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Neuroprotection induced by Navf32-knockdown in APP/PS1
transgenic neurons is associated with NEP regulation

TAO HU'?*, SHAN-SHAN LI>*, MIN-NAN LU*", LI ZHANG>", BO CHEN*", RUI MAO®",
RONG MEI’, YA-XIN TAN', SHANLI' and YAN-BIN XIYANG!

Nnstitute of Neuroscience, Basic Medical College, Kunming Medical University, Kunming, Yunnan 650500;

2Department of Laboratory Medicine, The Third People's Hospital of Yunnan Province, Kunming, Yunnan 650011;

3Basic Medical College,4Experiment Center for Medical Science Research, *Editorial Department of Journal of

Kunming Medical University; ®School of Stomatology, Kunming Medical University, Kunming, Yunnan 650500;

7Department of Neurology, The First People's Hospital of Yunnan Province, Kunming, Yunnan 650032, P.R. China

Received November 1, 2018; Accepted May 29, 2019

DOI: 10.3892/mmr.2019.10406

Abstract. Voltage-gated sodium channel $2 (Navf2), as an
unconventional substrate of B-site amyloid precursor protein
cleaving enzyme 1, is involved in regulating the neuronal
surface expression of sodium channels. A previous study
demonstrated that knockdown of Navf2 protected neurons
and induced spatial cognition improvement by partially
reducing pathological amyloidogenic processing of amyloid
precursor protein (APP) in aged APP/presenilin 1 (PS1)
transgenic mice. The present study aimed to investigate
whether Navp2 knockdown altered APP metabolism via
regulation of the ApP-degrading enzyme neprilysin (NEP).
APPswe/PS1IAE9 mice (APP/PSI1 transgenic mice with a
C57BL/6J genetic background) carrying a Navf32-knockdown
mutation (APP/PS1/Navf2-kd) or without Nav32 knockdown
(APP/PS1) were used for cell culture and further analysis. The
present results demonstrated that in APP/PS1 mouse-derived
neurons, Navf2 knockdown partially reversed the reduction
in pathological APP cleavage, and the recovery of neurite
extension and neuron area. Additionally, Navf32 knockdown
increased NEP activity and levels, and the levels of intracel-
lular domain fragment binding to the NEP promoter. The
present findings suggested that knockdown of Navf2 reversed
the APP/PS1 mutation-induced deficiency in amyloid 3 degra-
dation by regulating NEP.
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Introduction

As the leading cause of dementia among the elderly,
Alzheimer's disease (AD) usually induces cognitive deficits in
patients, who require full-time care, burdening their families
and health care systems (1). Therefore, developing viable
anti-AD therapies is urgently required. As currently approved
treatments only partially alleviate specific symptoms as
opposed to effectively treating the complete AD pathology (2),
improved understanding of the pathogenesis of AD is required
for the development of more effective and potentially curative
treatments.

It is well documented that the accumulation and aggre-
gation of neurotoxic amyloid § (AP) peptides is a principal
pathological feature of the AD brain that is proposed to
be involved in the emergence of clinical manifestations in
patients with AD (3). AP is generated from its precursor
amyloid precursor protein (APP) by sequential cleavage (4).
According to the amyloid hypothesis, the disequilibrium
between AP production and AP degradation leads to A accu-
mulation, and contributes to the primary neuropathogenesis of
AD (5). In the amyloidogenic pathway, APP is first hydrolyzed
by B-site APP-cleaving enzyme 1 (BACEI) to produce soluble
(S)APPp and B-C-terminal fragment (3-CTF). The f-CTF
is sequentially cleaved by y-secretase to release Af and the
intracellular domain fragment (AICD) (4,5). Accumulated Ap
aggregates to generate A} oligomers and amyloid plaques,
potentially leading to the dysfunction of synapses and
neuronal injury (6-8). Therefore, inhibition of AP production
and/or peptide oligomerization is considered a promising
potential therapeutic strategy for AD (8). Additionally, there
have been increasing efforts to identify disease-associated
biomarkers of AD for diagnosis at early stages (9-11). This
may aid the development of more effective and potentially
curative treatments.

Voltage-gated sodium channel $2 [Navfp2 or Nav2.2,
encoded by the sodium voltage-gated channel f subunit 2
(SCN2B) gene], a voltage-gated sodium channel (VGSC) auxil-
iary subunit, is extensively distributed in the central nervous and
cardiac systems (12). Generally, Navf2 regulates the activation
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and inactivation of Navl.l and Navl.6 in a voltage-dependent
manner (12,13). The upregulation and diffuse distribution of
Navp2 along demyelinated axons induces conduction block
recovery and clinical remission (14,15). As neuronal channel
cell surface expression is regulated by Navf32, Navf2 has also
been demonstrated to be involved in the pathogenic processes
underlying multiple sclerosis and experimental acute encepha-
litis (EAE) (16). It was reported that Nav(2 regulates the cell
surface expression of Navl, which modulates propagation of the
action potential and neuronal activity (17-19). Previous studies
have also identified potential roles for Navp2 in APP cleavage
and AD pathology. Nav2 was identified as a novel substrate
of BACEI and vy-secretase in model systems both in vivo and
in vivo (20,21). Navp2 cleaved by BACEI induced a leftward
shift in the remodeling current of Navl.2 (22). In a model
of AD, BACEI upregulation was associated with increased
cleavage of Navf2 cleavage, upregulated expression of Navl.1
in cortical neurons and abnormal EEG activity (19,23).

A previous study demonstrated that increased SCN2B
expression in the hippocampus was associated with cogni-
tive deficits in senescence-accelerated P8 mice (24). It was
also reported that Navp2 knockdown (Navf2-kd) protected
neurons and improved spatial cognition in aged APP/prese-
nilin 1 (APP/PS1) transgenic (Tg) mice by partially decreasing
pathological amyloidogenic processing of APP (25). These
results suggested that knockdown of Navf32 may be a prom-
ising therapeutic strategy for AD; however, the underlying
mechanisms remain unclear. The present study investigated
whether Nav32 knockdown-induced neuroprotection and inhi-
bition of APP amyloidogenic processing were associated with
the activity and/or expressional regulation of the AB-degrading
enzyme neprilysin (NEP).

Materials and methods

Ethics approval. All experimental procedures and animal care
was in compliance with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (26). The present study was performed in accor-
dance with the Care and Use Guidelines of Experimental
Animals established by the Research Ethics Committee
of Kunming University of China that approved the study
(permit no. kmu-eac-2017008). Surgical procedures were
performed under anesthesia induced with diethyl ether. The
purchase, storage and use of diethyl ether were approved by
the associated departments and Kunming Medical University
(license no. kmykdx-D-A00258). All efforts were made to
minimize animal suffering during the experiments.

Animal model. In the present study, 16 APPswe/PS1AE9
(APP/PSI transgene with a C57BL/6J genetic background;
weight, 20-25 g; age, 3-4 months; female to male ratio, 1:1)
mice and the 16 wild type (WT) littermates were purchased
from the Institute of Laboratory Animal Science (Chinese
Academy of Medical Sciences). Nav2-kd (60.68% SCN2B
transcription reduction) and APP/PS1/Navf2-kd Tg mice
were generated and bred at Kunming Medical University
as previously described (24,25). Animals were maintained
under standard conditions at 22°C with 55-60% humidity and
a 12-h light/dark cycle. They were housed with free access
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to food and water. Mouse genomic DNA extracted from tail
tissues was prepared for PCR, which was employed to screen
the potential Tg founders. The presence of bands with target
molecular weights was identified by PCR for the detection
of positive transgenes as previously described [608 bp for
APP/PSI1 transgene; 453 bp for Navfp2-kd transgene; 608 and
453 bp for APP/PS1/Navf2-kd transgene; and 350 bp for
wild-type (WT)] (25).

Cell preparation. Mice were anesthetized via inhalation
of diethyl ether (2-3% volume fraction; Shanghai Wulian
Chemical Reagent Procurement and Supply Chemical Work)
for 3-4 min. Anesthesia was induced using an animal inhala-
tion anesthesia machine (AM Easy-Flex Auto Flow system;
United Well Technologies Ltd.). The hippocampi were
extracted from APP/PS1, Navf2-kd, APP/PS1/Navf2-kd,
and WT mice following fast craniotomy, then the animals
were sacrificed by dislocation of the cervical vertebrae. All
efforts were made to minimize animal suffering during
all surgical procedures, and the protocols were approved
(permit no. kmu-eac-2017008). Primary hippocampus cell
culture from the WT, APP/PS1/Navf32-kd, APP/PS1 and
Navp2-kd mice was conducted as previously described (25).
Primary cells were resuspended by pipetting for =10 times in
1 ml Neurobasal medium (Invitrogen; Thermo Fisher Scientific,
Inc.) supplemented with B27 (2%; Gibco; Thermo Fisher
Scientific, Inc.), N2 (1%; Gibco; Thermo Fisher Scientific,
Inc.), penicillin/streptomycin (100 U; Gibco; Thermo Fisher
Scientific, Inc.) and L-glutamine (2 mM; Gibco; Thermo Fisher
Scientific, Inc.) at 37°C. In total, 1x10° neurons were seeded
on six-well plates and incubated at 37°C with 5% CO,. The
medium was changed every 2 days until use. Using LEICA
DMI6000B (LAS AF system; Leica Microsystems GmbH),
morphological analysis was performed to evaluate the neuro-
protection induced by Navf2-kd. The axon lengths and areas
of neurons were measured (magnification, x200).

To evaluate the effects of Navp2-kd on the amyloidogenic
processing of APP, cell culture medium was collected from the
different groups for the detection of sAPPa, SAPP, Ap40 and
AP42 expression levels, whereas cell lysates were prepared
to measure Nav2 and NEP expression, total AP degradation
detection, and to perform chromatin immunoprecipitation
(ChIP) assays.

Reverse transcription-quantitative PCR (RT-qPCR). Cells
were prepared for the detection of the gene expression levels of
Navf32 and NEP by RT-qPCR as previously described (27,28).
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
was used to isolate total RNA from cultured cells. A RevertAid
First Strand cDNA Synthesis kit (Fermentas; Thermo Fisher
Scientific, Inc.) was used for RT of RNA. The first-strand
cDNA was synthesized from 2 ug total RNA that was quanti-
fied using a NanoDrop spectrophotometer (NanoDrop 1000;
Thermo Fisher Scientific, Inc.). In total, 2 pug total RNA
was incubated with 1 ul oligo (dT), 18 pl random hexamers
primers and 10 pl diethyl pyrocarbonate-treated water at 70°C
for 5 min. The reaction was then incubated on ice for 10 sec.
This mixture was subsequently supplied with 4 ul 5X reaction
buffer, 1 ul Riboblock™ Ribonuclease inhibitor and 10 mM
dNTP (all reagents were included in the kit), and incubated
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at 37°C for 5 min. For cDNA synthesis, 1 pl Revert Aid
Moloney murine leukemia virus transcriptase was added to
this mixture for an incubation at 42°C for 1 h, followed by
termination at 70°C for 10 min. Fast SYBR Green Master
Mix (Roche Diagnostics) was used for qPCR, and the results
were analyzed using a Real-Time PCR System (Thermo
Fisher Scientific, Inc.). gQPCR was performed in 20 ul reac-
tion volume, including 2X SYBR Green Master Mix (Roche
Diagnostics) 10 ul, primer (0.25 ul; 10 pmol/l), template DNA
(1 pl) and sterile water (8.5 ul). Then, qPCR amplification was
performed at 95°C for 3 min, followed by 34 thermocycling
steps of 94°C for 35 sec, 56.5°C for 30 sec and at 72°C for
30 sec. To analyze the differences between samples, the
relative Cq method was used. Following normalization to
the housekeeping gene (f-actin), fold changes (decrease or
increase) were determined relative to a blank control using
the 244% method (29). Each reaction was repeated for three
times. The following primer sequences were used (Takara
Biotechnology Co., Ltd.): f-actin, forward 5"TGGCACCCA
GCACAATGAA-3', reverse 5'-CTAAGTCATAGTCCGCCT
AGAAGCA-3' (30); Navp2, forward 5'-CTACACCGTGAA
CCACAAGCA-3, reverse 5'-GACCACAGCCAGGAAACC
C-3' (24); and NEP, forward 5"TGAACTTTGCCCAGGTGT
G-3', and reverse 5'-GCAAAGTCCCAATGATCCTG-3' (28).

Detection of APP cleavage production. The expression levels
of AP, sAPPa and sAPPP were detected to evaluate the effects
of Navf32-kd on APP amyloidogenic processing. Following
5 days of culturing, medium was obtained from the cell
cultures of WT, APP/PS1, Navp2-kd and APP/PS1/Navf32-kd
mice. Amyloid f ELISA kits (Demeditec Diagnostics GmbH)
were used to evaluate AB40 (cat. no. JP27718) and AB42
(cat. no. JP27719) expression levels, according to the manu-
facturer's protocol. The expression levels of AB40/42 in cell
culture media were compared between the different genotypes.

To determine sAPPa and sAPPf expression levels, a
sAPPa/sAPPP multiplex electrochemiluminescence assay
kit (cat. no. K15120E; 96-well MULTI-SPOT sAPPa/sAPPpR
Assay; Meso Scale Discovery) was used. Cells were cultured
in serum-free medium for 16 h at 37°C prior to harvesting.
The cell medium was obtained to quantify sAPPa and sAPPR
expression levels, according to the manufacturer's protocol.
Briefly, 150 ul/well of 3% Blocker A solution (included in the
kit) was added in the plate and incubated at room temperature
with shaking for 1 h. The plate was washed with 300 ul/well of
1X Tris buffer for three times. The 25 ul/well of cell medium
were added in the plate and incubated at room temperature
for 1 h, followed by washing for three times with 300 ul/well
of 1X Tris buffer. Then, 25 ul/well of sAPPa or sAPPpR
Calibrator (included in the kit) were added and incubated for
1 h at room temperature with shaking. The plate was washed
again with 300 pl/well 1X Tris buffer for three times. In total,
150 pl/well 1X Read Buffer T (included in the kit) was then
added and incubated for 10 min at room temperature without
shaking. The plate was analyzed with a SECTOR Imager 2400
(Meso Scale Discovery).

Detection of protein expression. Samples from cultured
cells were collected to evaluate Navf2 and NEP expression
as previously described (25). Lysis buffer (10 mM Tris-HCI
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buffer pH 7.4, 10 mM EDTA, 30% Triton-100, 10% SDS
and 150 mM NaCl) supplemented with protease inhibitor
cocktails (Roche Diagnostics GmbH) was used to lyse cells.
A total of 50 pg protein (quantified using the bicinchoninic
acid method) was used for SDS-PAGE on 4-12% gels, followed
by transfer to nitrocellulose membranes (Sigma-Aldrich;
Merck KGaA). The membrane was subsequently incubated
with antibodies specific for Navp2 (1:500; cat. no. ASC-007;
Alomone Labs) or NEP (1:800; cat. no. ab951; Abcam) at 4°C
for 12 h. f-actin (mouse monoclonal anti-f3-actin; 1:800;
cat. no. sc-69879; Santa Cruz Biotechnology, Inc.) was used
as the loading control. The membranes were washed and incu-
bated with the peroxidase-conjugated anti-mouse secondary
antibody (1:10,000; cat. no. PI-2000; Vector Laboratories,
Inc.) or the horseradish peroxidase-conjugated anti-rabbit
antibody (1:2,000; cat. no. PI-1000; Vector Laboratories, Inc.)
at 20-25°C for 2 h. Enhanced chemiluminescence reagent
(Pierce; Thermo Fisher Scientific, Inc.) was used to visualize
the bands. Densitometric analysis of the target protein bands
was performed using a ChemiDoc™ RS+ imaging system and
Image Lab™ software v5.2.1 (Bio-Rad, Laboratories, Inc.).

NEP activity evaluation. According to Grimm et al (28), the
activity of NEP was evaluated. Briefly, 1x10° cells were treated
with 500 pul lysis buffer, containing 0.5% Triton X-100, 20 mM
Tris (pH 7.4) and 10% Sucrose at 4°C for 25 min. A total of
2 ul anti-NEP antibody (1:500; cat. no. AF1182; R&D Systems,
Inc.) and 5 M MCA-RPPGFSAFK(DNP)-OH fluorogenic
peptide substrate (R&D Systems, Inc.) were dissolved in
HEPES buffer (pH 7.4) (Invitrogen; Thermo Fisher Scientific,
Inc.). Cell lysates were incubated with anti-NEP antibody and
fluorogenic substrate mixture (pH 7.4) for 30 min at room
temperature. Using a iMark Fluorometer Microplate Reader
(Bio-Rad, Laboratories, Inc.), the fluorescence was evaluated
with an excitation wavelength of 320+10 nm and an emission
wavelength of 405+10 nm.

Cell viability assay. The effects of Navf2-knockdown on
the viability of primary cultured neurons were evaluated
by measuring lactate dehydrogenase (LDH) activity using a
Cytotoxicity Detection Kitplus (cat. no. 04744926001; Roche
Diagnostics) according to the manufacturer's protocols.

AP degradation detection. Total AP degradation was deter-
mined as previously described (28) with adjustments to the
protocol. Lysis buffer (150 mM NaCl, 50 mM Tris/HCI pH 74,
2 mM EDTA, 0.1% NP-40 and 0.1% Triton-X 100) was used
to lyse cells at 20-25°C for 15 min. In total, 60 g protein from
each sample was incubated with 1 pzg/ml synthetic human A340
peptide (cat.no. A9810; Sigma-Aldrich; Merck KGaA) in 100 1
PBS for 1 h at 37°C. Additionally, 50 yM thiorphan was added
into the samples to determine the specificity of NEP-mediated
AP degradation. Quantification of the remaining AP was
performed using an anti-f-amyloid 40/42 (Ap40/42) poly-
clonal antibody (1:800; cat. no. AB5076; EMD Millipore).
The degrading activity in the lysates was evaluated and
presented as the reciprocal value of the remaining quantified
AP peptides. The Alexa Fluor 350-labeled secondary antibody
anti-rabbit IgG (1:500; cat. no. A0408; Beyotime Institute of
Biotechnology, Shanghai, China) was incubated at 37°C for
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1.5 h. The signals were analyzed using the SECTOR Imager
2400 (Meso Scale Discovery) (28).

ChIP analysis. ChIP was performed as previously described to
determine the AICD enrichment of the promotor of the NEP
gene (31-33). Briefly, Cells (20x10°) were harvested with trypsin
treatment and washed three times with PBS and then treated
with 1% formaldehyde (Sigma-Aldrich) in PBS for 8-10 min
at 4°C. Fixation was stopped by addition of glycine to a final
concentration of 125 mM. Extracts were sonicated at 20 kHz
for 2 min at room temperature repeated three times, and incu-
bated with protein-G-Sepharose (GE Healthcare) for 1 h with
rotation at room temperature, following treatment overnight
at 4°C with anti-AICD (Y188; 1 ug; cat. no. ab32136; Abcam)
or mouse immunoglobulin G (IgG; 1 pg; cat. no. ab18413;
Abcam) primary antibody. Subsequently de-crosslinking and
DNA isolation was performed prior to qPCR analysis. The
PCR results were presented as the fold enrichment of DNA
pulled down with the anti-AICD antibody compared with the
IgG negative control.

Statistical analysis. The results are presented as the
mean + standard deviation of the means of triplicate measure-
ments of five independent experiments. One-way ANOVA
followed by Fisher's least significant difference test were
employed to analyze data using SPSS 11.5 (SPSS, Inc.). P<0.05
was considered to indicate a statistically significant difference.

Results

Detection of Navp2 expression in cultured cells. Navp2 expres-
sion in cultured cells isolated from the different mice was
evaluated by RT-qPCR and western blot analyses. Consistent
with previous findings (25), Navp2 knockdown decreased
the expression levels of the Nav32 gene (Fig. 1A) and protein
(Fig. 1B) by ~61% compared with the WT.

Expression and activity of NEP in cell culture. Compared with
the WT group, NEP expression was significantly decreased in
cultured cells derived from APP/PSI mice; NEP gene expres-
sion levels decreased by 32.7+4.3%, whereas NEP protein
expression levels decreased by 35+5.1% (Fig. 2A and C).
Nav[32 knockdown induced a partial restoration of the expres-
sion of NEP in the APP/PS1/Navf32-kd group. There was no
significant difference between the WT and Navf32-kd groups
(P>0.05; Fig. 2).

Consistent with the NEP expression analysis, NEP activity
was reduced to 74.5£3.9% in the APP/PS1 group, and recov-
ered to 89+2.8% in APP/PS1/Navf2-kd cells compared with
the WT. Navf32 knockdown induced no effects on NEP activity
compared with WT cells (P>0.05; Fig. 2B).

Measurement of cell viability. No difference in cell viability
was detected in cells from APP/PS1 mice compared with
WT mice, as determined by an LDH assay (P>0.05; Fig. 3).
Additionally, compared with the WT group, Navf32-kd cells
exhibited no significant difference in viability (P>0.05).
Furthermore, there was no significant difference in the
viability of cells obtained from the APP/PS1/Navp2-kd mice,
and those from APP/PS1 or Navf32-kd mice.
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Figure 1. Navf32 expression in neurons. (A) mRNA levels of Navp32 evaluated
by reverse transcription-quantitative PCR analysis in APP/PS1/Navf2-kd
(0.25+0.08), Navp2-kd (0.27+0.06), APP/PS1 (0.67+0.14) and WT
(0.65+0.12) mouse-derived cells. (B) Protein levels of Navfp2 evaluated by
western blotting in APP/PS1/Navp2-kd (0.16+0.08), Navf32-kd (0.18+0.07),
APP/PS1 (0.45+0.13) and WT (0.46+0.09) mouse-derived cells, respectively.
Navf32, voltage-gated sodium channel 32; APP, amyloid precursor protein;
PS1, presenilin 1; kd, knockdown; WT, wild-type.

Evaluation of APP processing and A3 degradation. To
evaluate the role of Navp2 expressional knockdown in the
amyloidogenic processing of APP, the levels of Ap, sAPPa and
sAPPp, and total AP degradation were measured. Significant
increases in AB40 and AB42 levels, and the ratio of AB42/Ap40
were observed in cultured cells derived from APP/PS1 mice
compared with the WT group (P<0.05; Fig. 4A and B). In the
APP/PS1/Navf32-kd group, the expression levels of AB40 and
AP42, and the ratio of Ap42/Ap40 were partially decreased
compared with the APP/PS1 group. Additionally, reduced
sAPPa and increased sAPP[3 expression levels as determined
via ECLIA were detected in cells derived from APP/PS1
mice, compared with the WT or Navf32-kd groups (P<0.05;
Fig. 4C and D). The APP/PS1/Navf2-kd transgene induced
significant sSAPPa upregulation, sAPPP downregulation and
an increased sAPPa/sAPPf ratio in mouse cells compared
with the APP/PSI1 group (P<0.05; Fig. 4C and D). Conversely,
Navf2 knockdown alone induced no significant effects on
AP40/42, sAPPa or sAPPf expression levels compared with
the WT group (P<0.05; Fig. 4).

Total degradation of endogenous A was measured in
the cell lysates of the different groups. Total degradation of
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Figure 2. Effects of NavB2 knockdown on the expression and activity of NEP. (A) mRNA levels of NEP as determined via reverse transcription-quantitative
PCR analysis in APP/PS1/Navf2-kd, NavB2-kd, APP/PS1 and WT mouse-derived neurons. (B) Activity of NEP in cells derived from APP/PS1/Navf2-kd,
Navf2-kd, APP/PS1 and WT mice. (C) Protein levels of NEP as determined via western blotting in APP/PS1/Navf2-kd, Navf32-kd, APP/PS1 and WT
mouse-derived cells. Navp2, voltage-gated sodium channel (32; APP, amyloid precursor protein; PS1, presenilin 1; kd, knockdown; WT, wild-type; NEP,

neprilysin.
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Figure 3. Effects of Navf32 knockdown on cell viability. A lactate dehydro-
genase assay was performed to evaluate the viability of APP/PS1/Navf2-kd,
Navp2-kd, APP/PS1 and WT mouse-derived neurons. There were no signifi-
cant different detected between the various groups. Navf32, voltage-gated
sodium channel 2; APP, amyloid precursor protein; PS1, presenilin 1;
kd, knockdown; WT, wild-type.

AP 40/42 in the lysates of APP/PS1 cells significantly decreased
to 53.1+6.4% compared with the WT (Fig. 4E). Nav[32 knock-
down induced a partial recovery of AP degradation in the

APP/PS1/Navf32-kd group compared with the APP/PS1 group,
without reaching the levels of the WT group. There was no
significant difference between WT and Navf32-kd cells.

NavB2 knockdown enhances the enrichment of AICD in the
NEP promoter in cells with APP/PSI1. ChIP analysis demon-
strated that the APP/PS1 transgene significantly decreased the
enrichment of AICD in the NEP promoter compared with WT
or Navp2-kd cells, (P<0.05; Fig. 5). Navf32 knockdown signifi-
cantly increased AICD binding to the promoter of the NEP
gene in APP/PS1/Navf2-kd cells compared with the APP/PS1
group (P<0.05; Fig. 5); however, it did not restore AICD
enrichment to WT levels (P<0.05 vs. WT; Fig. 5). No statistical

difference was detected between WT- and Nav[32-kd-derived
cells (P>0.05; Fig. 5).

Navp2-kd promotes neurite outgrowth in APP/PSI cells.
The APP/PSI transgene induced a significant decrease in the
neurite extension (P<0.05) and areas (P<0.05) of cultured cells
compared with the WT group (Fig. 6). Navp2-knockdown
rescued the reduced neurite outgrowth in APP/PS1/Navf32-kd
cells (P<0.05; Fig. 6); however, Navf2 knockdown alone


https://www.spandidos-publications.com/10.3892/mmr.2019.10406

HU et al: Navp2 KNOCKDOWN-INDUCED NEUROPROTECTION IS ASSOCIATED WITH NEP REGULATION 2007

A . P<0.05 P<0.05 B P<0.05
= ] — - - 1.6 1 -
E 300 14
S 250 A e 124
@ - -
£ 200 - S 17
- -~ 08 4
3 150 4 g -
£ e 0.6 -
s 100 A < 04 -
50 1 0.2 -
0 0
N > > 5 > > > > >
& & & & & » ¥ & q@" v G}*
& &S & & S K, S &
S & ¢ & ¢
s% «‘3 s"v
< < 3
S R R
AP40 level Ap42 level
C P<0.05 P<0.05
50 - 3.5 -
= = 3 4
40 E
z Z.:]
=
= 30 4 S 21
3 20 2 15 -
= -l B
= ] 2.
s w0 - % os - |—l—| r{ |
“ o 0
& > > » & > > >
de K 4'6" de .&'\» K
R e & e s
B Wk < Wt
S &
§ $
P<0.05 P<0.05
D 100 - EE— E 120 -
90 - =~
E’ 30 - 2 100
2 701 S 80 -
o 60 4 @
3 50 &0 60 4
& 40 - £
% 30 § 40 4
R £ »)
0 - 0
5 > > N >
& & & & & & & &
R o & S 3 &
Ao >
o $
& 8

Total degradation of endogenous Af

Figure 4. Navp2 knockdown affects APP processing and A degradation. (A) Ap40/42 levels, (B) AP42/Ap40 ratio, (C) sAPPa and sAPPf levels,
(D) sAPPa/sAPPf ratio and (E) total AP degradation in lysates of APP/PS1/Navf32-kd, Navp2-kd, APP/PS1 and WT mouse-derived neurons. Navf32,
voltage-gated sodium channel 32; APP, amyloid precursor protein; PS1, presenilin 1; kd, knockdown; WT, wild-type; s, soluble.

induced no effects on the extension or the area of cells
compared with the WT (P>0.05).

Discussion

Knockdown of Navf2 expression in APP/PS1 mice has been
reported to convert the amyloidogenic processing of APP
induced by APP/PS1 mutation toward non-amyloidogenic
metabolism (25); however, the underlying mechanisms
remain unclear. The present study investigated whether
Navp2 knockdown altered APP amyloidogenic metabolism
via the regulation of NEP. The data demonstrated that Nav{32
knockdown induced a partial recovery of NEP expression and

activity, an increased level of AICD binding to the promoter of
NEP gene, and decreased A generation in APP/PS1 mutant
mice. Additionally, Navp32 knockdown promoted neurite
extension and increased the neuronal area in cultured cells
derived from APP/PS1-mutated mice. These data suggested
that expressional knockdown of Navf32 partially rectified the
APP/PS1 mutation induced-amyloid clearance deficit, and
attenuated the effects on neurites and neuron area induced
by APP/PS1 mutation via regulation of the expression and
activity of NEP.

Primary hippocampal neurons derived from APP/PS1
Tg mouse were used in the present study; these cells are
frequently used to investigate the pathological conditions
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Figure 5. Navp2 knockdown increases the levels of AICD binding to the
NEP promotor. Effects of Navp2 knockdown on AICD enrichment of the
NEP gene promoter in APP/PS1/Navf32-kd, Navp32-kd, APP/PS1 and WT
mouse-derived neurons, as determined by a ChIP assay. AICD enrich-
ment is presented as the fold enrichment compared with that obtained with
non-specific immunoglobulin G. Navf2, voltage-gated sodium channel (32;
APP, amyloid precursor protein; PSI, presenilin 1; kd, knockdown;
WT, wild-type; NEP, neprilysin; ChIP, chromatin immunoprecipitation;
AICD, APP intracellular domain.
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Figure 6. Effects of Navp2 knockdown on morphological changes in
APP/PS1 mutant neurons. (A) Micrograph of cultured cells derived
from APP/PS1/Navp2-kd, Navp2-kd, APP/PS1 and WT mice.
Magnification, x200. Scale bar, 100 gm. (B) Quantitation of the neurite
length and area of APP/PS1/Navf2-kd, Navp2-kd, APP/PS1 and WT
mouse-derived neurons. Navf2, voltage-gated sodium channel f2;
APP, amyloid precursor protein; PS1, presenilin 1; kd, knockdown; WT,
wild-type.
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and mechanisms of AD (34). It was suggested that the
Swedish mutation of APP (APPswe) may be processed by
the p-secretase-mediated amyloidogenic pathway instead
of a-secretase-dependent non-amyloidogenic processing;
the double mutation of APPswe at the crucial cleavage site
targeted by [3-secretase is proposed to result in an increase in
AP production (35,36).

The present findings revealed that increased Ap40, -42,
and sAPPp expression levels, and decreased sAPPa levels
were detected in APP/PS1 mutant cells. Additionally, the ratio
of sAPPa/sAPPf decreased, and AP degradation was reduced.
In cells derived from APP/PS1/Navf2-kd mice, Navf2
knockdown induced enhanced AP degradation, decreased
AB40/42 and sAPPP production, and increased the expres-
sion levels of sAPPa and the ratio of sAPPa/sAPPp. During
a-secretase processing, APP is cleaved and releases sAPPa
into the extracellular space; the remaining 83 amino acids in
the membrane are subsequently processed by y-secretase to
generate an AP truncated fragment p3 (37,38). As indicated
by ectodomain shedding, sAPPa production is the initial
procedure in non-amyloidogenic processing, whereas sAPPf3
generation is the initial step in amyloidogenic processing (39).
Increased cleavage of APP by a-secretase resulted in decreased
AP production (40). Consistent with a previous in vivo study,
the present findings indicated that expressional knockdown
of Navf2 attenuated amyloidogenic metabolism of APP
induced by APP/PS1 mutation in favor of non-amyloidogenic
processing in vitro (25).

It was previously demonstrated that brain A expression
levels represent a dynamic balance between APP-derived A
production and elimination by a series of amyloid clearance
proteins (6-8). At present, the group of known enzymes capable
of AP degradation comprises >20 members (41,42), including
the NEP family (NEP and NEP2), endothelin-converting
enzyme-1 and -2, and insulin-degrading enzyme (41-43). AP
may be metabolized by these enzymes, producing metabolites
with reduced neurotoxicity (44). NEP, a member of the neutral
zinc metalloendopeptidase family, is a plasma membrane
glycoprotein of 90-110 kDa (45,46). The decline in expres-
sion levels and activity of NEP leads to a clearance deficit of
amyloid, which is considered as a principal pathogenic factor
in sporadic AD (47,48). Therefore, recovery of NEP expres-
sion and activity may be a promising therapeutic approach
for AD.

A constitutive regulatory processing (49) and an epige-
netically-regulated component (32,50) are responsible for the
complexity of NEP expressional regulation. Among them,
the epigenetically-regulated component involves an unstable
transcription factor, AICD, which is derived from B-secretase
amyloidogenic processing of APP. AICD is a competitive
binding component to the NEP gene promoter (51). By binding
to the promoter of NEP, AICD induces activation of NEP tran-
scription, leading to increased NEP activity and Ap clearance;
histone deacetylases inhibit this process (52,53).

Inthe present study, it was observed that APP/PS1/Navf2-kd
neurons exhibited reduced Ap40/42 generation and increased
total AP degradation compared with the APP/PS1 mutation
group. To determine whether Navf32 knockdown enhanced
AP degradation via NEP regulation, the levels and activity
of NEP in APP/PS1 mutant neurons with or without Nav{32
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knockdown were evaluated. AICD enrichment in the promoter
region of NEP was detected by a ChIP assay. As hypoth-
esized, the data demonstrated that Navp2 knockdown induced
increased expression and activity levels of NEP, and increased
AICD binding to the NEP gene, which suggested that Nav(32
knockdown rectified the APP/PS1 mutation induced-amyloid
clearance deficit in a NEP-dependent manner. Considering that
Nav[32 is a substrate of BACEI, which is a key APP-cleaving
enzyme for APP hydrolyzation via the amyloidogenic pathway,
it is hypothesized that Navp2 knockdown may alter the activity
of BACEI and thus interfere with the amyloidogenic pathway
of APP, leading to reduced AP production. Li ez al (54)
identified that APP modulated Navl.6 sodium channels via
a G,-coupled JNK-mediated pathway, which is dependent on
phosphorylation of APP at Thr668. Nav(2 causes activation
and inactivation of Navl.l and Navl.6 in a voltage-dependent
manner. O'Malley et al (16) demonstrated that Nav2 knockout
attenuated the upregulation of Navl.6 protein expression in the
brain of an animal model of EAE (16). Therefore, it is addi-
tionally proposed that Navf32 knockdown may interact with
APP associated with Navl.6 and influence APP processing;
however, further studies are required to verify these hypoth-
eses.

Additionally, Navp2 knockdown induced no effects on
cellular LDH activity; however, it prolonged neurite exten-
sion in APP/PS1/Navf32-kd Tg neurons. It is hypothesized
that Navf32, as an associated auxiliary subunits of VGSCs,
which modulate channel activity, may serve roles in regulating
neuronal activity via interactions with Navl1.1/1.6, stabilizing
the sodium current density and maintaining channel expres-
sion on the cell surface of neurons as opposed to altering the
cell viability (12,13,17).

A previous in vivo study reported that knockdown of Nav[32
in APP/PS1 mice induced partial restoration of neuronal
activity of hippocampal neurons and improvement of spatial
cognitive function (25). The present in vitro data demonstrated
that Navf2 knockdown induced neurite extension and resto-
ration of the neuronal area, which may be associated with
the recovery of neuroplasticity and contribute to cognitive
improvement in APP/PSI mice.

Additionally, this previous study reported decreased levels
of Navp32 CTF and a reversal of abnormal Navp2 cleavage
by BACEI and vy-secretase following Navf32 knockdown in
a APP/PSI1 transgene model of AD (25). Upregulation of the
Navp2 gene in the brains of aged SAMP8 mice was previ-
ously observed (24). MicroRNAs (miRNAs/miRs) are small
noncoding RNAs that bind via base pair interactions with the
3'-untranslated region of target mRNAs to either degrade the
mRNA or repress its translation (55). Aberrant miRNA expres-
sion may contribute to the progression of neurodegenerative
diseases (56,57). A previous study additionally identified
different expressional profiles of miRNAs between the brains
of SAMP8 mice and SAMRI control mice. It was demon-
strated that miR-9 and miR-9" serve important roles during
aging via interactions with target genes in SAMPS8 mice;
one of the target genes of miR-9 is SCN2B, a Navf2-coded
gene (58). Therefore, it is hypothesized that hydrolysis status
and/or miR levels may make important contributions to the
regulation of the Navp2 gene; however, further investigation is
required to verify this hypothesis.

2009

In conclusion, the present findings demonstrated that
Navfp2 knockdown in cultured APP/PS1-derived neurons
induced a partial recovery of NEP expression and activity, an
increase in AICD enrichment of the NEP promoter, a decrease
in AP generation, and restoration of neurite length and area.
These findings suggested that Navp2 knockdown partially
recovered the deficiency of Af cleavage and retarded neurite
outgrowth induced by the APP/PS1 mutation, by protecting
the expression and activity of NEP, and enhancing the levels
of ACID binding to the NEP gene.
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