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Abstract
Background: The ε4 allele of the Apolipoprotein E (APOE) gene is a major genetic risk determinant of
sporadic Alzheimer's disease (AD). Its protein product APOE4 has been demonstrated to coffers
deleterious effects for various neurodegenerative disorders related to cognitive impairment, including AD.
A line of evidence implied that APOE4 affects these diseases partly through its synaptic damage.
However, the mechanisms underlying this have not been fully interpreted.

Methods: Proteomics analysis, Co-immunoprecipitation assay (Co-IP), Bimolecular �uorescence
complementation (BIFC), and Proximity ligation assay (PLA) assays were used to screen and verify the
interactome of APOE, which in an APOE4-priority manner. The molecular docking and molecular dynamic
analysis were conducted to elucidate the molecular mechanisms that APOE3 differs from APOE4 in the
binding ability of VAMP2. Adeno-associated virus expressing APOE3 and APOE4 was stereotaxically
injected into the Hippocampus of Apoe-/- mice, and in vitro recombinant proteins experiments were
conducted to verify the AOPE on soluble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complex assemble. FM4-64 �uorescent dye labeling assay was explored in hippocampus from
APOE3-TR and APOE4-TR mice to study the APOE genotype effect on synaptic vesicle release.

Results:

Using proteomics analysis, we screened interactomes of APOE3 and APOE4 in neurons, respectively.
Then, VAMP2 protein was selected for further analysis through related bioinformatics analysis. Via Co-IP,
BIFC, and PLA assays,we demonstrated that APOE directly interacts with VAMP2 in an E4 > E3 manner in
vitro and in vivo. The molecular docking and molecular dynamic analysis suggested that the APOE4-
VAMP2 complex was more stable and had higher a�nity than APOE3-VAMP2, may due to the increased
contribution of hydrogen bonding, hamper VAMP2 to form the SNARE complex. The further in vitro and in
vivo results suggest that APOE4 blocks the SNARE complex assembly, negatively regulating synaptic
vesicle release, �nally contributing to the synaptic damage and cognitive impairment.

Conclusions:

Our �ndings identify SNARE protein as an APOE interactor, and APOE4 isoform effects on SNARE
complex formation, mediates APOE4-induced synaptic dysfunction. Our results provide insights into
APOE4-mediated synapse toxicity, and suggested new avenues for speci�cally targeting early presynaptic
dysfunction in AD. 

Background
Alzheimer’s disease (AD), which is the most common type of neurodegenerative disease and a leading
cause of mortality in the elderly [1], is characterized by the pathological accumulation of amyloid-β (Aβ)
plaques and neuro�brillary tangles, along with progressive memory loss and synaptic alterations in the
brain [2]. Among the distinctive neuropathological hallmarks of AD, the extent of synaptic loss has been
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reported as the best pathological correlate of cognitive decline and memory de�cits [3-6]. Increasing
evidences highlights that presynaptic dysfunction might be an early event that occurs before
neurodegeneration and interfering with early synaptic dysfunction may be therapeutically bene�cial in
preventing cognitive decline and disease progression [7, 8]. However, the molecular mechanisms
underlying such synaptic failure remain largely unknown.

Clinical studies, along with basic research, have widely demonstrated that the ε4 allele of the APOE gene
is the strongest genetic risk factor for late-onset AD with an earlier stage of the disease developing in a
gene dose-dependent manner relative to the risk-neutral ε3 allele [9, 10]. Indeed, carrying one copy of the
ε4 allele increases the risk of AD by about 3-fold, with homozygotes having a 12-fold higher susceptibility
to develop AD, making it the most signi�cant risk gene for sporadic AD [11, 12]. In addition to AD, APOE4
is also a genetic risk factor for a variety of neurodegenerative disorders related to cognitive impairment,
such as Parkinson's disease dementia, frontotemporal dementia, Lewy body dementia and
cerebrovascular disease [13-16]. Human APOE3 and APOE4 differ from each other only at one amino acid
residue at position 112. The single amino acid difference between APOE3 (Cys112) and APOE4 (Arg112)
has been shown to substantially alter the structure and function of APOE proteins, such as binding to
apolipoprotein receptors, lipids, and Aβ [17-20]. Despite the substantial in�uence of APOE4 on the
progression of AD, how APOE4 modulates the molecular mechanisms underlying neurodegeneration
remains elusive.

As the major lipid transport protein in the central nervous system (CNS), APOE has many functions such
as immunomodulation, signal transduction, and maintenance of synaptic connections [21-23]. It has
been reported that APOE4 was negatively associated with dendritic spine density of dental gyrus neurons
in both aged normal controls and patients with AD [24, 25]. In addition, animal studies have reported that
APOE4-targeted replacement (TR) mice have less dendritic arborization and reduced synaptic
transmission compared to APOE3-TR mice, and that these reductions occurred in the absence of any
pathologic hallmarks such as gliosis, amyloid deposition, or neuro�brillary tangles [26, 27]. These
�ndings highlight a key role of APOE4 in perturbing synaptic function in early disease stages, may be an
independent risk factor for synapse loss and neurodegeneration. Although increasing data imply the
involvement of APOE in synaptic regulation, its molecular mechanism remains poorly investigated.

Synaptic transmission relies on the fusion of synaptic vesicles with the presynaptic plasma membrane.
In presynaptic terminals, neurotransmitter secretion requires a tightly coordinated membrane fusion
machinery with the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) [28,
29]. At synapses, neuronal SNARE proteins mainly comprise the vesicle-associated SNARE (v-SNARE)
protein VAMP2 (also referred to as synaptobrevin‐2) and the plasma membrane t-SNARE proteins,
syntaxin-1 and SNAP25 [30]. Aberration in SNARE complex formation is highly associated with cognitive
function [31, 32], and it has been suggested that misfolded proteins cause cognitive impairments in
relation to neurodegeneration by impairing presynaptic chaperones or directly inhibiting SNARE complex
formation [33, 34]. In particular, the ability of SNARE proteins to form complexes was found to be a
predictor of cognitive function [35]. Analysis of these presynaptic proteins suggests that the level of their
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functional interactions is associated with greater brain reserve, better cognition, and less decline over
time [7, 36]. Importantly, investigations indicate that the formation of the SNARE complex is substantially
decreased in the postmortem brains of AD and PD patients as well as the AD mouse model [37, 38], and
maintaining the SNARE complex function in neurotransmission is important to prevent
neurodegeneration. As an important risk gene for neurodegenerative diseases and cognitive impairment,
the mechanism underlines the correlation between different APOE genotypes and SNARE remains largely
unknown and whether APOE can affect the assembly of SNARE needs further interrogated. In the present
study, we investigated the potential contribution of the APOE4 genotype to dementia-related pathogenesis
by directly binding and downregulating the SNARE complex assembly.

Materials And Methods
Animals

C57BL/6J and APOE knockout mice were purchased from The Jackson Laboratory. Human APOE3- and
APOE4-TR mice were purchased from Cyagen Biosciences. Mice were maintained at a controlled
temperature of 24–26°C under a 12-h light/dark cycle. The mice had free access to food and puri�ed
water. All animal experimental procedures were performed in accordance with the Guide for the Care and
Use of Laboratory Animals and approved by the Laboratory Animal Ethical Committee of Guangdong
Medical University. Female mice were selected because previous work has shown that behavioral and
molecular de�cits in APOE4-TR mice are more pronounced in female mice, consistent with observations
in humans showing higher risk for AD in female APOE4 carriers.

Primary neuronal culture and mass spectrometry

Primary hippocampal or cortical neurons were obtained from newborn APOE knockout mice. Cultures
were grown in a neurobasal medium supplemented with B27 (Thermo Fisher Scienti�c), 0.5 mM
glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin. Neurons were seeded at a density of
105 cells/well in 6-well plates. At 2 days in vitro (DIV), cells were treated with cytosine arabinofuranoside
(Ara-C, Sigma) to eliminate glial cells. At DIV7, cells were treated with recombinant human APOE3 (rh-
APOE3; PeproTech, Lot: 06188) and APOE4 (rh-APOE4; PeproTech, Lot: 0118318) for 24 h at 10 µM
before cells were harvested. The cells were lysed and incubated with APOE (ab1906) or IgG antibodies
overnight at 4°C, followed by treatment with protein A/G PLUS-Agarose (GE Healthcare, Lot: 10247533
and 10248260) for 2 h. Then, the protein complexes were washed three times with the
immunoprecipitation (IP) buffer and boiled for 3 min, followed by MS analysis. MS was conducted as
described previously [39]. Brie�y, total proteins were extracted from cells using IP lysis buffer (20 mM Tris-
HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 5% glycerol; Beyotime, P0013). The relevant
antibodies and protein A/G beads were added to the protein lysates. Next, the lysates were incubated at
4°C overnight. Pre-cold IP lysis buffer was used to wash the immunocomplex samples three times. Lastly,
the samples were boiled in SDS-PAGE loading buffer and analyzed by western blotting.
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Co-immunoprecipitation assay

For Co-IP analysis, HEK-293T cells were co-transfected with pCMV-VAMP2-HA and pCMV-APOE3-3 × Flag
or pCMV-APOE4 × 3Flag plasmids. After 48 h of transfection, the cells were washed with PBS and lysed
with IP lysis buffer for 30 min at 4°C. The supernatant of cell lysates was incubated with the respective
antibodies overnight at 4°C, followed by treatment with protein A/G PLUS-Agarose for 2 h at 4°C. Beads
were washed three times with lysis buffer before suspension in an equal volume of 2× SDS sample
buffer. Protein bands were detected by western blotting using the anti-Flag (Abbkine, A02010) and anti-
HA (Abbkine, A02040) antibodies.

Western blotting

The antibodies and recombinant proteins used in this study are listed in Table S1(Additional �le1). Mouse
brain tissues and cultured cells were homogenized and lysed in RIPA buffer (20 mM Tris-HCl [pH 7.5], 150
mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 1 mM PMSF, 10 mg/mL
aprotinin, 1 mg/mL pepstatin A, and 1 mg/mL leupeptin). The proteins were then quanti�ed using the
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scienti�c, TL276863). Equal amounts of protein were
resolved by SDS-PAGE and transferred to polyvinylidene �uoride membranes. After the membranes were
blocked, proteins were immunoblotted with a relative primary antibody, followed by secondary IgG
antibodies conjugated with horseradish peroxidase. Finally, the blots were visualized by enhanced
chemiluminescence. To study SNARE complex formation, the protein concentration of each lysate was
determined, and the samples from each genotype were then divided into two tubes: one tube was boiled
for 30 min, and the other was kept at 24°C.

Bimolecular �uorescence complementation assay

Due to stronger complementation signals and direct readout, the BiFC assay has been widely accepted
and used for the study of protein-protein interactions in living cells. For the BiFC assay, cDNAs coding for
APOE3 and APOE4 were subcloned into a FLAG-tagged C-terminal Venus vector (pBiFC/Flag-VC155), and
VAMP2 was subcloned into an HA-tagged N-terminal Venus plasmid (pBiFC/HA-VN173). VC and VN are
the C-terminal and N-terminal fragments of the Venus �uorescent protein, respectively. HEK-293T cells
were co-transfected with cloned BiFC vectors (APOE-VC with VAMP2-VN or APOE-VC with VN-VAMP2)
using Lipofectamine 2000 (Invitrogen, 11668019) according to the manufacturer’s protocol. After 48 h of
transfection, Venus �uorescence signals were imaged using a confocal microscope (Olympus, Tokyo,
Japan).

Molecular docking and molecular dynamics simulation

MDS is one of the most useful techniques that provides the possibility of studying the stability of
biological macromolecules and monitoring their behavior over time. The crystal structure of APOE3 was
obtained from the Protein Data Bank (PDB ID: 2l7b). The 112-position Cys residues of APOE3 protein
were mutated to Arg as the initial structure of APOE4 by PyMOL 2.1. Then, 20 ns molecular dynamics
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simulation of the APOE4 protein was performed using the GROMACS software, and the �nal equilibrium
structure was used for docking with the VAMP2 protein. Since there is a complete crystal structure of the
VAMP2 protein, homologous modeling is needed to construct its complete structure. Modeler 9.24
software was used for single template modeling, Swiss model was used for template search, and PDB ID:
3hd7 was selected as the template for modeling. The homology and resolution were 100% and 3.4%,
respectively. The Rosetta software was used to optimize the structure, and SAVE V5.0 was used to
evaluate the protein quality. The online server swarm docking server connects APOE3, APOE4, and
VAMP2. The docking type was blind docking, and the number of generated models was set to 200.
Finally, according to the docking score, the optimal complex conformation was selected as the initial
structure of MDS. MDS was performed under constant temperature, constant pressure, and periodic
boundary conditions using the GROMACS program. In the MDS process, all hydrogen bonds were
constrained by the LINCS algorithm, and the integration step was 2 fs. The electrostatic interaction was
calculated using the particle-mesh Ewald method, and the cutoff value was 1.2 nm. The non-key
interaction truncation value was set to 10 Å and updated every 10 steps. The V-rescale temperature
coupling method was used to control the simulation temperature of 300 K, and the Berendsen method
was used to control the pressure of 1 bar. Different systems of APOE3-VAMP2 and APOE4-VAMP2 were
simulated by MD at 100 ns, and the conformation was saved every 10 ps. The binding free energies of
APOE3 and APOE4 with the VAMP2 protein were calculated using the MMPBSA program.

Immuno�uorescence staining

The mice were perfused with PBS, followed by 4% paraformaldehyde. After �xation, whole brains were
dissected and embedded in OCT compound. Coronal brain sections (10 μm) were �xed with 4%
paraformaldehyde and blocked with 1% goat serum albumin containing 0.3% Triton for 1 h at room
temperature. Then, the slices were incubated with primary antibodies overnight at 4°C. Sections were
subsequently washed with PBS and incubated with �uorescent secondary antibodies (Alexa Fluor® 488,
1: 500, Abcam; Alexa Fluor® 647, 1: 500, Abcam) for 2 h at room temperature. Next, the sections were
incubated with DAPI (1:1000, Boster) for 5 min to stain the nuclei. Finally, the slides were cover-slipped
with mounting medium. Immuno�uorescence images were acquired using a confocal microscope
(FV3000; Olympus).

Hippocampal stereotactic injections

The AAV-CMV-EGFP, AAV-APOE3, and AAV-APOE4 preparation (2 µL, 1.0 × 1012 IU/mL) was bilaterally
injected into the hippocampal CA1 region using a 33-gauge needle (Hamilton) and a syringe pump (KD
Scienti�c, Holliston, MA) at a rate of 0.2 uL/min. Female APOE-/- mice were anesthetized with 5% chloral
hydrate (8 µL/g), head fur was clipped, and animal heads were �xed on a stereotactic frame. The scalp
was disinfected using three separate antiseptic swabs. Erythromycin was used to keep the eyes moist.
The head of each mouse was shaved and �xed using a stereotaxic instrument. Following a scalp midline
incision, the soft tissues were re�ected, and a 5 mm × 5 mm craniotomy was performed between the
bregma and lambda (to the left of the sagittal suture) to expose the underlying dura. Stereotactic
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coordinates used for injections were as follows: antero/posterior = -2.5 mm, medio/lateral = ±1.8 mm,
and dorso/ventral = -2.0 mm coordinates from bregma. After injection, the needle was retained for an
additional 2 min before it was slowly withdrawn. After surgery, the scalp was closed with sutures, and the
animals were placed in cages and allowed to recover from anesthesia. One month after the injection,
mice were sacri�ced, and the hippocampal lysates were used for western blot analysis.

Analysis of the SNARE complex

Biochemical analysis of the SNARE complex was performed as previously described, with some
modi�cations. HEK-293T cells were co-transfected with pCDNA-syntaxin-1, VAMP2, and SNAP25 (1:1:1)
together with increasing amounts of the APOE3 or APOE4 plasmid. Total DNA was kept constant by
balancing the APOE plasmid with an empty plasmid. SH-SY5Y cells and APOE-/- primary neurons were
infected with AV-APOE3, AV-APOE4, or control adenovirus. Then, 48 hours after transfection or infection,
cells were homogenized with lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 0.5% Triton
X-100) plus protease inhibitors and centrifuged at 12,000 × g at 4°C for 10 min. The supernatant was
mixed with SDS-sample buffer and divided into two fractions. One fraction was boiled for 30 min, while
the other was not. Both fractions were subjected to SDS-PAGE and western blot analyses. SDS-resistant
SNARE complexes were de�ned as immunoreactive materials above 40 kDa that were absent from the
boiled samples.

In vitro assembly of neuronal SNARE complexes

Recombinant syntaxin-1 proteins (3 mM) were incubated with SNAP25 (3 mM) at room temperature for 2
h to form t-SNARE complexes. Concurrently, recombinant VAMP2 proteins (3 mM) were incubated with
recombinant human APOE3 or APOE4 protein (3 mM) at room temperature. SNARE complex formation
was initiated by the addition of the above proteins and stopped after 2 h by the addition of SDS-
containing sample buffer. The assembly of SNARE complexes was analyzed by SDS-PAGE and
Coomassie Brilliant Blue staining. The intensities of the bands corresponding to the tertiary SNARE
complex were quanti�ed using a densitometer (GS-900, Bio-Rad).

Proximity ligation assay

PLA was performed using the Duolink in situ Red Starter Kit Mouse/Rabbit (Sigma-Aldrich, F1635)
following the manufacturer’s instructions. Brie�y, after washing, permeabilizing, and blocking as
histological analysis, cerebral coronal sections were incubated with anti-APOE (ab1906) and anti-VAMP2
(ab181869) primary antibodies overnight at 4°C. The slides were then incubated with anti-mouse MINUS
and anti-rabbit PLUS proximity probes for 1 h at 37°C. Ligation and ampli�cation were performed using
the Duolink in situ detection reagent kit according to the manufacturer’s protocol. Finally, the
hippocampal CA1 region was mounted on a slide with the Duolink in situ mounting medium with DAPI.
Images were captured in the hippocampal CA1 region using an Olympus FV1000 confocal microscope,
and the red spots represent the interactions between APOE and VAMP2.



Page 9/34

FM4-64 �uorescent dye evaluation

SH-SY5Y cells were infected with AV-APOE3, AV-APOE4 or control adenovirus for two days, the cells were
incubated with FM4-64 �uorescent dye (Biotium, USA) for 3 min at room temperature to allow the FM4-64
dye to bind to the outer membrane of cells. Next, 70 mM KCl was added to the cells for 3 min to
internalize the FM4-64 dye via endocytosis. The cells were then washed with 0.9% NaCl to remove
extracellular FM4-64 dye. Then, 70 mM KCl was added again to eliminate synaptic vesicle exocytosis.
The FM4-64 �uorescent intensity signal was immediately imaged by confocal microscopy (Olympus,
Tokyo, Japan) using a 60× objective lens and a 543 nm argon laser, and images were acquired every 1s
for 1 min.

Transmission electron microscopy (TEM)

Female APOE-TR mice (6 months old) were anesthetized with 5% chloral hydrate and perfused with
saline, followed by 2% paraformaldehyde in 0.1 phosphate saline (PBS; pH 7.4). Brains were dissected
and removed from the skulls quickly and carefully and immersed in the same �xative overnight at 4°C.
After washing with 0.1 M phosphate buffer, the CA1 region of the hippocampal tissue was cut into small
pieces (1×1×1 mm) and �xed with 2% glutaraldehyde at 4°C for 2 days. Next, tissues were post-�xed with
1% osmium tetroxide for 2 h. Tissues were cut into 70 nm thick sections and stained with uranyl acetate
for 30 min and lead citrate for 10 min; the sections were observed under TEM (JEM‐1400PLUS). Synaptic
ultrastructure including synapse number, synapse size, and length of the active zone were chosen based
on a systematic random sampling principle and photographed at a TEM magni�cation of 60,000×. The
small synaptic vesicles were divided into two groups to count as “docked” vesicles (i.e., located within 30
nm of the presynaptic active zone). Finally, the synapse number, synapse size, and active zone length
were measured using the ImageJ software.

Statistical analysis

Data are expressed as means ± standard error of the mean (SEM). Student's t test was used to analyze
the differences between two groups, one-way ANOVA was used to analyze the differences more than two
groups with one independent variable, and two-way ANOVA was used for groups with two independent
variables. All the experiments are performed independently at least three times. All data and �gures in this
paper were analyzed and plotted by GraphPad Prism version 6.0. Statistical signi�cance was set at
P < 0.05 (*P < 0.05, **P < 0.01, and ***P < 0.001).

Results
In vitro characterization of the different interactions of the APOE genotype

To investigate how the APOE genotype differentially regulates the neuronal function, Apoe-/- primary
neurons were incubated either with recombinant human APOE3 or APOE4 protein, followed by co-
immunoprecipitation (Co-IP) assay and mass spectrometry (MS) analysis to compare the different
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interaction proteins between the APOE3 and APOE4 (Fig. 1A). A proteomic analysis identi�ed 1137, 834,
and 488 proteins in the APOE3, APOE4, and IgG groups, respectively. Some of these proteins have been
previously reported to interact with APOE, for example the microtubule-associated protein [40], suggesting
the effectiveness of the proteomic analysis. Among these potential interactions, 324 candidate proteins
were unique to the APOE3 group (Additional �le2: Table S2), 91 proteins speci�cally interacted with the
APOE4 group (Additional �le3: Table S3), and 737 proteins overlapped between them (Fig. 1B). The top
�ve APOE4-speci�cally enriched proteins (dgcr6, VAMP2, VAMP3, marcks, and krt76) were listed
according to their abundance in the MS data. Notably, among these proteins, VAMP2 was identi�ed to be
closely related to synaptic transmission [41, 42] and correlated well with the pathological features of AD
[43, 44]. Additionally, VAMP2 is one of the main components of the SNARE complex, which is critical for
neurotransmission. Furthermore, GO and KEGG analyses also showed that the difference between
APOE4- and APOE3-speci�c interactome was enriched in proteins related to SNARE interactions in the
vesicular transport and synaptic vesicle cycle (Fig. 1C and D, Additional �le4: Fig. S1A–E). Therefore,
VAMP2 protein was selected for further analysis.

Next, the expression of individual SNARE proteins (VAMP2, SNAP25, and syntaxin-1) and SNARE complex
in an AD mouse model were investigated. As shown in Fig. S2A (Additional �le5), the VAMP2 protein was
signi�cantly decreased in the cortex and hippocampus homogenates of APP/PS1 transgenic (TG) mice.
The SDS-resistant property of the SNARE complex allowed us to determine the amount of complex
formation using SDS-PAGE and western blot analysis. VAMP2 and SNAP25 antibodies were used to
individually quantify the amount of the SNARE complex in the cortex and hippocampus homogenates of
APP/PS1 TG and wild-type mice. The results showed an approximately 30% decrease in SNARE complex
formation in APP/PS1 TG mice (Additional �le5: Fig. S2B). These results indicate that SNARE complex
assembly was decreased in the AD mouse model.

Interaction of APOE with SNARE proteins in an E4 > E3 manner

Co-IP was performed to con�rm the interactions between APOE and VAMP2 proteins in HEK-293T cells.
Results showed that APOE co-immunoprecipitated with VAMP2 with higher a�nity for APOE4 (Fig. 2A),
and vice versa (Fig. 2B), indicating the isoform-dependent binding of APOE and VAMP2 protein.
Furthermore, the biomolecular �uorescence complementation (BiFC) assay was performed to validate the
interaction between APOE and VAMP2 at the cellular level, which enables the visualization of protein-
protein interactions in living cells [45]. In this assay, two candidate interacting proteins were fused to the
C- and N-terminal non-�uorescent fragments of the Venus �uorescent protein (VC155 and VN173,
respectively). If they interact with each other, the VN173 and VC155 fragments are brought into proximity
and produce a �uorescent signal. Our results showed that the co-transfection of VC-APOE4 and VN-
VAMP2 or VC-APOE4 and VAMP2-VN plasmids yielded more intense Venus signals (i.e., green
�uorescence) than that of APOE3 (Fig. 2C and D) in HEK-293T cells. No �uorescence was detected when
APOE or VAMP2 was expressed alone. These results suggest that APOE interacts with VAMP2 in an E4 >
E3 manner in living cells. As APOE3 and APOE4 differ only at the single amino acid in position 122, we
examined whether APOE (1–136) was responsible for the different interactions (Fig. 2E). As shown in Fig.
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2F, APOE4 (1–136) has a higher binding a�nity with VAMP2 than APOE3 (1–136), indicating that a
single amino acid may contribute to the binding difference. In the CNS, VAMP2 together with SNAP25 and
syntaxin-1 constitute the core component of the SNARE complex, which corresponds to the minimal
component of the protein machinery that promotes synaptic vesicle fusion with the presynaptic
membrane, thereby releasing neurotransmitters. We further determined whether APOE interacts with
SNAP25 and syntaxin-1, and the results indicated that APOE co-immunoprecipitated with SNAP25 (Fig.
2G) and syntaxin-1 (Fig. 2I) in an E4 > E3 manner, and vice versa (Fig. 2H and J). These results
demonstrated that APOE interacts with the SNARE complex in an isoform-speci�c manner (E4 > E3).

Binding mechanisms of APOE with VAMP2

Structural bioinformatics and molecular dynamic simulations (MDS) were performed to determine the
interactions between the APOE genotype and VAMP2 protein. The stability of the APOE-VAMP2
complexes and their structural changes were examined using the root-mean-square deviation (RMSD),
which indicates the average distance between the backbone atoms of superimposed proteins. As shown
in Fig. 3A, the RMSD values were similar at the beginning of the simulation (0–20 ns), which was mainly
due to the large protein structure �uctuation caused by the interaction between the protein and the
surrounding water solvent. The RMSD parameter sharply increased and remained stable with minor
residue �uctuations after 50 ns of simulation. The mean RMSD value of APOE4-VAMP2 complex was
2.07 nm with a 1.16% amplitude of �uctuation. Meanwhile, the RMSD value of the APOE3-VAMP2
complex was 2.44 nm, and the �uctuation amplitude was 4.06%. The lower RMSD value of the APOE4-
VAMP2 complex in the simulation process indicates that the protein complex is more stable than the
APOE3-VAMP2 complex. The radius of gyration (Rg) provides insight into the measure of protein
compactness. Therefore, Rg analysis was conducted to further characterize the conformational changes
in the APOE-VAMP2 complex structure. As shown in Fig. 3B, the Rg values of the two complexes
decreased gradually in the �rst 20 ns of the simulation, which was mainly due to the longer α-helix of
VAMP2 gradually approaching the APOE protein during simulation, and the structure of the two systems
became more compact. The average Rg values of APOE3-VAMP2 and APOE4-VAMP2 complex are 2.50
nm and 2.38 nm, respectively. The Rg values of the APOE4-VAMP2 system are relatively smaller,
indicating that VAMP2 and APOE4 form frontal complex structures more closely than APOE3; thus, it is
speculated that the interaction may be stronger. Hydrogen bonding is an important force for maintaining
the structural stability of biological macromolecules, and it is also an important form of protein
interaction. Therefore, the number of hydrogen bonds between VAMP2 and APOE proteins during MDS
was statistically analyzed. As shown in Fig. 3C, the number of hydrogen bonds between APOE4 and
VAMP2 is higher than that of APOE3, with an average of 16.74% and 12.20%, respectively. To further
evaluate the difference in a�nity between proteins, the free binding energy of APOE3 and APOE4 proteins
interacting with VAMP2 during simulation was evaluated. The free binding energy of the APOE protein
interacting with VAMP2 was basically stable after 60 ns, and the average binding energy of APOE3 and
APOE4 with VAMP2 is −481.21 kJ/mol and −568.57 kJ/mol, respectively (Fig. 3D). These results suggest
that the hydrogen bonding interaction and binding energy between APOE4 and VAMP2 were lower than
those between APOE3 and VAMP2. APOE3 and APOE4 differ from each other only at one amino acid
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residue at position 112, which has been shown to substantially alter the structure and function of the
APOE protein. To further study the difference in binding with VAMP2 caused by amino acid mutation at
position 112, the amino acid conformation near position 112 of the APOE protein after MDS was
analyzed. Detailed analysis of the intermolecular interactions showed that the Cys112 side chain does
not play an obvious role in the binding of APOE3 and VAMP2. The binding free energy of APOE3 and
VAMP2 mainly depend on the hydrogen bonding between Asp110 and Lys91, Val185, and Asn92, and the
hydrophobic interaction between Val116, Val185 (APOE3), and Leu99, Ile98, Met96, Met95, Leu93
(VAMP2) (Fig. 3E). In the binding mode of APOE4 and VAMP2, the side chain of Arg112 turned towards
the VAMP2 protein, formed hydrogen bonds with Glu109, and formed cation-π interactions with Tyr88,
which is an aromatic amino acid in the VAMP2 structure (Fig. 3F). The distance between Arg112 and the
aromatic benzene ring centroid was 4.22 Å. In addition, Arg189 in APOE4 also forms cation-π interactions
with Trp89 of VAMP2, and hydrogen bonding interactions exist between the Arg189 main chain and
Asn92, Glu238, and Lys91, which further enhances the binding a�nity between APOE4 and VAMP2. To
further study the difference in APOE genotype binding with VAMP2 protein, the binding modes of APOE
and VAMP2 proteins were analyzed. The VAMP2 protein mainly relies on the α-helix structure and binds to
the hydrophilic groove of the APOE protein (Fig. 3G and Additional �le 6 to 8: Movies S1 to S3). Therefore,
it can be inferred that hydrophilic interactions are one of the key forces in the molecular recognition
process. Furthermore, there are some hydrophobic regions near the binding surface of the VAMP2 and
APOE proteins, and hydrophobic interactions can further enhance protein binding. The VAMP2 regions
(31–91) responsible for SNARE complex formation can completely bind to APOE protein, thus hampering
SNARE complex assembly by overlapping the VAMP2 structural binding epitope.

Inhibition of the SDS-resistant SNARE complex formation by APOE4 in vitro and in vivo

The above results showed the APOE genotype-dependent interactions with individual SNARE complexes
(VAMP2, SNAP25, and syntaxin-1), indicating that it may inhibit the assembly of neuronal SNARE
complexes. To test this hypothesis, we detected the APOE genotype on SNARE complex formation in HEK-
293T cells, and the results showed that the overexpression of the APOE4 plasmid signi�cantly inhibited
SNARE complex formation as compared with that of the APOE3 plasmid (Fig. 4A). Next, we examined the
effect of the APOE genotype on SNARE complex assembly in neuronal cells. The e�cacy of adenovirus
(AV) infection was con�rmed by visualizing the green �uorescent protein (GFP) (Additional �le9: Fig.
S3A). Consistently, the infection of AV-APOE4 in cultured SH-SY5Y cells (Fig. 4B) and APOE-/- primary
neurons (Fig. 4C) resulted in a corresponding decrease in SNARE complex assembly, whereas there were
no apparent variations in the individual amounts of VAMP2, SNAP25, and syntaxin-1 proteins (Additional
�le9: Fig. S3B). Because the effect in cultured cells may have been indirect, we examined the function of
APOE in a purely in vitro system. The syntaxin-1 recombinant protein was incubated with SNAP25 to form
t-SNARE complexes, and the VAMP2 recombinant protein was incubated with recombinant human APOE3
or APOE4 protein, then the SNARE complex formation was initiated by the addition of the above proteins
and stopped by the addition of SDS-containing sample buffer. The addition of APOE4 resulted in
signi�cantly reduced SNARE assembly, as observed by gel band densitometry (Fig. 4D). In addition, we
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observed a linear relationship between the SNARE complex assembly and APOE4 levels (Fig. 4E). To test
if the in vitro results are indicative of the in vivo results, one month following the hippocampal injection of
the adeno-associated virus (AAV) in 6-month-old Apoe-/- mice, GFP was visualized to determine the effect
of the injection (Fig. 4F). We observed that SNARE complex formation was signi�cantly decreased in
AAV-APOE4-EGFP-injected mice (Fig. 4G).

Decrease in SNARE complex assembly by APOE4 under physiological conditions

To address whether the APOE4-mediated decrease in the SNARE complex assembly is relevant under
physiological conditions, APOE-TR mice were chosen to examine the APOE genotype on SNARE complex
formation. The endogenous interactions between APOE and VAMP2 were evaluated.
Immuno�uorescence showed that APOE was co-localized with VAMP2 in the hippocampus of APOE-TR
mice (Fig. 5A). Co-IP was performed to con�rm the interactions between APOE and VAMP2 proteins in the
hippocampus of APOE-TR mice. The results indicated that APOE co-immunoprecipitated with VAMP2
with a higher a�nity for APOE4 (Fig. 5B). Additionally, the Duolink assay was performed to con�rm the
direct interaction between APOE and VAMP2. The Duolink assay is an in situ proximity ligation assay
(PLA) technology that enables the detection and visualization of direct protein interactions in cell and
tissue samples. As shown in Fig. 5C, the Duolink puncta (red) in the hippocampal region of APOE4-TR
mice was more obvious than that of APOE3-TR mice, indicating a higher interaction between APOE4 and
VAMP2 than APOE3 and VAMP2 in vivo. Furthermore, consistent with our in vitro data, APOE4-TR mice
exhibited decreased SNARE complex assembly in both the cortex and hippocampus (Fig. 5D). Moreover,
there was no signi�cant change in the individual SNARE proteins, as determined by western blot and
immuno�uorescence analysis (Fig. 5E, F and Additional �le10: Fig. S4A-C). In summary, the APOE4
genotype directly interacts with the VAMP2 protein and is associated with decreased SNARE complex
formation in vitro and in vivo.

Association of APOE4 with decreased synaptic vesicle release

The effect of the APOE genotype on synaptic vesicle release was determined by the FM4-64 �uorescent
dye labeling assay (Fig. 6A), which is widely used to monitor vesicle release in cultured neuronal cells.
The F/F0 ratio was reduced to about 0.7 at 10 s and was decreased further to about 0.5 at 30 s. However,
the APOE4 markedly blocked the fast-declining �uorescent signal of the boutons with the F/F0 ratio as
high as 0.9 at 10 s and 0.7 at 30 s after KCl stimulation (Fig. 6B and Additional �le 8,11,12: Movies S3 to
S5). Furthermore, the synaptic ultrastructure in the CA1 region of the hippocampus from APOE3-TR mice
was assessed. As shown in Fig. 6C, the number and size of synaptic vesicles in each synapse were not
altered in either group. However, we observed a signi�cantly lower number of docked vesicles in sections
from APOE4-TR mice than in APOE3-TR mice. These results suggest that the reduced synaptic vesicle
release by APOE4 may be explained by the docking defect. Overall, the in vitro and in vivo data provide
evidence that APOE4 impairs presynaptic vesicle release.

Discussion
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APOE4 variant is the strongest genetic risk factor for later onset of AD and was shown to affect the
disease in part through its synaptic damage, which is characterized by diminished neurotransmitter
release [26, 46]. However, the mechanism of APOE4-mediated synapse toxicity is still unclear. In the
present work, we investigate the molecular mechanisms by which synaptic transmission is affected by
APOE4, and raise the possibility that the APOE4 inhibits neurotransmitter exocytosis by directly binding to
the SNARE motif, thus inhibit the SNARE complex formation (Figure 7).

AD is a highly prevalent neurodegenerative disorder with a complex and unclear pathogenesis that is
characterized by cognitive decline. Synaptic damage and loss are thought to be the earliest pathological
change in AD, and most directly correlated with cognitive de�cits. In the brain, APOE is primarily secreted
by astrocytes and delivers APOE-containing lipoprotein particles to neurons via receptor-mediated
endocytosis to support synaptogenesis and maintenance of synaptic connections[47]. APOE4 is less
e�cient than APOE3 in delivering cholesterol for maintenance of synaptic integrity and plasticity, which
may cause a cumulative effect eventually results in synaptic damage and cognitive disorders over an
individual’s lifetime. This may explain that APOE4 is associated with cognitive decline many years before
cognitive impairment becomes clinically apparent[48]. In AD subjects and transgenic mice models,
APOE4 displays a gene dose effect in reducing presynaptic protein expression and dendritic spine
density[24, 25, 49]. The cognitive de�cits are present in APOE4 carries decades prior to any de�ned
neuropathology[50, 51]. In addition, human APOE4 knock-in mice have reduced long-term potentiation in
the dentate gyrus compared with APOE3 mice, without evidence of advanced neurodegeneration[52].
Besides, APOE4-TR mice displayed reduced excitatory synaptic transmission and dendritic arborization in
the amygdala, without obvious amyloid deposition or neuro�brillary tangles in these mice[26].
Additionally, the presence of the APOE4 allele is also associated with an increased risk of age-related
cognitive decline during normal aging. Together, these �ndings suggest that the effect of the APOE4
genotype on cognitive de�cits might due to inherent defects in synaptic function, that appeared before
age-dependent markers of neuropathology and may be an independent risk factor affecting cognitive
function.

In order to explore the contribution of different APOE isoforms to AD pathogenesis, it will be critical to
investigate the molecular interactions that occur between APOE genotype and the its interacting
molecules. To avoid the effects of endogenous APOE, and to exclude the confounding in�uence of
secreted factors produced by glia, primary neurons from APOE-/- mice were selected and Co-IP/MS
approach was used to screening the differently interactors of recombinant human APOE genotype. As the
APOE4 allele conferring an increased risk relative to the most common APOE3 allele, so the recombinant
human APOE3 was used as a standard APOE isoform. We identi�ed a set of genes that differently bind to
APOE3 and APOE4. The GO and KEGG analyses revealed that many of the proteins identi�ed were linked
to neurological disorders, such as AD, PD and Huntington diseases. The top rank difference between
APOE4 and APOE3 speci�c interactome was enriched in SNARE interactions in vesicular transport and
synaptic vesicle cycle. Noteworthy, the VAMP2 protein, one of the individual SNARE complexes, is the one
of the top APOE4 interactors. Because the SNARE protein was recognized as the core component of the
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protein machinery that facilitates the fusion of synaptic vesicles with the presynaptic terminals, which
may suggest that APOE4 is likely involved in regulating synaptic vesicle fusion and the inhibiting release
of neurotransmitters, and the SNARE protein might be a critical candidate responsible for APOE4 related
cognitive decline. Indeed, our Co-IP and BiFC combined with PLA assay demonstrated that APOE directly
interacts with VAMP2 proteins with E4 > E3 manner. In addition, molecular docking and MD simulation
approaches suggested that the APOE4-VAMP2 interaction was more stable and has stronger a�nity than
that of APOE3, which further supported our results. As the single amino acid polymorphisms
substantially alter the structure and function of APOE protein, the amino acid conformation near 112
position of APOE protein was analyzed. Detailed analysis suggest that higher free binding energy may be
attributed to the increased hydrogen bonding between the APOE4 and VAMP2 protein. In neuronal cells,
syntaxin-1 associates with SNAP25 to form t-SNARE complex in the presynaptic plasma membrane,
which then assemble into full SNARE complex with VAMP2 on synaptic vesicles to mediate vesicles
fusion with the membrane and neurotransmission[53]. The SNARE complex formation process implies
that interactors that bind to the SNARE monomer are likely to affect the SNARE complex's formation (33,
38). Of note, the MDS assay suggests that interactions of APOE4 with VAMP2 may hamper the SNARE
complex formation by blocking the VAMP2 binding interface. Studies reported that the SNARE-complex
formation de�cits might generally occur in cognitive impairment-related diseases, such as AD, PD,
depression, and others (37, 38, 53). De�cits in SNARE complex assembly could inhibit neurotransmission
and subsequently contribute to cognitive damage and disease pathology(54, 55). In addition, the
formation of neuronal SNARE complex has been reported as a major target for modulation of various
neural activities, and maintaining the SNARE protein function in neurotransmission was demonstrated
important for preventing the neurodegeneration[33, 54-56]. Consistently, our present study showed that
the SNARE complex formation was signi�cantly decreased in AD mouse model compared to the age-
matched wild types.

After demonstrating the interaction of APOE and VAMP2, we try to come up with original ideas as to
whether they may affect the SNARE complex formation. Overexpression experiments in vitro and in vivo
have shown that APOE4 can signi�cantly directly inhibit the formation of SNARE complex. So, does this
happen under physiological condition? To address this need, we employed a model of human APOE-TR
mice, in which the mouse express human APOE alleles under the mouse APOE promoter, and do not
develop the plaques and tangles diagnostic of AD[57]. APOE4-TR mice displayed a signi�cant decrease in
SNARE complex formation when compared with that of APOE3-TR mice, which in agreement with the
overexpression results. Because APOE4-TR mice are speci�cally replacement mouse APOE gene with
human APOE protein isoform, our in vivo data establishes a possible connection between APOE genotype
and SNARE proteins. For no neuropathological features in APOE-TR mice, the results suggest that APOE4
may be an independent factor hinder the SNARE complex formation. Together, we demonstrated that
APOE4 directly inhibit the formation of SNARE complex in vitro and in vivo.

Since we demonstrate that APOE4 can inhibit the formation of SNARE complex, and at synapses each
exocytosis event dependent on the assembly of the SNARE complex, the effect of APOE4 on synapse
exocytosis was monitored. Previous work performed in neurons and neurosecretory cells showed that
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application of FM4-64 during periods of activity results in the labelling of recycling vesicles, which
internalize the dye during exo-endocytosis processes[58]. Our in vitro experiments showed that the cells
infection with AV-APOE4 led to more synaptic vesicle retention at presynaptic synaptosomes. Results
suggested that APOE4 could obviously impair the synapse exocytosis. Furthermore, electron microscopy
was used to assessed the synapse ultrastructure in APOE-TR mice. Results showed that compared to
APOE3 neurons, APOE4 neurons had similar synaptic vesicles number, synaptic morphology, and active
zone length, while with less numbers of docked synaptic vesicles at the active zone, which is the
necessary step prior to membrane fusion. Collectively, our results are in coherence with previous studies
suggesting that APOE4 is responsible for decreased neurotransmission and cognitive impairments and
further identi�es the underlying molecular mechanisms.

APOE4 contributes to AD pathogenesis through several overlapping cellular and molecular processes,
including Aβ pathology, tau phosphorylation mitochondrial dysfunction, dysregulated glucose
metabolism, neuroin�ammation dysregulation, synaptic damage, and neurotoxicity(61). In the present
study, we raised the primary mechanism by which APOE4 affects cognitive decline. We believe that
APOE4 directly hamper the SNARE complex formation, disrupts synaptic transmission, and trigger the
downstream toxic pathways leading to cognitive de�cits. This effect may be independent of any
neuropathological changes. We believe that this mechanism is an essential complement to APOE4-
induced neurodegenerative disease.

Our observations may have implications beyond AD. APOE4 is not only the strongest genetic
susceptibility factor for AD, but also reported have an impact on a wide range of neurological disorders,
such as frontotemporal dementia, Parkinson disease and Lewy body dementia[13-16]. It is worth noting
that dysfunction of SNARE complex is a common phenomenon in these neurodegenerative disorders[37,
59, 60]. Therefore, our results altogether might suggest that APOE4 inhibition of SNARE complex
formation is likely to be a shared pathogenic mechanism of APOE4 leading to neurodegeneration.
Gaining a better understanding on the mechanisms of APOE-regulated SNARE complex formation should
enhance our understanding about why APOE4 is a strong risk factor for cognitive decline and teach us
about how we can target APOE in an isoform-speci�c manner to improve synaptic function to treat
neurodegenerative diseases.

Although our study has shown that APOE4 directly interact with SNARE protein, affecting SNARE complex
synthesis, and may be a potential pathogenesis mechanism of APOE4 mediated synaptic toxicity. While,
several drawbacks need to be acknowledged. Firstly, since SNARE complex and associated proteins play
a critical role in synaptic release, which involve several successive steps including vesicle docking,
priming and fusion[61], we do not know the exact step in which APOE4 speci�c interacts with SNARE
proteins to affect synaptic release. Secondly, we could not establish a causal relationship between
APOE4-induced AD risk and SNARE complex formation, because APOE4 also has other toxic effects, such
as Calcium homeostasis and blood-brain barrier (BBB) dysfunction, dysregulation of neuroin�ammation
and lipid transport, which were reported correlated with cognitive disorder[21, 62-64]. More work is needed
to establish causality relationship. In addition, it is not clear whether APOE4 affects the SNARE complex
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independently of other hallmark pathologies of AD, as APOE4 can affect these pathologic markers, and
the pathologic markers such as Aβ can also affect the SNARE complex formation. Further studies are
necessary to determine if those are causatively or consequently involved in neurodegeneration.

Conclusions
Collectively, our �ndings identify SNARE protein as a novel APOE interactor, the APOE4 isoform effects on
SNARE complex formation then contributed to the APOE4-induced synaptic dysfunction. This report is in
coherence with previous studies suggesting that APOE4 are the pathogens responsible for cognitive
impairment in AD and further identify the underlying molecular mechanisms and the target protein
machinery. Our �ndings provide new insights into the molecular mechanisms responsible for the
susceptibility gene APOE, providing mechanistic insights for neurotransmitter exocytosis-based
neurodegenerative diseases prevention and therapy.
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Figure 1

Characterization of different interactions of the APOE genotype in vitro. (A) Flow chart of the
experimental approach to identify APOE genotype-dependent interacting proteins. APOE-/- primary
neurons were incubated wsuppith either recombinant human APOE3 or APOE4 protein (10 µg/mL for 24
h), then Co-IP and MS analysis were performed to screen the potential APOE trapped proteins. IgG was
used as negative control. (B) Venn-diagram depicting the number of interaction proteins among the
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APOE3, APOE4, and IgG groups. The top �ve of the APOE4-speci�cally enriched proteins were listed
according to the abundance in MS data. (C) GO term enrichment analysis (molecular function) of the
APOE3 and APOE4-speci�cally interacting proteins (top 20). (D) KEGG pathway analysis of the APOE3
and APOE4-speci�cally enriched proteins were listed (top 20).

Figure 2
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APOE interacts with SNARE proteins in an isoform-speci�c fashion (E4 > E3). (A–B) HA-VAMP2 and Flag-
APOE (APOE3 or APOE4) plasmids were transiently co-transfected into HEK-293T cells. Cell lysates were
immunoprecipitated by anti-HA or anti-Flag antibodies and subsequently immunoblotted with the
indicated antibodies. (C) Principle of the BiFC assay. (D) BIFC analysis of the interaction between VAMP2
and APOE proteins. HEK-293T cells were transiently co-transfected with the BiFC plasmids, VN-VAMP2
and VC-APOE (APOE3 or APOE4), or VAMP2-VN and VC-APOE (APOE3 or APOE4) plasmids. After 48 h of
transfection, the cells were imaged by �uorescence microscopy, and the relative �uorescence intensity of
Venus was measured using a �uorescence microplate reader. (E) The APOE3 and APOE4 isoforms of
APOE differ from one another at amino acid residues 112, APOE3 (Cys112) and APOE4 (Arg112). (F) HA-
VAMP2 was co-transfected with Flag-APOE3 (1–136), Flag-APOE4 (1–136), or Flag-APOE (137–299)
plasmids into HEK-293T cells. Cell lysates were subjected to immunoprecipitation and subsequent
immunoblotting using the indicated antibodies. (G–J) HA-SNAP25 or HA-syntaxin-1 plasmids were
transiently co-transfected with Flag-APOE (APOE3 or APOE4) plasmids in HEK-293T cells. Cell lysates
were immunoprecipitated by anti-HA or Flag antibodies and subsequently immunoblotted with the
indicated antibodies. one-way ANOVA was used to analyze the BiFC assay. Data are presented as mean ±
SEM, *p < 0.05; **p < 0.01; ***p <0.001. At least three independent experiments were performed.
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Figure 3

Molecular docking and molecular dynamics simulation. (A) Backbone RMSD of APOE3-VAMP2 and
APOE4-VAMP2 complex with time at 300 K. The ordinate represents RMSD (nm), and the abscissa
represents time (ns). (B) The protein structures compactness analysis by Rg of APOE3-VAMP2 and
APOE4-VAMP2 complexes during 100 ns of MD simulation. The ordinate represents Rg (nm), and the
abscissa represents time (ns). Changes in hydrogen bond number (C) and binding energy (D) between the
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APOE protein and VAMP2 with MDS time. Color scheme: red indicates APOE3-VAMP2, blue indicates
APOE3-VAMP2. (E, F) Differences in the binding of APOE3 and APOE4 with VAMP2. (G) The binding
patterns of VAMP2 on APOE3 and APOE4 protein surfaces (cartoon model represents VAMP2; red region
represents the region forming SNARE complex with SNAP25 and syntaxin-1 proteins; APOE3 and APOE4
are represented by surface model; blue and orange regions on protein surface represent hydrophilic and
hydrophobic domains, respectively).

Figure 4
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APOE4 effectively inhibits the formation of the SNARE complex in vitro and in vivo. (A) HEK-293T cells
were co-transfected with constant amounts (1 µg/mL) of VAMP2, SNAP25, syntaxin-1, and APOE3 or
APOE4 plasmid. Cell lysates were immunoblotted without boiling. The SNARE complex was determined
by anti-VAMP2. The expression of the SNARE complex was normalized with the GAPDH protein. (B) SH-
SY5Y cells were infected with adenovirus-mediated APOE3 and APOE4. SNARE complex levels were
determined by western blot. (C) APOE-/- primary neurons were infected with adenovirus-mediated APOE3
and APOE4. SNARE complex levels were determined by western blot. (D) A Coomassie-stained gel
showing a decrease in the amount of the SNARE complex assemble in the presence of APOE4 in a 20-min
reaction. (E) Different doses of recombinant human APOE3 or APOE4 protein (2, 5, and 10 µM) on SNARE
complex formation determined by Coomassie-stained gel. (F) The illustration of the bilateral
hippocampal stereotactic injection and the infection e�ciency of AAVs was assessed by
immuno�uorescence. (G) Expression levels of the SNARE complex were examined in the hippocampus of
7-month-old AAV (AAV-CMV-EGFP, AAV-APOE3, and AAV-APOE4)- injected female mice (n=6-8 mice per
group). one-way ANOVA was used for (A-C, E and G), nonpaired Student's t test was used for D. Data are
presented as mean ± SEM, *p < 0.05; **p < 0.01; ***p <0.001. At least three independent experiments were
performed.
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Figure 5

APOE4 decreases SNARE complex assembly under physiological conditions. (A) Endogenous APOE (red)
and VAMP2 (green) were stained using relative antibodies in the hippocampal tissue from the APOE3-
and APOE4-TR mice brain. (B) The lysates of the hippocampal tissue from APOE-TR mice were
immunoprecipitated by anti-VAMP2 or anti-IgG antibodies and subsequently immunoblotted with the
indicated antibodies. (C) The Duolink analysis veri�ed that APOE4 has a higher interaction with VAMP2
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than APOE3 in the hippocampus of APOE3- and APOE4-TR mice. The red particles represent interaction
of APOE with VAMP2. (D) Expression levels of the SNARE complex were examined in the cortices and
hippocampus of 6-month-old human APOE3 and APOE4-TR female mice (n=6 mice per group). (E)
Relative expression of APOE, VAMP2, SNAP25, and syntaxin-1 in the cortices and hippocampus of 6-
month-old human APOE3 and APOE4-TR female mice were determined by immunoblot (n=6 mice per
group). (F) Representative images showing the �uorescence intensity of VAMP2, SNAP25, and syntaxin-1
in the hippocampus of APOE-TR mice by immuno�uorescence staining of relative antibodies (n=4 mice
per group). Quanti�cation was performed according to the density of blot bands ratio to GAPDH. Data are
presented as mean ± SEM, *p < 0.05. Data analyzed by one-way ANOVA. At least three independent
experiments were performed.
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Figure 6

APOE4 is associated with decreased synaptic vesicle release. (A) Experimental protocol for FM4-64-
loading and unloading. (B) Representative �uorescence intensity of SH-SY5Y cells stained with FM4-64 in
each condition. SH-SY5Y cells were infected with adenovirus-mediated APOE3, APOE4, and control
adenovirus for 48 h, then the cells were incubated with FM4-64 dye and treated with 70 mM KCl to label
the synaptic vesicles. Next, 70 mM KCl was added to the FM4-64 loaded cells at room temperature to
stimulate the exocytosis. Two-way ANOVA test was used to compare the exocytosis among different
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groups. (C) TEM images from the CA1 region of the hippocampus from 7-month-old APOE3-TR and
APOE4-TR mice. Docked vesicles were determined as located within 30 nm of the presynaptic active zone
(n=5 mice per group). Data are presented as mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001. Two-way
ANOVA for (B), one-way ANOVA for (C). At least three independent experiments were performed.

Figure 7

A mechanistic model shows that APOE4 inhibits the SNARE-mediated exocytosis. Normal SNARE-
mediated exocytosis involves full zippering of the SNARE complex, which induces pore fusion. A
hypothetical mechanistic model shows that APOE4 bind to v-SNAREs in such a way that impedes SNARE
complex assembly, thereby inhibiting pore formation.
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