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Human tau accumulation promotes glycogen synthase
kinase-3b acetylation and thus upregulates the kinase:
A vicious cycle in Alzheimer neurodegeneration
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Background Glycogen synthase kinase-3b (GSK-3b) is one of the most effective kinases in promoting tau hyper-
phosphorylation and accumulation in Alzheimer’s disease (AD). However, it is not clear how GSK-3b activity is regu-
lated during AD progression.

Methods We firstly used mass spectrometry to identify the acetylation site of GSK-3b, and then established the cell
and animal models of GSK-3b acetylation. Next, we conducted molecular, cell biological and behavioral tests. Finally,
we designed a peptide to test whether blocking tau-mediated GSK-3b acetylation could be beneficial to AD.

FindingsWe found that GSK-3b protein levels increased in the brains of AD patients and the transgenic mice. Over-
expressing tau increased GSK-3b protein level with increased acetylation and decreased ubiquitination-related prote-
olysis. Tau could directly acetylate GSK-3b at K15 both in vitro and in vivo. K15-acetylation inhibited ubiquitination-
associated proteolysis of GSK-3b and changed its activity-dependent phosphorylation, leading to over-activation of
the kinase. GSK-3b activation by K15-acetylation in turn exacerbated the AD-like pathologies. Importantly, competi-
tively inhibiting GSK-3b K15-acetylation by a novel-designed peptide remarkably improved cognitive impairment
and the AD-like pathologies in 3xTg-AD mice.

Interpretation Tau can directly acetylate GSK-3b at K15 which reveals a vicious cycle between tau hyperphosphoryla-
tion and GSK-3b activation.
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Introduction
The activation of glycogen synthase kinase-3b (GSK-3b),
which is highly expressed in central nervous system,
plays a pivotal role in Alzheimer’s disease (AD)1. The
activity of GSK-3b is significantly increased in the brain
and plasma of AD patients.1�3 To the two hallmark
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pathologies observed in the AD brains, GSK-3b pro-
motes the production of b-amyloid (Ab) by up-regulat-
ing b-amyloid cleaving enzyme-1 (BACE1) and
presenilin-1 (PS1) and mediates the toxicity of Ab.4�6

GSK-3b upregulation also induces tau hyperphosphory-
lation, damages neuronal synaptic plasticity,7�10 and
asic Medicine, Key Laboratory of Education Ministry of China/Hubei

niversity of Science and Technology, Wuhan 430030, China.

.cn (J.-Z. Wang).

1

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2022.103970&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:liuenjie01@163.com
mailto:wangjz@mail.hust.edu.cn
https://doi.org/10.1016/j.ebiom.2022.103970
https://doi.org/10.1016/j.ebiom.2022.103970


Research in context

Evidence before this study

The activation of glycogen synthase kinase-3b (GSK-3b),
which is highly expressed in central nervous system,
plays a pivotal role in Alzheimer’s disease (AD). The
activity of GSK-3b is significantly increased in the brain
and plasma of AD patients or AD transgenic mice. How-
ever, the mechanism underlying the abnormal upregu-
lation of GSK-3b in AD remains largely unclear. We
observed in a previous study that overexpressing tau
remarkably increased GSK-3b enzyme activity. A recent
study showed that tau had acetyltransferase activity
and could induce its self-acetylation. We found that tau
could acetylate b-catenin and thus stabilize b-catenin to
mediate the anti-apoptosis function of tau. Thus, we
speculate that tau may directly acetylate GSK-3b.

Added value of this study

In the present study, we demonstrated that tau could
directly acetylate GSK-3b at K15 both in vitro and in
vivo. Acetylation of GSK-3b at K15 by tau inhibited its
ubiquitination-related proteolysis and changed its activ-
ity-dependent phosphorylation, which together upre-
gulated the kinase activity. We also found that GSK-3b
K15-acetylation exacerbated synaptic damages, neuro-
inflammation, tau hyperphosphorylation and Ab pro-
duction on the bases of wild-type GSK-3b, and
ultimately led to cognitive impairments in mice. Impor-
tantly, inhibiting GSK-3b K15-acetylation by a designed
peptide remarkably attenuated tau pathologies with
improved synaptic and cognitive functions

Implications of all the available evidence

Tau could directly acetylate GSK-3b at K15 which reveal
a vicious cycle between tau and GSK-3b, these finding
not only uncovers a new mechanism underlying the
chronic-worsening nature during AD progression but
also provides promising drug candidate for AD.
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causes spatial memory impairment.11�15 GSK-3b dam-
ages neuronal function by promoting inflamma-
tion.16�18 Inhibiting GSK-3b improves synaptic and
cognitive functions in the AD-like mouse models.11�15

However, the mechanism underlying the abnormal
upregulation of GSK-3b in AD remains largely unclear.

Intracellular accumulation of microtubule-associated
protein tau forming neurofibrillary tangles is one of the
hallmark pathologies in AD.19 The originally character-
ized function of tau is to promote microtubule assembly
and maintain the stability of the microtubules.20,21

Abnormal tau accumulation in the brain and cerebrospi-
nal fluid are positively correlated with the degree of cog-
nitive dysfunction in AD patients.22�24 Overexpressing
human tau in transgenic mice or wild-type mice induces
synaptic damages and memory deficits,25�28 and tau
pathology closely tracks changes in brain function that
are responsible for the onset of early symptoms in AD.29

Reducing endogenous tau can improve excitotoxicity and
cognitive impairment caused by Ab.30,31 Interestingly, we
coincidently observed in a previous study that overex-
pressing tau remarkably increased GSK-3b enzyme activ-
ity.32 Meanwhile, another study showed that knockout
tau attenuated Ab-induced GSK-3b activation.33 GSK-3b
undergoes a variety of post-translational modifications,
which regulates the kinase activity and protein
stability.34�37 A recent study showed that tau had acetyl-
transferase activity and could induce its self-acetylation.38

We found that tau could acetylate b-catenin and thus sta-
bilize b-catenin to mediate the anti-apoptosis function of
tau.32,39 It is also reported that tau can interact with GSK-
3b.40,41 Based on these observations, we speculate that
tau may directly acetylate GSK-3b, by which it upregu-
lates GSK-3b activity and thereby forms a vicious circle to
cause chronic neurodegeneration as observed in the AD
progression.

In the present study, we demonstrated that tau could
directly acetylate GSK-3b at K15 both in vitro and in vivo.
Acetylation of GSK-3b at K15 by tau inhibited its ubiqui-
tination-related proteolysis and changed its activity-
dependent phosphorylation, which together upregu-
lated the kinase activity. We also found that GSK-3b
K15-acetylation exacerbated synaptic damages, neuroin-
flammation, tau hyperphosphorylation and Ab produc-
tion on the bases of wild-type GSK-3b, and ultimately
led to cognitive impairments in mice. Importantly,
inhibiting GSK-3b K15-acetylation by a designed peptide
remarkably attenuated tau pathologies with improved
synaptic and cognitive functions.
Methods

Plasmids, viruses, antibodies, chemicals, transgenic
mice, and human brain tissue
The plasmid pEGFP-Tau-2N4R (Tau40), encoding
human tau, was a generous gift of Dr. Fei Liu (Jiangsu
Key Laboratory of Neuroregeneration, Nantong, China).
The plasmid of Tau-k18(-) (Tau40 protein lacking
microtubule-binding repeats domain (243�372)) was
generated by PCR and cloned in an EGFP C1 vector in
ECORI and BamHI restriction sites. The plasmids of
pCDNA3.0-HA-GSK-3b WT/K15R/K27R/K205R and
EGFPC1-GSK-3b WT/ K15Q were carried out using the
Mut Express II Fast Mutagenesis Kit by following the
manufacturer’s instructions (Cat#: C214-01, Vazyme
Biotech, Nanjing, China) based on the plasmid
pCDNA3.0-GSK-3b WT. The AAV-CaMKII-eGFP-2A-
vector-3xFlag, AAV-CaMKII-eGFP-2A-GSK-3b WT-
3xFlag, AAV-CaMKII-eGFP-2A-GSK-3b K15Q-3xFlag
and AAV-Syn-eGFP-Tau40 was purchased from OBio
Biologic Technology Co., Ltd. All the antibodies were
validated and used in Table S2. Cycloheximide (Chx)
was from Sigma-Aldrich (St. Louis, MO, USA).
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TPOP146 and L-45 dihy-drochloride (L-45) were from
MedChemExpress (Cat#: HY-100697, HY-101125,
Shanghai, China). Scrambled peptide (FAQKEPSCVQ-
RRRRRRRR), P1 (FAESCKPVQQ-RRRRRRRR) and P2
(PRTTSFAESCKPVQQPSAFGS-RRRRRRRR) were
synthesized by Haode Peptide (Wuhan, China). Bicin-
choninic Acid Protein Detection Kit was from Sigma-
Aldrich. CCK-8 kit was from MedChemExpress (Cat#:
HY-K0301, Shanghai, China). Reagents for cell culture
were from Gibco (Grand Island, NY, USA).

Male C57BL/6 mice (2-month-old, 20�30 g) were
purchased from the Experimental Animal Central (Bei-
jing Vital River Laboratory Animal Technology Co.,
Ltd.). The human tau transgenic mice (RRID:
IMSR_JAX:004808, STOCK Mapttm1(EGFP)Klt Tg
(MAPT)8cPdav/J, stock number 004808), tau knockout
mice (RRID: IMSR_JAX:004779, STOCK Mapttm1
(EGFP)Klt/J, stock number 004779), 3xTg-AD trans-
genic mice (RRID:IMSR_JAX:031988,129S4.Cg-Tg
(APPSwe,tauP301L)1LfaPsen1tm1Mpm/LfaJ, stock
number 031988) and APP/PS1 transgenic mice (B6C3-
Tg(APPswe,PSEN1dE9)85Dbo/Mmjax, Stock number
034829, RRID:IMSR_JAX:031988) were from Jackson
laboratory. All mice were kept at 24 § 2�C with accessi-
ble food and water under a 12 h light/dark cycle. Brain
tissue and sections from 12-month male hTau mice and
the age-matched male tau knockout mice, 9-month
female 3xTg and the age-matched female wild-type 129
mice, and 8-month male APP/PS1 mice and the age-
matched male wild-type C57 mice were used for Ace-
GSK-3b K15 western blotting and immunostaining. 2-
month male C57 mice were used for virus injection. 12-
month female 3xTg or age-matched female wild-type
mice were used for peptide administration. Only mice
weighing 20�30 g were used in all the experiments.
The random number generator was used to divide the
experimental animals into control and treatment
groups. Mice were removed if they died abnormally or
deteriorated in the course of the experiment. All animal
experiments were performed according to the “Policies
on the Use of Animals and Humans in Neuroscience
Research” revised and approved by the Society for Neu-
roscience in 1995, and the Guidelines for the Care and
Use of Laboratory Animals of the Ministry of Science
and Technology of the People’s Republic of China, and
the Institutional Animal Care and Use Committee at
Tongji Medical College, Huazhong University of Sci-
ence and Technology approved the study protocol. Post-
mortem human brain samples were provided by Dr.
Chao Ma of Human Brain Bank, Chinese Academy of
Medical Sciences. Subjects information, including age,
sex and postmortem interval, were listed in Table S1.
Cell culture, transfection, and drug treatment
Human embryonic kidney 293 cells (HEK293, RRID:
CVCL_0045, Cat#: GDC0067, China Center for Type
www.thelancet.com Vol 78 Month April, 2022
Culture Collection) were cultured in 90% DMEM/High
Glucose medium containing 10% FBS, in a humidified
atmosphere of 5% CO2 at 37 °C. Mouse neuroblastoma
N2a cells (N2a, RRID: CVCL_0470, Cat#: GDC0162,
China Center for Type Culture Collection) were cul-
tured in 45% DMEM/High Glucose medium and 45%
Opti-MEM containing 10% FBS, in a humidified atmo-
sphere of 5% CO2 at 37 °C. HEK293 and N2a cell lines
have been validated. The cell lines were tested for myco-
plasma and the result was negative. Transfection of
plasmids in cells was carried out with NeofectTM DNA
transfection reagent kit (Cat#: TF20121201, Neofect Bio-
tech, Beijing, China) by following the manufacturer’s
instructions. Chx (100 mg/mL) was used to inhibit pro-
tein biosynthesis at different time points. TPOP146
(134 nM) and L-45 dihydrochloride (126 nM), dissolved
in DMSO (0.1%), were used to inhibit respectively the
activity of CBP/P300 and PCAF. For inhibiting GSK-3b
K15 residue acetylation, peptides were dissolved in phos-
phate buffer saline (PBS), and administrated into the
medium for 48 h.

Primary hippocampal neuron culture was performed
as described before,39 neurons were isolated from 17d-
to 19d-embryonic Sprague Dawley rats. Hippocampus
was isolated and neurons were planted with the F-12
medium containing 10% FBS on a coverslip in a 12-well
plate with 20,000 cells per well or on a 6-well plate
with 100,000 cells per well. Four hours after plating,
medium was replaced with 1.5 ml of fresh maintenance
medium containing 97% neurobasal medium, 2% B27,
and 1% GlutaMAX. At 5 div, neurons were infected with
lentivirus with a multiplicity of infection (MOI) of 10.
Half of the maintenance medium was changed every
3 days.
Cell viability analysis
Cell viability was assessed using CCK-8 kit by following
the manufacturer’s instructions. The cells were seeded
at a concentration of 5000 cells per well in a 96-well
plate and then treated with various concentrations of
P1/2 respectively (0, 25, 50, 75, 100 mM) for 48 h. After
the treatments, the culture medium was removed, and
10 mL of CCK-8 in 90 mL of medium was added. After
incubating for 30 min at 37 °C, the absorbance was mea-
sured at 450 nm using a microplate reader (BioTek,
250058).
In test-tube acetylation assays
For the in test-tube acetylation assay performed as
described before,39 The recombinant Tau and GSK3b
were purified by using prokaryocyte (E. coli) expressing
system. The cDNAs of Tau and GSK-3b were cloned
respectively in a GST-His-tagged PET-41a(+) vector and
cultured in Rosetta2(de3)pLysS competent cells, and then
affinity-purified by using Ni-NTA resin. 50 nM each of the
3
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purified Tau proteins, 2 mM each of the purified GSK-3b,
and 1 mM acetyl CoA (Sigma) were incubated at 37 °C for
2 h with constant shaking. The reaction buffer contains
50 mMHEPES (pH 8.0), 1 mM dithiothreitol (DTT), 10%
glycerol and 10 mM sodium butyrate. The acetylation level
of GSK-3b was analyzed by Western blotting using anti-
acetylated lysine antibody. The immunoreactive bands
were quantified by using the Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE, USA) or ECL
Imaging System (610007-8Q, Clinx Science Instruments
Co., Ltd). Michaelis�Menten parameters were determined
using GraphPad Prism 6.
RT-qPCR
Total RNA was isolated by using TrizolTM kit (Cat#:
15596026, Invitrogen, Carlsbad, CA, USA) and the
reverse transcription reagent kit (Cat#: RR037, Takara)
was used to obtain cDNA. RT�PCR was performed
using a StepOnePlus Real-Time PCR Detection System
(AB Applied Biosystems, 272001262, Cossell Biotech-
nology). The PCR system contains 2 mL forward and
reverse primers, 10 mL SYBR Green PCR master mixes
(Cat#: Q711-02, Vazyme, Nanjing), 1 mL cDNA and 7 mL
diethylpyrocarbonate (DEPC H2O). The primer infor-
mation is as follows:

GSK-3b-Mus-F: TCCCCGAGGAAAAATATAATACT
CA

GSK-3b-Mus-R: CTGCCATCTTTATCTCTGCTAACT

GSK-3b-Rattus-F: GTATGGTCTGCTGGCTGTGT

GSK-3b-Rattus-R: AAGAGTGCAGGTGTGTCTCG

b-actin-Mus-F: TATAAAACCCGGCGGCGCA

b-actin-Mus-R: TCATCCATGGCGAACTGGTG

b-actin-Rattus-F: ACCCGCCACCAGTTCGC

b-actin-Rattus-R: CACGATGGAGGGGAAGACG
Construction of endogenous GSK-3b knockout cell line
For the construction of endogenous GSK-3b knockout
cell line, gRNA is used to cause a DNA double-strand
break in the gene region where the GSK-3b acetylation
site is located, with the CRISPR/Cas9 system, to achieve
endogenous GSK-3b knockout in HEK293 cells.

Afterward, monoclonal selection was performed
from the endogenous GSK-3b knock-out cell pool, and
the genomic DNA and total protein of the selected
monoclonal cell lines were extracted by PCR amplifica-
tion and sequencing and Western blotting.

gRNA sequence: CGGCTTGCAGCTCTCCGCAAAGG

Sequence of PCR primers for sequencing:

Forward sequence: AATATCCGTGCCGATCTG

Reverse sequence: GCTGCTTCATCCTTGACT
Mass spectrometric analysis
For mass spectrometric analysis, we first prepared GSK-
3b by immunoprecipitation using anti-GSK-3b from
HEK293 cells which were transfected with Tau40 for
48 h, followed by western blotting. After coomassie blue
staining, gel bands were manually excised. Then, the
gel bands were completely decolorized and lyophilized,
and were incubated with 40 ml trypsin buffer at 37 °C
for 16�18 h. Subsequently, the protein sample was sep-
arated using a nanoliter flow rate HPLC liquid phase
system Easy nLC 1200. Solvents were prepared as fol-
lows: Liquid A was 0.1% formic acid aqueous solution
and liquid B was 0.1% formic acid acetonitrile solution.
The chromatographic column was equilibrated with
95% of the A solution. The sample was loaded from the
autosampler to the mass spectrometry pre-column
C18trap column (C18 3 mm 0.10 £ 20 mm) and then
separated by the analytical column C18 column (C18
1.9 mm 0.15 £ 120 mm) with a flow rate of 600 nl/
min. The sample was separated by capillary high-perfor-
mance liquid chromatography and analyzed by mass
spectrometry using a Q-Exactive mass spectrometer
(Thermo Scientific).
Cell viability analysis
Cell viability was assessed using CCK-8 kit by follow-
ing the manufacturer’s instructions (Cat#: HY-K0301,
Shanghai, China). The cells were seeded at a concen-
tration of 5000 cells per well in a 96-well plate and
then treated with various concentrations of P1/2
respectively (0, 25, 50, 75, 100 mM) for 48 h. After the
treatments, the culture medium was removed, and
10 mL of CCK-8 in 90 mL of medium was added. After
incubating for 30 min at 37 °C, the absorbance was
measured at 450 nm using a microplate reader (Bio-
Tek, 250058).
Western blotting
The cells were collected and were lysed for 30 min on
ice in RIPA buffer, and then centrifuged at 12,000 £ g
for 15 min at 4°C. The hippocampal/ hippocampal CA1
tissues were homogenized with RIPA buffer on ice and
centrifuged at 12,000 £ g for 15 min at 4°C. The super-
natant was collected and the protein levels were ana-
lyzed using bicinchoninic acid (BCA, KF016, Sigma-
Aldrich) by following the manufacturer’s instructions.
And then the lysate was mixed with loading buffer (3:1,
vol/vol) containing 200 mM Tris-HCl, pH 6.8, 8%
SDS, 40% glycerol, and boiled for 10 min. After SDS/
PAGE, the protein was transferred onto nitrocellulose
membranes (Whatman) and then incubated with pri-
mary antibodies at 4°C for overnight. Incubation of sec-
ondary antibodies was performed at room temperature
for 1 h and visualized using the ECL Imaging System
(610007-8Q, Clinx Science Instruments Co., Ltd).
www.thelancet.com Vol 78 Month April, 2022
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Immunoreactive bands were quantitatively analyzed by
Image J2x software.
Immunohistochemistry
For immunohistochemical studies, mice were anesthe-
tized and then perfused through the aorta with 0.9%
normal saline followed by phosphate buffer containing
4% paraformaldehyde. Brains were removed and post-
fixed in perfusate overnight and then immersed into
30% (wt/vol) sucrose liquid diluted with PB twice for
about 3 days. Once sinking to the bottom of the tubes,
brains were snap frozen at �80 °C and then cut for sli-
ces (30 mm) with a freezing microtome. The brain slices
were washed with PBS containing 0.1% Triton X-100
(PBST) for 3£5 min, followed by 3% H2O2 diluted in
PBS for 30 min. After washing with PBST for 3£5 min,
the brain slices were blocked with 5% BSA for 30 min at
room temperature. Then slices were incubated with pri-
mary antibodies overnight at 4°C. After washing with
PBST three times, immunoreaction was developed
using the Polink-2 plus� Polymer HRP Detection kit
(ZSGB-BIO, PV-9001/PV9002) and visualized with
diaminobenzidine (brown color). Slices were sequen-
tially dehydrated in 50%, 75%, 95% and 100% ethanol
for 6 times (20 min each) and cleared in xylene for
3 times (30 min each) and cover-slipped with Permount
solution. Images were obtained with a microscope
(Olympus BX60, Tokyo, Japan).
Immunofluorescence
The cultured cells were fixed in 4% (wt/vol) paraformal-
dehyde for 30 min at room temperature. Brain slices
and cultured cells were permeabilized in 0.5% Triton X-
100 (vol/vol) diluted in PBS solution. Nonspecific bind-
ing sites were blocked via incubating in 5% (wt/vol)
BSA containing 0.1% Triton X-100 (vol/vol) for 30 min
at room temperature. The samples were incubated with
primary antibodies at 4°C overnight, followed by wash-
ing 3 times in PBST and subsequent incubation with
secondary antibodies for 1 h at 37℃ and counterstained
with DAPI. Finally, samples were washed and mounted
onto slides with 50% glycerin-PBS (vol/vol) solution. All
the slides were imaged with a confocal microscope
(Zeiss Carl LSM 780, Germany).
GSK-3b activity assay
The activity of GSK-3b was assayed using a kit (Cat#:
GMS50161.6, Genmed) by following the man-
ufacturer’s instructions as reported before.42 In brief,
the cells were collected and were lysed in GENMED
lysis buffer (Reagent B). 130 mL GenMed buffer solution
(Reagent C), 20 mL GenMed enzymatic solution
(Reagent D), 20 mL GenMed reaction solution (Reagent
E), and 20 mL GenMed substrate solution (Reagent F)
were added into each well successively and were
www.thelancet.com Vol 78 Month April, 2022
incubated at 30℃ for 3min. 100 mg protein sample or
Negative solution (Reagent G, 10 mL) were added into a
well, and immediately placed into the enzyme plate for
detection. Relative GSK-3b activity were calculated
according to the following formula: [(5 min
absorbance � 0 min absorbance) £ sample dilution
factor £ 0.1]/[0.005 £ 6.22 (absorbance
fraction) £ 0.5 £ reaction time].
Spine analyses
The spine image acquisition and analysis were per-
formed as described in a previous study.43 The neurons
expressing non-fused GFP were used for spine count-
ing. A Zeiss 100£ immersion objective (Zeiss LSM710,
Carl Zeiss AG, Oberkochen, Germany) was used to
acquire images with 0.5 mm z-resolution. Spine densi-
ties refer to the number of spines per 10 mm dendrite
length analyzed by using Image J2x software.
Electrophysiological recordings
Mice used for electrophysiology experiments were
deeply anesthetized as described above. When all pedal
reflexes were abolished, brains were removed and
placed in ice-cold oxygenated slicing solution containing
the following: 225 mM sucrose, 3 mM KCl, 1.25 mM
NaH2PO4, 24 mM NaHCO3, 6 mM MgSO4, 0.5 mM
CaCl2, and 10 mM D-glucose. Coronal slices (300 mm
thick) were cut at 4�5 °C in the slicing solution using a
Leica VT1000S vibratome and then transferred to an
incubation chamber filled with oxygenated slicing solu-
tion in a 30°C water bath for 1 h before being recorded.
For LTP, slices were laid down in a chamber with an
8 £ 8 microelectrode array in the bottom planar (each
50 £ 50 mm in size, with an interpolar distance of
150 mm) and kept submerged in artificial cerebrospinal
fluid (aCSF; 1�2 mL/min) with a platinum ring glued
by a nylon silk. Signals were acquired using the MED64
System (Alpha MED Sciences, Panasonic). The fEPSPs
were recorded by stimulating the Schaeffer fibers. LTP
was induced by applying three trains of high-frequency
stimulation (HFS; 100 Hz, 1s duration). LTP magnitude
was calculated as the average (normalized to baseline)
of the responses recorded 50-60 min after conditioning
stimulation. All the signals were recorded by using the
MED64 System.
Stereotaxic surgery
For stereotaxic surgery, the 2-month-old C57BL/6 mice
were placed in a stereotaxic apparatus and anesthetized
with 2% isoflurane (RWD Life Science, R510-22)
through a nose cone (300�500 mL/min, RWD Life Sci-
ence, China, R500). Then, AAV-CaMKII-eGFP-2A-vec-
tor-3xFlag or AAV-CaMKII-eGFP-2A-GSK-3b WT-
3xFlag or AAV-CaMKII-eGFP-2A-GSK-3b K15Q-3xFlag
(1 ml, 4.0 £ 1012 viral particles per ml) was bilaterally
5
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injected into the hippocampal CA1 region (posterior
1.82 mm, lateral 1.0 mm, and ventral 1.25 mm relative
to bregma) at a rate of 0.1 mL/min. The needle was kept
in place for 10 min before withdrawal. After the skin
was sutured, the mice were placed on a heater for ana-
lepsia.

For in vivo peptide administration, guiding cannulas
(RWD, Shenzhen, China) were implanted into the lat-
eral ventricle (posterior 0.22 mm, lateral § 1.0mm
from the bregma, ventral -2.5 from the skull) of 12-
month-old S129 mice and 3xTg mice, the peptides
(1mM, 5 mL) were delivered using an automatic microin-
jection system (World Precision Instruments, USA),
once every 2 days. Mice were restricted in a custom-
designed device and stayed awake during drug adminis-
tration. Upon deep anaesthesia (loss of the pedal pain,
slowing of breathing and heart rate), these mice were
euthanized by excising the heart for further analysis
after behavioral experiments.
Sucrose preference test
For the sucrose preference test, the three groups of mice
were first adapted to drinking water from two bottles for
three days. Then mice were placed in separate cages,
and water was removed from the cages for 24 h; Then
two bottles were given to mice for drinking 2 h and the
water in one of the bottles was replaced with 2% sucrose
solution. To avoid side preferences, the two bottles were
switched each 1h. Percent sucrose preference was calcu-
lated as drinking volume of sucrose solution/ (drinking
volume of sucrose solution + drinking volume of water)
x 100%.
Open field test
The mice are placed in the room the day before the
behavioral test to acclimate to the environment, each
mouse is marked and placed in order, and the experi-
ment is performed in the order of marking and place-
ment, and all subsequent behavioral experiments follow
this pattern. The Open field test consisted of a 5 min
session in a quadrate chamber (white opaque plastic),
which was divided into 16 square regions, a central field
(center 4 square regions) and a periphery field. Each
mouse was placed in the same position at the start of
the test. Behaviors were recorded and analyzed by the
video tracking system (Chengdu Taimeng Software Co.,
Ltd, China).
Novel object recognition test
The novel object recognition test was carried out accord-
ing to the procedure reported.44 The mice were habitu-
ated to a quadrate chamber (white opaque plastic) for
5 min without objects 24 h before the test. The chamber
was cleaned with 75% ethanol between each habituation
period. The day after the mice re-entered the chamber
from the same starting point and were given 10 min to
familiarize themselves with object A and object B. After
each period the chamber and objects were cleaned with
75% ethanol. The next day after the familiarization
period, object B was replaced with novel object C, and
the mice were given 10 min to explore both objects. The
exploring time on each object was recorded. The recog-
nition index was calculated by TC/(TA+TC) and the dis-
crimination index was calculated by (TC-TA)/(TA+TC).
TA, TC were respectively the time mice exploring the
object A and C. Behaviors were recorded and analyzed
by the video tracking system (Chengdu Taimeng Soft-
ware Co., Ltd, China).
Elevated plus maze test
The EPM apparatus consisted of two open arms
(66 cm £ 6 cm) and two closed arms (66 cm £ 6 cm)
connected by a junction area (6 cm £ 6 cm), at a height
of 50 cm above the ground. Mice were placed at the
junction of the four arms of the maze facing an open
arm. And the duration time in each arm was recorded
for 5 min by the video tracking system (Chengdu Tai-
meng Software Co., Ltd, China). An increase in open
arm activity (duration) reflects anti-anxiety behavior.
Between each trial, the maze was cleaned with 75% eth-
anol.
Morris water maze test
The spatial learning and memory were assessed by Mor-
ris water maze (MWM) performed as described
before.39 The maze was divided into 4 quadrants with a
platform placed in one quadrant. The mice were trained
to find the hidden platform for 6 consecutive days, 3 tri-
als per day. In each training trial, the mouse started
from one of four quadrants facing the wall of the pool
and the trial ended when the animal climbed on the
platform. If mice failed to locate the platform within
60 s, they were gently guided onto the platform and
stayed there for 30 s; the escape latency was recorded as
60 s. The spatial memory was tested 1 day after the last
training. Mice were allowed to explore the water maze
for 60 s with the platform removed. The latency to
reach the target quadrant, target platform crossings and
the time spent in the target quadrant were recorded by a
digital video camera connected to a computer (Chengdu
Taimeng Software Co. Lid, China).
Fear conditioning test
Mice were placed into a square chamber with a grid
floor. On the first day (day 1), each mouse was habitu-
ated to the chamber for 3 min, and then a foot shock
(0.9 mA, 3 s) was delivered. Three sequential foot
shocks at 3-min intervals were applied. Then the mice
were returned to their home cages. On the next day (day
2), the mice were exposed to the same chamber without
www.thelancet.com Vol 78 Month April, 2022
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any stimulus for 3 min. The contextual conditioning
was assessed by recording freezing behavior during the
3min exposure. Freezing time during the 3 min was
recorded for assessment of memory.
Ethics
All animal experiments were performed according to
the “Policies on the Use of Animals and Humans in
Neuroscience Research” revised and approved by the
Society for Neuroscience in 1995, and the Guidelines
for the Care and Use of Laboratory Animals of the Min-
istry of Science and Technology of the People’s Republic
of China, and the Institutional Animal Care and Use
Committee at Tongji Medical College, Huazhong Uni-
versity of Science and Technology approved the study
protocol ([2020] IACUC Number:2397).

Post-mortem human brain samples were provided
by Dr. Chao Ma of Human Brain Bank, Chinese Acad-
emy of Medical Sciences. AD was diagnosed according
to the criteria of the Consortium to Establish a Registry
for AD and the National Institute on Aging. Approvals
were from Medical Ethics Committee of Tongji Medical
College, Huazhong University of Science and Technol-
ogy. Informed consent was obtained from the subjects.
([2016] IEC Number: S182)
Statistical analysis
All data were collected and analyzed in a blinded man-
ner. Data were analyzed using Graphpad software. All
data conform to normal distribution after the Kolmo-
gorov-Smirnov D test. Statistical analyses were per-
formed using Student’s t test for two-group
comparisons or one-way or two-way ANOVA, followed
by post hoc tests for multiple comparisons among more
than two groups. The results were presented as mean §
SEM and p < 0.05 was accepted as statistically signifi-
cant.
Role of the funding source
The funding sources had absolutely no involvement in
the study design, collection, analysis and interpretation
of data, manuscript preparation and the decision to sub-
mit the paper for publication.
Results

The AD-like tau accumulation increases GSK-3b
acetylation and stabilizes the kinase
We previously observed that overexpressing tau acti-
vated GSK-3b,32 but the mechanism has been unclear.
Here, we first examined the levels of total and the phos-
phorylation GSK-3b in human tau transgenic mice. The
result showed that the levels of total and the Tyr216-
phosphorylated GSK-3b (active) were increased, while
www.thelancet.com Vol 78 Month April, 2022
the level of Ser9-phosphorylated GSK-3b (inactive) was
decreased in 12-month-old human tau transgenic mice
compared with the endogenous tau knockout mice
(Figure 1a�d). Overexpressing human Tau40 in the cul-
tured primary hippocampal neurons increased GSK-3b
protein level (Figure 1e,f). The mRNA level was not
changed in human tau transgenic mice and the cultured
primary hippocampal neurons (Figure 1g,h). These and
the previous data together suggest that the AD-like tau
accumulation upregulates GSK-3b activity by influenc-
ing its protein post-translational modifications but not
at its gene expression level.

Previous studies show that acetylation of GSK-3b
regulates its protein level and enzyme activity,37 and tau
has acetyltransferase activity.38,39 Therefore, we specu-
late that tau may directly acetylate GSK-3b, and thus
inhibit its protein degradation and upregulate the
kinase activity. To prove this, we overexpressed Tau40,
or its acetyltransferase activity domain-deleted Tau-K18
(-), or the empty vector in N2a cells, and measured the
changes of GSK-3b. Overexpressing tau significantly
increased GSK-3b total protein level (Figure 1i�k), the
acetylation GSK-3b level detected by immunoprecipita-
tion of GSK-3b and Western blotting using a pan-acety-
lation reactive antibody (Figure 1l,m). Overexpressing
tau also increased the enzyme activity of GSK-3b
(Figure 1p) with a simultaneously reduced ubiquitina-
tion and degradation of the kinase (Figure 1n,o,q,r) com-
pared with the empty vector control, while expressing
Tau-K18(-) abolished the above-mentioned effects of tau
on GSK-3b (Figure 1i�r). These data together indicate
that tau may upregulate GSK-3b by promoting its acety-
lation.
Tau can directly and dominantly acetylate GSK-3b at
K15 leading to the kinase upregulation and the K15-
acetylated GSK-3b is significantly increased in AD
patients and the transgenic models
To explore the acetylation site(s) of GSK-3b, we first pre-
pared GSK-3b by immunoprecipitation and used mass
spectrometry. The results showed that acetylation of
GSK-3b by tau was clustered at its N-terminal and the
N-terminal sequence TTSFAESCKPVQQ-
PSAFGSMKVSRD of GSK-3b is highly conserved in dif-
ferent species (Figure 2a,b). By site-specific
mutagenesis of GSK-3b at lys15, lys27 and lys205 to
acetylation-resistant arginine (K15R, K27R and K205R),
we found that co-expressing K15R mutant almost abol-
ished tau-induced acetylation, whereas mutation at
K27R and K205R did not significantly change the acety-
lation level of GSK-3b (Figure 2c), suggesting that tau
may dominantly acetylate GSK-3b at K15. Then, we
developed an antibody against K15-acetylated GSK-3b
and confirmed that the antibody only reacted with acety-
lated-GSK-3b but not the acetylation-resistant GSK-3b
(K15R) (Figure S1a�c).
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Figure 1. Overexpressing tau increases GSK-3b acetylation with inhibited ubiquitination and proteolysis of the kinase. (a�d) GSK-3b
total protein level and pGSK-3b(Y216) (active form) increased and pGSK-3b(S9) (inactive form) decreased in the hippocampi of 12-
month-old human tau transgenic mice (hTau) compared with the endogenous tau knockout mice (Ctrl) measured by Western blot-
ting (c, d; n = 4 for each group, unpaired Student's t-test, **p < 0.01 vs Tau-), and immunohistochemical staining (a,b), bar = 50 mm.
(n = 6 for each group, *p < 0.05, **p < 0.01, ***p < 0.001vs Ctrl). (e,f) Overexpressing tau increased GSK-3b protein level in primary
hippocampal neurons transfected with AAV-eGFP-Vector or AAV-eGFP-Tau at 7 div and cultured for another 5 div, measured by
Western blotting. (n = 3 for each group, unpaired Student's t-test, *p < 0.05 vs Vec). (g,h) Overexpressing tau did not affect mRNA
level of GSK-3b in cultured primary hippocampal neurons (g) and the human tau transgenic mice (hTau) (h) detected by RT�PCR.
(i�k) Expressing Tau-K18(-) abolished tau-induced GSK-3b upregulation in N2a cells transfected with empty Vec, or Tau40 or Tau-
K18(-) for 48 h and then measured by Western blotting (i,j) or immunofluorescent staining (k). (n = 3 for each group, one-way
ANOVA, **p < 0.01 vs Tau, bar = 10 mm). (l�o) Expressing Tau-K18(-) abolished tau-induced GSK-3b acetylation (l,m) with restored
ubiquitination (n,o) in N2a cells transfected with empty Vec, or Tau40 or Tau-K18(-) for 48 h and then measured by immunoprecipi-
tation using anti-GSK-3b and Western blotting using anti-ace-lys or anti-Ub, anti-GSK-3b, and Tau5, respectively. (n = 3 for each
group, one-way ANOVA, *p< 0.05, **p< 0.01 vs Tau). (p) Expressing Tau-K18(-) abolished tau-induced upregulation of GSK-3b activ-
ity in N2a cells measured by GSK-3b activity assay. (n = 4 for each group, one-way ANOVA, *p < 0.05, ***p < 0.001 vs Tau). (q,r)
Expressing Tau-K18(-) attenuated tau-induced inhibition of GSK-3b proteolysis. N2a cells were transfected with Vec, or Tau-40, or
Tau-K18(-) for 24 h, and then treated with Cycloheximide (Chx) for 12 h or 24 h, followed by Western blotting. GSK-3b protein level
was normalized to b-actin. (n = 3 for each group, two-way ANOVA, ***p < 0.001 vs tau). Data were presented as mean § SEM.
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Figure 2. Tau can dominantly and directly acetylate GSK-3b at K15 and the K15-acetylated GSK-3b is remarkably increased in the
brains of AD patients and the transgenic mice. (a,b) Tau acetylates GSK-3b at its N-terminal measured by immunoprecipitation using
anti-GSK-3b in HEK293 cells transfected with Tau, followed by coomassie brilliant blue staining and then the band of 46 kDa was col-
lected for mass spectrometry analysis, the N-terminal sequence of GSK-3b is highly conserved in different species. (c) Expressing
K15-acetylation-resistant mutant (K15R) abolished tau-induced GSK-3b acetylation measured in HEK293 cells co-transfected with
HA-GSK-3b (WT, or K15R, or K27R, or K205R) and tau or the empty Vector for 48 h, and then immunoprecipitated using anti-HA and
Western blotting using anti-GSK-3b, anti-ace-lys, and Tau5, respectively. (d�f) The increased total GSK-3b and Ace-GSK-3b-K15 lev-
els detected by Western blotting (d,e) and immunohistochemistry (f) in the hippocampal extracts of AD patients compared with
age-matched controls. (n =7 for each group, unpaired Student's t-test, **p < 0.01, ***p < 0.001 vs Ctrl, bar = 50 mm). (g�i) The
increased GSK-3b K15-acetylation was detected in the hippocampal extracts of human tau transgenic mice (hTau) compared with
endogenous tau knockout mice (Ctrl), measured by Western blotting (g, h) and immunohistochemistry (i) using acetylation site-spe-
cific antibody (Ace-GSK-3b-K15, ace-K15). (n = 6 for each group, unpaired Student's t-test, **p < 0.01, ***p < 0.001 vs Ctrl,
bar = 50mm). (j,k) Tau can directly acetylate GSK-3b measured by incubating affinity-purified GST-Tau40 and GST-GSK-3b or GST-
GSK-3b-K15R in test-tube for in vitro acetylation assay and using an Ace-GSK-3b-K15-specific antibody for western blotting, and
mutation of GSK-3b at K15 abolished its acetylation by tau. (The band shows GST fusion purified protein) (l) Deletion of Tau40 at ace-
tyltransferase activity region abolished its acetylation activity on GSK-3bmeasured by incubation affinity purified GST-Tau40 or GST-
TauK18(-) and GST-GSK-3b in test-tube for in vitro acetylation assay and using an Ace-GSK-3b-K15-specific antibody for western blot-
ting. (The band shows GST fusion purified protein) (m�o) Inhibiting acetyltransferases CBP/P300 by TPOP146 (134 nM) or PCAF by L-
45 (126 nM) for 24 h did not significantly decrease the K15-acetylated GSK-3b level in tau-overexpressing N2a cells measured by
western blotting. (n = 3 for each group, one-way ANOVA, *p < 0.05, ***p < 0.001 vs Vec). (p,q) Expressing pseudo-phosphorylated
tau (TauS199E) further increased GSK-3b K15-acetylation in HEK293 cells transfected with Vec, Tau40, or TauS199E for 48 h. (n = 3 for
each group, one-way ANOVA, ***p < 0.001 vs Vec, ##p< 0.01, ###p < 0.001 vs Tau). Data were presented as mean § SEM.
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By using this antibody, we also detected a signifi-
cantly increased level of K15-acetylated GSK-3b in AD
patients (Figure 2d�f) and the transgenic mouse and
cell models, including human tau transgenic mice
(Figure 2g�i), human tau-overexpressing N2a cells
(Figure S2a,b), AAV-eGFP-tau transfected hippocampal
neurons (12 div) (Figure S2c,d), 3xTg AD mice (Figure
S2e�g), and APP/PS1 mice (Figure S2h�j). These data
reveal an increased level of K15-acetylated GSK-3b in AD
patients and the AD transgenic models.

To confirm the direct effect of tau on GSK-3b, we
incubated purified tau and purified GSK-3b in the test-
tube and then measured the acetylation level of GSK-3b.
We confirmed that tau could directly acetylate GSK-3b
(Figure 2j), while GSK-3b mutation at K15 (Figure 2k)
or tau mutation at acetyltransferase activity region
(Figure 2l) abolished the acetylation. To verify whether
tau plays a dominant role in acetylating GSK-3b K15, we
used inhibitors (TPOP146 and L-45) of CBP/P300 and
PCAF. Reduction of the acetylated H4 (Ace-H4) con-
firmed the suppression of CBP/P300 and PCAF activity
by TPOP14645 or L-45.46 However, inhibiting CBP/
P300 only slightly decreased the acetylation level of K15-
GSK-3b by tau (Figure 2m�o), which suggests a pre-
dominant role of tau in acetylating GSK-3b K15. We also
observed that expressing pseudo-phosphorylated tau
(TauS199E) further increased K15-acetylation compared
with wild type tau (Figure 2p,q).

These data together demonstrate that tau can directly
and dominantly acetylate GSK-3b at K15 and thus upre-
gulate the kinase both in vitro and in vivo, and tau phos-
phorylation enhances its acetyltransferase activity
toward GSK-3b.
GSK-3b K15-acetylation increases its kinase activity
with inhibited ubiquitination and proteolysis
Phosphorylation of GSK-3b at serine 9 (pS9) inhibits
the kinase, while at tyrosine 216 (pY216) activates the
kinase.47,48 To explore the effect of tau-induced GSK-3b
acetylation on its activity, we mutated K15 to glutamine
(Q) to mimic the lysine acetylation (GSK-3bK15Q). We
observed that expressing GSK-3bK15Q significantly
increased pY216-GSK-3b and decreased pS9-GSK-3b in
N2a cells and in mouse hippocampal CA1
(Figure 3a�d), suggesting the kinase activation by tau-
induced acetylation. To confirm the role of GSK-3b K15-
acetylation on its kinase activity, we generated a GSK-3b
KO cell model by using CRISPR/Cas9 (Figure 3e), and
then exogenously expressing wild-type GSK-3b (GSK-
3bWT) or GSK-3bK15Q. We found that expressing GSK-
3bK15Q significantly increased its enzymatic activity
(Figure 3eF�G) with inhibited ubiquitination and deg-
radation (Figure 3eH�K) compared with expressing
GSK-3bWT. GSK-3bK15R (mimic deacetylated GSK-3b)
reversed the effect of GSK-3bK15Q on its kinase activity
(Figure S1). These data confirm that GSK-3b K15-
acetylation can activate the kinase with the mechanisms
involving affecting the activity-dependent phosphoryla-
tion and ubiquitination-associated proteolysis of GSK-
3b.
GSK-3b K15-mimic acetylation causes cognitive
impairment
GSK-3b is postulated to play an important role in cogni-
tive function and psychiatric behaviors.43,49�51 To char-
acterize the effects of GSK-3b K15-acetylation on the
cognitive ability of mice, we stereotaxically injected
adeno-associated virus (AAV) vectors carrying GSK-
3bWT (AAV-GSK-3bWT), GSK-3bK15Q (AAV-GSK-3bK15Q),
or the empty vector control with non-fusion eGFP into
2-month-old C57 mice hippocampal CA1 subset. After 1
month, GSK-3b overexpression in CA1 was confirmed
by GFP imaging (Figure 4a) and Western blotting
(Figure 4b).

Then, we measured the effect of GSK-3b K15Q on
learning and memory by using novel object recognition
(NOR), Morris water maze (MWM) and contextual fear-
conditioning (FC), respectively. In NOR trial, both GSK-
3bWT and GSK-3bK15Q mice showed decreased recogni-
tion index (Figure 4c) and discrimination index
(Figure 4d) to the novel object, meaning that both GSK-
3bWT and GSK-3b K15Q mice had memory impair-
ments and the impairment was more significant in
GSK-3bK15Q group than the GSK-3bWT group (Figure 4c
and d). During learning trial in MWM test, the GSK-
3bK15Q mice showed significant learning deficit evi-
denced by the longest latency at days 4, 5, and 6 com-
pared with the GSK-3bWT and the empty vector groups
(Figure 4e). These findings demonstrate that GSK-
3bK15Q impairs spatial learning. During the memory test
on day 8 by removing the platform, the GSK-3bK15Q

group showed longest latency to reach the target quad-
rant (Figure 4f), the lowest crossings at the platform
site (Figure 4g), and the shortest time spent in the target
quadrant (Figure 4h) compared with the GSK-3bWT and
the empty vector groups. No motor dysfunction was
shown evaluated by swimming speed (Figure 4i). These
results of MWM test suggested that GSK-3bK15Q expres-
sion impaired spatial memory. In FC test, GSK-3bK15Q

mice showed decreased freezing time compared with
GSK-3bWT and the empty vector groups (Figure 4j),
meaning that GSK-3bK15Q mice have the worst freezing
memory compared with other two groups. These results
demonstrate that overexpressing GSK-3bK15Q induces or
aggravates multiple cognitive deficits. Overexpressing
GSK-3bK15Q also induced anxiety- and depression-like
behaviors evidenced by sucrose preference (Figure 4k),
open field (Figure 4l�n) and elevated plus-maze
(Figure 4o) tests. Together, these results suggest that
overexpressing K15 mimic acetylated GSK-3b can signif-
icantly lead to cognitive impairment and mood disor-
ders.
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Figure 3. GSK-3b K15-acetylation increases its kinase activity with reduced ubiquitination and proteolysis. (a,b) K15-acetylation
increases GSK-3b activity in mice. AAV-GSK-3bWT or AAV-GSK-3bK15Q was stereotaxically infused into the hippocampal CA1 of 2-
month-old C57 mice for 1 month, and then levels of pS9-GSK-3b (inactive) and pY216-GSK-3b (active) in CA1 were measured by
immunofluorescence and normalized to total GSK-3b. (n = 5-6 for each group, one-way ANOVA, *p < 0.05, ***p < 0.001 vs Vec,
#p < 0.05, ##p < 0.01 vs 3bWT, bar = 50 mm). (c,d) Empty-Vector, GFP-GSK-3b WT and GFP-GSK-3b K15Q plasmids were transfected
into N2a cells, GSK-3b K15-mimic acetylation increased its kinase activity in N2a cells measured by Western blotting shown by
decreased pS9-GSK-3b and increased pY216-GSK-3b (The band shows exogenously expressed GFP fusion protein). (n = 3 for each
group, one-way ANOVA, *p < 0.05 vs GSK-3b WT). (e�g) GSK-3b K15-mimic acetylation increased its kinase activity measured by
activity assay. GSK-3b was knocked out (KO) by using CRISPR/Cas9 assay and the expression of endogenous GSK-3b was verified by
Western blotting (e), and re-expression of GFP-GSK-3bWT or GFP-GSK-3b K15Q plasmid in the KO cell model for 12 h and the exog-
enously expressed GFP fusion GSK-3b was verified by Western blotting (f) followed by GSK-3b activity assay (g). (n = 5 for each
group, one-way ANOVA, ***p < 0.001 vs GSK-3b KO, ###p < 0.001 vs GSK-3b WT). (h,i) GSK-3b K15-mimic acetylation inhibited its
ubiquitination. HEK293 cells were co-transfected with HA-ubiquitin and GFP-GSK-3b WT or GFP-GSK-3b K15Q plasmid for 24 h, and
then GSK-3b was immunoprecipitated by anti-GFP and blotted by anti-Ub and anti-GSK-3b. (The band shows exogenously
expressed GFP fusion protein). (n = 3 for each group, unpaired Student's t-test, **p < 0.01 vs GSK-3b WT). (j,k) GSK-3b K15-mimic
acetylation inhibited its degradation. HEK293 cells were transfected with GFP-GSK-3bWT or GFP-GSK-3b K15Q plasmid for 24 h and
then treated with cycloheximide (Chx,100 mg/ml) for 12 h or 24 h, and then measured the protein level of GSK-3b by western blot-
ting. (The band shows exogenously expressed GFP fusion protein). (n = 3 for each group, two-way ANOVA, ***p < 0.001 vs GSK-3b
WT, ###p< 0.001 vs GSK-3b K15R). Data were presented as mean § SEM.
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Figure 4. GSK-3b K15-acetylation causes memory impairment and synaptic dysfunction. (a) Representative image showing virus
expression in hippocampal CA1 of 2-month-old C57 mice after stereotactic infusion for 1 month. (b) Infusion of AAV-GSK-3bWT or
AAV-GSK-3bK15Q upregulated GSK-3b protein level compared with the AAV-Vector measured by Western blotting. (n = 5 for each
group, one-way ANOVA, ***p < 0.001 vs Vec, bar = 50 mm). (c,d) Mice expressing GSK-3bK15Q had memory deficits shown by the
decreased recognition index (c) and the discrimination index (d) recorded at 24 h after training during novel object recognition test.
(n = 10 for each group, one-way ANOVA, *p < 0.05, ***p < 0.001 vs Vec, #p < 0.05 vs GSK-3bWT). (e�i) Mice expressing GSK-3bK15Q

had spatial learning deficit shown by the increased latency to find the platform at days 4, 5, and 6 during Morris water maze training
trial (e), and memory deficit shown by the increased latency to reach the target quadrant (f), decreased crossings in the platform site
(g), and percent time in target quadrant (h) during probe trial done at day 8 by removed the platform; and the GSK-3bK15Q mice did
not show difference in swimming speed (i). (n = 10 for each group, one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001 vs Vec,
#p < 0.05, ##p < 0.01 vs GSK-3bWT). (j) The memory deficit in GSK-3bK15Q mice was also detected by fear conditioning test shown
by the lowest percent of freezing time. (n = 10 for each group, one-way ANOVA, *p < 0.05, ***p < 0.001 vs Vec, #p < 0.05 vs GSK-
3bWT). (k�o) Mice expressing GSK-3bK15Q showed anxiety-like behavior evidenced by the decreased sugar intake in water prefer-
ence test (k), reduced entries and time in center with unchanged total moved distance in open field test (l-n), and decreased time
spent in open arms during elevated plus-maze test (o). (n = 10 for each group, one-way ANOVA, *p < 0.05, **p < 0.01 vs Vec,
#p < 0.05 vs GSK-3bWT). (p,q) Mice expressing GSK-3bK15Q showed significantly decreased levels of GluN2B, GluN1 and Syt with no
change of GluN2A, PSD95 and Syn compared with GSK-3bWT in the hippocampus. (n = 5 for each group, one-way ANOVA,
**p < 0.01, ***p < 0.001 vs Vec, #p < 0.05, ##p < 0.01 vs GSK-3bWT). (r,s) Mice expressing GSK-3bK15Q showed significant spine loss
in GFP-positive neurons at hippocampal CA1. (n = 7 for each group, one-way ANOVA, ***p < 0.001 vs Vec, ##p < 0.01 vs GSK-3bWT,
bar = 20 mm). (t�v) Mice expressing GSK-3bK15Q showed synaptic dysfunction demonstrated by the decreased input�output curve
(t) and the decreased fEPSP slope induced by applying 3 trains of high-frequency stimulation (HFS) (u,v). (n = 5 mice for each group,
one-way ANOVA, ***p < 0.001 vs Vec, ##p < 0.01, ###p < 0.001 vs GSK-3bWT). Data were presented as mean § SEM.
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GSK-3b K15Q exacerbates synaptic plasticity
impairment and AD-like pathologies
To explore the mechanisms that may underlie the
behavioral impairments induced by GSK-3b K15-acetyla-
tion, we measured the levels of synapse-related proteins,
spine density and morphology, and the functional syn-
aptic transmission. By Western blotting, we observed
that expressing GSK-3bK15Q significantly decreased the
levels of postsynaptic GluN2B and GluN1 and presynap-
tic synaptotagmin (Syt) without changing GluN2A,
PSD95 and synaphysin1 (Syn) (Figure 4p,q). Simulta-
neously, the spine density was significantly decreased
in GSK-3bK15Q group compared with the GSK-3bWT and
the empty vector groups (Figure 4r,s). By ex vivo brain
slice electrophysiological recording, we found that
expressing GSK-3bK15Q suppressed basal synaptic trans-
mission as shown by a decreased input-output (I-O)
curve (Figure 4t). The fEPSP slope was reduced in GSK-
3bK15Q-expressing slices compared with the GSK-3bWT

and the empty vector controls (Figure 4u,v). These data
suggest overexpression of GSK-3b leads to impairment
of synaptic plasticity, which is further exacerbated by
K15 mimetic acetylation of GSK-3b.

We also observed that expressing GSK-3bK15Q further
increased tau phosphorylation at Ser202, Ser396 and
Ser404 on the bases of GSK-3bWT in mouse hippo-
campi measured by Western blotting (Figure 5a,b) and
immunohistochemistry (Figure 5c). GSK-3bK15Q exacer-
bated microglia and astrocyte activation (Figure 5d�g)
with significantly increased cleavage of caspase-3
(Figure 5h,i) compared with GSK-3bWT, while there was
no difference on NeuN staining (Figure 5j,k). These
data suggest that GSK-3b K15-acetylation-induced tau
hyperphosphorylation and cell apoptosis also contribute
to cognitive deficits.
Blocking tau-induced GSK-3b acetylation rescues
cognitive impairment and the AD-like pathologies in
3xTg-AD mice
As shown above, tau accumulation increases GSK-3b
K15-acetylation, which in turn aggravates tau hyperphos-
phorylation and synaptic dysfunction, leading to cogni-
tive deficit. Therefore, blocking tau-mediated GSK-3b
acetylation could be beneficial to AD. To verify this, we
designed two peptides, named as P1
(FAESCKPVQQRRRRRRRR) and P2
(PRTTSFAESCKPVQQPSAFGS RRRRRRRR), respec-
tively. The peptides contain homology sequence around
K15 of GSK-3b with RRRRRRRR at its C-terminal for
cell penetration. By CCK8 assay in HEK293 cells, we
observed that application of P1 or P2 at concentrations
no more than 100 mm did not induce any significant
change in cell viability (Figure S4a,d). Then, we mea-
sured the effect of the peptides on inhibiting GSK-3b
K15-acetylation in HEK293 cells with transient expres-
sion of human tau (eGFP-hTau). We observed that P1
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treatment (100 mm) significantly decreased tau-induced
GSK-3b K15-acetylation (Figure S4b,c), while P2 slightly
attenuated GSK-3b K15-acetylation with similar pattern
as P1 (Figure S4e, f). P1 (100 mm) also inhibited GSK-
3b activity with reduced tau phosphorylation (Figure
S4g,h). These in vitro data indicate that P1 can efficiently
attenuate tau-induced GSK-3b K15-acetylation in vitro
which in turn reduces tau pathologies.

To investigate the effects of P1 in vivo, we delivered
P1 or scrambled peptide (1 mM in 5 mL) through a guid-
ing cannula implanted into the lateral ventricle of 12-
month-old 3xTg-AD/S129 mice once every two days for
one month, and then measured the cognitive functions.
In NOR trial, P1 treated mice showed increased recogni-
tion and the discrimination index to the novel object in
3xTg-AD mice (Figure 6a,b). In MWM training trial, P1
treated mice showed shorter latency at days 5 and 6
than the untreated group in 3xTg-AD mice (Figure 6c).
In MWM probe trial, P1 treated mice showed increased
platform crossings (Figure 6d) and target quadrant
time (Figure 6e) with no changes in swimming speed
(Figure 6f). P1 treatment also increased synapse-associ-
ated proteins (Figure 6g,h) and spine numbers
(Figure 6i,j). No changes were shown by P1 treatment
in open field test (Figure S5a, b) and fear memory test
(Figure S5c). We also confirmed that P1 treatment sig-
nificantly decreased GSK-3b K15-acetylation and its
activity with decreased tau hyperphosphorylation in the
hippocampi of 3xTg-AD mice measured by Western
blotting (Figure 6k,l) and Immunofluorescence
(Figure 6m). Additionally, P1 treatment significantly
attenuated microglia and astrocyte activation (Figure
S6a,b) with increased NeuN staining (Figure S6c).

These data together demonstrate that inhibiting
GSK-3b K15-acetylation by a novel designed peptide can
attenuate multiple AD-like pathologies and improve the
cognitive impairments in 3xTg AD mice.
Discussion
Both GSK-3b and tau are intimately involved in AD
pathogenesis. Most studies have been focused on GSK-
3b as an upstream pathological promoter of tau, because
it is one of the most active kinases in phosphorylating
tau at multiple AD-associated sites. We previously
observed that overexpressing tau activated GSK-3b
enzyme activity,32 implying that tau may act upstream
of GSK-3b. In current study, we demonstrate that tau
can directly and dominantly acetylate GSK-3b at K15,
and the K15-acetylation of GSK-3b inhibits its ubiquiti-
nation and increases its activity. Based on these find-
ings, we propose that a vicious cycle between tau
hyperphosphorylation and GSK-3b activation eventually
results in synaptic dysfunction which may underlie the
memory deficit and the chronic nature during AD.

GSK-3b can be activated by an increased total level or
its Tyr216-phosphorylation and GSK-3b can be
13



Figure 5. GSK-3b K15-acetylation exacerbates tau hyperphosphorylation with glial activation and neuron loss. (a�c) GSK-3b K15-
acetylation exacerbated tau hyperphosphorylation at multiple AD-associated site compared with GSK-3bWT measured by Western
blotting (a,b) and Immunohistochemistry (c). (n = 5 for each group, one-way ANOVA, **p < 0.01, ***p < 0.001 vs Vec, ##p < 0.01,
###p < 0.01 vs GSK-3bWT, bar = 50 mm). (d�g) GSK-3b K15-acetylation exacerbated microglia (d,e) and astrocytes (f,g) activation
compared with GSK-3bWT measured by immunofluorescent staining using anti-IBA1 and anti-GFAP. (n = 4-8 for each group, one-
way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001 vs Vec, #p < 0.05 vs GSK-3bWT, bar = 20 mm). (h�k) GSK-3b K15-acetylation exacer-
bated apoptosis measured by cleaved caspase-3 (c-cas-3) immunofluorescent staining (h,i) with no significant influence on NeuN
staining (j,k). (n = 4-6 for each group, one-way ANOVA, *p < 0.05, ***p < 0.001 vs Vec, ###p < 0.001 vs GSK-3bWT, bar = 20 mm).
Data were presented as mean § SEM.
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inactivated by its Ser9 phosphorylation.36,47 We found
that overexpressing tau increased protein level with
increased Tyr216 phosphorylation and reduced Ser9
phosphorylation of GSK-3b without affecting its mRNA.
Tau has acetyltransferase activity that can promote
itself38 and b-catenin acetylation.39 To explore the
intrinsic relationship between tau and GSK-3b during
AD, we studied whether tau can directly acetylate GSK-
3b and thus activate the kinase. As expected, overex-
pressing tau remarkably promoted GSK-3b acetylation
with inhibited ubiquitination in vitro, and mutation of
tau at its acetyltransferase activity region Tau-K18(-)
abolished the effects. By incubating affinity-purified tau
and the purified GSK-3b in vitro, we confirmed that tau
could directly acetylate GSK-3b at K15.

Protein acetylation is regulated by histone acetyl-
transferases (HATs). Previous studies showed that his-
tone acetylation was inhibited in tau-expressing cells.52

We also observed that protein level of CBP and P300
was decreased in tau-overexpressing cells, furthermore,
inhibiting the activity of CBP, P300 and PCAF did not
attenuate the increased GSK-3b acetylation by tau.
These data exclude the role of CBP, P300 and PCAF in
promoting GSK-3b acetylation in our tau-overexpressing
system, and confirm a predominant role of tau in acety-
lating GSK-3b.
www.thelancet.com Vol 78 Month April, 2022



Figure 6. Blocking tau-induced GSK-3b acetylation by intracerebroventricular infusion of P1 attenuates the cognitive and synaptic
deficits with reduced p-tau in 3xTg-AD mice. (a,b) Peptide 1 (P1) attenuated memory deficits of 3xTg-AD mice shown by the
restored recognition index (a) and discrimination index (b) recorded at 24 h after training in novel object recognition test. (n = 9-10
for each group, one-way ANOVA, ***p< 0.001 vs WT, #p< 0.05, ###p< 0.001 vs 3xTg). (c�f) P1 alleviated the spatial learning deficit
in 3xTg-AD mice shown by the decreased latency to find platform at days 5 and 6 during learning trial in Morris water maze test (c)
(n = 9-10 for each group, Two-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001 vs 3xTg, ##p < 0.01 vs 3xTg+P1), and P1 improved
spatial memory shown by the increased platform crossings (d) and target quadrant time (e) during the probe trial, and there were
no difference in swimming speed within the four groups (f). (n = 9-10 for each group, one-way ANOVA, ***p < 0.001 vs WT,
#p < 0.05, ###p < 0.001 vs 3xTg). (g�h) P1 treatment increased levels of GluN2A, GluN2B, GluA2 and Syt in the hippocampus mea-
sured by western blotting. (n = 5 for each group, one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001 vs WT, #p < 0.05, ##p <0.01,
###p <0.001 vs WT+P1, $p < 0.05, $$p < p < 0.01, $$$p < 0.001 vs 3xTg). (i,j) P1 increased spine density in CA1 subset of 3xTg-AD
mice measured by Golgi staining. (n = 12 neurons from 5 mice for each group, one-way ANOVA, **p < 0.01, ***p < 0.001 vs WT,
#p < 0.05, ###p < 0.001 vs WT+P1, $p < 0.05 vs 3xTg, bar = 20 mm). (k�m) P1 attenuated phosphorylation and acetylation of GSK-
3b and tau hyperphosphorylation in 3xTg-AD mice measured by Western blotting (k,l) and immunofluorescence (m). (n = 5 each
group, one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001 vs WT, #p < 0.05, ###p <0.001 vs WT+P1, $p < 0.05, $$$p < 0.001 vs
3xTg, bar = 50 mm). Data were presented as mean § SEM.
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By proteomic analysis and site-specific mutagenesis,
it was predicted that GSK-3b acetylation at K205 could
regulate its enzyme activity.37,53 In the present study, we
found by mass spectrometry that overexpressing tau
induced GSK-3b acetylation at N-terminal. Further stud-
ies by site-specific mutagenesis identified that the acety-
lation site of GSK-3b by tau was at K15 but not at K205
or K27. Then, we developed a specific antibody against
K15-acetylated GSK-3b, and found that K15-acetylated
GSK-3b was elevated in the brains of AD patients and
AD transgenic mice. GSK-3b K15 can also be modified
by ubiquitination.54,55 We observed that overexpressing
K15-acetylation mimics (GSK-3bK15Q) reduced its ubiqui-
tination with an inhibited degradation of GSK-3b. AKT
and PKA can inhibit GSK-3b activity by phosphorylating
the kinase at Ser9.56,57 We found that expressing K15-
acetylated GSK-3b also attenuated the phosphorylation
of GSK-3b at Ser9. Together, the GSK-3b K15-acetylation
by tau increases the kinase activity by stabilizing the
protein and reducing its inhibitory phosphorylation at
Ser9.

Tau phosphorylation enhances its acetyltransferase
activity on self-acetylation or acetylating b-catenin.38,39

We also observed that tau phosphorylation further pro-
moted GSK-3b K15-acetylation and the K15-acetylation
in turn increased the phosphorylation level of tau, form-
ing a vicious cycle. This vicious cycle may explain the
progressive exacerbation of AD pathologies. Previous
studies also suggest that upregulating GSK-3b induces
synapse damages and cognitive deficits, but the molecu-
lar mechanism is not fully understood. By overexpress-
ing GSK-3b wild-type (GSK-3bWT) or GSK-3b pseudo-
acetylation (GSK-3bK15Q) in mouse hippocampi, we
observed that overexpressing GSK-3bWT induced signifi-
cant impairments of synaptic and cognitive functions
with increased tau phosphorylation and glial prolifera-
tion, which were consistent with the previous
reports.8,15,58 We also found that expressing GSK-3bK15Q

induced severer neural toxicity than expressing GSK-
3bWT, which confirms the detrimental effects of GSK-3b
K15-acetylation.

Importantly, we successfully developed a peptide
that can competitively inhibit GSK-3b acetylation at K15
both in vitro and in vivo. Multiple-doses intracerebroven-
tricular infusion of this peptide efficiently attenuated
cognitive impairment and the AD-like pathologies in
3xTg-AD mice.

Together, we found in the present study that tau can
directly acetylate GSK-3b at K15. GSK-3b K15-acetylation
inhibits its ubiquitination and increases the activity of
the kinase, which leads to synaptic dysfunction and
memory deficit. Specific blocking the tau-induced GSK-
3b K15-acetylation attenuates AD pathologies and
improves the cognitive function. These findings reveal a
novel vicious cycle between tau and GSK-3b in promot-
ing AD progression.
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