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Abstract

Secretory carrier membrane protein 5 (SCAMP5) is a
transmembrane protein that is highly expressed in the brain and
predominantly localized to synaptic vesicles (SVs). As a key
regulator of synaptic function in neurons, recent studies have
shown that SCAMP5 1is involved in the regulation of SV
endo/exocytosis and protein trafficking, particularly at the axon and
presynaptic localization. Moreover, studies have shown that
SCAMP5 is not only enriched in SVs but also highly expressed in
the Golgi network. However, unlike studies that have established its
role at the synapse, it i1s unclear why SCAMP5 is located in the

Golgi network.

The initial insight came from my experiments, in which I
found that depletion of SCAMP5 resulted in aberrant
autophagosome formation at presynaptic boutons. I performed a
co—immunoprecipitation analysis and revealed that SCAMP5S
directly binds to adapter protein 4 (AP—4), especially the p4
subunit of AP—4 (AP4M1). Protein—protein interaction analysis
using truncated constructs has revealed that AP4M1 directly
associates with the N-—terminal region of SCAMPS.
Immunocytochemistry and fluorescent 1imaging analysis have
revealed that the interaction between SCAMP5 and AP4M]1 plays a
key role in the recruitment of AP—4 to the trans—Golgi network
(TGN). AP—4 is known to play a critical role in vesicle—mediated
protein transport by selecting and packaging cargo at the TGN, and

one of the AP—4-—mediated export cargoes is a core autophagy
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protein ATGY9A. 1 found that either the shRNA-—mediated
knockdown (KD) of SCAMPS5 or the disruption of SCAMP5/AP4M1
interaction resulted in a significant decrease in the axonal
trafficking of ATGY9A vesicles into presynaptic terminals. It
subsequently led to impaired presynaptic autophagy and reduced

turnover of SV proteins at the presynaptic terminals.

The results of this study suggest that SCAMP5 through
direct interaction with AP—4, plays a critical role in the recruitment
of AP—4 to the TGN and subsequently regulates the axonal
trafficking and synaptic localization of ATGY9A. Given the
established correlation of both SCAMP5 and autophagy deficiency in
neurodevelopmental disorders, conducting further investigations
offers a valuable opportunity to elucidate the complex molecular

mechanisms underpinning the pathogenesis of these conditions.

Keyword: SCAMP5, AP—4, ATG9A, presynapse, axonal trafficking,
autophagy
Student Number: 2021—-22014
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Introduction

Secretory carrier membrane proteins (SCAMPs), a family of
ubliquitous tetraspanning vesicle membrane proteins, are known to
function in vesicular trafficking and recycling processes. Among
five SCAMPs (SCAMP1~5), SCAMP1 and SCAMP5 are highly
expressed in the brain and synaptic vesicle (SV) [1]. However,
studies have shown that knockout of SCAMP1 does not result in
defects in neural function, whereas SCAMP5 appears to be a critical
protein in the regulation of synaptic function [2]. Recent research
has highlighted the significance of SCAMPS5 deficiency in the
pathogenesis of various neurodevelopmental diseases such as
autism, pediatric epilepsy, and Parkinson's disease [3—5]. This is
attributed to the critical role of SCAMP5 in SV endocytosis during
high neuronal activity conditions [6], regulating short—term
depression of SV exocytosis through clearance of release sites [7],
and axonal trafficking and synaptic localization of NHE6 to modulate

quantal size at glutamatergic synapses [8].

Adapter protein (AP) complexes are heterotetrameric
proteins composed of four subunits: 4 subunits: two large subunits
(B1-5, and either a, ¥, 8, € or ¢), one medium subunit (ul—>5)
and one small subunit (o1-5). They play a key role in the
vesicular trafficking of transmembrane proteins. While five
members of AP complexes have been identified, AP—1 and AP—2
are well—known for their functions as a bridge between clathrin and
transmembrane proteins, aiding in the formation of clathrin—coated
vesicles [9]. On the other hand, AP—4 and AP—5 are independent
of clathrin and have been implicated in various cellular processes,
including lysosomal biogenesis, protein sorting in the TGN, and
vesicular transport [10—13]. Mutations in any of the subunits of
AP—4, including B4 (AP4B1), €4 (AP4E1), u4 (AP4M1), and o4
(AP4S1) lead to AP—4 deficiency syndrome, also known as AP—4

associated hereditary spastic paraplegia (HSP). This condition is



assoclated with a range of disorders, such as developmental delay,
intellectual disability, and epilepsy [10, 14—16], but the underlying
physiological mechanisms of these conditions remain poorly

understood.

Autophagy 1s a protein—degradative pathway that maintains
cellular homeostasis, growth, differentiation, and development [17—
20]. The process involves the formation of a pre—autophagosomal
structure known as the phagophore or isolation membrane, which
eventually matures into an autophagosome. The autophagosome
then fuses with lysosomes, leading to the degradation and recycling
of proteins. Autophagy requires more than 30 proteins to complete
all its steps, and autophagy-—related (ATG) proteins serve as
critical markers for the identification and characterization of each
step in the autophagy process [21]. Among the ATG proteins,
ATGIA, the only transmembrane protein in the autophagy pathway,
plays a vital role in the initiation of phagophore formation. ATG9A
is located in the somatodendrites, axons, and axon terminals, where
it plays a key role in generating autophagosomes through vesicular
transport from the trans—Golgi network (TGN) [22, 23]. Recent
studies have suggested that ATGY9A localizes at the presynaptic
terminal by AP—4 exportation [24, 25]. Nevertheless, the complete
pathway and underlying mechanisms regulating the localization of
ATG9A at presynaptic terminals remain elusive, and further studies

are needed to elucidate the exact details of this process.

In this study, I found that SCAMPS5 i1s significantly enriched
at both presynaptic boutons and the Golgi network in rat
hippocampal neurons. Importantly, the downregulation of SCAMP5
resulted in impaired autophagosome formation at presynaptic
boutons, indicating a critical role for SCAMP5 in presynaptic
autophagy. Further investigation revealed that the N-—terminal
region of SCAMPS5 directly interacts with AP4M1. The absence of
SCAMP5 disrupts the localization of AP—4 at the TGN, impeding the
proper targeting of ATG9A to presynaptic boutons. The failure in
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presynaptic localization of both overexpressed and endogenous
ATG9A is correlated with its accumulation at the TGN. The
observed defects in SCAMPS5 knockdown were also evident in
neurons with AP4M1 knockout, indicating that the presynaptic
localization of ATGY9A 1s mediated by the interaction between
SCAMPS and AP4M1. In addition, the knockdown of SCAMPS5 led to
the accumulation of an older pool of synaptic vesicle proteins,
indicating defects in autophagy and protein turnover at the

presynaptic terminals.

Taken together, the findings from this study underscore the
significance of the interaction between SCAMP5 and AP4M1 at
TGN in regulating the presynaptic localization of ATG9A. The
disruption of this interaction leads to defects in the transport of
ATGYA and subsequent autophagosome formation at presynaptic
boutons, thus impairing protein turnover at the presynaptic
terminals. My study further proposes that targeting SCAMP5's role
in presynaptic autophagy holds promise as a potential therapeutic

approach for addressing presynaptic autophagy —related disorders.



Materials and Methods

Plasmid DNA Construction

Full-length or domain fragments of GFP—tagged rat SCAMP5 cDNA
(NM—-031726) constructs and small hairpin RNA (shRNA) for
SCAMP5 were made as previously reported [6—8]. Missense or
nonsense mutation of SCAMPS5 constructs was made by site—
directed mutagenesis. AP4M1—HA construct was generated by
insertion of the HA epitope at the C—terminal region of the human
AP4M1 cDNA (purchased from Korea Human Gene Bank, Medical
Genomics Research Center, KRIBB, Korea). The target sequence
for AP4M1 knockout (KO) based on CRISPR/Cas9 system was
predicted by CCTOP [26]. sgRNA—-targeting AP4M1 exon 1: 5'—
CCTTCTTGTCTTACTTCTTGA—-3"- was cloned into
pSpCas9 (BB) —2A—GFP (PX458—GFP) purchased from Addgene
(Plasmid #48138) as described in the Zhang Lab General Cloning
Protocol [27].

The following plasmids were generously provided: GFP—
Synaptophysin (from Dr. Jane Sullivan, University of Washington),
mNeongreen—Giantin (from Dr. Dorus Gadella, Addgene Plasmid
#98880), pMXs—puro—RFP—ATG9A (from Dr. Noboru Mizushima,
Addgene Plasmid #60609), and FU-mFT-SV2 (from Dr. Craig

Garner, German Center for Neurodegenerative Diseases (DZNE)).

Antibodies

Anti—rabbit SCAMP5 (ab3432; Abcam), Anti—mouse synaptophysin
1 (101 0O11; Synaptic Systems), Anti—mouse EEA1 (610456; BD
Biosciences), Anti—mouse LAMP1 (MA1-164; Invitrogen), Anti—
mouse TGN38 (610898; BD Biosciences), Anti—rabbit TGN38
(NBP1-03495; Novus Biologicals), Anti—rabbit LC3B (L7543;
Sigma), Anti—rabbit AP1M1 (ap50198pu—n; ACRIS), Anti—mouse
AP2M1 (611350; BD Biosciences), Anti—rabbit AP4M1 (PA5—
22380; Invitrogen), Anti—rabbit p—tubulin (ab6046; Abcam), Anti—
mouse HA (901514; BioLegend), Anti—mouse AP4E1 (612018; BD
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Biosciences), Anti—rabbit ATG9A (ab108338; Abcam), Anti—rabbit
Arfl (PA1-127; Invitrogen), and Anti—mouse SQSTM1/p62
(abb56416; Abcam) were used in the experiments. Anti—rabbit GFP
antibody was custom—made by affinity purification by our
laboratory. All horseradish peroxidase—conjugated secondary IgG
antibodies (Jackson ImmunoResearch) and Alexa Fluor secondary
antibodies (Thermo Fisher Scientific) were used respectively in

each experiment.

Cell lines culture and transfection

HEK—-293T and HT—22 cell lines were maintained in Dulbecco's
Modified Eagle's Medium containing 10 % fetal bovine serum (FBS),
100 U/ml penicillin, and 100 pg/ml streptomycin at 37 °C in 5 %
COZ2 humidified incubator.

Cells were transfected by PEI-MAX (MW 40,000). For 90 mm
culture dishes, 10 pg of plasmid DNA were added to Opti—MEM
each and mixed briefly, followed added 30 pg PEI-MAX (1:3 ratio)
and incubated for 20 min. After incubation, the transfection mixture
was added to cells for 3 hr and replaced with fresh complete

medium.

Rat primary hippocampal neuron culture and transfection

For primary hippocampal neuron culture, the fetal Sprague Dawley
rats (at embryonic day 18) were euthanized by CO2 for dissection
of the hippocampus. Embryonic hippocampi were treated with
papain and DNase in HBSS at 37 °C and dissociated in plating
medium (minimum essential medium (MEM), 0.6 % glucose, 1 mM
sodium pyruvate, 2 mM GlutaMax (Gibco), and 10 % FBS) after
trituration with polished half—bore Pasteur pipettes. Approximately
40,000 cells were plated onto poly—D-—lysine—coated 18 mm glass
coverslips in 60 mm dishes. After 3 hr, the plating medium was
replaced with the neurobasal medium (Invitrogen) containing 2 %
B—27 supplement (Invitrogen), 0.5 mM GlutaMax, and 1 uM



Cytosine 1—B—D—arabinofuranoside (Ara—C; Sigma—Aldrich). Cells
were maintained at 37 °C in a 5 % COZ humidified incubator, and
half of the medium was replaced with the fresh complete neurobasal
medium at DIV 4, 7, and 14. All animal experiments were performed
according to the Institute of Animal Care and Use Committee
guidelines of Seoul National University (SNU—-220525-4).

Hippocampal neurons were transfected at DIV 7—10 using the
calcium phosphate method. 9 pg of plasmid DNA and 10 pl of 2.5 M
CaCly were mixed in distilled water (Final volume: 75 ul) and added
to the equal volume of 2x BBS (50 mM BES, 280 mM NacCl, and 1.5
mM Na.HPO,; pH 7.1). The mixture was incubated for 20 min at
room temperature and then added to neurons in transfection
medium (MEM, 0.6 % glucose, 1 mM sodium pyruvate, 10 mM
GlutaMax (Gibco), and 10 mM HEPES; pH 7.65) for 1 hr at 37 °C.
After 1 hr, the medium was replaced with washing medium (MEM,
0.6 % glucose, 1 mM sodium pyruvate, 10 mM GlutaMax, and 10
mM HEPES; pH 7.35) for 30 min at 37 °C and again replaced with

the original complete neurobasal medium.

Immunocytochemistry

Cultured rat hippocampal neurons were fixed in 4 %
paraformaldehyde with 4 % sucrose in PBS for 10 min at room
temperature (RT). Then, neurons were washed three times by
PBS—G (50 mM glycine in PBS) and blocked with 10 % normal goat
serum (NGS) and 0.1 % Tx—100/PBS for 1.5 hr at RT. Neurons
were incubated with respective primary antibodies diluted in
blocking solution (5 % NGS and 0.1 % Tx—100/PBS) overnight at
4 °C, followed by secondary antibodies incubated with blocking
solution for 45 min at 37 °C. After immunostaining, coverslips were
finally washed again and mounted on a sliding glass with an aqueous

mounting medium (Dako).

Western blot and immunoprecipitation



Cells were lysed with 1 % Triton X—100 lysis buffer (20 mM Tris—
HCl (pH 8.0), 1 % Triton X—100, 10 % Glycerol, 137 mM NaCl, 2
mM EDTA, 1 mM PMSF, and 1x protease inhibitor cocktail
(Sigma)). Cell lysates were centrifuged at 14,000 xg for 20 min at
4 °C after sonication and collected only supernatants for samples.
Obtained lysates were mixed with 2x or 5x protein sample buffer
and boiled for 5 min at 100 °C. For the blotting of ATG9A protein,
samples were not subjected to boiling to prevent protein
aggregation caused by the transmembrane nature of ATG9A. Each
sample was loaded onto Tris—glycine gels (6—-12 %) and
transferred to 0.45 um PVDF membranes (Pall Life Sciences). After
protein transfer, membranes were blocked with 5 % skim milk
diluted in TBS—T (Tris—buffered saline with 0.1 % Tween—20) for
30 min and incubated with respective primary antibody for
overnight at 4 °C. After 3 times washing by TBS—T, membranes
were incubated with appropriate horseradish peroxidase (HRP)-—
conjugated secondary antibody for 45 min at RT. The
chemiluminescence signals were developed by an enhanced
chemiluminescence reagent (AbClon) and detected with Amersham
Imager 680 (GE Healthcare).

For immunoprecipitation, the same amounts of protein (500—1000
ng) were incubated with primary antibody overnight at 4 °C. After
incubation, Protein A—Sepharose beads (GE Healthcare) or Pierce
Protein A/G Magnetic beads (Thermo Scientific) as related to
experiment for 2 hr at 4 °C and washed 3 times with lysis buffer.
Beads were eluted with 2x protein sample buffer and boiled for 5
min at 100 °C. The following procedures were the same as the

western blotting protocol.

Adeno—associated virus (AAV) production
HEK—-293T cells were triple transfected with an inverted terminal
repeat (ITR) vector containing the gene of interest, pAAV—DJ (Cell
Biolabs) and pHelper (Cell Biolabs) in a 1:1:1 molecular weight
ratio. The transfection was perfor7med using PEI and the c]e__%ls .j'é\]ef
A =-



harvested 48—72 hours after transfection. Cell pellets were

resuspended in phosphate—buffered saline (PBS) and subjected to

four rounds of freezing and melting with a cooling and warming bath.

The AAVs were purified using polyethylene glycol 8000 (PEG
8000) —NaCl and extracted with chloroform to remove hydrophilic
proteins and PEG residues. After 30 min of incubation to remove
chloroform, the collected AAVs were concentrated using dialysis
tubes and stored at —80 °C. Genomic titers of AAV were
determined using the StepOne Real—Time PCR System (Applied
Biosystems), and 10 multiplicities of infection (MOI) of AAV were

used for infection.

Fluorescence imaging and statistical analysis

For live cell imaging, neurons at DIV 14—16 were imaged in
Tyrode's solution (136 mM NaCl, 2.5 mM KCI, 2 mM CaCls, 1.3 mM
MgCly, 10 mM glucose, 10 mM HEPES; pH 7.4, 285—290 mOsm)
using a Nikon spinning disk confocal microscope (CSU—X1, Nikon)
equipped with a 40X oil—immersion objective lens (Plan Apo NA
1.30) and a Neo sCMOS camera (Andor Technology) driven by
NIS—Elements software. All other images were acquired using
7ZEISS laser scanning microscope LSM980 (Carl Zeiss, Jena,
Germany) equipped with a 63X oil—immersion objective lens (Plan—
Apochromat 1.4) and an AxioCam305 mono camera (Carl Zeiss)
driven by Zen blue 3.4 software, or a spinning disk confocal

microscope as described above.

To analyze protein colocalization, Mander's colocalization
coefficients (MCCs) were calculated with ImageJ (NIH) and JACoP
plugin (https://imagej.nih.gov/ij/plugins/track/jacop2.html).  All
values are presented as the mean £ SEM. The average MCC value
of each sample was compared using either a student’s t—test or a
one—way ANOVA followed by Tukey's post hoc test. The
significance of all data is reported as *p < 0.05, #xp < 0.01, **xp <
0.001.



Results

N—terminal region of SCAMP5 binds to AP4M1 at the trans—
Golgi network

SCAMPs are known to be distributed across synaptic
vesicles, secretion granules, transporter vesicles, endosomal
compartments, and Golgi membranes [8, 28—31]. To investigate the
distribution of SCAMPS5, I first performed immunocytochemistry
(ICC) and fluorescence imaging in the primary rat hippocampal
neurons (Figures 1A and B). SCAMPS5 is significantly enriched at

presynaptic boutons and also highly distributed at the Golgi network.

This phenomenon is specific to SCAMP5 and not observed in
another synaptic vesicle protein (Figures 2A and B), suggesting
that SCAMP5 plays a distinct role with the Golgi network in
neuronal cells.

Through further investigations, 1 observed that the
downregulation of SCAMP5 in hippocampal neurons resulted in
impaired autophagosome formation, especially at presynaptic
boutons. Treatment with 2 M rapamycin, a widely recognized
inducer of autophagy in neuronal cells [32], promoted the formation
of autophagosomes at the presynaptic boutons in hippocampal
neurons. In contrast, the downregulation of SCAMP5 with
previously validated short hairpin RNA (shRNA) to knockdown
(KD) SCAMP5 expression [6—8], led to a significant reduction of
autophagosome formation (Figures 3A and B). Notably, this
defective phenomenon was observed across the overall population
of boutons, rather than being limited to a subset (Figure 3C). These
findings were further supported by the increased expression of
LC3-1II, an autophagic marker, in both control and SCAMP5
knockdown neurons upon rapamycin treatment (Figures 4A and B),
indicating  that SCAMP5S knockdown  especially impairs
autophagosome formation at the presynaptic boutons. The observed
phenomena are also evident during activity —dependent induction of
autophagy by 90 mM high KCI (Figures 5A—C), emphasizing the
crucial role of SCAMP5 in facilitating presynaptic autophagosome
formation.

Autophagy initiation and expansion of phagophores depends
on the cargo, and the source of membrane, which are derived from
the endoplasmic reticulum, Golgi, and plasma membrane [33—35].
Additionally, previous studies have shown that the adapter protein 4
(AP—4) located at the trans—Golgi network (TGN) plays important
role in regulating autophagy in axons [24, 25]. To establish a

-
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connection between SCAMP5 at the Golgi network and autophagy, I
investigated the potential interaction between SCAMP5 and AP—4.
Co—immunoprecipitation assay was performed, which revealed that
SCAMPS5 interacts with u4 subunit of AP—2 (AP2M1), as previously
found [7], and with AP—4 (AP4M1) in the rat hippocampal neurons,
but not with AP—1 (AP1M1) (Figures 6A—C). This interaction was

observed to have high colocalization at the TGN (Figures 7A and B).

To identify the binding domain of SCAMP5 with AP4M]1, another
co—immunoprecipitation assay was performed (Figure 8A). Despite
the interaction between SCAMP5 and AP4M]1, none of the cytosolic
domains of SCAMP5 (Nt cyto, 2/3 cyto, and Ct cyto) interacted
with AP4M1 (Figure 8B). However, the N-—terminal region
containing the first transmembrane region (Nt—TM1) was found to
be responsible for binding to AP4M]1, while the C—terminal region
containing the fourth transmembrane region (TM4—Ct) and 2/3 loop
flanked by a transmembrane region at both N— and C— termini
(TM2—-2/3—TM3) did not show any binding affinity (Figure 8C),
indicating that the transmembrane domain is also crucial for AP4M1
binding to the N-—terminal region of SCAMP5. To confirm the
importance of the N—terminal region of SCAMP5 for its interaction
with AP4M1, an experiment conducted using a mutant form of
SCAMPS5 lacking the N—terminal region (ANt), which revealed a
lack of interaction with AP4M1 (Figure 8D). Collectively, these
results indicate a direct binding between AP4M1 and the N-—
terminal region of SCAMP5 at the TGN.

SCAMP5/AP4M1 interaction mediates AP—4 localization at the
trans—Golgi network

Although AP—4 1s known to be important for cargo export
from the TGN [10, 11], there is still limited research on the
recruitment mechanism of AP—4 to the TGN. Given the interaction
between SCAMP5 and AP—4 at the TGN, I hypothesized that
SCAMP5 plays a role in recruiting AP—4 to the TGN. To test this
hypothesis, I performed ICC to visualize the location of AP—4 upon
downregulation of SCAMPS in rat hippocampal neurons. Due to the
unavailability of commercial antibodies for the detection of
endogenous AP4M1, I use an antibody against the AP4E1l to
observe the localization of endogenous AP—4 for ICC. The results
showed that AP—4 localized predominantly at the TGN, and the
downregulation of SCAMP5 significantly reduced the amount of
AP—4 in the cell body and its recruitment to the TGN (Figures 9A—
D). These results further suggest that the interaction between
SCAMP5 and AP4M1 is essential for the proper localization of AP—

-
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4 at the TGN.

Knockdown of SCAMP5 or disruption of SCAMP5/AP4M1
interaction interferes with the axonal trafficking and
presynaptic localization of ATG9A

Recent studies have shown that the autophagy-—related
protein 9A (ATGY9A) is an essential protein for presynaptic
autophagy, which is facilitated by cargo transport from the TGN via
the AP—4 complex in mammals [24, 25, 36]. Downregulation of
SCAMP5 has been shown to result in defective autophagosome
formation at presynaptic boutons (Figures 3 and 5), and the
recruitment of AP—4 to the TGN is mediated by SCAMP5 (Figure
9). Based on the hypothesis that SCAMP5 regulates the trafficking
pathway of AP—4/ATG9A for presynaptic autophagy, I conducted
co—transfection of ATG9A and SYP, a presynaptic bouton marker,
with scrambled RNA or shRNA targeting SCAMP5 in rat
hippocampal neurons (Figures 10A, B and D). In SCAMP5
knockdown neurons, I observed impairments specifically in the
trafficking of ATG9A vesicles to the axon, while the localization of
SYP remained unaffected. Furthermore, there was a reduced
localization of ATGY9A to presynaptic boutons in SCAMP5S
knockdown neurons (Figures 10E—G), and expressing a shRNA—
resistant form of wild—type SCAMP5 (SC5 RES) fully rescued
observed impairments in ATGY9A trafficking and localization to
presynaptic boutons (Figures 10C—G).

To address concerns regarding potential artifacts resulting
from ATGY9A overexpression, I then performed ICC to examine the
endogenous localization of ATGY9A in control, SCAMP5 KD, and
AP4M1 KO neurons. To achieve knockout (KO) of AP4MI1, I
employed Clustered Regularly Interspaced Short Palindromic
Repeats/Cas9 (CRISPR/Cas9) technology. Especially, I designed a
single guide RNA (sgRNA) targeting the first exon of AP4M1 and
cloned it into pSpCas9 (BB) —2A—GFP (px458) vector [27] (Figure
11A). AP4M1 protein KO by CRISPR/Cas9 was validated by
performing immunoblotting (Figures 11B and C) and genomic DNA
cleavage surveyor assay [37] (Figure 11D). The sgRNA used for
CRISPR/Cas9—mediated KO was designed to target AP4M1, but
also effects on the expression of the €4 subunit of AP—4 (AP4E1l)
were observed (Figure 11B). The fluorescent images revealed
that ATG9A was predominantly localized at the TGN (Figures 12A,
E, and F). However, in SCAMP5 KD and AP4M1 KO neurons, there
was an increased accumulation of ATGY9A in the cell body within the
TGN (Figures 12B, C, E, and F). Notably, the accumulation rate of

-
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ATGI9A was found to be higher in AP4M1 KO neurons compared to
SCAMP5 KD neurons (Figures 12D—F). This observation may be
attributed to the 3—4 folding upregulation of ATG9A protein
synthesis resulting from the AP—4 protein KO, as reported
previously in the literature [25, 38, 39]. Therefore, there is a
possibility that downregulation of SCAMP5 may not much impact
the expression level of ATG9A protein. To rule out this possibility,
immunoblot analysis was performed using neuron lysates from
control and SCAMP5 knockdown neurons. Based on the
immunoblotting data, the total amount of endogenous ATGY9A was
found to be 1.5—fold higher in SCAMP5 KD neurons, indicating that
SCAMP5S downregulation did not significantly affect the synthesis of
ATGY9A protein compared to AP—4 KO neurons (Figures 13A and
B). To investigate the impact of SCAMP5 or AP4M1 downregulation
on endogenous ATGY9A localization, I conducted an additional ICC
experiment to examine the axonal distribution of endogenous
ATGY9A. SCAMPS5 KD and AP4M1 KO neurons both resulted in
defective trafficking of ATG9A in the axon and reduced localization
of ATGY9A to presynaptic boutons, similar to the effects observed
with ATGY9A overexpression (Figures 14A-F, G, and H).
Furthermore, in double SCAMP5 KD+AP4M1 KO neurons, there
was no significant difference in the defective trafficking of ATG9A
compared to neurons with SCAMP5 KD or AP4M1 KO alone
(Figures 14G—H). This finding confirms that SCAMP5 and AP—4
are involved in the same trafficking for ATG9A. Consequently, I
propose that the interaction between SCAMP5 and AP—4 serves as
a crucial regulatory mechanism governing the ATGY9A trafficking
pathway from the TGN to the presynaptic boutons.

Accumulation of older synaptic vesicle proteins in neurons with
SCAMP5 knockdown

Due to the involvement of presynaptic autophagy in the
removal of old synaptic vesicle (SV) proteins [38, 40], 1
hypothesized that SCAMPS5 plays a role in the recycling pathway of
SV protein through the autophagy pathway. To address this
possibility, I utilized a medium fluorescent timer (mFT) construct
tagged with SV2, a protein of the SV (mFT—-SV2) [41]. The mFT—-
SV2 construct allowed us to monitor the age of the SV protein pool
by the change in the fluorescent color from blue to red as time
elapsed based on the blue/red fluorescent ratio [42]. I transfected
mFT—-SV2 in both control and SCAMP5 KD neurons, and results
showed that SCAMP5 KD neurons displayed defects in protein

turnover of SV proteins at the presynaptic terminals compared to
§
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the control group (Figures 15A and B). The observed accumulated
older pool of SV proteins in SCAMP5 KD neurons was not limited to
specific boutons but was observed across a broad range of boutons
(Figure 15C). These results confirm that the formation of
presynaptic autophagosomes, mediated by SCAMP5/AP—4/ATG9A,
regulates the recycling of SV proteins at the presynaptic boutons.
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SCAMPS5 subcellular localization
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Figure 1. SCAMPS5 is highly enriched at both presynaptic boutons and
the Golgi network in the rat hippocampal neuron.

(A) Rat hippocampal neurons were subjected to immunostaining
using specific antibodies to detect colocalization of endogenous
SCAMP5 with various markers. The presynaptic bouton marker,
Synaptophysin (SYP), was detected using anti—SYP antibody. The
early endosome marker, Early endosome antigen 1 (EEA1l), was
detected using anti—EEA1 antibody. Lysosomes were detected
using anti—Lysosomal—associated membrane protein 1 (LAMP1)
antibody, while the trans—Golgi network was detected using anti—
TGN38 antibody. Additionally, the cis—Golgi marker, Giantin, was
transfected into rat hippocampal neurons to detect the cis—Golgi
compartment. The presence of SCAMP5 was detected using anti—
SCAMP5 antibody. Scale bar: 5um. (B) Mander's colocalization
coefficients of SCAMP5S overlapping to relative proteins, SCAMP5
overlapping SYP: 0.86 + 0.04, n = 5 (coverslips); SCAMP5
overlapping EEA1l: 0.15 + 0.04, n = 5 (coverslips); SCAMP5
overlapping LAMP1: 0.14 + 0.03, n = 5 (coverslips); SCAMP5
overlapping Giantin: 0.72 + 0.17, n = 5 (coverslips); SCAMP5
overlapping TGN38: 0.76 + 0.17, n = 5 (coverslips); Fu.20 = 9.982,
p < 0.0001, analyzed by One—way ANOVA followed by Tukey HSD
post hoc test. Values are indicated as mean + SEM. ##xp < 0.001.
DIC: Differential Interference Contrast.
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Figure 2. Subcellular localization of synaptic vesicle protein SYP
excludes its presence in the cell body, unlike SCAMPS5.

(A) Immunostaining of rat hippocampal neurons were anti—SCAMP5
and anti—Synaptophysin (SYP) antibodies. Scale bar: 5pum. (B)
Normalized relative cell body intensity of SYP protein expression
by SCAMP5 protein expression, SCAMP5: 1.00 + O (normalized), n
=5 (coverslips); SYP: 0.30 + 0.12, n = 5 (coverslips); p = 0.0282,
analyzed by Student's t—test. Values are indicated as mean £ SEM.
*p < 0.05.
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Figure 3. Downregulation of SCAMPS5 leads to defective
autophagosome formation at presynaptic boutons even in the
presence of rapamycin treatment.

(A) Representative images of cultured rat hippocampal neurons co—
transfected with mTagBFP2—scrRNA or shRNA of SCAMPS5,
mCherry—Synaptophysin (SYP; presynaptic bouton marker), and
EGFP—-LC3 (autophagosome marker) with or without treatment of
rapamycin for autophagy induction. Scale bar: 5 pm. (B)
Quantification of the normalized relative intensity of LC3 protein
expression in control and SCAMP5 KD neurons with or without
treatment of rapamycin treatment, Control: Rap (=): 1.000 + 0.000
(normalized), Rap (+): 1.283 + 0.002, n = 102 (boutons, 10
coverslips); p = b5.627E—-05, analyzed by Student's t—test,
SCAMP5 KD: Rap (—): 1.000 + 0.000 (normalized), Rap (+): 1.014
+ 0.001, n =1 02 (boutons, 8 coverslips); p = 0.320, analyzed by
Student's t—test. Values are indicated as mean + SEM. (C)
Percentage of LC3 possession at presynaptic boutons in control and
SCAMP5 KD neurons with rapamycin treatment, Control: 81'.14 +
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16 ":l'\-_i _'.;.._ -I!I



3.85, n=5 (coverslips); SCAMP5 KD: 17.40 + 1.83, n = 5
(coverslips); p < 0.0001, analyzed by Student's t—test. Values are
indicated as mean = SEM. =#xxp < (0.001. KD: knockdown; Rap:
rapamycin; scrRNA: scrambled RNA; shRNA: short hairpin RNA.
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Figure 4. Rapamycin induces autophagy in both control and SCAMP5
knockdown neurons.

(A) Cultured hippocampal neurons were subjected to treatment with
AAV containing SCAMP5 scrRNA (CTL) or shRNA (SCAMP5 KD),
followed by lysing the cells for immunoblotting analysis with Anti—
LC3B antibody before and after treatment with rapamycin (Rap) and
bafilomycin Al (BafAl). (B) Normalized relative band intensity of
LC3—1I protein expression, Control: CTL: 1.00 + 0.00 (normalized),
n = 3 (independent experiments); Control (Rap): 2.46 + 0.23
(normalized), n = 3 (independent experiments); Control (BafAl):
2.29 £ 0.10 (normalized), n = 3 (independent experiments); Feg =
30.13, p = 0.0007, analyzed by One—way ANOVA followed by
Tukey HSD post hoc test. SCAMP5 KD (CTL): 1.00 + 0.00
(normalized), n = 3 (independent experiments); SCAMP5 KD
(Rap): 2.42 + 0.28 (normalized), n = 3 (independent experiments);
SCAMP5 KD (BafAl): 2.42 + 0.35 (normalized), n = 3
(independent experiments); Feg = 10.07, p = 0.0121, analyzed by
One—way ANOVA followed by Tukey HSD post hoc test. Values are
indicated as mean + SEM. #p < 0.05, #*p < 0.01, ***p < 0.001.
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Figure 5. Downregulation of SCAMP5 leads to impaired activity—
dependent autophagosome formation at presynaptic boutons

(A) Representative images of cultured rat hippocampal neurons co—
transfected with mTagBFP2—scrRNA or shRNA of SCAMPS5,
mCherry—Synaptophysin (SYP; presynaptic bouton marker), and
EGFP-LC3 (autophagosome marker) with or without treatment of
high KCI for autophagy induction. Scale bar: 5 um. (B)
Quantification of the normalized relative intensity of LC3 protein
expression in CTL and SCAMP5 KD neurons with or without
treatment of high KClI treatment, CTL: high KCIl (=): 1.000 + 0.000
(normalized), high KCI (+): 1.326 + 0.038, n = 104 (boutons, 6
coverslips); p € 0.0001, analyzed by Student's t—test, SCAMP5 KD:
high KCl (=): 1.000 £ 0.000 (normalized), high KCI (+): 1.033 +
0.037, n = 104 (boutons, 6 coverslips); p= 0.367, analyzed by
Student's t—test. Values are indicated as mean + SEM. (C)
Percentage of LC3 possession at presynaptic boutons in control and
SCAMP5 KD neurons with high KCI treatment, Control: 71.72 +
467, n = 5 (coverslips); SCAMP5 KD: 35.00 £ 9.04, n = 5
(coverslips); p = 0.0069, analyzed by Student's t—test. Values are
indicated as mean + SEM. **p < 0.01, ***p < 0.001. CTL: control;
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KD: knockdown; scrRNA: scrambled RNA; shRNA: short hairpin
RNA.
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Figure 6. Identification of SCAMP5—AP4M]1 interaction in the rat
hippocampal neuron lysates.

(A) Rat hippocampal neuron was lysed and immunoprecipitated
using anti—SCAMP5 (2nd lane) or IgG (1st lane). AP1M1 band was
detected using anti—AP1M1 antibody. (B) Rat hippocampal neuron
was lysed and immunoprecipitated using anti—SCAMP5 (2nd lane)
or IgG (1st lane). AP2M1 band was detected using anti—AP2M]1
antibody. (C) Rat hippocampal neuron was lysed and
immunoprecipitated using anti—SCAMP5 (2nd lane) or IgG (Ist
lane). AP4M1 band was detected using anti—AP4M1 antibody. 1gG:
immunoglobulin; IP: immunoprecipitation.
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Figure 7. Identification of SCAMP5 and AP4M1 localization in the rat
hippocampal neuron.

(A) Rat hippocampal neurons were subjected to immunostaining
using anti—SCAMP5 antibody to detect endogenous SCAMPb5.
AP4M1—-GFP was transfected into the rat hippocampal neuron.
Scale bar: 5 pm. (B) Mander's colocalization coefficients of SCAMP5
overlapping to AP4M1, AP4M]1 overlapping SCAMP5: 0.84 £ 0.05, n
= 5 (coverslips). Values are indicated as mean = SEM.
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Figure 8. Identification of AP4M1 —interacting domain of SCAMPS5.
(A) A schematic illustration was used to depict the different domain
regions of SCAMP5 employed in the experiments, with "+" or "—"
markings on the right side to indicate whether a fragment or mutant
of SCAMP5 was binding with AP4M1. Nt: N—terminal region; TM:
transmembrane domain; 2/3: 2/3 loop domain; Ct: C—terminal
region; cyto: cytoplasmic domain (B—D) AP4M1—-HA and GFP-—
tagged various SCAMP5 fragments were expressed in HEK—293T
cells, followed by cell lysis and immunoprecipitation using anti—GEFP
antibody, and detection of immunoprecipitated proteins with anti—
HA antibody. IP: immunoprecipitation; IB: immunoblotting; TCL:
total cell lysate.
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Figure 9. The absence of SCAMP5 or AP4M1 disrupts the
localization of the AP4 at the trans—Golgi network.

(A-B) Representative images of cultured rat hippocampal neurons
transfected with scrRNA or shRNA for SCAMPb5 KD, followed by
immunostaining with anti—AP4E1 and anti—TGN38 antibodies. Scale
bar: 25 um; 5 pum. (C) AP4M1 intensity acquired from CTL and
SCAMP5 KD neurons, CTL: 290.10 + 1.42, n = 7 (coverslips);
SCAMP5 KD: 189.54 + 2.72, n = 7 (coverslips); p < 0.0001,
analyzed by Student's t—test. Values are indicated as mean + SEM.
(D) Mander's colocalization coefficients of AP4E1 overlapping to
TGN38, CTL: 0.61 £ 0.01, n = 6 (coverslips); SCAMP5 KD: 0.36 +
0.01, n = 6 (coverslips); p < 0.0001, analyzed by Student's t—test.
Values are indicated as mean + SEM. #xxp < 0.001. CTL: control;
KD: knockdown; scrRNA: scrambled RNA; shRNA: short hairpin
RNA.
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Figure 10. Axonal trafficking and presynaptic localization of
overexpressed ATGY9A were impaired upon knockdown of SCAMPS5.
(A—C) Representative images of cultured rat hippocampal neurons
co—transfected with mTagBFP2—scrRNA or shRNA of SCAMP5,
GFP—Synaptophysin (SYP; presynaptic bouton marker), RFP-—
ATGY9A, and HA—shRNA—resistant form of SCAMPb. Scale bar: 5
um. (D) Fluorescent intensity profiles of the respective protein
along the axon. (E) Quantification of the number of ATG9A protein
puncta along a 50 pm axon, Control: 9.37 £ 0.40, n = 38 (axons, 10
coverslips); SCAMP5 KD: 4.74 + 0.36, n = 27 (axons, 10
coverslips); SCAMP5 RES: 996 + 047, n = 26 (axons, 10
coverslips); Fess) = 45.87, p < 0.0001, analyzed by One—way
ANOVA followed by Tukey HSD post hoc test. Values are indicated
as mean + SEM. (F) Quantification of the number of SYP protein
puncta along a 50 pm axon, Control: 9.21 + 0.36, n = 38 (axons, 10
coverslips); SCAMP5 KD: 8.59 + 0.40, n = 27 (axons, 10
coverslips); SCAMP5 RES: 950 + 0.47, n = 26 (axons, 10
coverslips); Fesgyy = 1.1, p = 0.3204, analyzed by One—way
ANOVA followed by Tukey HSD post hoc test. Values are indicated
as mean = SEM. (G) Mander's colocalization coefficients (}qu"EQ9AI
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overlapping to SYP, CTL: 0.65 + 0.04, n = 7 (coverslips); SCAMP5
KD: 0.40 £ 0.06, n = 7 (coverslips); SCAMP5 RES: 0.65+ 0.02, n =
7 (coverslips); Feogy = 10.79, p = 0.0008, analyzed by One—way
ANOVA followed by Tukey HSD post hoc test. Values are indicated
as mean = SEM. =#xp < 0.01, #xxp < 0.001. CTL: control; KD:
knockdown; scrRNA: scrambled RNA; shRNA: short hairpin RNA.
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Figure 11. Validation of CRISPR/Cas9—mediated protein knockout of
AP4M1

(A) A schematic illustration was utilized to illustrate the
CRISPR/Cas9 targeting of the exon of rat and mouse AP4M]1, and a
20—nucleotide sgRNA and PAM sequence were cloned into px458.
(B) HT—22 cells were transfected with AP4M1 KO construct, and
subsequently underwent cell lysis and immunoblotting with the
respective antibody. (C) Normalized relative band intensity of
AP4M1 protein expression, Control: 100.00 + 0.00 (normalized), n
= 3 (independent experiments); AP4M1 KO: 10.51 + 0.87, n = 3
(independent experiments); p = 2.41E—07, analyzed by Student's
t—test. Values are indicated as mean + SEM. #xxp < 0.001. (D)
Validation of AP4M1 genomic DNA cleavage by CRISPR/Cas9
system by surveyor assay. KO: knockout
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Figure 12. The accumulation of ATG9A within the TGN is observed
in both SCAMP5 knockdown and AP4M1 knockout neurons.

(A—D) Representative images of cultured rat hippocampal neurons
transfected with scrRNA, shRNA for SCAMP5 KD or sgRNA for
AP4M1 KO, followed by immunostaining with anti—ATG9A and
anti—TGN38 antibodies. Scale bar: 25 pm; 5 um. (E) ATGY9A
intensity acquired from CTL, SCAMP5 KD, AP4M1 KO, and
SCAMP5 KD + AP4M1 KO neurons, CTL: 482.00 £ 12.04, n = 6
(coverslips); SCAMP5 KD: 1067.64 + 20.17, n = 6 (coverslips);
AP4M1 KO: 1741.68 + 33.15, n = 6 (coverslips); SCAMP5 KD +
AP4M1 KO: 1769.07 + 24.76, n = 6 (coverslips); Faeon = 111.3, p
< 0.0001, analyzed by One—way ANOVA followed by Tukey HSD
post hoc test. (F) Mander's colocalization coefficients of ATG9A
overlapping to TGN38, Control: 0.550 + 0.007, n = 6 (coverslips);
SCAMP5 KD: 0.716 + 0.006, n = 6 (coverslips); AP4M1 KO: 0.786
+ 0.006, n = 6 (coverslips); SCAMP5 KD + AP4M1 KO: 0.786 =+
0.005, n = 6 (coverslips); Fzeo0 = 58.24, p < 0.0001, analyzed by
One—way ANOVA followed by Tukey HSD post hoc test. Values are
indicated as mean £ SEM. *p < 0.05. =xxp < 0.001. CTL: control;
KD: knockdown; KO: knockout; scrRNA: scrambled RNA; shRNA:
short hairpin RNA; sgRNA: single guide RNA.
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Figure 13. The level of ATGY9A protein expression is slightly
increased in SCAMP5 KD neurons.

(A) Cultured hippocampal neurons were subjected to treatment with
AAV containing SCAMP5 scrRNA (CTL) or shRNA (SCAMP5 KD),
followed by lysing the cells for immunoblotting analysis with
respective antibodies. (B) Normalized relative band intensity of
relative protein expression, SCAMP5: CTL: 1.000 + 0.000
(normalized), n = 3 (independent experiments); SCAMP5 KD:
0.051 + 0.020, n = 3 (independent experiments); p < 0.0001;
ATGY9A: CTL: 1.000 + 0.000 (normalized), n = 3 (independent
experiments); SCAMP5 KD: 1.560 + 0.176, n = 3 (independent
experiments); p = 0.034; AP4M1: CTL: 1.000 + 0.000 (normalized),
n = 3 (independent experiments); SCAMP5 KD: 0.942 + 0.080, n =
3 (independent experiments); p = 0.512; Arfl: CTL: 1.000 = 0.000
(normalized), n = 3 (independent experiments); SCAMP5 KD: 1.70
+ 0.153, n = 3 (independent experiments); p = 0.010; SYP: CTL:
1.000 £ 0.000 (normalized), n = 3 (independent experiments);
SCAMP5 KD: 1.009 + 0.169, n = 3 (independent experiments); p =
0.960; LC3B: CTL: 1.000 + 0.000 (normalized), n = 3 (independent
experiments); SCAMP5 KD: 1.068 = 0.065, n = 3 (independent
experiments); p = 0.694; p62/SQSTM1: CTL: 1.000 + 0.000
(normalized), n = 3 (independent experiments); SCAMP5 KD:
2.672 + 0.401, n = 3 (independent experiments); p = 0.015,
analyzed by Student's t—test. Values are indicated as mean £ SEM.
*p < 0.05, #**p < 0.001.
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Figure 14. The accumulation of ATG9A within the TGN is observed
in both SCAMP5 knockdown and AP4M1 knockout neurons.
(A, B, D, E) Representative images of cultured rat hippocampal
neurons transfected mTagBFP2—scrRNA, shRNA for SCAMP5 KD
or sgRNA for AP4M1 KO with mCherry—Synaptophysin (SYP;
presynaptic bouton marker), followed by immunostaining with anti—
ATGY9A antibody. Scale bar: 5 pum. (C, F) Fluorescent intensity
profiles of the respective protein along the axon. (G) Quantification
of the number of ATG9A protein puncta along a 50 pm axon, CTL:
11.42 + 0.11, n = 26 (axons, 8 coverslips); SCAMP5 KD: 7.14 +
0.09, n = 26 (axons, 8 coverslips); AP4M1 KO: 5.46 £ 0.68, n = 26
(axons, 8 coverslips); SCAMP5 KD + AP4M1 KO: 6.14 + 0.07, n =
27 (axons, 8 coverslips); Faion = 42.91, p < 0.0001, analyzed by
One—way ANOVA followed by Tukey HSD post hoc test. (H)
Mander's colocalization coefficients of ATG9A overlapping to SYP,
Control: 0.51 + 0.01, n = 6 (coverslips); SCAMP5 KD: 0.29 + 0.05,
= 6 (coverslips); AP4M1 KO: 0.30 + 0.01, n = 6 (coverslips);
SCAMP5 KD + AP4M1 KO: 0.31 + 0.04, n = 6 (coverslips); Fa.oo
= 31.69, p < 0.0001, analyzed by One—way ANOVA followed by

Tukey HSD post hoc test. Values are indicated as mean =+ SEM
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#x%+xp<0.001. CTL: control; KD: knockdown; KO: knockout; scrRNA:
scrambled RNA; shRNA: short hairpin RNA; sgRNA: single guide
RNA.
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Figure 15. SCAMP5 knockdown defects in protein turnover of SV2
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(A) Representative images of cultured rat hippocampal neurons co—
transfected with GFP—scrambled RNA or shRNA of SCAMPS5,
medium fluorescent timer—tagged SV2 protein (mFT—-SV2). The
mFT undergoes a time—dependent color change from blue to red.
Scale bar: 10 pm. (B—C) Quantification of the normalized red/blue
fluorescent intensities ratio, depicted in a bar graph (B), Control:
0.84 £ 0.01, n = 100 (boutons, 20 coverslips); SCAMP5 KD: 1.53 +
0.01, n = 100 (boutons, 20 coverslips); p = 2.80E—08, analyzed by
Student's t—test. Values are indicated as mean + SEM. #x*p<0.001,

Normallzed red/blue mFT-SV2

and as a histogram (C). CTL: control; KD: knockdown.
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Discussion

In the present study, I proved that SCAMP5/AP—4/ATG9A
interaction regulates the presynaptic autophagy pathway in rat
hippocampal neurons. Through a series of experiments, [
demonstrated that AP—4 directly binds to SCAMP5, which in turn
regulates the recruitment of AP—4 into the TGN. Defects in
SCAMPS5 or AP—4 lead to mislocalization of the core autophagic
protein ATG9A, specifically affecting its presynaptic localization
and axonal trafficking, which ultimately leads to defective
autophagosome formation at presynaptic boutons and impaired
protein turnover of SV proteins.

SCAMP5, a membrane protein predominantly expressed in
the synaptic vesicles in the brain, is considered the sole SCAMP
protein involved in regulating synaptic functions, as a deficiency in

SCAMP1 does not result in any synaptic function deficiencies [1, 2].

SCAMP5 plays a crucial role in SV endocytosis during high neuronal
activity and is involved in the exocytic pathway in the striatum [6,
43]. SCAMP5 is also known to be a regulator of release site
clearance via interaction with the AP—2 complex, highlighting the
significance of SCAMP5 in the SV recycling machinery [7].
Moreover, SCAMP5 has been shown to play in regulating quantal
size in glutamatergic neurons by mediating NHE6 axonal trafficking
and presynaptic localization at rest and LTP state, suggesting its
importance in regulating synaptic transmission [8, 44]. I showed
that SCAMP5 also plays a crucial role in regulating presynaptic
autophagy by controlling axonal trafficking and presynaptic
localization of ATG9A, a key protein involved in autophagy. These
findings underscore the multifaceted role of SCAMP5 in regulating
synaptic function and protein dynamics at the presynaptic level.

Previous studies have demonstrated that all five AP
complexes (AP—1~5) are primarily localized to the TGN and play a
crucial role in the export and trafficking of transmembrane proteins
to various destinations, including the clathrin—coated vesicles,
endosome, and lysosome [11, 13, 45]. The recruitment of AP
complexes to the TGN is important for proper cargo trafficking and
synaptic functions. For instance, in yeast, the recruitment of AP—1
to the TGN is facilitated by HEAT repeat—containing 5 (HEATR5)
proteins [46]. Similarly, in mammalian cells, ADP—Ribosylation
Factor 1 (ARF1) is involved in regulating the recruitment of AP—3
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to the TGN membrane [47]. AP—4 is known to be associated with
the TGN through direct interaction with ARF1, and this association
is facilitated by interaction between ARF1 in its GTP—bound state
and two subunits of AP—4(AP4E1 and AP4M1) [48]. However, the
detailed mechanism of AP—4 recruitment to the TGN in neuronal
cells has not been fully elucidated. This study provides evidence
that the interaction between the N—terminal region of SCAMP5 and
AP4M1 1is crucial for the recruitment of AP—4 to the TGN in
neuronal cells. ARF1 is the only protein to be responsible for the
recruitment of the AP—4 to the TGN, but the relationship between
ARF1 and SCAMP5 in the recruitment of AP—4 to the TGN remains
unclear. Further studies are needed to determine whether ARF1 is
involved in SCAMP5—mediated recruitment of AP—4.

ATGY9A is the only transmembrane protein of the core
autophagic machinery that plays an essential role in the initiation of
phagophore expansion, which is the initial step in the formation of
autophagosomes. ATG9A is mainly localized in axon terminals and
1S present in synaptic vesicles, where it plays important role in
synapse development and synaptic autophagy[39, 49, 50]. For
axonal trafficking of ATG9A, AP—4 plays a pivotal role in regulating
presynaptic autophagy by facilitating the delivery of ATGY9A
vesicles to the synapse, and its deficiency leads to the depletion of
axonal ATGI9A [25, 38, 51]. Presynaptic autophagy is a crucial
process for maintaining protein homeostasis and functional integrity
of synaptic terminals [40, 52] and this process is important for the
selective removal of damaged organelles and toxic proteins,
preventing their accumulation and potential toxicity [20, 53]. My
data shows that SCAMP5 and AP—4 complex is essential for the
proper localization of ATGO9A at presynaptic terminals, which is
crucial for presynaptic autophagy.

There is a well—established correlation between presynaptic
activity and synaptic vesicle protein turnover [54], and defects in
synaptic autophagy can lead to abnormal synaptic activity, as
autophagy 1s closely associated with synapses and synaptic
dysfunction in diseases such as Parkinson’s disease and epilepsy
[55—58]. SCAMP5 is also a candidate gene of Parkinson’s disease
and epilepsy, as two specific mutations, R91W and G180W, in
SCAMP5 have been identified in individuals with
neurodevelopmental disorders characterized by autistic features
and seizures, and deficiency of SCAMP5 has been linked to
pediatric epilepsy and juvenile Parkinson’s disease [3—5]. While
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the precise mechanisms by which these mutations lead to disease
are not yet fully understood, all of these diseases are associated
with autophagy deficiency [66, 59, 60]. Given the critical role of
SCAMPS5 in regulating presynaptic autophagy, R91W and G180W
mutations may indirectly affect synaptic autophagy and contribute
to the pathogenesis of these diseases. Further research targeting
the mutation models of SCAMP5 could potentially lead to the
development of therapeutic strategies aimed at treating
neurodevelopmental disorders associated with SCAMPS5 mutations
and autophagy dysfunction.
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