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AP-4 mediates export of ATG9A from the trans-Golgi
network to promote autophagosome formation
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AP-4 is a member of the heterotetrameric adaptor protein (AP)
complex family involved in protein sorting in the endomembrane
system of eukaryotic cells. Interest in AP-4 has recently risen with
the discovery that mutations in any of its four subunits cause a
form of hereditary spastic paraplegia (HSP) with intellectual
disability. The critical sorting events mediated by AP-4 and the
pathogenesis of AP-4 deficiency, however, remain poorly under-
stood. Here we report the identification of ATG9A, the only
multispanning membrane component of the core autophagy ma-
chinery, as a specific AP-4 cargo. AP-4 promotes signal-mediated
export of ATG9A from the trans-Golgi network to the peripheral
cytoplasm, contributing to lipidation of the autophagy protein
LC3B and maturation of preautophagosomal structures. These find-
ings implicate AP-4 as a regulator of autophagy and altered auto-
phagy as a possible defect in AP-4-deficient HSP.
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rotein coats associated with the cytosolic face of organellar

membranes play critical roles in the selection of cargo and
formation of transport carriers at various stages of the endo-
membrane system of eukaryotic cells (1). A subset of coat pro-
teins belongs to the family of heterotetrameric adaptor protein
(AP) complexes, including AP-1, AP-2, AP-3, AP-4, AP-5, the
COPI-F subcomplex, and components of TSET (2, 3). All of
these complexes are evolutionarily ancient and phylogenetically
conserved, although some were lost in specific lineages. One of
the more recently described and least well-understood AP
complexes is AP-4. Like other members of the family, AP-4
consists of four subunits encoded by different genes: ¢ (AP4E1),
B4 (AP4BI), p4 (AP4M1), and o4 (AP4SI1) (4, 5) (Fig. 14). The
whole complex is structured as a core domain, with two extended
hinge and ear domains (Fig. 14). Unlike AP-1, AP-2, and AP-3,
which interact with clathrin via their hinge and ear domains (6
8), AP-4 is part of a nonclathrin coat (4, 5). AP-4 is specifically
associated with the frans-Golgi network (TGN) (4, 5), at least in
part due to interaction with the GTP-bound form of the small
GTPase Arfl (9). AP-4 is required for the recruitment to the
TGN of tepsin (also known as ENTHD2 or AP4AT) (10), an
AP-4 accessory protein comprising an ENTH domain, a VHS
domain, and a disordered C-terminal domain with two short
peptide motifs that interact with the ear domains of AP-4 € and
B4 (11, 12). AP-4 is thought to sort a subset of transmembrane
cargos into transport carriers bound for post-Golgi compart-
ments of the endomembrane system, such as endosomes and the
plasma membrane. Among the cargos that have been shown to
undergo AP-4-mediated sorting are the amyloid precursor pro-
tein (APP) (13-16), AMPA-type glutamate receptors (AMPAR)
(17), and the 82 glutamate receptor protein (17, 18). Sorting
involves recognition of sorting signals in the tails of the cargo
proteins by the p4 subunit of AP-4. In APP, the signal is the
sequence YKFFE, which fits the canonical motif YXX@ (where
@ is a hydrophobic amino acid) for binding to p-subunits of AP
complexes, but with an additional glutamate residue at the fifth
position (13, 15) (Fig. 14). Binding of AMPAR to p4 is indirectly
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mediated by a noncanonical YRYREF sequence in the receptor-
associated, transmembrane AMPA receptor regulatory proteins
(TARPs) (17). Finally, in the 82 glutamate receptor protein,
binding to p4 depends on several phenylalanine residues in a
noncanonical context (18).

Interest in AP-4 has recently risen because of the discovery of
mutations in genes encoding each of the subunits of AP-4 in
a subset of autosomal recessive hereditary spastic paraplegias
(HSPs), namely, SPG47 (AP4B1/p4), SPG50 (AP4M1/p4), SPG51
(AP4El1[e), and SPG52 (4P4S1/c4) (19-21). HSPs are a het-
erogeneous group of disorders that share the characteristic of
lower limb spasticity, but vary by the absence or presence of
additional features (22). In the case of AP-4 deficiency, these
features include severe intellectual disability, microcephaly, sei-
zures, and growth retardation (19-21). Another anatomical find-
ing in AP-4-deficient patients is the presence of a thin corpus
callosum, a characteristic feature of this particular HSP subset
(19-21). Ablation of the gene encoding AP-4 B4 in mouse re-
sulted in subtle motor abnormalities along with axonopathy in
the brain, particularly in Purkinje neurons of the cerebellum (17).
Moreover, both Purkinje and hippocampal neurons exhibited
missorting of the normally somatodendritic AMPAR to the axon,
where the receptors accumulated in axonal swellings containing
the autophagy marker LC3B (17). These findings led to the con-
clusion that AP-4 is involved in sorting of AMPAR from the TGN
to the somatodendritic domain. The missorted AMPAR in AP-4
B4 knockout (KO) neurons were proposed to be sequestered and
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Fig. 1.

Specific interaction of ATG9A with AP-4. (A) Schematic representation of the AP-4 complex depicting its subunits, structural domains, and recognition

of YXXQE signals by the p4 subunit. (B) Schematic representation of ATG9A showing the cytosolic, transmembrane, and luminal segments, an N-linked
glycosylation site (CHO), and the sequence of the N-terminal (NH;) cytosolic tail (amino acids 1-66 in human ATG9A). A consensus YXX@E motif (YQRLE) and a
variant dileucine motif (EEDLLV) are highlighted in red. (C) Y2H analysis of the interaction of (/) the ATG9A N-terminal tail (ATG9A-N) fused to the Gal4 DNA
binding domain (BD), with (ii) p-subunits of different AP complexes fused to the Gal4 transcriptional activation domain (AD). p53 and T antigen (T-Ag) were
used as controls. Growth in the absence of histidine (—His) and presence of 3-amino-1,2,4-triazole (AT) is indicative of interactions. Growth in the presence of
histidine (+His) is a control for viability and loading of yeast double transformants. Images shown are composites of plates from the same experiment. (D) Y2H
analysis of the interaction of: (i) ATG9A N-terminal tail constructs with different alanine substitutions fused to Gal4 BD, with (ii) p4 fused to Gal4 AD, as
described for C. (E) H4 cells stably expressing TSF-tagged AP-4 ¢ used in the original affinity purification and mass spectrometry analyses (11) were transiently
transfected with plasmids encoding GFP or ATG9A-GFP. Detergent extracts were subjected to immunoprecipitation with antibody to GFP, and both lysates
(2.8% of input) and immunoprecipitates were analyzed by immunoblotting with antibodies to AP-4 $4 (Top) and GFP (Bottom). The positions of molecular
mass markers are indicated on the Left, and those of the target proteins on the Right. The asterisk indicates aggregated ATG9A, a common occurrence for
multispanning membrane proteins. (F) Coimmunoprecipitation of AP-4 B4 with ATG9A bearing alanine substitutions in the N-terminal cytosolic tail was
analyzed as described in E (lysate samples correspond to 1.4% of input). The complete list of proteins identified by mass spectrometry from the AP-4 ¢ tandem

affinity purification is shown in Dataset S1.

degraded within axonal autophagosomes (17). The mislocalization
and subsequent degradation of AMPAR might underlie at least
some of the symptoms in AP-4—deficient HSP; however, it remains
to be determined whether altered autophagy could also play a role
in the pathogenesis of this disorder.

In the present study, we provide a direct link between AP-4
and autophagy. Using a combination of biochemical and functional
analyses, we demonstrate that the autophagy protein ATG9A (Fig.
1B) is a physiological cargo of AP-4. ATGYA is the only multi-
spanning membrane component of the core autophagy machinery
(23). It normally cycles between the TGN and peripheral struc-
tures, including endosomes and preautophagosomal structures
(PAS) to deliver membranes to the forming autophagosome
(24-27). We find that the ATG9A-AP-4 interaction is mediated
by binding of a conserved YXX@E motif (YQRLE) in the
N-terminal cytosolic tail of ATG9A to the p4 subunit of AP-4.

E10698 | www.pnas.org/cgi/doi/10.1073/pnas.1717327114

KO or knockdown (KD) of AP-4 subunits in various cell types
causes retention of ATG9A in the TGN and its depletion from
peripheral locations. AP-4-deficient cells exhibit decreased
LC3B-1II to LC3B-I ratios and accumulation of LC3B in atypical
PAS under starvation conditions. These findings demonstrate that
AP-4 is required for delivery of ATG9 to sites of autophagosome
formation, thereby contributing to the maintenance of auto-
phagic function. We propose that altered autophagy might underlie
at least some of the symptoms of AP-4-deficient HSP.

Results

Identification of ATG9A as an AP-4-Interacting Protein. In a previous
study (11), we performed tandem affinity purification (TAP)
using as bait the € subunit of AP-4 appended with an N-terminal
Two-Strep/one FLAG (TSF) tag and expressed by stable trans-
fection of H4 human neuroglioma cells. Copurifying proteins

Mattera et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717327114/-/DCSupplemental/pnas.1717327114.sd01.xlsx
www.pnas.org/cgi/doi/10.1073/pnas.1717327114

L T

/

1\

=y

were identified by mass spectrometry and scored using the con-
taminant repository for affinity purification (CRAPome) tool
(28) (www.crapome.org/) to eliminate frequent contaminants
(Dataset S1). Setting a stringent filter of zero appearances in
411 control purifications, the top hits were the four subunits of
AP-4 and the AP-4 accessory protein tepsin (11) (highlighted in
green in Dataset S1). Another hit that satisfied this criterion, but
was not characterized in the previous study, was the autophagy
protein ATG9A (Fig. 1B). ATGYA is a ubiquitously expressed,
multispanning membrane protein that cycles between the TGN
and peripheral cytoplasmic sites (24-27). It comprises six trans-
membrane helices with five connecting loops and N- and
C-terminal tails facing the cytosol (25) (Fig. 1B). The N-terminal
tail harbors a canonical YXX@ motif (where @ is a bulky hydro-
phobic amino acid) (29) and a noncanonical LL motif (Fig. 1B)
that mediate interactions with AP-1 and AP-2 (27, 30). These motifs
as well as AP-1 and AP-2 were implicated in ATG9A traffic and/or
autophagy (27, 30-33). Notably, the YXX@ motif in ATGYA is
followed by a glutamate residue (YQRLE, amino acids 8-12), a
distinct characteristic of a subset of YXX@ sequences that pref-
erentially bind to the p4 subunit of AP-4 (13). Indeed, yeast two-
hybrid (Y2H) analyses showed that the N-terminal tail of ATG9A
(ATGYA-N) preferentially bound to p4 among the p subunits of

A BSE

WT HelLa

ATGYA KO HelLa

WT HelLa

ATGOYA KO HeLa

AP-4 ¢ KO HelLa

several AP complexes (Fig. 1C). This binding was dependent on
Y8, Q9, L11, and E12, but not R10, within the YQRLE sequence
(Fig. 1D). It was also independent of another tyrosine, Y15, within
a noncanonical sequence (Fig. 1D). Furthermore, ATG9A inter-
acted with the whole AP-4 complex, as shown by coimmunopre-
cipitation of transiently expressed ATG9A-GFP, but not GFP,
with the endogenous f4 subunit of AP-4 in H4 cells stably trans-
fected with AP-4 ¢ (Fig. 1E). In agreement with the Y2H results,
this coimmunoprecipitation was also dependent on Y8, partially on
L11, and less dependent on Y15 (Fig. 1F). From these experi-
ments, we concluded that ATG9A is a bona fide AP-4 interactor
that binds through a YXX@E motif in its N-terminal tail to the
p4 subunit of AP-4.

ATGY9A and AP-4 Colocalize at the TGN. Immunofluorescence mi-
croscopy for endogenous ATG9A and AP-4 ¢ in wild-type (WT)
HeLa cells revealed localization of both molecules to a juxta-
nuclear structure, as well as to puncta scattered throughout the
cytoplasm (Fig. 24). KO of the gene encoding ATG9A abolished
ATGYA staining at both the juxtanuclear and peripheral struc-
tures (Fig. 24), indicating that they all reflect specific ATG9A
localization. In contrast, KO of the AP-4 ¢ gene abrogated the
juxtanuclear but not the peripheral AP-4 ¢ staining (Fig. 24),

Fig. 2. Colocalization of ATG9A and AP-4 at the TGN. (A) Immunofluorescence microscopy of endogenous ATG9A and AP-4 ¢ in WT, ATG9A KO, and AP-4 ¢
KO cells. Arrows point to TGN structures containing both ATG9A and AP-4 ¢. The Bottom Right image is an enlargement of the box in the Top Right image.
(Scale bars, 10 um.) (B-D) Immunofluorescence microscopy colocalization of endogenous ATG9A and TGN46 in WT Hela cells (B), AP-4 ¢ and TGN46 in WT
Hela cells (C), and AP-4 £ and TGN46 in ATG9A KO Hela cells (D). Images in the Right column are enlargements of the boxed areas. (Scale bars, 10 pm;

enlarged images in B-D, 1 um.)
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demonstrating that only the juxtanuclear staining is specific.
Merging of the ATG9A and AP-4 images in WT HeLa cells
showed partial colocalization of these proteins on the juxtanu-
clear structure (Fig. 24). The juxtanuclear population of both
ATGYA and AP-4 largely colocalized with the TGN marker
TGN46 (Fig. 2 B and C). These results are consistent with pre-
vious demonstrations of the localization of both AP-4 and
ATGYA to the TGN (4, 5, 25) and with the additional localiza-
tion of ATGYA to peripheral structures corresponding to
endosomes and PAS (24-27). Taken together, these results are
consistent with the interaction of ATG9A with AP-4 occurring at
the TGN.

Depletion of AP-4 Causes Accumulation of ATG9A at the TGN. What is
the functional significance of the ATG9A-AP-4 interaction at
the TGN? To address this question, we examined the effect of
depleting one component of the interacting pair on the locali-
zation of the other. We observed that KO of ATGY9A in HeLa
cells had no effect on the localization of AP-4 to the TGN (Fig.
2D). In contrast, KO of AP-4 ¢ in HeLa cells caused a striking
reduction of the dispersed cytoplasmic population of ATG9A
and its concentration at the TGN (Fig. 34). A similar re-
distribution of ATG9A to the TGN was observed upon KO of
AP-4 ¢ in the leukemia-derived HAP1 cell line (Fig. 3B) and,
even more strikingly, in mouse embryonic fibroblasts (MEFs)
from AP-4 ¢ KO mice (Fig. 3C). For better appreciation of the
generality of this redistribution, we show larger fields of cells in
Fig. S1. Airyscan superresolution imaging confirmed the tight
concentration of ATG9A in the TGN of AP-4 ¢ KO HeLa cells
stained for TGN46 and the close apposition of this compartment
to the cis-Golgi stained for GM130 in AP-4 ¢ KO MEFs (Fig.
S2). Transfection of HA-tagged AP-4 ¢ into AP-4 ¢ KO MEFs
decreased the concentration of ATG9A at the TGN and restored
its more dispersed distribution (Fig. 4 A and B). KD of the
ATGYA-interacting p4 subunit of AP-4 also caused accumu-
lation of ATG9A at the TGN (Fig. 4C). The distributions of
giantin, the transferrin receptor (TfR), the cation-independent
mannose 6-phosphate receptor (CI-MPR) and the y-subunit of
AP-1 (Fig. 4D), in addition to TGN46 and GM130 (Fig. 3),
were unchanged in AP-4 ¢ KO cells, indicating that depletion
of AP-4 did not cause a general disruption of the Golgi com-
plex or of sorting at the TGN. We also observed that KO of the
gene encoding the y1 subunit of AP-1, another complex that lo-
calizes to the TGN and/or endosomes, had no discernible effect on
the overall distribution of ATG9A (Fig. S3). From these experi-
ments, we concluded that AP-4 is specifically required for ATG9A
export from the TGN toward peripheral compartments.

Tepsin and AP-5 Are Not Required for ATG9A Exit from the TGN. To
date, tepsin is the only well-validated AP-4 accessory protein
(10-12). The fact that tepsin possesses two peptide motifs for
binding to the ¢ and p4 subunits of AP-4 (11, 12) makes it po-
tentially capable of cross-linking multiple AP-4 complexes, thereby
contributing to the assembly of AP-4 coats. We found, however,
that KO of tepsin in HAP1 cells did not alter the distribution of
endogenous ATG9A (Fig. 4E), indicating that AP-4 does not re-
quire tepsin for ATG9 export from the TGN.

AP-5 is another heterotetrameric complex homologous to AP-4,
which functions as an adaptor for the putative scaffolding pro-
teins SPG11 and SPG15 (34-36). Importantly for this study,
mutations in the genes encoding the {-subunit of AP-5 (AP5Z1)
(37), SPG11 (38), and SPG15 (39) cause HSP with thin corpus
callosum, similarly to mutations in AP-4 subunits. Furthermore,
both SPG11 and SPG15 have been implicated in autophagy (40,
41). It was therefore of interest to examine whether loss of AP-5
altered ATGYA localization. We found, however, that KO of
the AP-5 (-subunit in HAP1 cells had no effect on the distri-
bution of endogenous ATGY9A between the TGN and peripheral

E10700 | www.pnas.org/cgi/doi/10.1073/pnas.1717327114

structures (Fig. 4F). This finding is consistent with the proposal
that SPG11 and SPG15 function in lysosome reformation after
autophagy and not in autophagy initiation (41).

Increased Levels of ATG9A in AP-4 ¢ KO Cells. Immunoblot analyses
further revealed that KO of AP-4 ¢ in HeLa, HAP1, and MEF
cells increased the levels of ATG9A (Fig. 5 A and B). Con-
versely, KO of ATG9A in HeLa cells and MEFs had no effect on
AP-4 ¢ levels (Fig. 54). We considered the possibility that, by
impairing ATG9A transport from the TGN to endosomes and
PAS, AP-4 ¢ KO could decrease the turnover of ATGY9A in
lysosomes or autophagosomes. However, incubation of WT
HeLa cells for 3 or 5 h with the vacuolar H* ATPase inhibitor
bafilomycin Al, which inhibits lysosomal/autophagosomal deg-
radation (42, 43), did not alter ATG9A levels (Fig. 5C). This was
in contrast to another autophagy machinery component that is
known to undergo lysosomal/autophagosomal degradation,
MAPILC3B (herein referred to as LC3B) (44), which displayed
greatly increased levels after incubation of both WT and AP-4 ¢
in HeLa cells treated with bafilomycin Al (Fig. 5C). Finally,
incubation with cycloheximide for different times (i.e., cyclo-
heximide chase) followed by immunoblot analysis revealed that
ATGYA was highly stable for up to 20 h in both WT and AP-4 ¢
KO Hela cells (Fig. 5D). This was in contrast to LC3B, which
was rapidly degraded under the same conditions (Fig. 5D). We
concluded that KO of AP-4 ¢ increased the levels of ATG9A at
steady state in addition to causing its accumulation at the TGN.
This increase was not due to decreased lysosomal degradation
but most likely to increased synthesis.

Reduced Conversion of LC3B-1 to LC3B-Il in AP-4 ¢ KO Cells. Because
ATGOYA plays critical roles in autophagy, reportedly by deliv-
ering membranes or lipids to expanding PAS (24-27), we hy-
pothesized that AP-4—deficient cells would exhibit autophagic
defects. The most commonly used autophagy reporter is LC3B,
which undergoes conversion from a cytosolic, soluble form
(LC3B-I) to a lipidated, membrane-bound form (LC3B-II) as
a requisite for autophagosome formation (44). Immunoblot
analysis of endogenous LC3B indeed revealed several differ-
ences between WT and AP-4 € KO cells. First, AP-4 ¢ KO HeLa
cells exhibited a 3.2-fold increase in total levels of LC3B (i.e.,
LC3B-I plus LC3B-II) under basal conditions (Fig. 5 C and D,
0 time points; Fig. 6 4 and B; Fig. 6D, 0 time points). Second, the
basal ratio of LC3B-II to LC3B-I was lower in AP-4 ¢ KO HeLa
cells (Fig. 5 C and D, 0 time points; Fig. 6 4 and C; Fig. 6D,
0 time points) and MEFs (Fig. 6E, 0 time points) relative to
WT cells. The levels of total LC3B and the ratio of LC3B-II to
LC3B-I in AP-4 ¢ KO vs. WT HeLa cells remained different
even after treatment of the cells with bafilomycin Al, which
blocks autophagic flux (Fig. 5C). Finally, the ratio of LC3B-II
to LC3B-I was also lower in AP-4 ¢ KO vs. WT HeLa cells and
ME-Fs at all times after induction of autophagy by amino acid
and serum starvation (Fig. 6 D and E). Taken together, these
experiments indicated that the inability to mobilize ATG9A from
the TGN in AP-4 £ KO cells impairs LC3B lipidation and induces
a compensatory increase in total LC3B expression. Because of
this compensation, the absolute amount of LC3B-II in AP-4 ¢
KO HelLa cells and MEFs is maintained or even increased under
starvation conditions (LC3B-II band in immunoblots shown in
Fig. 6 D and E). In line with this observation, the levels of the
autophagosomal cargo receptor SQSTM1 (also known as p62),
which is itself degraded by autophagy (45), were not altered
in AP-4 ¢ KO HelLa cells (Fig. 64), suggesting that cells were
able to overcome the deficiency in ATGY9A distribution and
LC3B-I processing by up-regulating ATG9A (Fig. 5) and
LC3B (Fig. 6). This phenotype contrasted with that of ATG9A
KO cells, in which SQSTM1 levels were greatly elevated
(Fig. 64).
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mean + SEM of fluorescence intensity relative to the total from 15 cells in each group. Wider fields of cells are shown in Fig. S1. Airyscan microscopy of the
colocalization of ATG9A with TGN46 or GM130 is shown in Fig. S2.

Increased Number and Size of LC3B-Positive Structures in AP-4 ¢ KO  starvation has been shown to cause redistribution of ATG9A
Cells. Finally, we examined the effect of starvation on the dis- from the TGN to peripheral endosomes (25). We observed that
tribution of ATG9A and LC3B in AP-4 ¢ KO MEF. Amino acid the accumulation of ATG9A at the TGN in AP-4 ¢ KO MEFs
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fected) (red line) vs. nonrescued (untransfected) (green line) cells such as those in A. Values are the mean + SEM fluorescence intensity relative to the total
from 14 cells in each group. (C) Immunofluorescence microscopy of endogenous AP-4 and ATG9A in Hela cells treated with control siRNA or siRNA targeting
the p4 subunit of AP-4. (D) Immunofluorescence microscopy of endogenous giantin, TfR, CI-MPR, and AP-1 y1 in WT and AP-4 ¢ KO Hela cells. (E and F)
Immunofluorescence microscopy of endogenous ATG9A and TGN46 in tepsin KO (E) and AP-5 ¢ KO (F) HAP1 cells. Images on the Right are enlargements of
the boxed areas. (Scale bars, 10 pm.)
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and AP-4 ¢ KO MEFs (Fig. 7B). However, the number and size
of LC3B structures were slightly increased, and LC3B structures
were also more irregularly shaped, in AP-4 £ KO relative to WT
MEFs under both control and starvation conditions (Fig. 7 B
and C).

These experiments thus demonstrated that the absence of AP-4
and the resulting concentration of ATG9A at the TGN did not
prevent attachment of LC3B to PAS following starvation. How-
ever, the number and properties of the LC3B-positive structures
were altered, suggesting abnormal PAS maturation.

Discussion

ATG9A is unique among the components of the core autophagy
machinery not only for being the only multispanning membrane
protein in this group, but also for its property of cycling between
a central TGN compartment and various peripheral compart-
ments, including early, recycling, and late endosomes (25-27, 46)
as well as PAS (24, 47). The mechanisms that control this cycling,
however, are incompletely understood. Particularly lacking is
information on how this protein exits the TGN in mammalian
cells. In the yeast Saccharomyces cerevisiae, export of Atg9 into
Golgi-derived vesicles requires the peripheral membrane protein
Atg23 and integral membrane protein Atg27 (48, 49). However,
these proteins have no known orthologs in mammals. Our find-
ings show instead that exit of ATG9A from the TGN in mam-
malian cells requires the nonclathrin adaptor complex AP-4.
The requirement of AP-4 for export of ATG9A from the TGN
owes to a direct interaction of a YXX@E motif in the N-terminal
tail of ATGYA (i.e., the sequence YQRLE) with the p4 subunit
of AP-4. This mode of interaction is similar to that of members
of the amyloid precursor protein (APP) family, including APP,
APLP1, and APLP2, and may likewise involve binding of the
YQRLE sequence to a site on p-strands 4, 5, and 6 of the p4
C-terminal domain (13). ATG9A also has two loops and a

AP-4 £ KO MEF AP-4 £ KO MEF

60 min

60 min

—_ | AP4 5 KO MEF;

AP-4 £ KO MEF

C-terminal tail facing the cytosol that could harbor additional
sorting information (Fig. 1B). Nevertheless, the YXX@E motif
in the N-terminal tail of ATGYA is essential for interaction with
the whole AP-4 complex, as demonstrated by the loss of copre-
cipitation of these proteins upon mutation of the critical Y8
residue in the motif. BLASTP analysis showed that the YXXO@E
motif is conserved in ATG9A orthologs from all vertebrate
species, in most cases as the exact YQRLE sequence, and in a few
cases as YQRLD, in which an aspartate conservatively substitutes
the glutamate residue. Vertebrates have a paralogous ATG9B
protein with a more restricted pattern of tissue expression (e.g.,
placenta and pituitary gland in mammals) (50). The sequence of
the N-terminal tail of ATGYB is quite divergent from that of
ATGOA, but nevertheless it contains a sequence fitting the YXXOE
motif: YERLE in all mammals, and variants such as YRRLE,
YHRLE, YQRIE, and YQRID in other vertebrates. These ob-
servations suggest evolutionary pressure to conserve this motif in
ATG9 isoforms from all vertebrates, presumably because of the
need for recognition by the p4 subunit of AP-4. In contrast, the S.
cerevisiae ATGIA ortholog does not have an YXX@E motif and
this species also lacks an AP-4 complex, consistent with the in-
terdependence of both elements of this signal-adaptor interaction.
We speculate that yeast ancestors may have lost this sorting
mechanism because the small size of the cells does not necessitate
deployment of Atg9 far away from the Golgi complex.

The YQRLE sequence in ATG9A has also been shown to in-
teract with the related AP-1 and AP-2 complexes (27, 30), although,
in our experiments, interactions with the corresponding pl and
p2 subunits were weaker than those with p4, as evidenced by their
inability to support yeast growth in Y2H assays performed under
high stringency conditions (i.e., high concentrations of 3-amino-
1,2,4-triazole) (AT) (Fig. 1C). The interaction with AP-2 likely
mediates internalization of ATG9A from the cell surface for de-
livery to endosomes and PAS (27, 32, 33). The significance of the
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Fig. 7. Abnormal LC3B structures in starved AP-4 £ KO cells. (A and B) Immunofluorescence microscopy for endogenous ATG9A (A) or LC3B (B) in WT and AP-4
¢ KO MEFs incubated for 0 or 60 min in amino acid- and serum-free DMEM. Images in the Right column are magnifications of the boxed areas. (Scale bars,
10 pm; enlarged images at Right, 1 pm.) The arrow indicates the irregular shape of an LC3B structure. (C) Quantification of the number and size of LC3 puncta
from experiments such as that in B using ImageJ with Analyze Particles. Values are the mean + SEM from 20 cells per sample. *P < 0.05, **P < 0.01, ***P <

0.001, ****P < 1 x 107>,
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interaction with AP-1 (30) is less clear. Guo et al. (31) showed that
KD of the AP-1 y1 subunit reduced starvation-induced autopha-
gosome formation, but the role of AP-1 in ATG9A trafficking was
not addressed. We observed that AP-1 y1 KO did not alter the
distribution of ATG9A between the TGN and peripheral com-
partments (Fig. S3), suggesting that AP-1 is not involved in ATG9A
exit from the TGN but possibly in a different transport step.

Given that tepsin has the potential to cross-link multiple AP-4
heterotetramers (11), we hypothesized that it could also partic-
ipate in ATGO9A trafficking. However, we found that tepsin is not
required for export of ATG9A from the TGN. This finding, plus
the fact that AP-4 does not depend on tepsin for association with
the TGN (10), is most consistent with tepsin being a truly acces-
sory protein. As is the case for other ENTH and VHS domain-
containing proteins that function in association with clathrin coats
(51, 52), the function of tepsin may be to expand the repertoire of
cargos that are sorted by AP-4 coats.

The accumulation of ATG9A at the TGN in AP-4 KO or KD
cells has functional consequences. A striking phenotype is the de-
creased ratio of lipidated LC3B-II to cytosolic LC3B-I under both
basal and starvation conditions. ATG9A is thought to function to
deliver membranes and/or lipids to the growing phagophores (26,
48). Our results indicate that this process partially contributes to
LC3B lipidation. However, cells appear to compensate for this
deficiency by increasing the levels of both ATG9A and total LC3B.
As a result, the absolute amounts of LC3B-II are not diminished
but moderately elevated in HeLa cells and MEFs under starvation
conditions. Consistent with this, staining for LC3B is somewhat
stronger in AP-4 ¢ KO MEFs relative to WT MEFs under star-
vation conditions. These compensatory events may account for the
observation that AP-4 ¢ KO Hel.a cells, in contrast to ATG9A KO
cells, have normal levels of SQSTM1. Despite this compensation,
AP-4 ¢ KO MEFs exhibit an abnormal number and morphology of
LC3B-positive structures. The up-regulation of ATG9A and LC3B
may thus mitigate some but not all autophagy defects in AP-4 ¢ KO
cells, particularly under starvation conditions.

ATGOYA KO cells have more severe autophagic defects than
those of the AP-4 £ KO cells described here (53, 54). This dif-
ference may explain why ATG9A KO mice die embryonically or
postnatally (53, 55, 56), whereas AP-4 p4 KO mice are viable
(17). This may also be the reason why AP-4—deficient patients
survive to adulthood, albeit with serious neurological problems.
These problems could arise from missorting of AP-4 cargos such
as AMPAR (17) or APP family members (13), which play impor-
tant roles in neurodevelopment and synaptic function (57, 58).
However, it is likely that the missorting of ATG9A and consequent
autophagic defects reported here might also contribute to the
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pathogenesis of this type of complicated HSP. In light of our
findings, the accumulation of AMPAR in autophagosomes of AP-4
p4 KO mice could result not just from missorting of AMPAR to
the axon but also from impaired degradation of AMPAR in
autophagosomes. It is worth noting that other HSPs, such as
SPG11, SPG15, and SPG49, are also associated with autophagic
defects (40, 41, 59, 60). SPG49, in particular, is caused by mutation
in an LC3B-interacting protein, TECPR?2, and cells from SPG49
patients show decreased LC3B-II levels (59). Moreover, altered
autophagy is thought to contribute to neurodegenerative disorders
such as Alzheimer’s, Parkinson’s, and Huntington’s diseases,
amyotrophic lateral sclerosis, and spinal muscular atrophy, among
others (61). A likely explanation is that impaired autophagy pre-
vents the clearance of protein aggregates or damaged organelles,
which are particularly toxic to neurons. We think that the special
vulnerability of neurons to autophagy dysfunction could account
for the neurological manifestations of AP-4 deficiency.

In sum, our studies have identified ATG9A as a specific cargo
for AP-4. The export of ATGY9A from the TGN to peripheral
compartments mediated by AP-4 promotes the early stages of
autophagosome formation. Some of these peripheral compart-
ments are part of the endosomal system (25-27, 46) and, conse-
quently, AP-4-mediated export represents a form of anterograde
transport. Other peripheral compartments containing ATG9A,
however, correspond to PAS that arise in association with the
endoplasmic reticulum (ER) (62), ER-Golgi intermediate com-
partment (ERGIC) (63), or mitochondria (64). Could AP-4 then
be considered to mediate some kind of retrograde transport, as is
the case for the related COPI coat (65)? Answers to this and other
questions concerning the transport of ATG9A will require a better
understanding of the connections between all of the compartments
through which ATG9A traffics in the performance of its function.

Materials and Methods

Recombinant DNA constructs, antibodies, cell lines, yeast two-hybrid assays,
cell transfection, RNA interference, immunoprecipitation and immunoblot-
ting, amino acid and serum starvation, bafilomycin and cycloheximide
treatment, immunofluorescence microscopy, and image and statistical
analysis are described in S/ Materials and Methods. All animal procedures
were conducted under protocol 15-021 approved by the National Institute of
Child Health and Human Development Animal Care and Use Committee.
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