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A B S T R A C T

Sphingolipids emerge as essential modulators in the etiology of Alzheimer's disease (AD) with unclear me-
chanisms. Elevated levels of SM synthase 1 (SMS1), which catalyzes the synthesis of SM from ceramide and
phosphatidylcholine, have been observed in the brains of Alzheimer's disease (AD), where expression of β-site
APP cleaving enzyme 1 (BACE1), a rate limiting enzyme in amyloid-β (Aβ) generation, are upregulated. In the
present study, we show knockdown of SMS1 via andeno associated virus (serotype 8, AAV8) in the hippocampus
of APP/PS1 transgenic mice, attenuates the densities of Aβ plaques, neuroinflammation, synaptic loss and thus
rescuing cognitive deficits of these transgenic mice. We further describe that knockdown or inhibition of SMS1
decreases BACE1 stability, which is accompanied with decreased BACE1 levels in the Golgi, whereas enhanced
BACE1 levels in the early endosomes and the lysosomes. The reduction of BACE1 levels induced by knockdown
or inhibition of SMS1 is prevented by inhibition of lysosomes. Therefore, knockdown or inhibition of SMS1
promotes lysosomal degradation of BACE1 via modulating the intracellular trafficking of BACE1. Knockdown of
SMS1 attenuates AD-like pathology through promoting lysosomal degradation of BACE1.

1. Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder char-
acterized clinically by progressive memory decline as well as aberrant
behavior. Amyloid-β (Aβ), especially its oligomeric form, is the initiator
to trigger the pathological processes in AD such as neuroinflammation,
loss of synapses and cognitive deficits (Musiek and Holtzman, 2015;
Yang et al., 2017). β-secretase (β-site APP cleaving enzyme 1, BACE1) is
the rate limiting enzyme in Aβ generation, which cleaves APP together
with γ-secretase to generate Aβ. BACE1-deficient neurons and AD
transgenic mice produce no soluble Aβ and Aβ plaques (Cai et al., 2001;
Luo et al., 2001). Mutation of APP at A673T which suppresses cleavage
by BACE1 exhibits cognitive benefit in human (Jonsson et al., 2012).
Therefore, inhibiting BACE1 is one of prime targets of AD therapy. It is

worth noting that elevated levels and activity of BACE1 have been
detected in the brains of AD patients with unclear mechanisms
(Holsinger et al., 2002; Yang et al., 2003). Thus, identification of mo-
lecular pathways regulating BACE1 expression or activity may bring
novel targets or strategies for AD therapy.

“Lipid granule accumulation” was originally described by Alois
Alzheimer as the third hallmark of AD brain (Foley, 2010). Recent
studies further reveal a close link of lipids to AD pathogenesis. A
number of genes involved in lipid metabolism are genetically associated
with late onset AD (Naj et al., 2011). Among them, E4 isoform of
apolipoprotein E, which encodes a lipid transport protein, is the
strongest genetic risk factor for AD (Bertram and Tanzi, 2008). Cho-
lesterol, which exhibits abnormal levels in the brains of both of AD
patients and transgenic mice (Walter and van Echten-Deckert, 2013),
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regulates Aβ production through modulating γ-secretase activity (Di
Paolo and Kim, 2011; Walter and van Echten-Deckert, 2013). Sphin-
golipids, which modulates biological processes including cell growth,
differentiation and senescence, shows altered levels in the brains of AD
patients (van Echten-Deckert and Walter, 2012). Sphingomyelin (SM)
and ceramide are two major species of sphingolipids, which can convert
to each other by SM synthase (SMSs) and sphingomyelinase (SMase)
respectively. The levels of ceramide and SMase increase in the brains of
both AD model mice and patients (Jana and Pahan, 2004; Grimm et al.,
2011; Dinkins et al., 2016). Ceramide promotes stability of BACE1
(Costantini et al., 2007), the generation and aggregation of Aβ
(Geekiyanage and Chan, 2011; Dinkins et al., 2016), thus being taken as
a risk factor of AD. Inhibition of neutral SMase2 ameliorates AD pa-
thology and improves cognition in AD transgenic mice through redu-
cing exosome secretion, which is enriched with ceramide (Dinkins
et al., 2016).

Sphingomyelin synthases (SMSs), which mainly include SMS1 and
SMS2, are the last enzymes in the sphingomyelin (SM) biosynthetic
pathway. SMSs use ceramide and phosphatidylcholine (PC) as sub-
strates to produce SM and diacylglycerol (DAG). SMS1 is mainly located
in the Golgi apparatus, while most SMS2 resides at the plasma mem-
brane (Tafesse et al., 2006). SMS1 shows a capability to produce higher
SM content than SMS2 (Shakor et al., 2011). Overexpression of SMS1/2
increases the levels of SM, DAG and ceramide (Ding et al., 2008). It is
worth noting that increased levels of SMS1, but not of SMS2, in the
hippocampus of AD patients. Inhibition of SMS using a SMS inhibitor,
D609, reduces Aβ levels in culture medium with an unknown me-
chanism (Hsiao et al., 2013). Moreover, elevated SM levels have been
observed in the plasma, cerebrospinal fluid (CSF) and brains of AD
patients and showed correlation with amyloid plaques (Pettegrew et al.,
2001; Chan et al., 2012; Kosicek et al., 2012; Hsiao et al., 2013). In
contrast, some studies have observed decreased SM levels in AD brains
(Jana and Pahan, 2004; Yang et al., 2004; Grimm et al., 2005; He et al.,
2010). Despite of these conflicting observations, in comparison to cer-
amide, the function of other sphingolipids such as SM in the etiology of
AD remains unknown. Therefore, it is worth investigating that the
functions of SMS1 in AD pathogenesis, which may help us understand
the roles of SMS1-modulated sphingolipids in AD etiology.

We herein show that knockdown of SMS1 by injecting of AAV8
encoding SMS1 shRNA into the hippocampus of APP/PS1 mice, which
overexpress mutant human APP and PS1 (Deng et al., 2016), attenuates
AD-like pathology such as accumulation of Aβ, neuroinflammation, loss
of synapses and cognitive deficits of these mice. We further observe
inhibition or knockdown of SMS1 enhances lysosomal degradation of
BACE1. We describe inhibition or knockdown of SMS1 causes BACE1 to
distribute less in the Golgi, whereas to accumulate in the early endo-
somes and lysosomes. Thus, we conclude that inhibition of SMS1 pro-
motes lysosomal degradation of BACE1 through regulating the in-
tracellular trafficking of BACE1.

2. Experimental procedures

2.1. Mice

Mice were housed at the SPF Animal Center of Soochow University
at 20 °C with a 12-h light/12-h dark cycle (lights on at 6:00 am and off
at 6:00 pm).They were maintained in cages with free access to food and
water. Male APP/PS1 transgenic mice that co-express mutant human
APP and PS1 (Jackson Laboratory, 004462) were used for behavioral
tests. All experiment procedures followed the guideline approved by the
Institutional Animal Care and Use Committee of Soochow University.
After behavior test, the mice were sacrificed by dislocation, the brains
were taken for subsequent sectioning or protein extraction.

2.2. Antibodies

Anti-GAPDH (CMCTAG, USA), anti-Aβ (6E10, Convance, USA),
anti-Iba1 (Wako, Japan), anti-BACE1 (CST, USA), anti-SMS1
(Proteintech, USA), anti-lysenin (Peptide Institute, Japan), rat anti-ne-
prilysin (R&D system, USA), Alexa Fluor 555, 488 and 694-conjugated
antibodies (Invitrogen, USA). Anti-γ-tubulin, anti-HA, anti-APP and
horseradish peroxidase (HRP)-conjugated antibodies were purchased
from Sigma (USA). Anti-GFAP, anti-synaptophysin, anti-LAMP1, anti-
EEA1, anti-GM130 and anti-IDE were purchased from Abcam (UK).

2.3. Cells and siRNA

HEK293 cells stably expressing BACE1-HA were cultured in medium
containing 40 μg/ml hygromycin B. Human SMS1 and SMS2 siRNAs are
as following: SMS1 sense: 5’-CUACACUCCCAGUACCUGG-3′; SMS2
sense: 5’-ACCUGUUGCACCGAUAUUCAA-3′.

For BACE1 degradation analysis, HEK293 cells were cotransfected
with BACE1-HA and SMS1 siRNA for 12 h, followed by treatment with
40 μg/ml cycloheximide (CHX). The cells were harvested at different
time points after treatment.

2.4. AAV vector administration

AAV8, which encodes EGFP under CMV promoter and either
scrambled shRNA (NC) or a SMS1 shRNA sequence under U6 promoter
were purchased from Heyuan Biotech. Ltd. Co. (Shanghai, China). One
microliter of AAV8 (1× 1013 vg/ml) were injected bilaterally into the
dorsal hippocampus (−2.0 mm AP,± 1.7 mm ML, −2.0 mm DV from
bregma) of 4month-old mice using a stereotaxic apparatus (RWD Life
Science, China) via a microprocessor controlled minipump (Longer
Pump, UK) at a rate of 0.2 μl/min. Behavioral tests were performed
3months after AAV8 injection.

2.5. Immunofluorescence staining and quantification

Immunofluorescence staining was performed as described (Zhang
et al., 2014; Deng et al., 2016). The quantification of immuno-
fluorescence was performed as described (Zhang et al., 2014). The
images were converted into 8-bit images and binarized after subtracting
the background noise using NIH Image J software. Mean fluorescence
intensities (MFIs) of synaptophysin, GFAP, Iba1 and lysenin was mea-
sured and calculated by dividing the MFI units by the area of outlined
regions. The intensity threshold was set and kept constant for all images
analyzed. The numbers of Aβ plaques per section were counted. The
size of Aβ plaques was quantified and expressed as the areas of Aβ
plaques being divided by the total areas of the cortex or hippocampus.
For quantification, the sections from five mice per group and at least
eight hippocampal sections per mouse were analyzed (n=5).

The colocalization between BACE1 and LAMP1/GM130/EEA1 in
cultured cells and hippocampal sections was analyzed by Image J by
quantifying the Pearson's correlation coefficient. Total 120 cells per
group from 4 replicated experiments (n=4) were analyzed. 60–80
amyloid plaques per group of mice (four mice per group, n=4) were
analyzed.

2.6. qRT-PCR analysis

Real time PCRs were carried out with SYBR Green 1 (Roche,
Switzerland) using the following primers pairs: human BACE1 (
5′-ACCAACCTTCGTTTGCCCAA-3′; 5′-TCTCCTAGCCAGAAACCAT
CAG-3′); mouse BACE1 (5′-GGAACCCATCTCGGCATCC-3′; 5′-TCCGAT
TCCTCGTCGGTCTC-3′); human SMS1 (5′-CAGCATCAAGATTAAACCC
AACG-3′; 5′-TGGTGAGAACGAAACAGGAAAG-3′); mouse SMS1 (
5′-GAAGGAAGTG GTTTACTGGTCAC-3′; 5′-GACTCGGTACAGTGGG
GGT-3′); human SMS2 (5′-TCCTACGAACACTTATGCAAGAC-3′;
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5′-CCGGGTACTTTTTGGTGCCT-3′); human GAPDH (5′-GCACCACAAA
GCTGCAGGGAGAA-3′; 5′-AATCCGTTGACTCCGACCTTC-3′); mouse
GAPDH (5′-AGGTCGGTGTGAACGGATTTG-3′; 5′-TGTAGACCATGTAG
TTGAGGTCA-3′). Quantification of BACE1, SMS1 and SMS2 gene ex-
pression was carried out by classic 2ˆ (−△△ Ct) method.

2.7. Analysis of the levels of Aβ by enzyme linked immunosorbent assays
(ELISA)

Measurement of soluble and insoluble Aβ were carried out by a two-
step protocol. Briefly, in the first step, the cortex and hippocampus were
homogenized in 400 μl TBS (20mM Tris, 137mM NaCl, pH 7.6) con-
taining protease inhibitors (Roche, Germany). Homogenates were spun
at 350, 000 g for 30min at 4 °C. The supernatant, defined as soluble
fraction, was collected. In the second step, the pellet was resuspended
in 400 μl 5 M guandine (50mM Tris-HCL, PH 8.0) with protease in-
hibitors, homogenized for 3 h at RT and centrifuged at 15,000g for
10min at 4 °C. The supernatant, defined as insoluble fraction, was ob-
tained. Soluble and insoluble Aβ were analyzed with human Aβ42
(KHB3441, Invitrogen, USA) and Aβ40 (KHB3481, Invitrogen, USA)
ELISA kits according to the manufacturer's instructions.

2.8. Sphingomyelin level measurement and lysenin staining

The measurement of sphingomyelin was performed according to
manufacturer's instructions (K600–100, BioVision, USA). In the assay,
sphingomyelin is hydrolyzed into ceramide and phosphorylcholine by
sphingomyelinase. Alkaline phosphatase (ALP) dephosphorylates
phosphorylcholine to choline, which then reacts with Sphingomyelin
Enzyme Mix to produce an intermediate. The intermediate reacts with a
highly specific probe to generate color (OD 570 nm). Briefly, the mouse
hippocampus was homogenized in 0.5 ml of SM Assay Buffer, cen-
trifuged at 4 °C for 5min at 10,000g. The supernatant was diluted by SM
Assay Buffer to appropriate proportion and heated for 1–2min at 70 °C
or until it becomes cloudy. After centrifugation at RT for 2min at
10,000g, the supernatant was collected and measured. SM standard
curve was made by diluting SM Standard into a series of wells in 96-
well plate to generate 0, 1, 2, 3, 4 and 5 nmol/well of SM Standard.
Both sample and SM standard were adjusted the volume to 50 μl with
SM Assay Buffer, following being added 50 μl reaction buffer and in-
cubated at 37 °C for 1 h. Absorbance (570 nm) was measured in a mi-
croplate reader. For lysenin staining, the CHO cells pretreated with
D609 for 24 h were fixed with 3% paraformaldehyde in PBS for 20min
at RT. The cells were then blocked with 2% BSA in PBS for 1h at RT,
followed by incubation with 1μg/ml lysenin (Sigma, USA) with 0.2%
BSA in PBS for 1h. After washing with PBS, the cells were incubated
with anti-lysenin antiserum (1:500 with 0.2% BSA in PBS) for 1h, fol-
lowed by incubation with Alexa Fluor 488 goat anti-rabbit IgG for 1h.
Fluorescence images were obtained using a Zeiss confocal microscope.

2.9. Novel object recognition

The Novel object recognition (NOR) task was performed as de-
scribed (Zhang et al., 2014). The recognition index was defined as the
percentage of time spent on the novel object to that spent on both
objects. The preference index was defined as the percentage of time
spent on one of two identical objects to that spent on both objects.

2.10. Morris water maze

Spatial learning and memory was performed in the Morris water
maze using procedures similar to those described previously (Zhang
et al., 2014). Briefly, each mouse was given four trails daily with a 1 h
inter-trial interval. During each trial, mice were allowed to swim until
they found the hidden platform where they remained for 8 s before
being returned to a holding cage. The trail was ended in 60 s even the

mouse did not find the platform. After 5 consecutive days training, the
platform was removed and a probe trail was presented. The escape
latency, the swimming speed and the number of crossing the position
where the platform supposed to be during probe trail, were recorded
and analyzed.

2.11. Statistical analysis

All data are presented as mean ± s.e.m. and analyzed using SPSS
software. “n” means the numbers of mice per group or the numbers of
replicated experiments. Differences between two groups were assessed
by two tail t-student test. Comparisons between multiple groups were
analyzed by One way ANOVA followed by the Fisher LSD test. Two way
ANOVA followed by the Fisher LSD test was only used for escape la-
tency analysis in Morris water maze. All statistical methods used were
indicated in the figure legends. Differences were considered statistically
significant if p < 0.05 (*: p < 0.05, **: p < 0.01, ***: p < 0.001).

3. Results

3.1. Knockdown of SMS1 rescues cognitive deficits of APP/PS1 transgenic
mice

To examine the effects of knockdown of SMS1 on AD pathogenesis,
we injected AAV8, which encodes both SMS1 shRNA and EGFP, bilat-
erally into the hippocampus of 4-month-old APP/PS1 transgenic mice,
when amyloid plaques appear (Zhang et al., 2014; Deng et al., 2016).
As described (Deng et al., 2016), only hippocampal neurons (Fig. 1a),
but not microglia (Fig. S1), were infected with AAV8 successfully as
indicated by EGFP+ cells. Injection of SMS1 shRNA decreased the levels
of SMS1 mRNA and protein in the hippocampus of APP/PS1 mice
(Fig. 1b and 1c). Moreover, elevated levels of SM were observed in the
hippocampus of APP/PS1 transgenic mice, which were also rescued by
knockdown of SMS1 (Fig. 1d). In contrast, the levels of SMS1 in the
cortex of SMS1 shRNA-injected APP/PS1 mice, where no AAV8 were
injected into, remained unchanged compared to that in NC-injected
APP/PS1 transgenic mice (Fig. 1b).

To further examine whether knockdown of SMS1 attenuates the
cognitive deficits of APP/PS1 transgenic mice, behavioral tests were
performed. In novel object recognition task, APP/PS1 transgenic mice
exhibited reduced recognition index compared to wild type (WT) mice,
which were rescued by knockdown of SMS1 in the hippocampus
(Fig. 1e). The preference index remained similar in each group of mice
(Fig. 1f), indicating the reduced recognition index observed was not due
to different preference to the objects. In Morris water maze tests, in
comparison to WT mice, APP/PS1 transgenic mice exhibited longer
escape latencies in the consecutive trials (Fig. 1g), and swam less fre-
quently cross over the target site, where the platform originally located
during training phase (Fig. 1h), which were rescued by injection of
SMS1 shRNA hippocampally. No difference in swimming speed was
observed among three groups of mice (Fig. 1i), excluding the possibility
that the differences in escape latencies and frequency of target site cross
was due to distinct swimming speed. Therefore, knockdown of SMS1 in
the hippocampus rescues cognitive deficits of APP/PS1 mice.

3.2. Knockdown of SMS1 attenuates accumulation of Aβ in APP/PS1 mice

Accumulation of Aβ plays key roles in AD pathogenesis (Musiek and
Holtzman, 2015). We thus examined whether knockdown of SMS1 af-
fects Aβ levels. As revealed by Aβ staining, SMS1 shRNA-injected APP/
PS1 transgenic mice exhibited decreased numbers and size of amyloid
plaques in the hippocampus (Fig. 2a-c). ELISA analysis further showed
that the levels of both soluble and insoluble Aβ42 in the hippocampus
of APP/PS1 transgenic mice were decreased by SMS1 knockdown
(Fig. 2e). Soluble Aβ40 levels also exhibited a tendency of a reduction
in the hippocampus of SMS1 shRNA-injected APP/PS1 mice, compared
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to that in NC-injected APP/PS1 mice, although no statistical difference
was detected between two groups of mice (Fig. 2f). Neither levels of
Aβ42/40 (Fig. 2g and h) nor the density of amyloid plaques (Fig. 2a and
d) exhibited any difference in the cerebral cortex of two groups of mice,
where no AAV8 were injected, further confirming the reduction in
amyloid plaque density and Aβ levels in the hippocampus were caused
by knockdown of SMS1. Together, these data demonstrate that knock-
down of SMS1 reduces accumulation of Aβ in the brains of APP/PS1
transgenic mice.

3.3. Knockdown of SMS1 ameliorates loss of synapses and
neuroinflammation in APP/PS1 mice

Loss of synapses is strongly correlated with cognitive decline in AD
(Smith et al., 2009; Yan et al., 2016; Mirza and Zahid, 2018). We thus
investigated whether SMS1 knockdown ameliorated synaptic loss in the
brains of APP/PS1 transgenic mice by staining the hippocampal sec-
tions for synaptophysin (SYN), a protein specifically expressed in pre-
synapses and representing synaptic function (Piret et al., 2013). SMS1
shRNA-injected APP/PS1 mice displayed enhanced SYN+ im-
munoreactivity in the hippocampal CA3 area where synapses are en-
riched (Fig. 2i and j), implicating SMS1 knockdown attenuates synaptic
loss in APP/PS1 mice.

Neuroinflammation is an essential contributor to AD pathophy-
siology (Shadfar et al., 2015; Calsolaro and Edison, 2016). To in-
vestigate whether SMS1 knockdown ameliorates neuroinflammation,
we analyzed the densities of astrocytes and microglia, two types of cells
eliciting the inflammatory response in the brains of AD patients and AD
model mice (Calsolaro and Edison, 2016), by staining the hippocampal
sections for GFAP and Iba-1, which are makers for astrocytes and mi-
croglia respectively. Both astrocytes (Fig. 2k and l) and microglia
(Fig. 2m and n) exhibited decreased densities in the hippocampus of
SMS1 shRNA-injected APP/PS1 mice, indicating that knockdown of
SMS1 attenuates neuroinflammation of APP/PS1 transgenic mice.

3.4. Inhibition of SMS1 reduces β-secretase cleavage of APP

Given that knockdown of SMS1 attenuates AD pathology including
Aβ accumulation, neuroinflammation, loss of synapses and cognitive
deficits. Among them, Aβ is the initiator to trigger all these pathological
processes (Musiek and Holtzman, 2015). We therefore investigated the
underlying mechanisms for SMS1-regulating Aβ metabolism. SMS1
knockdown does not change the expression of insulin degrading en-
zyme (IDE) and neprilysin, two enzymes degrading Aβ (Miners et al.,
2010) (Fig. S2a-d) suggests that SMS1 may not regulate the clearance of
Aβ. We then examined whether knockdown of SMS1 affects the gen-
eration of Aβ from the cleavage of APP. The levels of β-CTF (C-terminal
fragment of APP), which is produced by cleavage of APP by BACE1,
decreased in the hippocampus, but not in the cortex where no SMS1
shRNA were injected into, of SMS1 shRNA-injected APP/PS1 transgenic
mice, compared to those in NC-injected transgenic mice (Fig. 3a and b).
In contrast, the levels of full-length APP (Fig. 3d and e) and α-CTF
(Fig. 3a and c) which is produced by cleavage of APP by α-secretase,
remained unchanged in the hippocampus of APP/PS1 transgenic mice
upon SMS1 knockdown. Thus, knockdown of SMS1 decreases the

cleavage of APP by β-secretase. To further confirm these results, we
treated the cultured cells with D609, which inhibits the activity of both
SMS1 and SMS2 (Adada et al., 2016). Treatment with D609 decreased
SM levels in CHO cells as revealed by reduced fluorescent im-
munoreactivity of lysenin, a SM-specific binding protein (Fig. 3g and h).
D609-treated CHO cells exhibited decreased levels of β-CTF (Fig. 3i and
j), rather than α-CTF (Fig. 3i and k) and full-length APP (Fig. 3i and l),
compared to control cells. Thus, these results indicate that knockdown
or inhibition of SMS decreases the generation of Aβ through suppres-
sing the cleavage of APP by β-secretase. In addition, the ratio of Aβ42/
Aβ40, which is altered by γ-secretase cleavage of APP (Borchelt et al.,
1996), in the hippocampus of APP/PS1 transgenic mice, was not
changed by knockdown of SMS1 (Fig. 3f), indicating that SMS1 does
not affect γ-secretase activity.

3.5. SMS1 regulates BACE1 level via a post-transcriptional mechanism

BACE1 is β-secretase in the brains. We then examined whether in-
hibition of SMS1 reduces Aβ generation by regulating BACE1 expres-
sion. Both mature and immature BACE1 levels were decreased by
treatment with D609 in a dose-dependent manner in CHO and HEK293
cells, which were transfected with BACE1-HA (Fig. 4a-d). SMS1 has
higher capability to catalyzing SM production than SMS2 (Shakor et al.,
2011), we thus examined whether these two enzymes have distinct
capability in reducing BACE1 levels. The siRNAs targeting SMS1 or
SMS2, which reduced mRNA levels of SMS1 by 50% and of SMS2 by
70% respectively (Fig. S3), were transfected to HEK293 cells stably
expressing BACE1-HA (HEK293 BACE1-HA). BACE1 showed decreased
levels in SMS1 siRNA-transfected cells, and a trend of decreased levels
in SMS2 siRNA-transfected cells, although no statistical difference was
obtained (Fig. 4e and g). Whereas neither SMS1 siRNA nor SMS2 siRNA
alter APP levels (Fig. 4e and f). Moreover, knockdown of both SMS1
and SMS2 together failed to further reduce BACE1 levels compared to
knockdown of SMS1 alone (Fig. 4h and i), implicating a dominant role
of SMS1 in regulation of BACE1. In contrast, neither SMS1 siRNA nor
D609 changed the levels of BACE1 mRNA in both HEK293 cells and
CHO cells (Fig. 4j and k). Consistent with these results, the abnormally
elevated BACE1 levels in the hippocampus of APP/PS1 transgenic mice
was rescued by knockdown of SMS1 (Fig. 4l and m). Thus, these results
indicate that inhibition of SMS1 reduces BACE1 expression post-
transcriptionally.

3.6. SMS1 affects the intracellular trafficking of BACE1

SMS1 regulates BACE1 expression posttranscriptionally. We thus
examined whether SMS1 regulates stability of BACE1. HEK293 cells
cotransfected with BACE1-HA and either SMS1 siRNA or its scrambled
control siRNA (NC) were treated with cycloheximide (CHX), which is
known to block translational elongation (Schneider-Poetsch et al.,
2010). BACE1 levels exhibited accelerated declining rate in SMS1
siRNA-transfected cells, compared in NC-transfected cells (Fig. 5a and
b), indicating that knockdown of SMS1 reduces BACE1 stability.

SM, which is reduced by knockdown of SMS1, is important for the
intracellular trafficking and internalization of proteins through creating
lipid rafts (Rushworth and Hooper, 2010; Slotte, 2013). Internalization

Fig. 1. Knockdown of SMS1 ameliorates cognitive deficits of APP/PS1 mice. 4-month-old APP/PS1 transgenic mice were injected with AAV8 encoding SMS1 shRNA
or scrambled shRNA (NC) into the hippocampus and maintained for 1–3months as indicated before sacrifice. WT littermates injected with AAV8-NC as the control.
a: GFP+ fluorescence in the coronal sections of the hippocampus was imaged at 2months after injection. Scale bar: 200 μm in upper panel and 20 μm in lower panel
b: qPCR analysis of the relative levels of SMS1 mRNA in the cortex and ippocampus of SMS1 shRNA- and NC-injected transgenic mice 1month after injection. The
levels of SMS1 mRNA in the cortex and hippocampus of NC-injected transgenic mice were normalized to 1.0 c: Western blot analysis of SMS1 levels in the
hippocampus and cortex of virus-injected mice 2months after injection. d: Analysis of SM levels in the hippocampus of virus-injected mice 2months after injection e,
f: Novel object recognition tests on virus-injected mice 3months after injection. Recognition index (e) and preference index (f) were analyzed g-i: Morris water maze
tests. Escape latencies (g), numbers of platform site crossings during the probe test (h) and average swimming speed (i) were analyzed Results are presented as
mean+ s.e.m. *: p < 0.05; **: p < 0.01; ***: p < 0.001; n=4–6 mice (b-d) or 11–15 mice/group (e-i), two tail t-student test (b, c), Two way ANOVA followed by
the Fisher LSD test (g). One way ANOVA followed by the Fisher LSD test (d-f, h, i).
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of BACE1 from the plasma membrane is important for maintenance its
stability. Impairing endocytosis by mutating the dileucine motif (LL499/
500) in BACE1 into alanine (BACE1LLAA mutant) can increase BACE1
stability through retaining BACE1 on the plasma membrane (Kang
et al., 2012). We thus wondered whether knockdown of SMS1 regulates
BACE1 stability in a way dependent on its endocytosis. However, the
levels of BACE1LLAA mutant, similar to WT BACE1 (BACE1WT), were
reduced by knockdown of SMS1 (Fig. S4a and b), indicating that SMS1
regulate BACE1 expression in a way independent on endocytosis of
BACE1. The nascent BACE1 is acetylated on the seven lysine residues of
its N-terminal portion, which is required for translocation of the nascent
protein from the ER to the secretory pathway and thus controlling
BACE1 stability (Costantini et al., 2007). BACE1Ala mutant, in which
the seven lysines of BACE1 (K126, 275, 279, 285, 299, 300, 307) were mutated
to alanines and thus impairing acetylation of BACE1, behaves as “loss of
function”. Whereas BACE1Gln mutant acts as “gain of function”, in
which the seven lysine residues were mutated to glutamines, which
mimic the effect of lysine acetylation (Costantini et al., 2007). BACE1Ala
mutant fails to be exported to the secretory pathway from the ER,
whereas BACE1Gln is promoted to be exported from the ER and en-
hanced its levels on the plasma membrane (Costantini et al., 2007). To
examine whether SMS1 regulate BACE1 stability dependent on its
acetylation, HEK293 cells were cotransfected with either BACE1Ala
mutant or BACE1Gln mutant and SMS1 siRNA. The results showed that
knockdown of SMS1 exhibited similar effects in reducing the levels of
BACE1wt, BACE1Ala and BACE1Gln (Fig. S4c and d). These results in-
dicate that knockdown of SMS1 regulate the stability BACE1 in-
dependent on its exportation from the ER. Knockdown of SMS1 de-
creases BACE1 levels in both the post-Golgi and post-ER compartments.

Most of SMS1 localizes in the trans-Golgi network, where they
synthesize SM (Slotte, 2013). We thus examined whether knockdown of
SMS1 would change the localization of BACE1 in the Golgi. BACE1-HA
transfected HEK293 cells were treated with D609 and coimmunos-
tained for HA and GM130, a marker for Golgi. In control cells which
were treated with H2O, high amount of BACE1 distributed in the
perinuclear region and colocalized with GM130. In contrast, BACE1
exhibited diffused punctate pattern (Fig. 5c and e), and decreased co-
localization ratio with GM130 in D609-treated cells (Fig. 5c and d),
indicating that SMSs inhibition decreases the location of BACE1 in the
Golgi. In addition, the colocalization ratio between BACE1-HA and
EEA1, a marker of endosomes, increased in D609-treated cells (Fig. 5f
and g), indicating that inhibiting SMSs promotes BACE1 to translocate
to the endosomes.

3.7. Inhibition of SMS1 promotes degradation of BACE1 via facilitating its
translocation to the lysososmes

A small percentage of SM is trafficked to the lysosomes where it is
degraded to ceramide by acid SMase (Koval and Pagano, 1990). Con-
sidering the observations that SMS inhibition translocates BACE1 into
the endosomes, where BACE1 can be degraded after that the endosomes
are fused with the lysosomes, we examined whether inhibiting SMSs
affects the trafficking of BACE1 to the lysosomes. The colocalization
ratio between BACE1-HA and LAMP1, a marker for the lysosome, in-
creased in D609-treated cells, compared to that in H2O-treated cells,

despite in presence or in absence of NH4Cl, a lysosomal inhibitor
(Fig. 6a and b). In AD brains, the lysosomes in dystrophic axons con-
tacting amyloid plaques are dysfunctional, lack of degradative activity
and accumulated with BACE1 (Zhao et al., 2007; Gowrishankar et al.,
2015). We further observed more BACE1 was accumulated in the dys-
functional lysosomes in the axons adjacent to amyloid plaques upon
SMS1 knockdown (Fig. 6c and d). Thus, these results indicate that in-
hibition of SMSs promotes BACE1 to translocate to the lysosomes.
Moreover, in presence of NH4Cl, a lysosomal inhibitor, D609 failed to
reduce BACE1 levels in HEK293 cells (Fig. 6e and f), further indicating
inhibition of SMSs decreases BACE1 levels via the lysosomes. Thus,
these results indicate that inhibition of SMSs enhances BACE1 to
translocate to the lysosomes, where BACE1 is degraded.

4. Discussion

Increased levels of SM have been detected in the CSF and the brains
of AD patients (Chan et al., 2012; Hsiao et al., 2013; Kosicek et al.,
2012; Mielke et al., 2010), although some studies have reported a
contradictory observation (He et al., 2010). The inconstant observation
in SM levels in these studies may due to samples from different brain
regions, SM species as well as stage of AD symptom development. For
instance, high SM levels in the CSF was only observed in prodromal AD
(Kosicek et al., 2012). In addition, levels of different SM species also
varied even in the same brain regions of AD mouse model (Gonzalez-
Dominguez et al., 2014). Despite this inconsistence, the aberrant levels
of SM in the brains of AD patients suggest essential roles of SM in AD
pathogenesis. We herein describe that knockdown of SMSs, especially
SMS1, one of key enzymes in SM synthesis, attenuates accumulation of
Aβ, neuroinflammation, loss of synapses and cognitive deficits in APP/
PS1 transgenic mice. The present study further shows that inhibition of
SMS1 promotes BACE1 to translocate to the lysosomes, where BACE1 is
degraded, through modulating the intracellular trafficking of BACE1.
Thus, inhibition of SMS1 ameliorates AD pathology through promoting
lysosomal degradation of BACE1.

The synthesis of SM is induced by serials of enzymes including
serine palmitoyl-CoA transferase (SPT), 3-ketosphinganine reductase,
ceramide synthase, dihydroceramide desaturase and SMSs. Among
them, SPT is the first enzyme, whereas SMSs being the last enzyme, in
the SM biosynthetic pathway (Haughey et al., 2010). SPT is reported as
the key enzyme in the biosynthesis of all sphingolipids. However, SMSs
are showed as the key enzymes for the biosynthesis of SM. Inhibition or
knockdown of SMS1/2 reduces SM levels (Meng et al., 2004; Li et al.,
2007; Van der Luit et al., 2007; Ding et al., 2008). Consistent with this
result, we indeed observe reduced levels of SM in SMS1-knockdown
hippocampus and D609-treated cultured cells. SM is an essential com-
ponent of membrane lipid rafts. Knockdown of SMS1 reduces the
amount of SM in lipid rafts (Van der Luit et al., 2007). Targeting BACE1
to lipid rafts regulates the intracellular trafficking of BACE1 and the
cleavage of APP by BACE1 (Zhang and Song, 2013). Thus, a potential
mechanism underlying that inhibition of SMS1 promotes lysosomal
degradation of BACE1 is that inhibition of SMS1 impairs the localiza-
tion of BACE1 in the lipid rafts, thus affecting the intracellular traf-
ficking of BACE1 through reducing SM levels.

It is worth noting that inhibition or knockdown of SMS could also

Fig. 2. Knockdown of SMS1 reduces accumulation of Aβ, synaptic loss and neuroinflammation 4-month-old APP/PS1 transgenic mice were injected with AAV8
encoding SMS1 shRNA or scrambled shRNA (NC) into the hippocampus and maintained for 3months before sacrifice. WT littermates injected with AAV8-NC as the
control.
a-d: The coronal sections of the cortex and hippocampus of virus-injected APP/PS1 transgenic mice were stained with anti-Aβ antibody (6E10) (a, b). The numbers
and the size of amyloid plaques in the hippocampus (c) and the cortex (d) of virus-injected mice were quantified. Scale bars: 500 μm in a and 200 μm in b. e-h: ELISA
analysis of the levels of soluble and insoluble Aβ42 (e, g) and Aβ40 (f, h) in the hippocampus and the cortex of virus-injected APP/PS1 transgenic mice. i, k and m:
The coronal sections of the hippocampus were stained for synaptophysin (SYN, i), GFAP (k), Iba-1 (m) and DAPI (k, m). The lower panels of i, k and m represent the
enlarged view of white boxes in corresponding upper panels. The mean fluorescence intensities (MFI) of SYN+ immunoreactivity in the CA3 area were analyzed (j).
The densities of astrocytes (l) and microglia (n) were analyzed and expressed as the volume per 10−4 μm3. Scale bars: 50 μm (upper, i) and 10 μm (lower, i), 200 μm
(upper, k, m) and 50 μm (lower, k, m). Results are presented as mean ± s.e.m. *: p < 0.05; **: p < 0.01; ***: p < 0.001; two tail t-student test. n=5mice/group.
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Fig. 3. Knockdown of SMS1 inhibits the cleavage of APP by β-secretase.
a-f: 4-month-old APP/PS1 transgenic mice and WT littermates were injected with AAV8-NC or AAV8-SMS1 shRNA into the hippocampus and maintained for
3 months before sacrifice. Western blotting analysis of the levels of β-CTF (a, b), α-CTF (a, c) and full-length APP (d, e) in the hippocampus and cortex of virus-
injected APP/PS1 transgenic mice. The ratio of Aβ42/40 levels in the hippocampus of APP/PS1 transgenic mice detected by ELISA was calculated (f). g, h: CHO cells
treated with 50mM D609 were staining for lysenin (g). Relative fluorescent immunoreactivity was quantified (h). Scale bar: 10 μm. i-l: Western blotting analysis of β-
CTF (i, j), α-CTF (i, k) and full-length APP (i, l) in CHO cells treated with 50 μM D609. Results are presented as mean+ s.e.m. *: p < 0.05; **: p < 0.01; ***:
p < 0.001; One way ANOVA followed by the Fisher LSD test (b, c and e), two tail t-student test (f, h and j-l). n= 4 mice/group (a-f); n= 4 biological repeats (g-l).
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Fig. 4. Knockdown of SMS1 reduces BACE1 levels via a post-transcriptional mechanism.
a-d: Western blotting analysis of BACE1 levels using anti-HA antibodies in CHO (a, b) and HEK293 cells (c, d), which were transfected with BACE-HA and treated
with D609. e-i: Western blotting analysis of the levels of BACE1 (e, g, h, i) and APP (e, f) using antibodies against HA and APP, respectively, in HEK 293 cells stably
expressing BACE1-HA, which were transfected with siRNA targeting SMS1 or/and SMS2. j, k: qPCR analysis of the levels of BACE1 mRNA in HEK293 cells transfected
with SMS1 siRNA (j) or in CHO cells treated with D609 (k). l, m: Western blotting analysis of the levels of BACE1 using antibodies against BACE1 in the hippocampus
and cortex of SMS1 shRNA-and NC-injected APP/PS1 mice. Results are presented as mean ± s.e.m. *: p < 0.05; **: p < 0.01; ***: p < 0.001; One way ANOVA
followed by the Fisher LSD test (b, d, f, g, i, m), two tail t-student test (j, k). n= 4 biological repeats (b-k) or 4 mice/group (m).
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Fig. 5. Inhibition of SMS1 regulates intracellular trafficking of BACE1.
a, b: HEK 293 cells co-transfected with BACE1-HA and SMS1 siRNA were treated with CHX 12 h after transfection. The cell lysates were collected at indicated time
after treatment. The levels of BACE1 were analyzed with anti-HA antibodies by Western blotting (a). The levels of BACE1 in SMS1 siRNA- and NC-transfected cells
before CHX treatment were normalized to 1.0. The relative levels of BACE1 in the cells treated with CHX for indicated time were analyzed (b). c-g: HEK 293 cells
transfected with BACE1-HA were and stained for HA, GM130 (c) or EEA1 (f) and DAPI. The colocalization ratio between HA+ and GM130+ (d) or EEA1+ (g)
fluorescent signals in control cells were normalized to 1.0 for quantification of the relative colocalization ratio. The percentages of cells showing BACE1+ puncta (e).
Scale bars: 10 μm. Results are presented as mean+ s.e.m. *: p < 0.05; **: p < 0.01; ***: p < 0.001. Two way ANOVA followed by the Fisher LSD test (b); two tail
t-student test (d, e, g). n=3–6 biological repeats.
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lead to decreased DAG levels (Ding et al., 2008). In this context, it is
worth noting that D609 is also an inhibitor of phosphatidylcholine-
specific phospholipase C (PC-PLC), which PC-PLC hydrolyzes phos-
phatidylcholine (PC) to generate DAG and phosphocholine (Exton,
1994). DAG is an activator of protein kinase C (PKC) (Nishizuka, 1995).
However, in contrast to inhibition of SMS1, which enhances lysosomal
degradation of BACE1, PKC, when activated, enhances BACE1 de-
gradation through proteasomes (Wang et al., 2008). Manipulation of
SMS alters the cellular levels of ceramide as well. Overexpression of
both SMS1 and SMS2 increased the levels of both SM and ceramide
(Ding et al., 2008), which may be due to the fact that SMS catalyzes
bidirectional reactions between ceramide and SM (Huitema et al.,
2004). However, in contrast to overexpression of SMS, knockdown of
SMS with siRNA fails to change ceramide levels (Ding et al., 2008).
Ceramide promotes BACE1 stability through enhancing its expression
on the cell surface, a process dependent on acetylation of BACE1 in the
lumen of the ER (Costantini et al., 2007). Consistent with this notion,
elevated levels of SMase, which catalyzes SM to generate ceramide,
promote Aβ accumulation (Puglielli et al., 2003). Neural SMase2 defi-
ciency ameliorates Aβ plaques burdens and cognitive deficits in 5XFAD
transgenic mice, through suppressing exosome-mediated Aβ aggrega-
tion (Dinkins et al., 2016). In contrast, our study indicates that in-
hibition of SMS1 reduces BACE1 stability through promoting BACE1 to
translocate to the lysosomes that is independent on both the acetylation
and endocytosis of BACE1. Thus, in this context, it seems unlikely that
inhibition of SMS1 enhances lysosomal degradation of BACE1 via de-
creasing ceramide levels. These studies suggest that different metabo-
lites of sphingolipids may play distinct functions in AD pathogenesis.
Even ceramide and SM catalytically converse to each other by SMSs and
SMase, they may have distinct functions in regulation of BACE1 stabi-
lity through different molecular mechanisms. It is better to consider the
effect of individual SM species and SM/ceramide balance on AD pa-
thogenesis, since reports hint that SM/ceramide ratio may play more
important roles in AD cognition (Mielke et al., 2010).

We here show that compared to SMS2, SMS1 has a dominant role in
regulating BACE1 levels. Consistent with the fact that SMS1 is mainly
localized at the Golgi apparatus, whereas SMS2 mainly functions on the
plasma membrane (Slotte, 2013), we observe that SMS1 regulates
BACE1 levels independent on its expression on the plasma membrane.
This result is also consistent with the observation that SMS1, but not
SMS2, increase in the brains of AD patients (Hsiao et al., 2013), where
BACE1 levels are upregulated. Inhibition of SMS1 decreases BACE1
levels in the Golgi, whereas increases BACE1 levels in the early endo-
somes. Since BACE1 can be translocated to the early endosomes from
the Golgi and it also can be retrogradely trafficked from the early en-
dosomes to the Golgi (Sun and Zhang, 2017), we here propose that
inhibition of SMS1 either suppresses retrograde trafficking of BACE1
from the endosomes to the Golgi or enhances anterograde trafficking of
BACE1 from the Golgi to the endosomes (Fig. 6g). However, it remains
worth noting that such transiently increased BACE1 in the early en-
dosomes fails to increase Aβ generation. This may be due to the fact
that even the proportion of BACE1 in the early endosomes increases

upon SMS reduction, the total amount of BACE1 in the early endosomes
is still reduced because of lysosomal degradation. It should note that
inhibiting SMS levels also decreases immature BACE1, which fails to be
exported to the Golgi. Since lysosomal inhibition prevents SMS1 in-
hibition-reduced both mature and immature BACE1, we propose im-
mature BACE1, which fails to export from the ER, is also translocated to
the lysosomes for degradation upon SMS1 inhibition (Fig. 6g).

Sphingolipids play essential roles in neuroinflammation
(Gualtierotti et al., 2017). We here observe inhibition of SMS1 reduces
neuroinflammation as indicated by reduced densities of both astrocytes
and microglia. However, since AAV8 we have used in this study mainly
infect neurons, few microglia show being infected by AAV8 (Fig. S1).
Thus, the reduced neuroinflammation we have observed in this study
may be the secondary change accompanied by reduced generation of
Aβ. But we cannot exclude the potential primary roles of SM in neu-
roinflammation, through which the progression of AD pathogenesis is
slowed. Knockdown of SMS specifically in either astrocytes or microglia
may help to address this question.

We herein observe that inhibition of SMS1 in neurons attenuates
loss of synapses in APP/PS1 transgenic mice, which is consistent with
the facts that reduction of SM levels protects cell death (Ding et al.,
2008) and that sphingolipids and its metabolites directly modulate
synaptic plasticity (Sonnino and Prinetti, 2016). For example, treatment
of cells with exogenous gangliosides enhances LTP in the hippocampus
(Fujii et al., 2002), whereas impairment of ganglioside synthesis re-
duces learning ability and other cognitive functions in mice (Sha et al.,
2014). However, the attenuation of synaptic loss by inhibition of SMS1
may be also due to decreased levels of Aβ in APP/PS1 transgenic mice.
Further investigations in other mouse or cell models may help to answer
this question.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.expneurol.2018.09.012.
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Fig. 6. inhibition of SMS promotes BACE1 degradation via the lysosomes.
a, b: HEK 293 cells transfected with BACE1-HA and LAMP1-DsRed were treated with NH4Cl and stained for HA and DAPI. The colocalization ratio between HA+ and
LAMP1+ fluorescent signals in control cells were normalized to 1.0 for quantification the relative colocalization ratio (i). c, d: The hippocampal sections of SMS1
shRNA-and NC-injected APP/PS1 mice were stained for LAMP1 and BACE1. The colocalization ratio between BACE1+ and LAMP1+ fluorescent signals around
amyloid plaques were quantified, while that in control mice were normalized to 1.0 (k). e, f: Western blotting analysis of BACE1 levels using anti-HA antibodies in
HEK293 cells stably expressing BACE1-HA, which were treated with 50 μM D609 and NH4Cl for 24 h. The levels of BACE1 in H2O-treated cells were normalized to
1.0. g: Schematic description of the effect of knockdown/inhibition of SMS1 on the pathogenesis of AD. Inhibition of SMS1 promotes BACE1 to translocate from the
Golgi apparatus to the early endosomes or suppresses BACE1 to translocate retrogradely from the early endosomes to the Golgi apparatus. In either way, knockdown/
inhibition of SMS1 promotes BACE1 to translocate to the lysosomes, where BACE1 is degraded. Knockdown/inhibition of SMS1 also promotes the translocation of
immature BACE1 from the ER to the lysosomes. Through this way, knockdown/inhibition of SMS1 attenuates elevated BACE1 levels, accumulation of Aβ, neu-
roinflammation and loss of synapses, eventually improving cognitive function of AD transgenic mice. Scale bars: 10 μm. Results are presented as mean+ s.e.m.*:
p < 0.05; **: p < 0.01; ***: p < 0.001. One way Anova followed by the Fisher LSD test (b, f); two tail t-student test (d). n= 3–6 biological repeats. n= 4 mice/
group (c, d).
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