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SIRT1 facilitates amyloid beta peptide degradation by
upregulating lysosome number in primary astrocytes
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Abstract

Previous studies have shown that sirtuin 1 (SIRT1) reduces the production of neuronal amyloid beta (Ap) and inhibits the inflammatory
response of glial cells, thereby generating a neuroprotective effect against Ap neurotoxicity in animal models of Alzheimer’s disease. How-
ever, the protective effect of SIRT1 on astrocytes is still under investigation. This study established a time point model for the clearance of
AP in primary astrocytes. Results showed that 12 hours of culture was sufficient for endocytosis of oligomeric AP, and 36 hours sufficient
for effective degradation. Immunofluorescence demonstrated that AP degradation in primary astrocytes relies on lysosome function.
Enzymatic agonists or SIRT1 inhibitors were used to stimulate cells over a concentration gradient. AR was co-cultured for 36 hours in
medium. Western blot assay results under different conditions revealed that SIRT1 relies on its deacetylase activity to promote intracellular
A degradation. The experiment further screened SIRT1 using quantitative proteomics to investigate downstream, differentially expressed
proteins in the AP degradation pathway and selected the ones related to enzyme activity of SIRT1. Most of the differentially expressed pro-
teins detected are close to the primary astrocyte lysosomal pathway. Immunofluorescence staining demonstrated that SIRT1 relies on its
deacetylase activity to upregulate lysosome number in primary astrocytes. Taken together, these findings confirm that SIRT1 relies on its
deacetylase activity to upregulate lysosome number, thereby facilitating oligomeric AP degradation in primary astrocytes.
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Nixon et al., 2008; Karran et al., 2011), which is considered
to be the initiating factor of the disease. Therefore, it is im-
portant to investigate how A clearance can be enhanced
within the brain.

Astrocytes are fundamental for the homoeostasis, defense,
and regeneration of the central nervous system, and they are
the most abundant cell type in the brain, occupying most
of the cerebral cortex (Chung et al., 2013; Verkhratsky et

Introduction

The most common form of Alzheimer’s disease (AD), which
appears sporadically during aging, is characterized by the
presence of extracellular senile plaques, intraneuronal aggre-
gates of hyperphosphorylated tau, and synaptic and neuro-
nal loss (Igbal et al., 2005; Henry et al., 2010; Serrano-Pozo
et al., 2011). Studies have revealed that there is no increase in
amyloid beta (AB) production in sporadic AD, but that a de-

ficiency in AP clearance is usually accompanied by age-relat-
ed lysosomal dysfunction (LaFerla et al., 2007; Nixon, 2007;

al., 2013). Attenuating astrocyte activation can accelerate
plaque pathogenesis in amyloid precursor protein/presenilin
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1 (APP/PS1) mice (Kraft et al., 2013). Activated astrocytes
can surround AP in AD brains and subsequently take up Ap
and traffic it to lysosomes for degradation (Wisniewski et
al., 1991; Verkhratsky et al., 2010; Basak et al., 2012; Loov et
al,, 2012). Astrocytes are found in high numbers throughout
all brain regions, so they can effectively clear AP from the
brain, and they are susceptible to oligomeric AP (Nielsen
et al., 2010; Jones et al., 2013), which highly correlates with
markers of disease severity and is toxic to the central ner-
vous system (McLean et al., 1999; Sokolowski et al., 2011).
Thus, astrocytes may prevent excessive AB accumulation in
the early stages of AD. Unlike microglia, astrocytes do not
need to be stimulated by cytokines to take up AP (Chang et
al., 2000; Magnus et al., 2002; Guénette, 2003). Wyss-Coray
and his team have proposed that astroglial dysfunction ag-
gravates progressive amyloid deposition (Wyss-Coray et al.,
2003). Furthermore, impaired lysosomal function during
aging has been implicated in AD (Cuervo et al., 2000; Muel-
ler-Steiner et al., 2006; Bahr, 2009; Wolfe et al., 2013), which
could be the underlying mechanism for the accumulation of
AP within astrocytes, thus promoting AD pathology. There-
fore, the role of astrocytes in AP degradation in AD needs
further investigation, and additional characterization of the
mechanisms regulating this process is required.

Sirtuinl (SIRT1) can regulate a vast number of cellular
processes, and it is associated with age-related diseases in-
cluding AD. SIRT1 is the most conserved member of the
sirtuin family of nicotinamide adenine dinucleotide (NA-
D")-dependent protein deacetylases (Cohen et al., 2004;
Sauve et al., 2006; Chang et al., 2014). Previous studies have
indicated that SIRT1 protects against AP toxicity and cogni-
tive deficits in animal models, mainly by decreasing AP pro-
duction in neurons and inhibiting inflammatory responses
in neuroglia (Han et al., 2004; Qin et al., 2006; Albani et al.,
2009; Donmez et al., 2010). Apart from the observations
mentioned previously, the molecular mechanisms underly-
ing the protective effects of SIRT1 in astrocytes are still being
investigated. The current study evaluates whether SIRT1
affects AP degradation in primary astrocytes via its deacety-
lase activity, and investigates the correlation with lysosome
number using a quantitative proteomics approach.

Materials and Methods

Experimental animals

All animal experiments were approved by the Laboratory
Animal Research Center, Peking University (approval num-
ber: LS-JiJG-3), certified by the Association for Assessment
and Accreditation of Laboratory Animal Care Internation-
al. All parts of the experimental animals were used for the
isolation of primary cells. Wild-type specific-pathogen-free
Sprague Dawley rats at the age of 1 to 2 days, irrespective
of sex, were used to obtain primary astrocytes. Usually 10
rats weighing 5-6 g each were used for one cell isolation
experiment. The brain cells of suckling mice of this age are
well differentiated and vigorous. Cortical cells from 3-5 rats
were isolated and plated in one T75 flask (Corning, Steuben
County, NY, USA), and the whole isolation process was ster-
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ile and performed on ice.

Cell culture

Primary astrocytes were prepared from whole brains of
Sprague-Dawley rats. Briefly, the pups were decapitated and
the meninges and blood vessels were removed from the
brains. The cerebellum, interbrain, midbrain, brainstem, and
hippocampus were also removed. Only the cerebral cortex
was used for the culture of astrocytes and microglia. The ce-
rebral cortex was minced and digested with DNase I (0.01%)
and trypsin (0.25%) for 30 minutes at 37°C. Digestion was
stopped by suspending the cells in Dulbecco’s Modified Ea-
gle’s Medium (DMEM) containing 10% fetal bovine serum
and 1% penicillin-streptomycin. The cell suspension was
then triturated and plated in a T75 flask, then maintained at
37°Cin a 5% CO, incubator. Media were replaced with fresh
DMEM containing 10% fetal bovine serum 24 hours later,
and the cells were cultured for an additional 14-21 days at
37°C with 5% CO,. Primary astrocytes were isolated from
microglia by shaking the flask for 16 hours at 260 r/min. The
suspended cells in the culture media were microglia, while
the cells that remained adhered to the flask were astrocytes.
Astrocytes were then digested and used for subsequent
experiments, which were repeated three times. Primary as-
trocytes were principally divided into five groups, for the fol-
lowing experiments: 1) establishing a time point model for
the clearance of AP in primary astrocytes, 2) investigating
whether AP degradation in primary astrocytes relies on ly-
sosomal function, 3) examining whether SIRT1 relies on its
deacetylase activity to facilitate AP degradation in primary
astrocytes, 4) exploring the potential downstream proteins of
SIRT1 in facilitating lysosome-mediated AP degradation in
primary astrocytes, and 5) investigating whether SIRT1 relies
on its deacetylase activity to upregulate lysosome number in
primary astrocytes.

Preparation of AP

Human A, ,, (Cat. No. 20276; AnaSpec, Fremont, CA,
USA) or Hilyte-Fluor-488 Ap,_,, (Cat. No. 60479; AnaSpec,
Fremont, CA, USA) was dissolved to 1 mM in 100% hexa-
fluoroisopropanol. The specific methods of operation were
performed as previously described by Stine et al. (2011).

Plasmids and transfection

Human SIRT1 was subcloned into pcDNA3.1 (+) and
pEGFP-N3, separately. SIRT1-H363Y was mutated from
SIRT1-pcDNA3.1 (+) and SIRT1-pEGFP-N3, separately.
Transient transfection was conducted using Viafect ac-
cording to the manufacturer’s instructions (Cat. No. E4981;
Promega, Madison, W1, USA). The cells were harvested at 48
hours for further use.

RNA interference

Primary astrocytes were transfected with a specific siRNA
against the target gene (SIRT1 siRNA: Cat. No. sc-108043;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) or the
scrambled siRNA (control) with Lipofectamine RNAIMAX
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(Invitrogen, Carlsbad, CA, USA). The cells were harvested at
72 hours for further use.

Ap uptake and degradation

Primary astrocytes were principally divided into seven
groups for different interventions and subsequent Ap treat-
ment. To analyze astroglial degradation, primary astrocytes
were incubated with 1 uM AB,_,, for different time peri-
ods. The cells were transfected with scrambled (Group 1)
or SIRT1 (Group 2) siRNA or SIRT1 (Group 4) or SIRT1-
H363Y (Group 5) plasmids before incubation with 1 pM
AB,_,, for an additional 12 or 36 hours, to track astroglial
phagocytosis or degradation of AP, respectively. Subsequent-
ly, the cells were thoroughly washed with DMEM three times
and lysed for western blot assay. The intensities of the pro-
tein bands, which indicated relative intracellular Ap levels,
were measured in three independent experiments.

To pinpoint the localization of the internalized AP, 1 uM
Hilyte-Fluor-488 oligomeric Ap,_,, was added to cells for 30
minutes. Cells were then stained with Lyso-Tracker Red (Cat.
No. C1046; Beyotime, Nantong, China), and observed under
a confocal microscope.

A lysosome inhibitor or neprilysin inhibitor was added to
the cells 24 hours before adding AP and maintained in the
media until cells were harvested. The lysosome inhibitors
used were leupeptin (Cat. No. L2884; Sigma, St. Louis, MO,
USA) and chloroquine (Cat. No. C6628; Sigma), while phos-

phoramidon (Cat. No. R7385; Sigma) was used as the nepri-
lysin inhibitor.

Western blot assay

Cells were harvested and lysed with 1% sodium dodecyl
sulphate and then sonicated. The protein concentration was
determined with a 2-D Quantitative Kit (GE Healthcare,
Little Chalfont, Buckinghamshire, UK). Equal amounts of
lysates were resolved using 12.5% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred onto
polyvinylidene fluoride membranes using a semi-dry blot-
ting apparatus (Bio-Rad, Hercules, CA, USA). After blocking
with 5% non-fat milk in phosphate buffered saline (PBS)
containing 0.05% Tween 20, the membranes were incubated
overnight at 4°C with primary antibodies, including mouse
monoclonal anti-B-actin (Cat. No. ab3280; Abcam, Cam-
bridge, MA, USA), rabbit monoclonal anti-SIRT1 (Cat. No.
9475; Cell Signaling Technology, Danvers, MA, USA), mouse
monoclonal anti-Af,_;, (6E10) (Cat. No. SIG39320, Covance,
Princeton, NJ, USA), and rabbit polyclonal anti-Lamp1 (Cat.
No. ab24170; Abcam). Afterwards, the membranes were in-
cubated with horseradish-peroxidase-conjugated secondary
antibodies for 2 hours at room temperature, including goat
anti-mouse IgG (H+L) (Cat. No. 1031-05; Southern Biotech,
Birmingham, AL, USA) and goat anti-rabbit IgG (H+L) (Cat.
No. 4050-05; Southern Biotech). Protein bands were detect-
ed by chemiluminescence (Millipore, Billerica, MA, USA).
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Figure 1 Primary astrocytes clear oligomeric AP [Af,_,; (6E10)] using lysosomes.

(A-C) Primary astrocytes clear oligomeric AB: Primary astrocytes were incubated with 1 uM fibrillar A (A, B) or oligomeric Ap (C) at 37°C, and
the cells were harvested at different time points and lysed, followed by the detection of the intracellular Ap level by western blot assay. The inten-
sities of the protein bands, which indicated the relative intracellular Ap level, were measured in three independent experiments, and results were
presented as the mean + SEM (lower panels in A-C). (D) AP is rapidly trafficked into lysosomes: Confocal imaging of live astrocytes 30 minutes
after the addition of 1 uM Hilyte488-labeled oligomeric AP (green). The cells were then stained with Lyso-Tracker Red. Scale bar: 10 um. (E) In-
ternalized AP is degraded in lysosomes. Primary astrocytes were pretreated with DMSO, phosphoramidon (neprilysin inhibitor, 10 uM), or chlo-
roquine or leupeptin (lysosome inhibitors, 10 uM) for 24 h. The cells were then incubated with AP (1 uM) in the presence of DMSO or inhibitors
for an additional 36 h. The intensities of the protein bands indicated the relative intracellular AP level. Results were measured in three independent
experiments, and were presented as the mean + SEM (one-way analysis of variance with Tukey’s post hoc test). *P < 0.05, *#kP < 0.001, vs. DMSO

control. Ap: Amyloid beta; DMSO: dimethyl sulfoxide; h: hour.
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The intensities of the protein bands were quantified using
Image] software (Media Cybernetics, Silver Springs, MD,
USA). The intensities of the protein bands were measured in
three independent experiments and results were presented
as normalized to actin.

Immunofluorescent staining

Cells were harvested for immunofluorescent staining after
24 hours of inhibitor treatment, 48 hours of plasmid trans-
fection, or 72 hours of siRNA knockdown. The cells were
fixed in 4% paraformaldehyde for 20 minutes, permeabilized
in 1% Triton X-100/PBS for 20 minutes, and then blocked
in 10% bovine serum albumin/0.05% Tris-buffered saline
with Tween 20 (TBST) for 1 hour at room temperature. The
cells were then incubated with primary antibodies in 1% bo-
vine serum albumin/TBST overnight at 4°C, followed by an
additional incubation in Alexa Fluor-conjugated secondary
antibodies at room temperature for 1 hour. The images were
acquired with an LSM 710 NLO & DuoScan System confocal
laser-scanning microscope (Zeiss, Jena, Germany).

RNA isolation and quantitative real-time polymerase
chain reaction (PCR)

Total RNA was isolated from cells that underwent different
treatments using TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA), and 1 pg of total RNA was reverse transcribed to
cDNA with the HiFi-MMLV c¢DNA First Strand Synthesis
Kit (CW Bio, Shanghai, China). Quantitative PCR was per-
formed by combining cDNA with GoTaq qPCR Master Mix
(Promega, Madison, WI, USA). The reaction was carried out
with the CFX96 Real Time PCR Detection System (Bio-Rad)
using the following conditions: 95°C for 2 minutes, 95°C for
15 seconds, 60°C for 30 seconds, and 72°C for 25 seconds,
followed by 40 cycles of 95°C for 15 seconds and 60°C for 2
minutes. Quantification of mRNA expression was calculated
by the Livak method as described by the manufacturer in-
structions, shown in a 2™**“ method, and was finally present-
ed in a column graph using Graphpad Prism 7 (La Jolla, San
Diego, CA, USA).

Mass spectrometry analysis

Cells were harvested for mass spectrometry pretreatment
after 48 hours of plasmid transfection and 36 hours of Ap
co-culture. Primary astrocytes were transfected with empty
VECTOR, SIRT1, or SIRT1-H363Y for 48 hours. Subse-
quently, the cells were treated with 1 uM A,_,, for an addi-
tional 36 hours. The cells were thoroughly washed and lysed
with 1% sodium dodecyl sulphate. After sonication, concen-
trations of the lysates were measured with a Bicinchoninic
Acid Kit (Thermo Fisher Scientific, Waltham, MA, USA).
Filter-aided sample preparation was used to enzymatically
digest the protein samples. The eluted peptide mixtures were
then desalinated, tandem mass tag (TMT) labeled, and clas-
sified, followed by mass spectrometry analysis. The peptide
identifications were processed with Proteome Discoverer
2.1 Software (Thermo Fisher Scientific). After identifying
protein expression ratios greater than 1.3 or lower than 0.75,
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a list of differentially expressed proteins was obtained. The
proteins induced by SIRT1-H363Y overexpression were ex-
cluded from the ones induced by SIRT1 overexpression. The
proteins involved in SIRT1 deacetylase activity are shown
in Table 1. Gene ontology (GO) clustering analysis was per-
formed using GENECODIS 3, and this online analytical tool
automatically generated pie charts and column graphs to
show clusters of proteins.

Statistical analysis

Data were analyzed using GraphPad Prism 7.0 Software
(La Jolla) and presented as the mean + SEM. Multiple sets
of data were analyzed by one-way analysis of variance with
Tukey’s post hoc test, while the unpaired Student’s t-test was
used to analyze two sets of data. The significance level was
set at P < 0.05.

Results

Primary astrocytes cleared oligomeric AP via lysosomes
The purity of primary astrocytes isolated from the cerebral
cortex of rats was validated to be greater than 98% and
confirmed by the immunofluorescent intensity and area
of glial fibrillary acidic protein (GFAP), a marker of astro-
cytes (Additional Figure 1). To ascertain a preference for
different states of A, astrocytes were treated with fibrillar
and oligomeric AP, harvested at different time points, and
lysed. Our results revealed that primary astrocytes rapidly
cleared oligomeric AP, whereas fibrillar AP clearance was
much slower. With increasing time, the internalized fibrillar
AP level slowly increased to its peak level at 36 hours, and
then gradually decreased by 96 hours (Figure 1A, B). How-
ever, the internalized oligomeric A level increased to its
peak level at 12 hours, and then gradually disappeared by 48
hours (Figure 1C). This experiment allowed us to conclude
that primary astrocytes have a preference for oligomeric Af
when clearing extracellular AP aggregates. For this reason,
oligomeric AB was used in the following experiments, and
12 hours represented the maximal astroglial capabilities of
AP phagocytosis, while 36 hours represented maximal Ap
degradation. Oligomeric AP conjugated to a green fluores-
cent label was observed to be rapidly taken up and trafficked
into lysosomes within 30 minutes, showing definite co-local-
ization (Figure 1D). AP was mostly degraded within lyso-
somes, because lysosome inhibitors such as chloroquine or
leupeptin remarkably weakened the astroglial degradation of
ApP; in contrast, phosphoramidon, an inhibitor of neprilysin,
which is involved in AP degradation, exerted little impact on
this process (Figure 1E).

SIRT1 relied on its deacetylase activity to facilitate A
degradation

To investigate the role of SIRT1 in AP clearance, the changes
in endogenous SIRT1 levels were detected after prolonged
AP treatment. Endogenous SIRT1 levels decreased and then
increased, even exceeding the initial level at 48 hours (Fig-
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Table 1 Differentially expressed lysosome-related proteins

Name Functional description WT/CON HY/CON

Asahl Hydrolyzes the sphingolipid ceramide into sphingosine and free fatty acid. 1.474 1.205

Atp6v0dl Subunit of the integral membrane VO complex of vacuolar ATPase. Vacuolar ATPase is responsible for 1.324 1.123
acidifying a variety of intracellular compartments in eukaryotic cells, thus providing most of the energy
required for transport processes in the vacuolar system.

Atp6v0d2 Subunit of the integral membrane VO complex of vacuolar ATPase. Vacuolar ATPase is responsible for 1.323 1.182
acidifying a variety of intracellular compartments in eukaryotic cells, thus providing most of the energy
required for transport processes in the vacuolar system. May play a role in coupling of proton transport and
ATP hydrolysis (By similarity).

Cdes8 Could play a role in phagocytic activities of tissue macrophages, both in intracellular lysosomal metabolism and 1.3 1.199
extracellular cell-cell and cell-pathogen interactions. Binds to tissue- and organ-specific lectins or selectins, allowing
homing of macrophage subsets to particular sites. Rapid recirculation of CD68 from endosomes and lysosomes to
the plasma membrane may allow macrophages to crawl over selectin-bearing substrates or other cells.

Ctns Cystine/H" symporter thought to transport cystine out of lysosomes. Plays an important role in melanin 1.36 1.201
synthesis, possibly by preventing melanosome acidification and subsequent degradation of tyrosinase TYR.

Ctsf Thiol protease which is believed to participate in intracellular degradation and turnover of proteins. Has also 1.397 1.119
been implicated in tumor invasion and metastasis.

Fycol May mediate microtubule plus end-directed vesicle transport. 1.438 0.994

Hexa Responsible for the degradation of GM2 gangliosides, and a variety of other molecules containing terminal 1.324 1.127
N-acetyl hexosamines, in the brain and other tissues.

Mcolnl  Cation channel probably playing a role in the endocytic pathway and in the control of membrane trafficking of 1.31 1.081
proteins and lipids. Could play a major role in Ca®" transport regulating lysosomal exocytosis (By similarity).

Mfsd8 May be a carrier that transports small solutes by using chemiosmotic ion gradients. 1.312 1.094

Mtla Metallothioneins have a high content of cysteine residues that bind various heavy metals; these proteins are 1.431 1.16
transcriptionally regulated by both heavy metals and glucocorticoids.

Tppl Lysosomal serine protease with tripeptidyl-peptidase I activity. May act as a non-specific lysosomal peptidase 1.357 1.157
which generates tripeptides from the breakdown products produced by lysosomal proteinases. Requires
substrates with an unsubstituted N-terminus.

Vpsl1l Plays a role in vesicle-mediated protein trafficking to lysosomal compartments including the endocytic 1.325 0.996
membrane transport and autophagic pathways.

Vpsl6 Plays a role in vesicle-mediated protein trafficking to lysosomal compartments including the endocytic 1.398 1.073
membrane transport and autophagic pathways.

Vps18 Plays a role in vesicle-mediated protein trafficking to lysosomal compartments including the endocytic 1.309 1.164

membrane transport and autophagic pathways.

WT: Wild type; CON: control.

ure 2A). Combined with the results on the degradation of
oligomeric AP, intracellular AP levels gradually increased
from 0 to 3 hours, which may have been due to the stress
that induced the temporary reduction in SIRT1 levels. With
a further increase in intracellular A levels, the cells most
likely began to respond accordingly and upregulated the ex-
pression of endogenous SIRT1, which appeared to be ready
for AP degradation prior to the peak of intracellular AP lev-
els. Endogenous SIRT1 was at its highest level at 48 hours,
whereas intracellular AP was at its lowest level, suggesting
that SIRT1 might directly promote AP clearance (Figure
2B). Supporting this finding, the siRNA-specific knockdown
of SIRT1 in astrocytes greatly suppressed their ability to de-
grade AP (Figure 2C).

Based on the evidence that SIRT1 plays a positive role in
the maintenance of homeostasis, resistance to aging, and
alleviation of the AD pathological process as a deacetylase
(Qin et al., 2006; Donmez et al., 2010), we hypothesized that
SIRT1 might facilitate AR degradation via its enzymatic ac-
tivity. To address this, primary astrocytes were transfected
with SIRT1-WT as well as with its catalytically inactive mu-
tant SIRT1-H363Y. Intracellular AP levels were significantly
lower after 36 hours in astrocytes overexpressing SIRT1-

WT than in those overexpressing VECTOR or SIRT1-
H363Y (Figure 2D), indicating that only catalytically active
SIRT1 can efficiently facilitate the astroglial degradation of
AB. In addition, pretreating astrocytes with resveratrol, an
SIRT1 agonist, enhanced the clearance of intracellular AP in
a dose-dependent manner (Figure 2E), whereas the SIRT1
inhibitor nicominatide (NAM) abolished the ability of as-
trocytes to degrade AP (Figure 2F). However, SIRT1 did not
affect AP endocytosis because the intracellular AP level was
unchanged after treatment for 12 hours (Additional Figure 2).

Identification of potential downstream proteins of SIRT1
in facilitating AP degradation in primary astrocytes

Based on the important role of SIRT1 in facilitating AB deg-
radation in primary astrocytes, we investigated the poten-
tial downstream proteins of SIRT1. After AP treatment, all
proteins were screened by excluding differentially expressed
proteins induced by SIRT1-H363Y overexpression from
the ones induced by SIRT1 overexpression, thus identifying
those involved in SIRT1 deacetylase activity. We identified
several lysosome-related proteins (Table 1 and Additional
Figure 3), and several of these differentially expressed pro-
teins were then subjected to quantitative PCR with SIRT1
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Figure 2 SIRT1 relies on its deacetylase activity to facilitate AB [AB,_,; (6E10)] degradation.

(A, B) Changes in endogenous SIRT1 levels after A} stimulation: Primary astrocytes were incubated with oligomeric Ap (1 uM) at 37°C. The cells
were harvested at different time points and lysed, followed by the detection of endogenous SIRT1 levels by western blot assay (A). Combined with
the results shown in Figure 1, there were differences in the levels of A and SIRT1 with increasing time after treatment. The green line represents
the relative SIRT1 level, whereas the red line represents the Ap level. The y-axis indicates the relative intracellular protein content levels (B). The in-
tensities of the protein bands, which indicate the relative endogenous SIRT1 level, were measured in three independent experiments, and the results
are presented as the mean + SEM (lower panels in A, B). (C-F) SIRT1 facilitates AP degradation by relying on its deacetylase activity. Scrambled
or SIRT1 siRNA was transfected into primary astrocytes (C) and the cells were then incubated with AP (1 uM) for 36 hours. The cells were har-
vested to detect intracellular AP levels by western blot assay. Vector or SIRT1 (WT or H363Y) was overexpressed in astrocytes, and the cells were
incubated with AB (1 pM) for 36 hours. The cells were harvested to detect intracellular Ap levels by western blot assay (D). Primary astrocytes were
pretreated with increasing concentrations of resveratrol (E) or NAM (f) for 24 hours. The cells were then incubated with AP (1 uM) in the presence
of resveratrol or NAM for an additional 36 hours, followed by western blot assay. The intensities of the protein bands, which indicated the relative
intracellular AP level, were measured in three independent experiments, and the results were presented as the mean + SEM (lower panel in C-F).
#kP < 0.01 (unpaired Student’s t-test; C). kP < 0.001 (one-way analysis of variance with Tukey’s post hoc test; D). %P < 0.01, *#kP < 0.001, vs.
control (one-way analysis of variance with Tukey’s post hoc test; E, F). SIRT1: Sirtuin 1; SIRT1-WT: wild-type SIRT1; SIRT1-HY: mutant SIRT1 with
the 363™ amino acid mutated from histidine to tyrosine; AB: amyloid beta; NAM: nicotinamide.

[ Vector

overexpression to further strengthen the relationship be- 5 EESRT1
*

tween SIRT1 and lysosomal function. The levels of several
lysosome-related genes changed with SIRT1, which likely
influences lysosomal function, thus affecting A degradation
in primary astrocytes (Figure 3).

Relative expression level

SIRT1 relied on its deacetylase activity to upregulate
lysosome number in primary astrocytes

Lysosomal dysfunction is associated with aging in AD (Cu- & & & & oo\g\ & &
ervo et al., 2000) and SIRT1 alters several lysosome-related ® & N

ger}es. Sir'nilarly, we found that the number of lysosomes Figure 3 SIRT1 upregulates the levels of lysosome-related genes.
stained with Lyso-Tracker Red or the lysosome membrane  VECTOR or SIRT1 was overexpressed in primary astrocytes and the

marker LAMP1 decreased in primary astrocytes when en-  cells were then processed for quantitative polymerase chain reaction to

dogenous SIRT1 levels were downregulated (Figure 4A). detect the %evels of .lysosome—related genes. The expression levels were
measured in three independent experiments, and the results are pre-

Conversely, an increase in lysosome number was observed (. ed as the mean + SEM (unpaired Student’s t-test), %P < 0.05, %P <
when cells were exogenously transfected with GFP-tagged  0.01. SIRT1: Sirtuin 1.
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SIRT1-WT compared with VECTOR or GFP-tagged SIRT1-
H363Y (Figure 4B). Furthermore, lysosome numbers were
lower in primary astrocytes pretreated with NAM than
in control cells, whereas there was no difference between
trichostatin A (TSA)-treated astrocytes and control cells, in-
dicating that SIRT1, but not other NAD-dependent histone
deacetylases (HDACs), control lysosome number in primary
astrocytes (Figure 4C). Taken collectively, these results sug-
gest that SIRT1 facilitates AP degradation by upregulating
lysosome numbers in primary astrocytes.

Discussion

Early in the onset of AD, oligomeric AP progressively aggre-
gates into fibrils. To reduce the amount of AP that is depos-
ited, it is therefore important to efficiently clear oligomeric
AP. Astrocyte activation precedes extracellular AP deposi-
tion, indicating that astrocytes maintain a normal Ap level

Figure 4 SIRT1 relied on its
deacetylase activity to
upregulate lysosome
numbers in primary
astrocytes.

(A) SIRT1 knockdown de-
creased the number of lyso-
somes in primary astrocytes.
Primary astrocytes were
transfected with scrambled or
SIRT1 siRNA for 72 hours, fol-
lowed by staining with SIRT1
(green) and Lyso-Tracker Red
or antibodies against LAMP1
(red). (B) SIRT1 stimulated an
increase in lysosome number
by relying on its deacetylase
activity in primary astrocytes.
The empty vector or GFP-
tagged SIRT1 (WT or H363Y)
was overexpressed in primary

3 Scramble
SISIRT1

O Scramble
@ siSIRT1

% o E \S/le;t%r_WT astrocytes, followed by staining
2 5 sRT1-Hy  with Lyso-Tracker Red or an
g2 antibody against LAMP1 (red).
“; 2 2 (C) NAM, but not TSA, down-
3 regulated lysosome numbers
e " in primary astrocytes. Primary
0- astrocytes were pretreated

o e e with NAM or TSA, followed

g O Vector by staining with Lyso-Tracker
& msiRT1-WT  Red. The fluorescent signal
g > BESIRTI-HY  jn each cell was estimated by
E g examining more than 50 cells,
£ and the results are presented
s as the mean + SEM (right pan-
x el in A-C; unpaired Student’s
t-test), **%P < 0.01, **%P <

0.001 (A). One-way analysis

of variance with Tukey’s post

Em\"ﬁo hoc test, %P < 0.01, #k%P <

B TSA 0.001 (B, C). Scale bars: 15

-
o

pm. SIRT1: Sirtuin 1; SIRT1-
WT: wild-type SIRT1; SIRT1-
HY: mutant SIRT1 with the
363" amino acid mutated from
histidine to tyrosine; DMSO:
dimethyl sulfoxide; NAM: nic-
otinamide; TSA: trichostatin A.

0.5

Relative fluorescence
intensity

under physiological conditions (Funato et al., 1998; Nagele
et al., 2003). Astroglial atrophy in the brains of AD patients
(Rodriguez et al., 2011) weakens the ability of astrocytes to
clear AP to a certain extent, which may be the main cause
of AD pathogenesis. In addition, AP removal is affected by
lysosomal biogenesis (Xiao et al., 2014). Our results describe
the timeline of fibrillar and oligomeric AP clearance, respec-
tively. With a series of specific time points, we confirmed a
preference of primary astrocytes to degrade oligomeric AP.
We also observed that either an acidic environment or the
hydrolase function of lysosomes can influence AB degrada-
tion, thus demonstrating the importance of lysosomal func-
tion in primary astrocytes.

Astrocytes play an important role in maintaining ho-
meostasis, whether under normal physiological conditions
or as part of a pathological process (Li et al., 2016). As the
most abundant cell type in the brain, astrocytes cover the

2011



Li MZ, Zheng L], Shen ], Li XY, Zhang Q, Bai X, Wang QS, Ji JG (2018) SIRT1 facilitates amyloid beta peptide degradation by upregulating
lysosome number in primary astrocytes. Neural Regen Res 13(11):2005-2013. doi:10.4103/1673-5374.239449

brain parenchyma comprehensively and maintain homeo-
stasis by providing energy, eliminating waste, regulating
blood-brain barrier transport, dumping redundant synaptic
neurotransmitters, and regulating cell repair processes and
ion flux (Parpura et al., 2012; Verkhratsky et al., 2013). Our
results demonstrate that primary astrocytes can enhance
the degradation of oligomeric AB with SIRT1 upregulation,
which may provide important clues for the early prevention
and treatment of AD. However, our primary astrocytes were
obtained from the whole cerebral cortex of Sprague-Dawley
rats, suggesting a coordinating function of astrocytes from
different brain regions to degrade Ap. It is well known that
the cerebral cortex has many subregions that represent and
control different body functions, which are precisely regulat-
ed. Future experiments should further explore the astroglial
function of each part of the cortex, such as the precentral
gyrus and olfactory cortex, to correlate cerebral AP degrada-
tion with overall dementia performance. Furthermore, aside
from the cerebral cortex, the hippocampus also contains as-
trocytes, and hippocampal cells are more related to memory.
A previous study has shown that astrocytes in the CA1 and
dentate gyrus of 3xTg-AD animals showed atrophic signs at
the age of 6 months, demonstrating a functional relationship
between hippocampal astrocytes and the pathological pro-
cess of dementia (LaFerla et al., 2007). Therefore, it would be
valuable to study whether hippocampal astrocytes could af-
fect AP degradation, and in which pathway this might occur.

SIRT1 alleviates AD pathology by decreasing AP produc-
tion, promoting tau degradation, and protecting neurons
from inflammation (Chen et al., 2005; Qin et al., 2006; Kim
et al., 2007; Donmez et al,, 2010). By contrast, little is known
about the role of SIRT1 in A clearance. It has been reported
that lysosomal dysfunction gradually increases with aging,
and data from AD patients have also shown that SIRTT1 is
lower in these individuals than in control subjects (Patel et
al., 2005; Julien et al., 2009). Considering the important role
of astrocytes in AP clearance, and the effectiveness of the
lysosome pathway in AP clearance, our results indicate that
SIRT1 could enhance the ability of astrocytes to clear AP
during early stages, which would essentially delay the forma-
tion of amyloid deposits.

Protein acetylation has been recently recognized as a
promising approach to control autophagic processes, such
as the elimination of damaged organelles or toxic protein
aggregates (Lee et al., 2008, 2009; Chakrabarti et al., 2011;
Banréti et al., 2013). Deacetylase SIRT1 can stimulate basal
rates of autophagy under increased expression, and SIRT1 /-
mouse embryonic fibroblasts do not fully activate autophagy
under starved conditions (Lee et al., 2008; Hariharan et al.,
2010; Chang et al., 2015). From this aspect, of autophagy,
SIRTT’s facilitating role on lysosomes is again confirmed. It
is highly possible that SIRT1 acts through downstream fac-
tors, such as the ones identified in this study, which control
deacetylase activity and facilitate AP degradation via a lyso-
some-mediated pathway. More studies are needed to further
discover exact downstream factors of SIRT1.

In summary, this study has shown for the first time that

2012

SIRT1 relies on its enzymatic activity to deacetylate several
lysosome-related proteins and upregulate lysosome number,
thereby facilitating oligomeric AP degradation in primary
astrocytes; however, possible mechanisms need additional
investigation. Our results provide important insights for the
early prevention and treatment of AD.
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Additional Figure S1 Enriched astrocytes cultured on coverslips were immunofluorescently stained
with different nerve cell markers.

The purity of enriched astrocytes was greater than 98%. Glial fibrillary acidic protein (GFAP) staining
was specific for astrocytes (green). Ibal staining was specific for microglia (red).
Microtubule-associated protein-2 (MAP-2) staining was specific for neurons (red). Nuclei were stained
by 4',6-diamidino-2-phenylindole (DAPI) (blue). LSM 710 NLO & DuoScan System confocal
laser-scanning microscope (Zeiss, Jena, Germany) was used. Scale bar: 50 um.
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Additional Figure S2 SIRT1 does not affect Ap endocytosis in primary astrocytes.

VECTOR or SIRT1 was overexpressed in primary astrocytes. The cells were incubated with AB (1 UM)
for 12 hours and then harvested to detect the intracellular AP level by western blot analysis. The
intensities of the protein bands, which indicated the relative intracellular AB level, were measured in
three independent experiments. The results are presented as the mean + SEM (unpaired Student’s t-test).
SIRT1: Sirtuin 1; AB: beta amyloid peptide.



@ cytoplasm (CC) @ early endosome (CC), endosome (CC)

@ metal ion binding (MF) @ lysosome organization (BP)
© metal ion binding (MF), zinc ion binding (... @ metal ion binding (MF), lysosome (CC)
@ Lysosome @ nucleotide binding (MF), cytoplasm (CC),
@ metal ion binding (MF), cytoplasm (CC) Long-term depression, Gap junction
@ lysosome (CC) @ nucleotide binding (MF), plasma membrane
® eary endosome (€0) wangendototal migraton

[ = © Pancreatic secretion ® early endosome (CC), Lysosome

@ lysosome (CC), Lysosome

s — ® early endosome (CC), intracellular protein
V @ membrane (CC), Lysosome transport (BP), actin filament (CC), HOPS
@ signal transducer activity (MF), signal tra... complex (CC)
® nucleotide binding (MF), Vascular smoot...
® metal ion binding (MF), cytoplasm (CC),...
@ signal transducer activity (MF), nucleotid. ..
® nucleotide binding (MF), plasma membra...

12V A 22

cytoplasm (CC)

metal ion binding (MF)

metal ion binding (MF), zinc ion binding (MF)

Lysosome

metal ion binding (MF), cytoplasm (CC)

lysosome (CC)

early endosome (CC)

Pancreatic secretion

lysosome (CC), Lysosome

membrane (CC), Lysosome

signal transducer activity (MF), signal transduction (BP), positive regulation of I-kappaB kinase/NF-k...
nucleotide binding (MF), Vascular smooth muscle contraction

metal ion binding (MF), cytoplasm (CC), membrane fraction (CC)

signal transducer activity (MF), nucleotide binding (MF)

nucleotide binding (MF), plasma membrane (CC), Pancreatic secretion

early endosome (CC), endosome (CC)

lysosome organization (BP)

metal ion binding (MF), lysosome (CC)

nucleotide binding (MF), cytoplasm (CC), Long-term depression, Gap junction

nucleotide binding (MF), plasma membrane (CC), Tight junction, Leukocyte transendothelial migration
early endosome (CC), Lysosome

early endosome (CC), intracellular protein transport (BP), actin filament (CC), HOPS complex (CC)

0 8 15 23

Additional Figure S3 Comprehensive GO clustering analysis of differentially expressed proteins.

The Biological Process, Molecular Function, Cellular Component and KEGG Pathway of differentially
expressed proteins were analyzed comprehensively. The P value was set to < 0.001. KEGG: Kyoto
encyclopedia of genes and genomes.



