexa Fluor 647 conjugate; Jackson ImmunoRe-
search Laboratories, 715-605-150; 711-175-152). All restric-
tion enzymes for gene expression vector constructions were
obtained from New England Biolabs, Inc.

Cell culture and generation of stable cell lines

Cell culture media, DMEMs, were purchased from LONZA
(12-614F); fetal bovine serum (ThermoFisher Scientific,
SH30072.03); L-glutamine (LONZA, 17-605E); EBSS (Ther-
moFisher Scientific, SH30029.02). A549 (ATCC, CCL™185),
HEK293 cell (ATCC, CRL-1573), Hela cells (ATCC, CCL™2),
MEF WT and MEF atg5 KO cells (kindly provided by Dr.
Noboru Mizushima, The University of Tokyo), MEF atg7 KO
cells (kindly provided by Dr. Masaaki Komatsu, Tokyo Metro-
politan Institute of Medical Sciences), and MEF rblccl KO cells
(kindly provided by Dr. Jun-Lin Guan, University of Cincinnati
college of Medicine) were grown in DMEM supplemented with
10% fetal bovine serum, 2 mM L-glutamine, and 100 U/ml pen-
icillin/streptomycin in a 5% CO, incubator at 37°C. For nutri-
ent starvation, cells were cultured in EBSS. Stable lines were
made by infection of cells with a retroviral vector expressing a
GEFP fusion with the human MAPILC3B gene (GFP-LC3B) and
selected in growth medium supplemented with 800 pg/ml of
G418 (ThermoFisher Scientific, BP7635). A549 cell stable
expression of GFP-ATGI6L1 was established by transfection
with expression plasmid and selection with G418.

Expression vector construction

GFP or mCherry open reading frame was inserted into a type
5-based adenoviral shuttle vector.”” open reading frames of
human ATGI6LI (NP_110430.5), human ATG5
(NP_001273035.1), human ATGI2 (NP_004698.3), human
RAB5A (NP_004153.2), and human RAB4A (NP_004569.2),
were amplified using cDNA from HeLa cells by PCR and
inserted at the C terminus of GFP or mCherry. pEGFP-C1
(Takara Biomedical Technology, 632470) was used to construct
the GFP-ATGI6LI expression vector for establishing A549 cell
line stable expression of GFP-ATGI6L1. A retroviral vector
(Takara Biomedical Technology, 631503) expressing GFP-
LC3B was used to generate stable expression cell lines of A549
and HeLa cells, respectively. All inserted genes were sequenced.
Adenoviral vectors were generated and purified as described.””

Exogenous expression of genes and in vitro cell treatment

Cells were infected with adenoviral vector expression genes (see
details in figure legend). Alternatively, cells were transfected
with expression plasmids using Lipofectamine 2000 (Thermo-
Fisher Scientific, 11668) to express the indicated genes (details
in the text and figure legends).

To label REs, cells were washed and incubated in EBSS for
30 min at 37°C before adding complete medium with Alexa
Fluor 555-conjugated TRF (20 pg/ml). For colocalization study

of TRF-labeled RE with ATG16L1 or WIPI2, fluorescein-conju-
gated human TRF (20 pg/ml) was added into EBSS-treated
cells for 2 h. Cells were then washed and fixed in 4% parafor-
maldehyde in 1 x phosphate-buffered saline (PBS; LONZA,
17-516F) for 20 min before immunostaining or imaging using
the EVOS FL Cell Imaging System (ThermoFisher Scientific,
AMF4300).

Florescence microscopy and immunofluorescent staining

Cells were cultured in nutrient-rich medium or EBSS +/- chlo-
roquine (CQ), bafilomycin A, or wortmannin for the indicated
times, and then were fixed in 4% paraformaldehyde in 1 x PBS
for 15 min. Cells were washed 3 times for 10 min each with
1 x PBS and GFP-ATGI16L1, mCherry-ATG16L1, or GFP-
LC3B puncta and were recorded using fluorescence micros-
copy. For immunofluorescence staining, cells were grown on
coverslips for the indicated times. Cells were then fixed with
4% paraformaldehyde in 1 x PBS for 15 min. After washing
3 times with 1 x PBS, cells were permeabilized using 0.1%
Triton X-100 (Sigma-Aldrich, X100) in 1 x PBS, then blocked
with 5% BSA (Sigma-Aldrich, A9418), and primary antibody
and secondary antibody (Alexa Fluor 488-, Alexa Fluor 555- or
Alexa Fluor 647-labeled) were sequentially applied. Stained
cells were examined and recorded using the EVOS FL Cell
Imaging System equipped with a Sony ICX285AQ color CCD
(2/3; 1,360 x 1,024, 1.4 megapixels). 20 x (NA/0.4) or
40 x (N'A/0.75) objective lens were used to observe and record
fluorescent cell images. Images were saved as 16-bit color TIFF.
For image figure presentation, we opened the TIFF file in
Adobe Photoshop CSS Extended version 12.3 x 32. Images
were brightness/contrast-adjusted. Green channel image, Red
channel image and overlay image were separated as shown in
the figures.

Immunoblot assays

Cells were rinsed with ice-cold 1 x PBS buffer, scraped, and
collected by centrifugation at 4°C. Cells were then lysed in cell
lysis buffer (Cell Signaling Technology, 9803) with protease
inhibitor cocktails (Cell Signaling Technology, 5871). Lysates
were centrifuged at 15,000 g for 15 min at 4°C, and supernatant
fractions were collected. 10-20 g of cell lysates were separated
using SDS-PAGE gels and transferred to Immun-Blot PVDF
membrane (Bio-Rad, 1620177). The membranes were blocked
with 5% skim milk in 0.1% Tween 20 in 1 x PBS buffer and
then incubated with primary antibodies. Blots were probed
with horseradish peroxidase-conjugated anti-mouse or anti-
rabbit IgG (ThermoFisher Scientific, 31430; 31460). Bands
were visualized using Pierce ECL Western Blotting Substrate
(ThermoFisher Scientific, 32106).

Abbreviations

ATG5 autophagy-related 5

ATGI2 autophagy-related 12

ATGI6L1 autophagy-related 16-like 1 (S. cerevisiae)
Baf Al bafilomycin A,

CM complete medium



CQ chloroquine

EBSS Earle’s balanced salt solution

GFP green fluorescent protein

MAPILC3B microtubule-associated protein 1 light chain 3 8

MOI multiplicity of infection

MTORCI1 mechanistic target of rapamycin (serine/threo-
nine kinase) complex 1

PIK3C3 phosphoinositide-3-kinase, class 3

PtdIns3K class III phosphatidylinositol 3-kinase

RABI1 RABI11, member RAS oncogene family

RBICCl1 RBI1-inducible coiled-coil 1

RE recycling endosome

SQSTM1 sequestosome 1

ULK1 unc-51 like kinase 1

WIPI2 WD  repeat domain, phosphoinositide interacting 2
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