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Abstract

Objective To reveal the effects and potential mechanisms by which synaptic vesicle glycoprotein 2A
(SV2A) influences the distribution of amyloid precursor protein (APP) in the trans-Golgi network (TGN),
endolysosomal system, and cell membranes and to reveal the effects of SV2A on APP amyloid
degradation.

Methods Colocalization analysis of APP with specific tagged proteins in the TGN, ensolysosomal
system, and cell membrane was performed to explore the effects of SV2A on the intracellular transport
of APP. APP, B-site amyloid precursor protein cleaving enzyme 1 (BACE1) expressions, and APP cleavage
products levels were investigated to observe the effects of SV2A on APP amyloidogenic processing.

Results APP localization was reduced in the TGN, early endosomes, late endosomes, and lysosomes,
whereas it was increased in the recycling endosomes and cell membrane of SV2A-overexpressed
neurons. Moreover, Arl5b (ADP-ribosylation factor 5b), a protein responsible for transporting APP from
the TGN to early endosomes, was upregulated by SV2A. SV2A overexpression also decreased APP
transport from the cell membrane to early endosomes by downregulating APP endocytosis. In addition,
products of APP amyloid degradation, including sAPPB, AB;.s,, and AB;.4o, Were decreased in SV2A-
overexpressed cells.

Conclusion These results demonstrated that SV2A promotes APP transport from the TGN to early
endosomes by upregulating Arl5b and promoting APP transport from early endosomes to recycling
endosomes-cell membrane pathway, which slows APP amyloid degradation.
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INTRODUCTION common cause of dementia™. AD can be divided

into preclinical stage, mild cognitive impairment

Izheimer’s disease (AD), characterized by (MCl), and AD dementia'. Typical pathological
A progressive cognitive decline, is a changes in AD include senile plaques deposition,
neurodegenerative disease and the most neurofibrillary  tangles, synaptic loss, and
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endolysosomal dysregulationsB'“. Beta-amyloid (AB)
is the main component of senile plaques, and its
aggregation has been recognized as the cardinal
pathological hallmark of ADP!. The endolysosomal
system is a critical site for the amyloidogenic
processing of amyloid precursor protein (APP)®.
Therefore, abnormal endolysosomal transport of
APP could contribute partly to AR generation in AD
progression.

The degradation of APP involves both the non-
amyloid and amyloid degeneration pathways[3].
During non-amyloidogenic processing, APP is first
cleaved by a-secretase (mainly metalloproteinase
10, ADAM10) to soluble APPa (sAPPa) and C-
terminal fragments of 83 amino acids (C83). Then,
C83 is cleaved by y-secretase into the P3 peptide and
APP intracellular domain (AICD)[G]. In  the
amyloidogenic pathway, APP undergoes first
cleavage by BACE1 to sAPPB and C-terminal
fragment of 99 amino acids (C99), which is then
further processed by y-secretase to A and AlcD",

The transport of APP and its relative secretases
in the endolysosomal system are essential for AB
production[S]. After endoplasmic reticulum (ER)
synthesis, APP is transported to the Golgi apparatus
for various posttranslational modifications. Some
APP exits the Golgi through the trans-Golgi network
(TGN)[9]. Subsequently, some APP is transported to
early endosomes, whereas others are secreted into
the cell membrane for non-amyloid degradation or
internalization. Endocytic APP is further sorted into
early endosomes'”. Early endosomes are sorting
hubs, and their optimal acidic environment is
essential for BACE1l activity[s’m]. From early
endosomes, APP and its related products are
transported to the TGN through the retromer-
mediated pathway, sorted to the cell membrane by
recycling endosomes, or targeted to late endosomes
and lysosomes for further amyloid degradation[m.
Thus, factors regulating APP intracellular transport
and endocytosis in the cell membrane may partially
determine the rate of APP amyloid degradation.

Synaptic loss, an important early pathological
change in AD, is associated with cognitive
impairmentm]. Toxic AB and Tau could lead to
synaptic loss or dysfunctionm]. Synaptic vesicle
glycoprotein 2A (SV2A), an essential transporter-like
synaptic vesicle protein, belongs to the major
facilitator superfamily (MFS)™". SV2A is expressed
in almost all synapses and serves as a biomarker of
synaptic density[w]. Studies have shown that SV2A is
essential for synaptic vesicular processes as it could
modaulate the size of the releasable pool and interact

with proteins essential for neurotransmitter
release™”. SV2A could regulate the synaptic release
of neurotransmitters by influencing the calcium
sensitivity of synaptic vesicles™. [11C] UCB-J
Positron Emission Tomography (PET) indicated that
SV2A binding was reduced in the hippocampus of
the early AD group compared to that in the
cognitively normal (CN) group"®. Moreover, SV2A is
the target of the antiepileptic drug levetiracetam
(LEV), and its absence or dysfunction is associated
with epilepsym]. Previous studies have shown that
LEV significantly improved cognitive function in
patients with Parkinson’s disease (PD)"””". In this
study, we investigated the effects and mechanisms
of action of SV2A on APP intracellular trafficking and
amyloid degradation.

MATERIALS AND METHODS

Adeno-associated Virus (AAV)-injected Animal
Model and Stereotaxic Injection

AAV9 encoding mice mutant full-length SV2A and
the relative control were purchased from
SyngenTech (Beijing, China). APP/PS1 male mice
(Beijing Viewsolid Biotech; Beijing, China) were
anesthetized with pentobarbital sodium and
randomly assigned to AAV-control (AAV-con) or AAV-
SV2A overexpression (AAV-SV2A) groups for AAV
injection (n = 7 for each group). The AAV-con (viral
titer: 4.96 x 10" vg/mL; 0.8 L at each site) and AAV-
SV2A (viral titer: 2.31 x 10" vg/mL; 0.8 pL at each
site) were injected bilaterally into the CA1 of the
hippocampus (anterior-posterior: -2.7 mm, medial-
lateral: 1.8 mm, dorsal-ventral: 2.0 mm). The needle
was left in place for 3 min, slowly retracted, and the
skin wounds were sutured.

All  animal experiments were performed
according to the National Institutes of Health
guidelines and conformed to the guidelines of the
Ethics Committee of Xuanwu Hospital of Capital
University.

Cell Culture and Transfection

SH-SY5Y and N2a cells were purchased from
American Type Culture Collection. SH-SY5Y and N2a
cells were cultured in Dulbecco’s minimum Eagle’s
medium (DMEM; BD Biosciences, USA)
supplemented with 10% fetal bovine serum (FBS; BD
Biosciences) and 1% Pen-Strep solution (BD
Biosciences) at 37 °C in a humidified atmosphere of
5% CO, in air.

Primary neurons were isolated from embryonic
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day 18 APP/PS1 mice (were purchased from Beijing
Weixuan Technology, Beijing, China), not from AAV-
injected mice. Briefly, the brains were dissected in
ice-cold DMEM (BD Biosciences) supplemented with
2% FBS (BD Biosciences), carefully removed the
meninges and digested with 2 mg/mL papain
(Sangon Biotech, Shanghai, China) for 10 min. FBS
was used to terminate the digestion. The cells were
plated in 24-well plates coated with poly-D-lysine
(Sigma, Germany). Neurobasal medium (Thermo
Fisher Scientific, USA) with 0.25% GlutaMAX™
(Gibco, USA), 0.5% Pen-Strep solution (BD
Biosciences) and 2% B27 (Thermo Fisher Scientific)
were used to cultured neurons. The culture medium
was half-replaced every 3 days.

Mouse SV2A (NM_022030) overexpression
(0eSV2A) lentivirus, mouse SV2A (NM_022030)
0eSV2A plasmids, human o0eSV2A (NM_014849.5)
plasmids, mouse shSV2A
(GCGTAAAGATCGGGAAGAATT) plasmids, and human
shSV2A (ACCTGTTCGAGTACAAGTTTG) plasmid were
purchased from SyngenTech (Beijing, China).

For plasmid transfection, SH-SY5Y and N2a cells
were plated in six-well plates at a density of 2 x 10°
cells/well and grown for 24 h. According to the
manufacturer’ s protocol, 2 pg DNA, 200 pL
jetOPTIMUS buffer and 2 pL jetOPTIMUS reagent
(Polylus) were mixed and incubated for 10 min at
room temperature. The final mixture was added to
the inoculated cells and incubated for 48 h.

For lentivirus transfection, mouse primary
neurons were seeded at a cell density of 1.0 x
10°/well in 24-well plates. Then, neurons were
infected with SV2A-overexpressed lentivirus at a
multiplicity of infection (MOI) of 80 in the presence
of 8 ug/mL Polybrene (Sigma). After 72-96 h, the
neurons were harvested for further analysis.

Western Blotting

Cells were lysed in radioimmunoprecipitation
assay buffer (RIPA; Solarbio, Beijing, China) to extract
total protein. Protein samples were separated by
sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene difluoride (PVDF) membranes. The
membranes were incubated with primary antibodies
overnight at 4 °C and secondary antibodies for 1 h at
room temperature. Proteins were visualized using a
Tanon 4600SF. The following primary antibodies
were used: SV2A (1:2,000, ab32942, Abcam, USA),
APP (1:5,000, ab32136, Abcam), BACE1 (1:1,000,
ab183612, Abcam), early endosome antigen-1 (EEA1,
1:1,000, #610456, BD Biosciences), Ras-related

protein Rab 7a (Rab7, 1:1,000, ab137029, Abcam),
anti-Rab11  (1:1,000, #5589, Cell Signaling
Technology, USA), lysosomal associated membrane
protein-1 (LAMP1, 1:1,000, #99437, Cell signaling
Technology), TGN46 (2:1,000, 13573-1-AP,
Proteintech, USA), ATPase Na(+)/K(+) transporting
subunit al1(ATP1A1, 1:20,000, ab76020, Abcam),
Arl5b (1:1,000, 11694-1-AP, Proteintech), and
cathepsin D (CTSD, 1:1,000, ab75852, Abcam).

Co-immunoprecipitation (Co-IP)

SH-SY5Y and N2a cells were washed three times
with ice-cold phosphate-buffered saline (PBS) and
extracted with lysis buffer containing 100 x protease
inhibitor cocktail, 0.1 mol/L EDTA (Beyotime,
Shanghai, China), PMSF (Solarbio, Beijing, China),
and 1% Triton X-100. The supernatants were
incubated with 4 pg agarose-conjugated antibody at
4 °C for 4 h. The samples were incubated with
protein A/G beads (Millipore) at 4 °C overnight. After
extensive washing, the immunoprecipitated beads
were eluted with 1x loading buffer, boiled at 100 °C
for 10 min and analyzed by western blotting.

Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR)

Total RNA was extracted from cells using Trizol”
LS reagent (Invitrogen, USA) according to the
manufacturer’ s protocol. Then, 1 pug RNA was
reversed-transcribed into cDNA using 5 x All-In-One
RT Master Mix (Abm). PCR was performed in
duplicate with TB Green Premix Ex Tag™ Il (TaKaRa)
on the 7,500 real-time PCR system (ThermoFisher
Scientific). The average threshold cycle (Ct) of the
fluorescent units was used to analyze the mRNA
levels. The relative quantification of mRNA
expression was calculated using the 27**“ method
after adjusting the levels to the corresponding
internal GAPDH and normalized against control
samples. The primer sequences used in this study
are listed in Table 1.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde (PFA)
for 15 min at room temperature and blocked with
10% donkey serum for 30 min at 37 °C. Primary
antibodies were diluted with 5% donkey serum
albumin and incubated at 4 °C overnight. On the
second day, the sections were washed and
incubated with secondary antibodies conjugated to
Alex Flour 488 (1:1,000, ab150105, Abcam and
1:1,000, ab150073, Abcam) and Alex Flour 594
(1:1,000, ab150108, abcam and 1:1,000, ab150076,
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abcam) for 1 h at 37 °C. Nuclei were stained with
DAPI (Merck).

The frozen tissue samples were fixed with 4%
PFA for 15 min at room temperature and
permeabilized with 0.1% Triton X-100 for 15 min.
The sections were then blocked with 10% donkey
serum albumin for 30 min and incubated with the
primary antibodies at 4 °C overnight. Alexa Fluor 488
(1:400, ab150105, Abcam; 1:400, ab150073, Abcam)
and Alexa Fluor 594 (1:400, ab150108, Abcam; and
1:400, ab150076, Abcam) were used as secondary
antibodies for 1 h at room temperature. Sections
were coated with an antifade mounting medium
containing DAPI and observed under a Zeiss LSM 800
confocal microscope and a Leica TCS SP8 confocal
microscope.

The region of interest (ROI) selection adhered to
the following criteria: intact cellular structures,
excluding obvious background areas, randomly
selecting five fields per sample and a total of 30-45
cells/group from three biological replicates for
analysis. Colocalization quantification was performed
using the JACOP plugin in Imagel to calculate
Mander’s overlap coefficient. Statistical analyses were
conducted using GraphPad Prism 9.0, employing two-
tailed unpaired t-tests. All experiments were
independently repeated in triplicate, and statistical
significance was defined as P < 0.05%%,

The following primary antibodies were used: APP
(1:100, ab32136, abcam and 1:100, 14-9749-82,
Thermo Fisher Scientific), EEA1 (1:50, #6104560, BD
Biosciences and 1:100, sc-137130, Santa Cruz
Biotechnology), Rab7 (1:100, ab137029, abcam),
Rab11 (1:100, #5589, Cell Signaling Technology),
LAMP1 (1:200, sc-20011, Santa Cruz Biotechnology),
cathepsin D (1:100, ab75852, abcam), TGN46 (1:100,
13573-1-AP, Proteintech), ATP1A1 (1:500, ab76020,
abcam) and 6E10 (1:500, 803014, BioLegend).

Antibody Internalization Assay

Cells were starved in serum-free DMEM for 30
min at room temperature and incubated with the
anti-APP antibody (1:100, ab32136, abcam) in a
complete medium containing 10 nmol/L HEPES

(Beyotime) at 4 °C for 45 min. After washing with the
complete medium containing 10 nmol/L HEPES, cells
were returned to 37 °C for 10 min. Then, cells were
fixed with 4% PFA for 15 min and blocked with 10%
donkey serum for 30 min. The remaining surface APP
was labeled with a secondary antibody conjugated to
Alexa Fluor 488 (1:1,000, ab150073, Abcam).
Subsequently, cells were permeabilized with 0.1%
Triton for 5 min, and internalized APP was labeled
with a secondary antibody conjugated to Alexa Fluor
594 (1:1,000, ab150076, Abcam). Images were
acquired using a Zeiss LSM 800 confocal
microscopem].

Lysosomes Staining with LysoTracker

The LysoTracker Red DND-99 (Thermo Fisher
Scientific, L7528) probe was used to visualize
lysosomes, and lysosome staining was performed as
described™. SH-SY5Y and N2a cells were cultured at
a density of 0.6 x 10° into glass coverslips and
incubated with LysoTracker (75 nmol/L) for 1 h at
37 °C. The medium was aspirated, and the cells were
washed with PBS three times to remove the
unbound probe. Then, cells were fixed with 4% PFA
(Solarbio) for 15 min and incubated with DAPI
(Merck) for 10 min at room temperature. A Zeiss
LSM 800 microscope was used to capture confocal
images.

AB;.40 ABi.42, SAPPa and sAPP( Detection

Commercial ELISA kits were used to determine
secreted ABi49 (Mlbio, ml001859 and ml106532),
ABi4; (Mlbio, ml002201 and mI106533), sAPPa
(Mlbio, ml625251V and ml025433), and sAPPj
(Mlbio, ml057880V and ml503721) levels in SH-SY5Y
and N2a cell culture supernatants.

Statistical Analysis

All data are presented as mean % standard error
of the mean (SEM; immunofluorescence: 30—45 cells
total per group from 3 biologically independent
experiments; primary neurons: 25-30 cells total
from 3 batches; other assays: n = 3 biologically
independent replicates) and analyzed using

Table 1. Sequences used for RT-gPCR

Target gene Forward primer Reverse primer

Human SV2A GCCCAACAGTATGAAGCCATCCTAC ACCTCCACACCGTCAGCCATC
Mouse SV2A CTCACTCTCAGTCAACAGCGTCTTC CACTCCACCGATCATCCAGAACATAC
Human APP TGATGATGAGGATGTGGAGGATGG TGTGGTGGTGGTGGCAGTG
Mouse APP GACTGACCACTCGACCAGGTTCTG CTTGTAAGTTGGATTCTAATATCCG
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GraphPad Prism. Unpaired two-tailed t-tests or two-
way ANOVA were used to analyze the data. P < 0.05
was considered statistically significant.

RESULTS

SV2A Reduces APP Distribution in the Trans-Golgi
Network of Neurons

To investigate the effect of SV2A on APP
distribution in the TGN, colocalization of APP and
TGN46, a recognized biomarker of the TGN, was
performed using an immunocytochemistry confocal
assay. The results showed that the colocalization of
APP with TGN46 decreased significantly in SH-SY5Y
and N2a cells transfected with the oeSV2A plasmid
(Figure 1A and 1B), whereas it increased significantly
in cells transfected with the shSV2A plasmid
(Figure 1C and 1D). Colocalization was also
decreased in mouse primary neurons transfected
with the SV2A-overexpressed lentivirus (Figure 1E
and 1F). Moreover, the expression of TGN46 was not
different between SV2A-overexpressed or
knockdown cells and hippocampal tissues of
APP/PS1 mice injected with AAV-SV2A (Figure 11—
1M). These results demonstrate that SV2A reduced
the distribution of APP in the TGN.

Arl5b, located mainly in the TGN, promotes the
transport of APP from the TGN to early endosomes.
Arl5b depletion induced APP accumulation, APP
processing and AR generation in the TGN?. To
investigate the mechanisms by which SV2A regulates
APP distribution in the TGN, the effects of SV2A on
Arl5b expression and the interaction between SV2A
and Arl5b were observed in vitro and in vivo. A
notable interaction was detected between SV2A and
Arl5b in SH-SY5Y and N2a cells using a Co-IP assay
(Figure 1G and 1H). Moreover, significant
upregulation of Arl5b was observed in SH-SY5Y and
N2a cells transfected with the o0eSV2A plasmid
(Figure 1l and 1J), as well as in the hippocampal
tissues of APP/PS1 mice injected with AAV-SV2A
(Figure 1M). Conversely, the protein level of Arl5b
was downregulated in cells transfected with the
shSV2A plasmid (Figure 1K and 1L). These results
indicate that SV2A reduces APP distribution in the
TGN via the partial transport enhancement of APP
from the TGN to early endosomes, which is
mediated by Arl5b upregulation.

SV2A Reduces APP Distribution in Early Endosomes
of Neurons

To further investigate the effect of SV2A on APP

distribution in early endosomes, the protein levels of
the early endosome biomarker EEA1 and the
colocalization of APP and EEA1 were analyzed in
vitro and in vivo. The results showed that the protein
levels of EEA1 were markedly downregulated in SH-
SY5Y and N2a cells overexpressing SV2A (Figure 2A
and 2B), as well as in the hippocampal tissues of
APP/PS1 mice injected with AAV-SV2A (Figure 2E). In
contrast, EEA1 was significantly upregulated in cells
with SV2A knockdown (Figure 2C and 2D). Moreover,
the colocalization of APP with EEA1 was reduced in
SV2A-overexpressed cells and mouse primary
neurons (Figure 2F, 2G, and 2J); however, it
increased in SV2A-knockdown cells (Figure 2H and
21). Notably, SV2A may decrease the number of early
endosomes and distribution of APP in early
endosomes.

The reason SV2A reduced APP distribution in
early endosomes, considering that SV2A-mediated
upregulation of Arl5b promotes APP transport from
the TGN to the early endosomes, is unclear. Early
endosomes are the sorting hubs of the endocytic
pathway[z‘r’]. APP in early endosomes can be sorted
into late endosomes, recycling endosomes, or the
TGN™, Moreover, APP in late endosomes is mainly
transported to lysosomes, whereas APP in recycling
endosomes is transported to the cell membrane.
Thus, APP is thought to be transported mostly out of
early endosomes in oeSV2A-transfected cells.

SV2A Cuts down APP Distribution
Endosomes of Neurons

in Late

C99, the amyloid degradation product of APP,
could be cleaved by y-secretase to AB in late
endosomes”*””. To investigate the effect of SV2A on
APP distribution in late endosomes, the protein
levels of the late endosome biomarker Rab7 and the
colocalization of APP and Rab7 were examined in
vitro and in vivo. The results showed that Rab7 levels
were downregulated in SH-SY5Y and N2a cells
transfected with 0eSV2A plasmids (Figure 3A and
3B), as well as in the hippocampal tissues of APP/PS1
mice injected with AAV-SV2A (Figure 3E). In contrast,
Rab7 was significantly upregulated in cells
transfected with the shSV2A plasmid (Figure 3C and
3D). Moreover, the colocalization of APP with Rab7
was reduced in SV2A-overexpressed cells and mouse
primary neurons (Figure 3F, 3G, and 3J), whereas it
was enhanced in SV2A-knockdown cells (Figure 3H
and 3l). These results showed that SV2A decreased
the number of late endosomes and APP distribution
in late endosomes, indicating that late endosomes
are not the main diversion direction for APP in early
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Figure 1. Effect of SV2A on APP distribution in the trans-Golgi network and Arl5b expression. (A-B)
Colocalization of APP (red) with TGN46 (green) in SH-SY5Y and N2a cells transfected with SV2A-
overexpressed plasmids. (C—D) Colocalization of APP (red) with TGN46 (green) in SH-SY5Y and N2a cells
transfected with shSV2A plasmids. (E) Protein levels of SV2A in primary neurons transfected with SV2A-
overexpressed lentivirus. (F) Colocalization of APP (red) with TGN46 (green) in mice primary neurons
transfected with SV2A-overexpressed lentivirus. (G) Interaction of SV2A and Arl5b in SH-SY5Y cells by Co-
IP assay. (H) Interaction between SV2A and Arl5b in N2a cells by Co-IP assay. (I-J) Protein levels of SV2A,
TGN46, and Arl5b in SH-SY5Y and N2a cells transfected with SV2A-overexpressed plasmids. (K—L) Protein
levels of SV2A, TGN46, and Arl5b in SH-SY5Y and N2a cells transfected with shSV2A plasmids. (M) Protein
levels of SV2A, TGN46 and Arl5b in hippocampal tissues of APP/PS1 mice injected with AAV-SV2A (n =
7/group). Scale bar = 25 um. Data are presented as mean = SEM (immunofluorescence: total 30-45
cells/group from 3 biologically independent experiments; other assays: n = 3 biologically independent
replicates). P< 0.05, “p< 0.01, p< 0.001; ns, not significantly different. AAV, Adeno-associated virus;
Arl5b, ADP-ribosylation factor 5b; APP, amyloid precursor protein; Co-IP, Co-immunoprecipitation; SV2A,
synaptic vesicle glycoprotein 2A; TGN, the trans-Golgi network.
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Figure 2. Effect of SV2A on APP distribution in early endosomes of neurons. (A-B) Protein levels of SV2A
and EEA1 in SH-SY5Y and N2a cells transfected with SV2A-overexpressed plasmids. (C—D) Protein levels of
SV2A and EEA1 in SH-SY5Y and N2a cells transfected with shSV2A plasmids. (E) Protein levels of SV2A and
EEA1 in hippocampal tissues of APP/PS1 mice injected with AAV-SV2A (n = 7/group). (F-G) Colocalization
of APP (red) with EEA1 (green) in SH-SY5Y and N2a cells transfected with SV2A-overexpressed plasmids.
(H-1) Colocalization of APP (red) and EEA1 (green) in SH-SY5Y and N2a cells transfected with shSV2A
plasmids. (J) Colocalization of APP (red) with EEA1 (green) in mouse primary neurons transfected with
SV2A-overexpressed lentivirus. Scale bar = 25 um. Data are presented as mean + SEM
(immunofluorescence: total 30-45 cells/group from 3 biologically independent experiments; other
assays: n = 3 biologically independent replicates). P <005 P <001 P < 0.001. AAV, Adeno-
associated virus; APP, amyloid precursor protein; EEA1, early endosome antigen-1; SV2A, synaptic vesicle
glycoprotein 2A.
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Figure 3. Effect of SV2A on APP distribution in the late endosomes of neurons. (A—B) Protein levels of
SV2A and Rab7 in SH-SY5Y and N2a cells transfected with SV2A-overexpressed plasmids. (C—D) Protein
levels of SV2A and Rab7 in SH-SY5Y and N2a cells transfected with shSV2A plasmids. (E) Protein levels of
SV2A and Rab7 in hippocampal tissues of APP/PS1 mice injected with AAV-SV2A (n = 7/group). (F-G)
Colocalization of APP (red) and Rab7 (green) in SH-SY5Y and N2a cells transfected with SV2A-
overexpressed plasmids. (H-I) Colocalization of APP (red) and Rab7 (green) in SH-SY5Y and N2a cells
transfected with shSV2A plasmids. (J) Colocalization of APP (red) with Rab7 (green) in mouse primary
neurons transfected with SV2A-overexpressed lentivirus. Scale bar = 25 um. Data are presented as mean
+ SEM (immunofluorescence: total 30-45 cells/group from 3 biologically independent experiments; other
assays: n = 3 biologically independent replicates). P <005 P <001, P < 0.001. AAV, Adeno-
associated virus; APP, amyloid precursor protein; Rab7, Ras-related protein Rab 7a; SV2A, synaptic vesicle
glycoprotein 2A.
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endosomes or that APP in late endosomes could
mostly be transported to lysosomes.

SV2A Reduces APP Distribution in Lysosomes and
Increases the Expression of Cathepsin D

Lysosomes are essential for the clearance of
unwanted cellular components, including damaged
or misfolded proteinslzs’zgl. As mentioned earlier, APP
in late endosomes is primarily transported to
lysosomal organelles[w]. To investigate the effect of
SV2A on APP transport in lysosomes, the protein
levels of the lysosomal biomarker LAMP1 and the
colocalization of APP with LAMP1 were examined in
vitro and in vivo. The results showed that LAMP1
expression was downregulated in SH-SY5Y and N2a
cells transfected with the oeSV2A plasmid (Figure 4A
and 4B), as well as in the hippocampal tissues of
APP/PS1 mice injected with AAV-SV2A (Figure 4E).
Contrastingly, LAMP1 was significantly upregulated
in cells transfected with the shSV2A plasmid
(Figure 4C and 4D). In addition, the colocalization of
APP with LAMP1 decreased in SV2A-overexpressed
cells and mouse primary neurons (Figure 4F, 4G, and
4)), whereas it increased in SV2A knockdown cells
(Figure 4H and 4l). These results indicate that SV2A

reduced the number of Iysosomes and the
distribution of APP in lysosomes.

Cathepsin-D  (CTSD), the major lysosomal
protease, is essential for lysosomal protein

hydrolysism]. Mature CTSD (mCTSD) is synthesized
by processing the precursor CTSD (proCTSD) in
lysosomes, and mainly exerts its activity in a
lysosomal acidic environment®", To investigate the
effects of SV2A on lysosomal function, we examined
CTSD expression and lysosomal staining in vitro and
in vivo. The results showed that the protein levels of
mCTSD and proCTSD were significantly increased in
SH-SY5Y and N2a cells transfected with o0eSV2A
plasmids (Figure 4A and 4B), as well as in the
hippocampal tissues of APP/PS1 mice injected with
AAV-SV2A (Figure 4E). However, mCTSD and
proCTSD were markedly downregulated in cells
transfected with shSV2A (Figure 4C and 4D).
Moreover, immunofluorescence staining revealed
that the colocalization of CTSD and LAMP1 increased
in SV2A-overexpressed cells (Figure 4K and 4L), as
well as in the hippocampal tissues of APP/PS1 mice
injected with AAV-SV2A (Figure 40). Conversely,
colocalization was reduced in SV2A-knockdown cells
(Figure 4M and N). These experiments suggest that
SV2A enhances the expression of CTSD, which
possesses hydrolytic activity. Consistent with these
observations, the fluorescence intensity of the

LysoTracker Red dye, a probe sensitive to lysosomal
pH, increased in SV2A-overexpressed cells (Figure 4P
and 4Q) and decreased in SV2A-downregulation cells
(Figure 4R and 4S). These results indicated that SV2A
enhanced lysosomal function.

Lysosomes are the major site for AP
generation”?®. To observe the effects of SV2A on
AB localization in lysosomes, the colocalization of the
classical AP antibody 6E10 and LAMP1 was
experimented. The co-labeling experiments revealed
that the colocalization of 6E10 and LAMP1 decreased
in the hippocampal tissues of APP/PS1 mice injected
with AAV-SV2A. Moreover, the number of AR
plagues and mean AP plaque area, pathological
hallmarks of AD, were reduced in hippocampal
tissues with SV2A overexpression (Figure 4T).

These results showed that SV2A reduced the
number of lysosomes, APP distribution and A
generation in lysosomes, although it could enhance
lysosomal functions. These results also demonstrate
that late endosome-lysosomes are not the main
diversion direction for APP in early endosomes.

SV2A Promotes APP Trafficking into Recycling
Endosomes

APP in early endosomes can be transported to
recycling endosomes in addition to late
endosomes'”. To investigate the effect of SV2A on
APP distribution in recycling endosomes, protein
levels of the recycling biomarker Rabll and the
localization of APP with Rabll were examined in
vitro and in vivo. The results showed that Rabll
protein levels were upregulated in SH-SY5Y and N2a
cells transfected with the 0eSV2A plasmid (Figure 5A
and 5B), as well as in the hippocampal tissues of
APP/PS1 mice injected with AAV-SV2A (Figure 5E).
Contrastingly, Rab11 was significantly
downregulated in cells transfected with the shSV2A
plasmid (Figure 5C and 5D). Furthermore, the
colocalization of APP with Rabll was increased in
SV2A-overexpressed cells and mouse primary
neurons (Figure 5F, 5G, and 5J), whereas it was
reduced in SV2A-knockdown cells (Figure 5H and 5I).
These results demonstrate that SV2A increases the
number of recycling endosomes and the distribution
of APP in the recycling endosomes.

SV2A Enhances Cell Surface Levels of APP

The cell membrane is an important site for non-
amyloid degradation of APPP! It is also the main site
of APP transport from recycling endosomes. To
explore the effect of SV2A on APP distribution in the
cell membrane, the protein expression of the plasma
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membrane biomarker ATP1A1 and the localization of
APP with ATP1A1 were explored in vitro and in vivo.
The results showed that the expression of ATP1A1
was not altered in SH-SY5Y and N2a cells transfected
with 0eSV2A or shSV2A plasmids (Figure 6A to 6D) or
in hippocampal tissues of APP/PS1 mice injected
with  AAV-SV2A  (Figure 6E). However, the
colocalization of APP and ATP1A1 was increased in
SV2A-overexpressed cells and mouse primary
neurons (Figure 6F, 6G, and 6J), whereas it was
reduced in cells transfected with shSV2A plasmids
(Figure 6H and 6l).

In the present study, antibody internalization

assay was performed to investigate the effect of
SV2A on APP endocytosis. The results showed that
the internalization of APP decreased significantly in
SH-SY5Y and N2a cells transfected with o0eSV2A
plasmids (Figure 6K and 6L), whereas it increased
obviously in cells transfected with shSV2A plasmids
(Figure 6M and 6N), indicating that SV2A reduced
APP endocytosis.

These results demonstrate that SV2A promotes
APP distribution in the cell surface and inhibits APP
internalization. This indicates that the recycling
endosomes-cell surface route is the main direction
of diversion for APP in early endosomes.
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Figure 4. Effect of SV2A on APP distribution in lysosomes and cathepsin D expression of neurons. (A—B)
Protein levels of SV2A, LAMP1, and cathepsin D in SH-SY5Y and N2a cells transfected with SV2A-
overexpression plasmids. (C—D) Protein levels of SV2A, LAMP1, and cathepsin D in SH-SY5Y and N2a cells
transfected with shSV2A plasmids. (E) Protein levels of SV2A, LAMP1 and cathepsin D in hippocampus
tissues of APP/PS1 mice injected with AAV-SV2A (n = 7/group). (F-G) Colocalization of APP (red) with
LAMP1 (green) in SH-SY5Y and N2a cells transfected with SV2A-overexpression plasmids. (H-I)
Colocalization of APP (red) with LAMP1 (green) in SH-SY5Y and N2a cells transfected with shSV2A
plasmids. (J) Colocalization of APP (red) with LAMP1 (green) in mouse primary neurons transfected with
SV2A-overexpressed lentivirus. (K-L) Colocalization of cathepsin D (red) with LAMP1 (green) in SH-SY5Y
and N2a cells transfected with SV2A-overexpressed plasmids. (M—N) Colocalization of cathepsin D (red)
with LAMP1 (green) in SH-SY5Y and N2a cells transfected with shSV2A plasmids. (O) Colocalization of
cathepsin D (red) with LAMP1 (green) in hippocampus tissues of APP/PS1 mice injected with AAV-SV2A (n
= 4/group). (P-Q) LysoTracker staining in SH-SY5Y and N2a cells transfected with SV2A-overexpressed
plasmids. (R-S) LysoTracker staining in SH-SY5Y and N2a cells transfected with shSV2A. (T) Colocalization
of 6E10 (red) with LAMP1 (green) in hippocampus tissues of APP/PS1 mice injected with AAV-SV2A (n =
4/group). Scale bar = 25 pum. Data are presented as mean = SEM (immunofluorescence: total 30-45
cells/group from 3 biologically independent experiments; other assays: n = 3 biologically independent
replicates). P < 0.05, p < 0.01, ™p < 0.001. AAV, Adeno-associated virus; APP, amyloid precursor
protein; LAMP1, lysosomal associated membrane protein-1; SV2A, synaptic vesicle glycoprotein 2A.

617



618 Biomed Environ Sci, 2025; 38(5): 607-624
A SH-SY5Y SH-SYSY B N2a N2a
oeCtrl_0eSV2A 3209w oot oeCtrl_oeSV2A ER B R
-100kD £ 104 . -100kD £20 -
515 S
0.5 B 1
GAPDH El% ko 2 oL M GAPDH E'fss kD £,
SV2A Rab1l1l SV2A Rabll
C SH-SY5Y SHSYSY D N2a N2a
- . —_ - shCtrl - —_
shCtrl shSV2A 130 kD %1.5 " shSV2A shCtrl shSV2A %15 shet |
— < ar —130kD o L
—100 kD g ’—‘ '—| SV2A 100 kD §1.0 ’—| '—l
Rabll [« ] -25kD 5051 Rab11 [} W |-25kD <o
Hippocampus
E AAV-Control AAV-SV2A _ AAV-Control
_ 130 kD E 4 * AAV-SV2A
sv2a | T 1 JEehe = ’— .
Rab11 | me - - |05 KD g, [
=
GAPDH|---—-—|735kD s
Hippocampus SV2A Rab1l
F G

SH-SY5Y

o

o
=
=)

*

-

o

@
4
o

E

DAPI

o
kY

SH-SY5Y
5
N2a

o

N
o
>

5]

[
oeCtrl 0eSV2A oeCtrl 0eSV2A

APP colocalization with Rab11
(Mander's Coefficient)
APP colocalization with Rab11
(Mander's Coefficient)

H |
= SH-SY5Y APP R?bll DAPI =] N2a
2
¢ : . Beom
E « - 5 g 0.6
. © - 58
2 o 2504
. =2 N
a|S ER:
> 8§02
2 : R
< a = o
(%] a
shCtrl shSV2A Es shCtrl shSV2A

Primary neurons
-
= o 10
%) F ! © — **
c | O g
o| @ 508
= [e] 2
2 2
[
c _5 80.6
= "o
o | < % 5 0.4
E|S 8¢
al|® gSo02
o &
<
oeCtrl oeSV2A

Figure 5. Effect of SV2A on APP distribution in neuronal recycling endosomes. (A-B) Protein levels of
SV2A and Rab11 in SH-SY5Y and N2a cells transfected with SV2A-overexpressed plasmids. (C—D) Protein
levels of SV2A and Rab11 in SH-SY5Y and N2a cells transfected with shSV2A plasmids. (E) Protein levels of
SV2A and Rab11 in hippocampus tissues of APP/PS1 mice injected with AAV-SV2A (n = 7/group). (F-G)
Colocalization of APP (red) and Rabl1l (green) in SH-SY5Y and N2a cells transfected with SV2A-
overexpressed plasmids. (H-I) Colocalization of APP (red) and Rab11 (green) in SH-SY5Y and N2a cells
transfected with shSV2A plasmids. (J) Colocalization of APP (red) with Rab11 (green) in mouse primary
neurons transfected with SV2A-overexpressed lentivirus. Scale bar = 25 um. Data are presented as mean
+ SEM (immunofluorescence: total 30-45 cells/group from 3 biologically independent experiments; other
assays: n = 3 biologically independent replicates). P <0.05 "P <001 P< 0001l AAV, Adeno-
associated virus; APP, amyloid precursor protein; Rab1l1, Ras-related protein Rab 11; SV2A, synaptic
vesicle glycoprotein 2A.
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SV2A Slows down Amyloid Degradation of APP in
vitro

To further investigate the effects of SV2A on APP
amyloid degradation, the levels of APP, BACE1, and
APP cleavage products were examined in vitro. The
results showed that the protein levels of BACE1 were
significantly reduced in SH-SY5Y and N2a cells
overexpressing SV2A (Figure 7A and 7B), whereas
the levels were elevated in SV2A-knockdown cells
(Figure 7C and 7D). Protein levels of APP did not
show differential expression (Figure 7A-7D). The
mRNA levels of APP were downregulated obviously
in SV2A-overexpressed cells (Figure 7E), but were
significantly upregulated in SV2A-knockdown cells
(Figure 7F). These results indicate that SV2A did not
affect the protein levels of APP; however, it inhibited
APP synthesis at the transcriptional level.

Subsequently, the levels of sAPPB, AB;4, and
ABi.4> (products of APP amyloidogenic cleavage)
significantly decreased in SV2A-overexpressed cells
(Figure 7H-7J), whereas the levels were enhanced in
SV2A-knockdown cells (Figure 7L=7N). The levels of
sAPPa (APP non-amyloidogenic cleavage products)
were not different in the SV2A-overexpressed or
knockdown cells (Figure 7G and 7K). Thus, although
SV2A slowed the amyloid degradation of APP, it did
not affect the nonamyloid degradation of APP.

DISCUSSION
Senile plaques, formed by AP aggregation, are
one of the major neuropathological hallmarks of
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ADP?, AB binds to the cellular prion protein (PrP°)
and metabotropic glutamate receptor 5 (mGIuR5),
and inositol triphosphate (IP;) is generated,
increasing calcium release. Increased eukaryotic
elongation factor 2 (eEF2) phosphorylation leads to
the disruption of synaptic protein translation.
Moreover, AB-PrPC binding activates Fyn to disrupt
synapsesm]. Synaptic dysfunction and loss are other
early pathological features of AD that correlate with
cognitive decline®. SV2A, a vesicle protein
specifically expressed in synapses, is a synaptic
density biomarker®". SV2A also plays an important
role in vesicle transport, exocytosis, and
neurotransmitter release®™. Previous studies have
shown that SV2A gene and protein expression
decreases in patients with epilepsy and that SV2A is
the molecular target of the antiepileptic drug LEV®®.
[11C] UCB-J PET observed that the expression of
SV2A significantly reduced in the nigrostriatal system
of patients with PD®". Our previous studies showed
that SV2A levels are significantly decreased in the
serum and cerebrospinal fluid (CSF) of patients with
AD and are recognized as ideal biomarkers for the
early diagnosis of AD®¥, Currently, the mechanisms
by which SV2A regulates APP amyloid and non-
amyloid cleavage products remain unclear.

Impaired membrane transport can lead to
aberrant AB generation and ADP?. The TGN plays an
important role in the processing and transport of
newly synthesized proteins. As BACE1 and y-

secretase components are located in these
subcellular compartments, the TGN is also a
significant site of APP processing and A
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Figure 6. Effect of SV2A on APP distribution in the cell surface of neurons. (A-B) Protein levels of SV2A
and ATP1A1 in SH-SY5Y and N2a cells transfected with SV2A-overexpressed plasmids. (C—D) Protein levels
of SV2A and ATP1A1 in SH-SY5Y and N2a cells transfected with shSV2A plasmids. (E) Protein levels of
SV2A and ATP1AL1 in hippocampus tissues of APP/PS1 mice injected with AAV-SV2A (n = 7/group). (F-G)
Colocalization of APP (red) and ATP1A1l (green) in SH-SY5Y and N2a cells transfected with SV2A-
overexpressed plasmids. (H-I) Colocalization of APP (red) and ATP1A1 (green) in SH-SY5Y and N2a cells
transfected with shSV2A plasmids. (J) Colocalization of APP (red) with ATP1A1 (green) in mouse primary
neurons transfected with SV2A-overexpressed lentivirus. (K-L) Internalization of APP in SH-SY5Y and N2a
cells transfected with SV2A-overexpressed plasmids. (M—N) Internalization of APP in SH-SY5Y and N2a
cells transfected with shSV2A plasmids. Data are presented as mean + SEM (immunofluorescence: total
30-45 cells/group from 3 biologically independent experiments; other assays: n = 3 biologically
independent replicates). Scale bar = 25 um. P < 0.05, “P< 0.01, "™p < 0.001. AAV, Adeno-associated
virus; APP, amyloid precursor protein; ATP1A1, ATPase Na (+)/K (+) transporting subunit al; SV2A,
synaptic vesicle glycoprotein 2A.
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Figure 7. Effect of SV2A on APP amyloid degradation in vitro. (A—B) Protein levels of SV2A, APP, and
BACE1 in SH-SY5Y and N2a cells transfected with SV2A-overexpressed plasmids. (C—D) Protein levels of
SV2A, APP, and BACE1 in SH-SY5Y and N2a cells transfected with shSV2A plasmids. (E) mRNA levels of
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of SV2A and APP in SH-SY5Y and N2a cells transfected with shSV2A plasmids. (G—H) Levels of sAPPa and
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plasmids. (K-L) Levels of sAPPa and sAPPPB in the medium of SH-SY5Y and N2a cells transfected with
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0.05, "p< 0.01, "p < 0.001, ns, not significantly different. AAV, Adeno-associated virus; APP, amyloid
precursor protein; BACE1, SV2A, synaptic vesicle glycoprotein 2A.
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generation>*", BACE1 is the rate-limiting enzyme in
the APP amyloid degradation pathwaym]. The acidic
environment of the TGN contributes to BACE1
activity[43]. Previous studies have shown that BACE1
is transported from the TGN to the cell membrane
via the activating protein-1 (AP-1)/ ADP-ribosylation
factor 1 (Arfl)-/Arf4-pathway. APP is mainly
transported from the TGN to early endosomes via
the AP4-/Arl5b-dependent pathway[6‘4°]. Arl5b, a
member of the small GTPase family, is responsible
for APP transport from the TGN to early endosomes.
Arl5b downregulation results in APP accumulation
and increases AP production in the TGN™. In this
study, the interaction between SV2A and Arl5b was
observed in SH-SY5Y and N2a cells, and SV2A
overexpression increased the protein levels of Arl5b
in vitro and in vivo. Moreover, immunostaining
showed that SV2A overexpression decreased the
colocalization of APP and TGN46 (Figure 1). These
results proposed that SV2A may decrease APP
distribution in the TGN through APP transport from
the TGN to early endosomes by Arl5b, which reduces
APP cleavage by BACE1 and y-secretase, resulting in
the lower generation of AB in TGN.

The endolysosomal network consists of dynamic
intracellular membranous organelles, including early
endosomes, late endosomes, recycling endosomes,
autophagosomes, and Iysosomes[4’44]. The
endolysosomal system regulates the recycling and
degradation of proteins'*®. The amyloid degradation
of APP occurs primarily in the endolysosomal
system[el. Early endosomes are critical sorting
centers for endocytosis and provide an ideal acidic
environment for BACE1 activity. BACE1 could cleave
APP to sAPPf and C99 in early endosomes. APP and
its products are then transported to lysosomes via
late endosomes. C99 was further cleaved to Ap and
AICD by vy-secretase in late endosomes or
Iysosomes[46’47]. Impaired endolysosomal system is a
significant early pathological hallmark of AD and can
be recognized as a potential therapeutic target[48].
The dysfunction of the endolysosomal system results
in the aggregation of AR and misfolded proteins[6’49].
However, the mechanisms by which SV2A regulates
cellular trafficking of APP in the endolysosomal
system remain unclear.

In this study, the expression of endolysosomal
biomarkers and the colocalization of APP with
related biomarkers were explored to investigate
the effect of SV2A on APP intracellular transport.
SV2A downregulated the expression of EEA1, Rab7
and LAMP1, but upregulated the expression of
Rab11 jn vitro and in vivo, indicating that SV2A

may influence the number of early endosomes,
late endosomes, lysosomes, and recycling
endosomes. Moreover, SV2A reduced the
localization of APP in early endosomes, late
endosomes, and lysosomes, but increased its
localization in recycling endosomes (Figures 2-5).
Therefore, SV2A could promote APP transport in
the TGN-early endosome-recycling pathway, but
reduce APP transport in the early endosome-late
endosome-lysosome pathway. However, CTSD, the
key lysosomal hydrolase, was significantly
upregulated by SV2A (Figure 4).

The cell membrane is a major site of APP non-
amyloid degradation[Bol. APP, located in the early
endosomes, is transported to the cell membrane via
recycling endosomes”". Additionally, some APP in
the cell membrane can be internalized into early
endosomes for further processinglsz]. In this study,
SV2A increased APP distribution in the cell
membrane. Furthermore, the antibody
internalization assay showed that SV2A reduced APP
endocytosis (Figure 6). These results indicate that
SV2A promotes APP distribution in the cell
membrane via the recycling endosome-cell
membrane route and decreases APP internalization
in the cell membrane.

APP could be processed by BACE1l and vy-
secretase sequentially to generate sAPPJ and AB[“].
sAPPa played an important role in neuroprotection
and was generated from the nonamyloid cleavage of
APP by a- (ADAM10) and y-secretase[”]. In this
study, SV2A reduced the levels of sAPPB, AR, and
ABi.4y, but had no effect on sAPPq, indicating that
SV2A slows down the amyloid degradation of APP,
but does not affect the non-amyloid degradation of
APP (Figure 7).

This study demonstrates that SV2A promotes
APP transport from the TGN to early endosomes by
upregulating Arl5b and APP transport from early
endosomes to recycling endosomes-cell membranes,
which slows APP amyloid degradation.

AD is a multifactorial neurodegenerative
disorder®™. Currently, AD drugs mainly focus on a
single target and cause adverse effects™**. AD
drugs sanctioned by the US Food and Drug
Administration (FDA) could improve symptoms but
do not slow AD progression or cure AD®®. Recent
studies have suggested that the endolysosomal
system is essential for neuronal homeostasis®”.
The present study indicates that the SV2A-
mediated regulation of APP intracellular transport
may be a potential target for AD therapeutic
intervention.
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CONCLUSION

Our study is the first to indicate that SV2A can
slow down the amyloid degradation of APP by
promoting APP transport from early endosomes to
the recycling endosomes-cell membrane pathway
rather than the late endosomes-lysosomes pathway.
Consequently, the underlying mechanisms by which
SV2A regulates the intracellular transport of APP in
AD will provide novel targets for AD therapy and
drug development.
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