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Abstract

Background: Autophagy dysfunction plays a crucial role in tau accumulation and neurodegeneration in Alzheimer's
disease (AD). This study aimed to investigate whether and how the accumulating tau may in turn affect autophagy.
Methods: The primary hippocampal neurons, N2a and HEK293T cells with tau overexpression were respectively
starved and treated with vinblastine to study the effects of tau on the initiating steps of autophagy, which was
analysed by Student's two-tailed t-test. The rapamycin and concanamycin A were employed to inhibit the mammalian
target of rapamycin kinase complex 1 (mTORC1) activity and the vacuolar H*-ATPase (v-ATPase) activity, respectively,
which were analysed by One-way ANOVA with post hoc tests. The Western blotting, co-immunoprecipitation and
immunofuorescence staining were conducted to gain insight into the mechanisms underlying the tau effects of
mTORC1 signaling alterations, as analysed by Student's two-tailed t-test or One-way ANOVA with post hoc tests. The
autophagosome formation was detected by immunofuorescence staining and transmission electron microscopy. The
amino acids (AA) levels were detected by high performance liquid chromatography (HPLC).

Results: We observed that overexpressing human full-length wild-type tau to mimic AD-like tau accumulation induced
autophagy deficits. Further studies revealed that the increased tau could bind to the prion-related domain of T cell
intracellular antigen 1 (PRD-TIAL) and this association significantly increased the intercellular level of amino acids
(Leucine, P=0.0038; Glutamic acid, P=0.0348; Alanine, P=0.0037; Glycine, P=0.0104), with concordant upregulation of
mTORC1 activity [phosphorylated eukaryotic translation initiation factor 4E-binding protein 1 (p-4EBP1), P<0.0001;
phosphorylated 70 kD ribosomal protein S6 kinase 1 (p-p70S6K1), P=0.0001, phosphorylated unc-51-like autophagy-
activating kinase 1 (p-ULK1), P=0.0015] and inhibition of autophagosome formation [microtubuleassociated protein
light chain 3 II (LC3 II), P=0.0073; LC3 puncta, P<0.0001]. As expected, this tau-induced deficit of autophagosome
formation in turn aggravated tau accumulation. Importantly, we also found that blocking TIA1 and tau interaction
by overexpressing PRD-TIAL, downregulating the endogenous TIA1 expression by shRNA, or downregulating tau
protein level by a small proteolysis targeting chimera (PROTAC) could remarkably attenuate tau-induced autophagy
impairment.

Conclusions: Our findings reveal that AD-like tau accumulation inhibits autophagosome formation and induces
autophagy deficits by activating the TIAl/amino acid/mTORCL pathway, and thus this work reveals new insight into
tau-associated neurodegeneration and provides evidence supporting the use of new therapeutic targets for AD
treat-ment and that of related tauopathies.
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Alzheimer's disease (AD) is the most common cause of senile
dementia and is characterized pathologically by the massive
formation of intercellular neurofibrillary tangles (NFTs) and
extracellular plaques, which comprise hyperphosphorylated
tau (p-tau) and B-amyloid (AB), respectively[1]. Tau is

a microtubule-associated protein with the main function
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of promoting microtubule assembly and maintaining the
stability of the microtubules. As seen in AD and related
neurodegenerative disorders, abnormal hyperphosphorylation
converts normal tau from a microtubule assembly promoting
to a microtubule assembly disrupting protein[2-4]. In the brain
tissue and cerebrospinal fluid of AD patients, the level of tau
protein is approximately 4-8 times that of normal people[5,6],
and the accumulation of hyperphosphorylated tau is positively
correlated with the cognitive decline demonstrated by
clinicopathologic investigations[7,8]. Both in vitro and in
vivo experimental studies also show that tau accumulation in
different brain regions impairs synaptic/circuit functions and
causes learning and memory deficits[9-12].

Tau accumulation could be induced by increased protein
synthesis or impaired proteolysis, and studies suggest that the
latter is the major cause of tau accumulation in AD patients.
Autophagy is one of the major cellular mechanisms for the
renewal of cytoplasmic components and mainly occurs
during nutritional crisis or starvation[13]. In the brains of
accelerated aging mice, an accumulation of ubiquitinated
proteins and a reduction in autophagy activity were detected
at 12 months of age[14]. The autophagy-related genes (AfgS,
Atg7) in the brains of the elderly individuals were significantly
downregulated[15], and the mRNA and protein levels of the
autophagy-related protein beclin-1 in the brains of early AD
patients were reduced[16]. Suppression of basal autophagy
by downregulating the autophagy protein 5 (ATGS) caused
neurodegeneration in mice[17]. In addition, lysosome
abnormalities in the brains of transgenic mice overexpressing
mutated 4R-tau (G272V, P301L and R406W) were detected by
electron microscopy[ 18]. These observations strongly suggest
that autophagy deficits could contribute to tau accumulation
in AD. However, it is unclear whether the accumulated tau in
turn contributes to the autophagy deficit during the chronic
progression of AD.

Indeed, we found in a recent study that AD-like tau
accumulation could disrupt autophagosome-lysosome
fusion by deregulating the Acidic nuclear phosphoprotein
32 family member A-Inhibitor of histone acetyl transferase-
Increased sodium tolerance 1-Endosomal sorting complex
required for transport III (ANP32AINHAT-IST1-ESCRT-
I1I) pathway, and this study preliminarily revealed a vicious
cycle of tau accumulation and autophagy deficit in chronic
AD neurodegeneration[19]. During the above study,
we also observed a significantly reduced level of protein
synthesis and reduced the microtubule-associated protein
light chain 3 II (LC3 II) level induced by tau, which could

not be explained by the autophagosome-lysosome fusion
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deficit. It is well known that macroautophagy is roughly
divided into four consecutive steps, including autophagy
initiation, autophagosome formation, membrane expansion,
and autophagy maturation[20]. Autophagosome formation
involves the mammalian target of rapamycin (mTOR), a
conserved serine/threonine protein kinase that mainly forms
two types of complexes, the mammalian target of rapamycin
kinase complex 1 (mTORC1) and the mammalian target
of rapamycin kinase complex 2 (mTORC2). mTORC1
responds to nutritional signals, such as amino acids (AAs),
insulin and growth factors, from inside and outside the cell to
maintain normal cell survival by regulating intracellular RNA
transcription, protein synthesis, and autophagy. mTORC1
inhibits the formation of the Unc-S1-like autophagy-activating
kinase 1-Autophagy protein 13-FAK family kinase-interacting
protein of 200 kD (ULK1-ATG13-FIP200) autophagy-
related complexes by phosphorylating ULK1/2 and ATG13,
thereby inhibiting the initiation of autophagy process[21].
Activation of mMTORC1 has been observed in AD[22,23], and
downregulating mTORC1 ameliorated AD-like pathologies
and cognitive deficits[24]. Meanwhile, studies also show that
rapamycin can prolong the lifespan of mice[25,26].

Currently, the effect of tau accumulation on the initiating
steps of autophagy has not been reported. Therefore, we
investigated whether and how tau accumulation affects
autophagosome formation, the initiating part of autophagy,
by using inhibitors of autophagosome-lysosome fusion and

measurements of the mTORC1 pathway.

Methods

In the present study, we used Western blotting, immuno-
fluorescence, co-immunoprecipitation, high performance
liquid chromatography (HPLC) in cells, rat primary neurons
and transgenic mice to reveal the role and the molecular
mechanisms underlying tau-induced dysfunction of
autophagosome formation. Mice were divided into the human
tau (hTau) overexpression group and the endogenous mouse
tau knockout (tau™") group to reveal the in vivo effect of tau
accumulation on the mTORCI pathway (n=9 for each group).
To explore whether downregulating tau protein in vivo could
attenuate the autophagy dysfunction induced by tau, mice were
treated with vehicle or C004019 (C4), a novel small molecule
proteolysis targeting chimera (PROTAC), and divided into
4 groups, including wild type (WT) group, 3xTg AD group,
WT plus C4 group and 3xTg AD plus C4 group (n=9 for each
group). All animal experiments were approved by the Ethics
Committee of Tongji Medical College (IACUC Number:
2735).
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Animals and drug administration

Human tau transgenic mice, the endogenous mouse tau
knockout (tau™") transgenic mice and 3xTg-AD mice
harboring knock-in of the Swedish double mutation of
amyloid precursor protein (APP), a presenilin 1 mutation
(Psenltm1Mpm), and a frontotemporal dementia tau
mutation (tauP301L) were kind gifts of Dr. Xi-Fei Yang
(Laboratory of Modern Toxicology of Shenzhen, Shenzhen
Centers for Disease Control and Prevention, Nanshan District,
Shenzhen, China).

For the tau overexpressing model, mice were divided
into two groups: the tau-group (n=9, three independent
experiments) and the hTau group (n=9, three independent
experiments). For subcutaneous injection of 3xTg-AD mice,
C004019 (C4), a novel smallmolecule proteolysis targeting
chimera (PROTAC), was diluted with 20% 2-Hydroxylpropyl-
beta-cyclodextrin (HP-B-CD) and injected under the skin on
the back neck to reach a final concentration of 3 mg/kg (every
6d for a total of S times in one month)[27]. Mice were treated
with vehicle or C004019 and divided into four groups: the
wild type (WT) group (n=9, three independent experiments),
3xTg AD group (n=9, three independent experiments),
WT plus C4 group (n=9, three independent experiments)
and 3xTg AD plus C4 group (n=9, three independent
experiments).

All mice were kept at (24+2) °C with access to food and
water under a 12 h light/dark cycle. All surgical and irradiation
procedures were performed under anesthesia, and animal
suffering was minimized as much as possible. Pentobarbital
sodium anesthetic (50 mg/kg) was intraperitoneally injected
to anesthetize mice, and fresh brain hippocampus tissues were
removed and stored at —80°C.

Cell culture

HEK293T cell lines were purchased from the Chinese
Academy of Sciences Cell Bank (Shanghai, China) and
cultured in DMEM/HIGH medium containing 10% fetal
bovine serum (FBS), while the N2a cell lines were purchased
from the Chinese Academy of Sciences Cell Bank (Shanghai,
China) and cultured in a 1:1 mixture of Dulbecco's modified
Eagle's medium and OPTI-MEM supplemented with 10% fetal
bovine serum (FBS), in a humidified atmosphere of 5% CO,
at 37°C. The cells were plated into 12-well plates, 6-well plates,
or fluorescent slides for plasmid transfection and/or drug
treatment.

Primary neuron culture

For primary hippocampal neuron cultures, 18 d embryonic
rat hippocampal neurons were plated at 30,000-40,000 cells
per well on 6-well plates coated with Poly-D-Lysine/Laminin

(Sigma-Aldrich, St. Louis, Missouri, USA) in neurobasal
medium (ThermoFisher Scientific, Waltham, Massachusetts,
USA) supplemented with 2% B27 (a defined yet complex
mixture of antioxidant enzymes, proteins, vitamins, and
fatty acids that are combined in optimized ratios to support
neuronal survival in culture), 0.5 mmol/L glutamine, and
25 mmol/L glutamate. Half the culture medium was changed
every 3d with neurobasal medium supplemented with 2%
B27 (ThermoFisher Scientific, Waltham, Massachusetts,
USA) and 0.5 mmol/L GlutaMAX (ThermoFisher Scientific,
Waltham, Massachusetts, USA). All cultures were kept at
37°C in a humidified 5% CO, containing atmosphere. On
Day 7 of in vitro culture, the neurons were transfected with
lentivirus Lenti-e GFP-hTau, Lenti-eGFP-C1, Lentie GFP-
P2A-hTau or Lenti-eGFP-P2A-C1, which were packaged by
OBiO (Shanghai, China). The conditioned culture medium
was replaced 1/2 volume with fresh feeding media every 3d
for neuron maintenance until the neurons were ready to use for
experiments on Day 14. Specificity of the primary neuron was
confirmed by Immunofluorescence with NeuN, GFAP, and
Ibal antibodies, the Marker of neuron, astrocyte, and microglia
respectively, and the percent of neuron was at least 95%.
Western blotting

The treated cells, primary cultured neurons and hippocampus
tissues were lysed with RIPA lysis buffer and then used for
Western blotting. Proteins were separated by 8%, 10% or 12%
SDS-polyacrylamide gel, electrophoresis and transferred to
NC membrane, blocked with 5% nonfat milk or 3% BSA,
which was dissolved in TBS-Tween-20 (50 mmol/L Tris
HCI, 150 mmol/L NaCl, 0.2% Tween-20, pH 7.6) for 1 h
and incubated with primary antibodies [anti-RAC serine/
threonine protein kinase (AKT), anti-Phospho-AKT, anti-
Phospho-70kD ribosomal protein S6 kinase 1 (p70S6K1),
anti-Phospho-eukaryotic translation initiation factor
4E-binding protein 1 (4EBP1), anti-ULK]1, anti-Phospho-
ULKI1 and anti-Phospho-AMP-activated protein kinase
(AMPK) (Cell Signaling Technology, Danvers, Massachusetts,
USA); anti-p70S6K1, anti-4EBP1, anti-ATG13, anti-GFP
(Proteintech, Wuhan, Hubei, China); anti-Flag and anti-
AMPK (Sigma-Aldrich, St. Louis, Missouri, USA); anti-LC3B,
anti--actin and anti-TauS (Abcam, Cambridge UK); anti-T
cell intracellular antigen 1 (TIA1) (Santa Cruz Biotechnology,
Paso Robles, California, USA); anti-Puromycin (Merck-
Millipore, Boston, Massachusetts, USA)] at 4°C overnight. On
the second day, the membranes were incubated with anti-rabbit
or anti-mouse secondary antibodies at room temperature for
1h and visualized using the Odyssey Infrared Imaging System
(version 3.0, Licor Biosciences, Lincoln, NE, USA) and the
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ECL Imaging System (version 2017.11.14.0, Clinx Science
Instruments Co., Ltd, Shanghai, China).
Immunofluorescence

The hippocampal neurons infected with lentivirus of tau and
cells transfected with plasmids of tau in slices were fixed with
paraformaldehyde for 30 min, ruptured with 0.5% TritonX-100
in PBS, blocked with 5% BSA in PBS, and incubated with
primary antibodies [anti-mTOR (Cell Signaling Technology,
Danvers, Massachusetts, USA), anti-lysosome-associated
membrane glycoprotein 1 (LAMP1) (Abcam, Cambridge
UK), anti-TIA1 (Santa Cruz Biotechnology, Paso Robles,
California, USA)] for 24 h at 4°C. On the second day,
the slices were washed with 0.1% TritonX-100 in PBS 3
times and incubated with secondary antibodies for 1h at
room temperature. Then, the slices were washed with 0.1%
TritonX-100 in PBS 3 times and incubated with Hoechst for
10 min. Finally, the slices were washed with 0.1% TritonX-100
in PBS 3 times and covered with 50% glycerin/PBS. Pictures
were visualized by a Confocal Microscope Zeiss Carl LSM780
(version 8.0, Zeiss Carl LSM 780, Oberkochen, Baden-
Wiirttemberg, Germany).

Quantification of the levels of DsSRED-LC3-positive puncta
The quantification of the levels of DSRED-LC3-positive puncta
was referred to the published literature[28]. HEK293T cells
were plated on uncoated ¢14-mm glass coverslips, transfected
with plasmids for 42 h, and then exposed to starvation and
50 pmol/L vinblastine with or without rapamycin for 6 h.
Cells were imaged on a Confocal Microscope Zeiss Carl
LSM780 (version 8.0, Zeiss Carl LSM 780, Oberkochen,
Baden-Wiirttemberg, Germany) oil immersion 63 x objective.
A minimum of three areas per coverslip were imaged. We
counted the number of DsSRED-LC3 puncta in individual cells
in each group of samples, counting 22-42 cells per group, and
performed at least 3 independent experiments.
Co-immunoprecipitation (Co-IP)

Proteins were extracted on ice using RIPA buffer (Beyotime,
Shanghai, China), which contained 20 mmol/L Tris—
HCI, pH 7.5, 150 mmol/L NaCl, 1% Trixon X-100, 1%
sodium deoxycholate, 1 mmol/L EDTA, 50 mmol/L
N-ethylmaleimide, 1 mmol/L NaF, 1 mmol/L Na,;VO,, and
1 pg/ml each of aprotinin, leupeptin, pepstatin, and 1 mmol/L
phenylmethane sulfonyl fluoride, centrifuged at 12,000xg for
Smin at 4°C, and the suspension was rotated with primary
antibodies [anti-ULK1 (Cell Signaling Technology, Danvers,
Massachusetts, USA), anti-ATG13 and anti-GFP (Proteintech,
Wauhan, Hubei, China), anti-Flag (Sigma-Aldrich, St. Louis,
Missouri, USA)] at 4°C overnight. Protein G agarose (Merck
Millipore, Boston, Massachusetts, USA) was washed with
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PBS buffer and centrifuged at 6000xg for 30s at 4°C, and
the supernatant was removed. Washed protein G was added
to the extracts (1 ug/pl protein) and rotated at 4 °C for 6h.
After centrifugation at 12,000xg for Smin at 4°C, the agarose
beads were collected, washed with precooled washing buffer
(PBS, protease inhibitors, 0.5% Nonidet P-40, and 0.1% Triton
X-100) S times, and centrifuged for 1 min at 12,000xg after
each wash. The agarose beads were collected and resuspended
in 2xSDS-PAGE loading buffer, boiled for S min and
centrifuged. The supernatant was analysed by Western blotting.
High performance liquid chromatography (HPLC)
HEK293T cells were plated into 35 mm cell culture dishes.
When the cell density reached 80%, the cells were transiently
transfected with eGFP-tau or eGFP-C1 plasmids. After 42h,
the culture medium was changed to DMEM/High without
FBS for another 6 h. Then, the cell supernatant was removed
and the cells were washed with PBS buffer 3 times. Next, the
extraction reagent was configured according to the volume
ratio of methanol: acetonitrile: ddH,O (5:3:2). Then, 2ml of
extraction reagent was added to each plate, and quickly frozen
at —80°C, thawed at 4°C and shaken for 30 min. After filtering,
high performance liquid chromatography was performed to
detect the concentration of amino acids.

Protein synthesis detection

The level of protein synthesis was detected by puromycin
and Puromycin antibodies[29]. N2a cells were transfected
with plasmids for 48 h, 10 pg/ml puromycin in prewarmed
complete culture medium was added, and the cells were
incubated for 10 min at 37°C and 5% CO,, gently washed
two times with prewarmed complete culture medium and
incubated for 50 min at 37°C and 5% CO, with prewarmed
complete culture medium. Cells were harvested, and protein
synthesis was detected by Western blotting using an anti-
puromycin antibody (12D10).

Statistical analysis

All data conform to Normal distribution and are presented
as the mean+SEM. GraphPad Prism (version 8.0, GraphPad
Software, San Diego, California, USA) was used for statistical
analyses. The Student's t-test was used for two-group
comparisons. One-way ANOVA with post hoc tests was
conducted for multiple comparisons. P<0.05 was considered

statistically significant.

Results

Tau accumulation disrupts autophagosome formation
leading to autophagy deficit

To investigate the role of tau in autophagosome formation,
we first examined the expression level of LC3 in HEK293T



Li et al. Mil Med Res 2022
http://mmrjournal.biomedcentral.com

cells (Fig. 1a), which had overexpression of hTau. To eliminate
the influence of later events of autophagy by tau, we used
50 pmol/L vinblastine to block the fusion of autophagosome-
lysosome. Overexpression of tau was first confirmed by
Western blotting using Tau$, an antibody against total tau
proteins. Simultaneously, the protein level of LC3 II was
significantly decreased (P=0.0073, Fig. 1a) with the decreased
number of LC3 puncta (P<0.0001, Fig. 1b) in the cells
overexpressing tau measured respectively by Western blotting
and immunofluorescence staining. By transmission electron
microscopy, a decreased autophagosome formation was
also detected in primary hippocampal neurons, which were
infected with Lenti-eGFP-P2A-tau (Fig. 1c). Furthermore,
overexpressing tau decreased the association of ULK1 and
ATG13 (P=0.0144), the main components of autophagosome
formation, as measured by co-immunoprecipitation
(Fig. 1d). These data suggest that overexpressing tau disrupts
autophagosome formation.

Overexpressing of tau upregulates mTORCI1 activity
mTORCI is involved in the most important upstream
inhibitory pathway of autophagy. To explore how tau
accumulation may affect the formation of autophagosomes,
we transiently expressed tau in HEK293T and N2a cells, and
then measured the total and the phosphorylated levels of
4EBP1, p70S6K1, and ULK1 by Western blotting. We found
that transient overexpression of tau significantly increased
the levels of phosphorylated 4EBP1 (P<0.0001), p70S6K1

(P=0.0001) and ULK1 (P=0.0015) in HEK293T cells
(Fig. 2a) and p70S6K1 (P<0.0001) in N2a cells (Fig. 2b). In
primary cultured hippocampal neurons, overexpressing tau
also significantly increased the level of phosphorylated 4EBP1
(P=0.0098) compared to the vector group (Fig. 2c). Compared
with endogenous tau knockout mice, significantly increased
levels of phosphorylated p70S6K1 (P=0.0428) and ULK1
(P=0.0467) were detected in the hippocampus of 12 month-
old hTau transgenic mice (Fig. 2d). These results indicate
that overexpressing tau inhibits autophagy via a mechanism
involving mTORCI signaling.

To further verify the role of mMTORCI in tau-induced
deficits in autophagosome formation, we treated HEK293T
cells with different concentrations of rapamycin, an inhibitor
of mMTORC], and then measured the levels of phosphorylated
4EBP1 and ULKI. We found that simultaneous application
of rapamycin at 2.5 pmol/L is already significantly decreased
the phosphorylation level of 4EBP1 (P=0.0026) and ULK1
(P<0.0001, Fig. 2e). We also observed that rapamycin
attenuated tau-induced upregulation of phosphorylated
p70S6K1 (Vec/vehicle group vs. Tau/vehicle group, P=0.0003;
Vec/rapa group vs. Tau/rapa group, P=0.1575; Tau/vehicle
group vs. Tau/rapa group, P<0.0001) and 4EBP1 (Vec/
vehicle group vs. Tau/vehicle group, P=0.0022; Vec/rapa
group vs. Tau/rapa group, P=0.9971; Tau/vehicle group vs.
Tau/rapa group, P<0.0001) levels (Fig. 2f). Meanwhile, with
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application of rapamycin recovered tau-induced LC3 puncta
formation deficit (Vec/vehicle group vs. Tau/vehicle group,
P<0.0001; Vec/rapa group vs. Tau/rapa group, P=0.5567; Tau/
vehicle group vs. Tau/rapa group, P<0.0001, Fig. 2g). These
data confirm that tau accumulation inhibits autophagosome
formation by activating the mMTORC1 pathway.
Overexpressing tau activates the amino acid pathway
which is upstream of the mTORC1

To further explore the mechanisms underlying tau-induced
mTORCI activation, we measured the levels of the three
upstream regulatory factors. We found that overexpressing tau
inhibited AKT activity (P=0.0002) and did not significantly
influence AMPK activity (P=0.1945) measured by Western
blotting (Fig. 3a), which excluded these pathways as potential
mediators of tau-induced mTORCI1 activation. To explore
the effect of the AA pathway, we measured the intracellular
concentration of some essential amino acids by HPLC.
The results showed that tau significantly increased the
levels of leucine (P=0.0038), glutamic acid (P=0.0348),
alanine (P=0.0037), and glycine (P=0.0104, Fig. 3b). By
immunofluorescence staining, we observed increased
cytoplasmic colocalization of LAMP1 and mTOR (Fig. 3c),
which is a prerequisite for mTORC1 activation by amino
acids. These data suggest that overexpressing tau may activate
mTORCI by upregulating the amino acid pathway.

Inhibiting the amino acid pathway efficiently attenuates
tau-induced mTORCI1 activation

To further verify the role of the amino acid pathway in tau
induced mTORCI1 activation, we measured the levels of the
phosphorylated 4EBP1, p70S6K1 and ULK1 in HEK293T
cells, which were treated with different concentrations
of concanamycin A (ConA), an inhibitor of the amino
acid pathway. The results showed that ConA at 4 pwmol/L
significantly decreased the levels of phosphorylated 4EBP1,
p70S6K1 and ULKI, while 1 pmol/L ConA did not affect
the physiological activity of MTORC1 (Fig. 4a). Therefore,
a concentration of 1 pmol/L ConA was used in subsequent
experiments. ConA treatment remarkably attenuated tau-
induced mTOR perilysosomal accumulation and mTORC1
upregulation, as measured by immunofluorescence staining
(Fig. 4b) and detected the phosphorylation level of 4EBP1
(Vec/vehicle group vs. Tau/vehicle group, P=0.0001; Vec/
conA group vs. Tau/conA group, P=0.7711; Tau/vehicle group
vs. Tau/conA group, P<0.0001) and p70S6K1 (Vec/vehicle
group vs. Tau/vehicle group, P=0.0001; Vec/conA group vs.
Tau/conA group, P=0.9955; Tau/vehicle group vs. Tau/conA
group, P<0.0001) by Western blotting (Fig. 4c), respectively.
Furthermore, 1 pumol/L ConA significantly attenuated tau-
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induced disruption of autophagosome formation in cultured
hippocampal neurons, as measured by electron microscopic
imaging (Fig. 4d). These data further confirm that the
increased AA signaling mediates tau-induced mTORCI1
activation.

N-terminal tau binds to TIA1-PRD and detains TIA1 in
the cytoplasm to inhibit protein synthesis

To explore whether TIA1 is also involved in tau-induced
upregulation of the AA pathway, we confirmed the interaction
of tau with TIA1 and determined the specific region(s) of this
interaction. First, we constructed eGFP-TIA1 Full (1-387,
full length TIA1), eGFP-TIA1-N (1-289, N-terminal TIA1)
and eGFP-TIA1-PRD (290-387, PRD-terminal TIA1)
plasmids (Fig. Sa). The results of coimmunoprecipitation
showed that TIAI-PRD could interact with tau (Fig. Sb). To
identify the binding domain of tau with TIA1, we constructed
plasmids of full-length tau and its fragments, including
3xFlag-tau (1-441), 3xFlag-tau-N (1-242), 3xFlag-tau-4R
(243-372) and 3xFlag-tau-C (373-441, Fig. Sc). The results
of coimmunoprecipitation showed that tau could bind TIA1
mainly with its N-terminal (Fig. 5d). These data suggest that
tau may affect autophagosome formation through direct
binding to the TIA1-PRD region.

To determine the role of TIA1 in tau-mediated activation of
mTORCI, we constructed a TIA1 shRNA plasmid and found
that knockdown of TIA1 remarkably inhibited tau-induced
mTORCI activation, which was represented by the attenuated
phosphorylation of 4EBP1 (Vec/NC group vs. Tau/NC
group, P=0.0009; Vec/shTIAI group vs. Tau/shTIAl group,
P=0.9726; Tau/NC group vs. Tau/shTIA1 group, P=0.0011)
and ULK1 (Vec/NC group vs. Tau/NC group, P<0.0001;
Vec/shTIAl group vs. Tau/shTIA1 group, P=0.9980; Tau/
NC group vs. Tau/shTIA1 group, P<0.0001, Fig. Se). TIA1
is primarily located in the nuclear compartment under
physiological conditions, while tau is mainly expressed in the
cytoplasm. Therefore, we studied whether overexpressing tau
affected the cellular localization of TIA1. The results showed
that overexpressing tau increased TIAI protein level in the
cytoplasm (P=0.0109) with a decreased TIA1 level in the
nucleus (P=0.0009) compared with that of the vector group
(Fig. 5f). Immunofluorescence staining was used to detect the
localization of TIALI in the hippocampal neurons, and found
a higher cytoplasmic level of TIA1 in the tau-overexpressing
neurons than that of the vector group (Fig. Sg). With the
cytoplasmic detainment of TIA1, the level of newly synthesized
protein significantly decreased (P=0.0181, Fig. Sh).
These results indicate that overexpressing tau may activate
mTORCI1 by detaining TIA1 in the cytoplasm, which also
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Fig. 2 Overexpressing tau upregulates mTORC1 signaling.
HEK293T (a) or N2a (b) cells transiently transfected with eGFP-tau, and the increased levels of phosphorylated 4EBP1, p70S6K1
and ULK1 were detected by Western blotting in the tau-OE group (n=9); c. The increased level of p-4EBP1 in primary cultured
hippocampal neurons were detected by Western blotting in the tau-OE group (n=9); d. The hyperphosphorylation levels of p70S6K1
and ULK1 in the hippocampus of 12 month-old hTau mice were detected by Western blotting (n=9); e. HEK293T cells were treated
with different concentrations of rapamycin for 6h, and a dose-dependent reduction in p-4EBP1 and p-ULK1 was detected by
Western blotting (n=9); f. Rapamycin decreased tau induced hyperphosphorylation of p70S6K1 and 4EBP1 in HEK293T cells, which
was detected by Western blotting (n=9); g. Immunofluorescence staining results showed that the number of LC3 puncta (at least
22 cells were analyzed for each group) in HEK293T cells was recovered in tau/rapamycin group, scale bar=20pum. The yellow arrow
points to the LC3 puncta; 4EBP1. Eukaryotic translation initiation factor 4E-binding protein 1; GFP. Green fluorescent protein; Hippo.
Hippocampus; LC3. Microtubule-associated protein light chain 3; ns. Non-significant; p70S6K1. 70kD ribosomal protein S6 kinase 1;
Rapa. Rapamycin; ULK1. Unc-51-like autophagy-activating kinase 1; Vec. Vector. All data are expressed as the mean+SEM. *P<0.05,
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Fig. 3 Overexpressing tau activates the amino acid pathway which is upstream of the mTORC1.

a. Total and phosphorylated AKT and AMPK in HEK293T cells were measured by Western blotting, and the results showed that the
phosphorylated level of AKT was significantly decreased in the tau-OE group (n=9); b. Increased levels of intercellular leucine (Leu),
glutamic acid (Glu), alanine (Ala), and glycine (Gly) in the tau-OE group were detected by HPLC (n=6); c. Increased colocalization
of LAMP1 (Red) and mTOR (Green) in the tau-OE group of HEK293T cells was detected by immunofluorescence staining, scale
bar=20pm. The yellow arrow points to colocalization of LAMP1 and mTOR. AKT RAC serine/threonine protein kinase; AMPK. AMP-

activated protein kinase; GFP. Green fluorescent protein; LAMP1. Lysosome-associated membrane glycoprotein 1; mTOR. Mammalian
target of rapamycin kinase; Vec. Vector. All data are expressed as the mean+SEM. *P<0.05, **P<0.01, ***P<0.001
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explains the increase in amino acid levels induced by tau.
Blocking tau-TIA1 binding or promoting tau degradation
attenuates tau-induced autophagy deficits

To confirm the role of the tau-TIA1-PRD association in tau-
induced dysfunction of autophagosome formation, we co-
expressed TIAI-PRD and tau in N2a cells to block binding of
tau with TIA1. We observed that overexpressing tau increased
the interaction between tau and TIAI, and co-expressing
TIA1-PRD remarkably decreased the tau-TIA1 interaction

measured by coimmunoprecipitation (Fig. 6a). Co-expressing

182

TIA1-PRD also abolished tau-induced hyperphosphorylation
of 4EBP1 (Vec/NC group vs. Tau/NC group, P=0.0043;
Vec/PRD group vs. Tau/PRD group, P>0.9999; Tau/NC
group vs. Tau/PRD group, P=0.0088) and ULK1 (Vec/NC
group vs. Tau/NC group, P=0.0194; Vec/PRD group vs. Tau/
PRD group, P=0.9885; Tau/NC group vs. Tau/PRD group,
P=0.0317, Fig. 6b). Furthermore, co-expressing TIA1-PRD
with tau remarkably attenuated the tau-induced perilysosomal
aggregation of mTOR measured by co-immunofluorescence
staining with anti-LAMP1 and anti-mTOR antibodies (Fig. 6¢c),
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Fig. 4 Inhibiting the amino acid pathway by ConA attenuates tau-induced mTORC1 upregulation.

a. Reduction in phosphorylated 4EBP1, p70S6K1 and ULK1 was detected by Western blotting in HEK293T cells, which were treated
with different concentrations of concanamycin A (ConA, n=6); b. Application of ConA in HEK293T cells attenuated tau-induced
mTORC1 upregulation, as evidenced by the decreased colocalization of LAMP1 (Red) and mTOR (Green), scale bar=20um. The arrows
point to colocalization of LAMP1 and mTOR; c. Application of ConA in HEK293T cells attenuated tau-induced mTORCL1 upregulation,
as evidenced by the attenuated levels of p-4EBP1 and p-p70S6K1 (n=6); d. Application of ConA attenuated tau-induced impairment
of autophagosomes formation in primary cultured hippocampal neurons, as imaged by transmission electron microscopy, scale
bar=1pm. The yellow arrows point to the autophagosomes; 4EBP1. Eukaryotic translation initiation factor 4E-binding protein 1; GFP.
Green fluorescent protein; LAMPL. Lysosome-associated membrane glycoprotein 1; mTOR. Mammalian target of rapamycin kinase;
ns. Non-significant; p70S6K1. 70kD ribosomal protein S6 kinase 1; ULK1. Unc-51-like autophagy-activating kinase 1; Vec. Vector. All

recovered protein synthesis inhibition measured by Western
blotting using puromycin antibody (Vec/NC group vs. Tau/
NC group, P=0.0013; Vec/PRD group vs. Tau/PRD group,
P=0.9991, Tau/NC group vs. Tau/PRD group, P=0.0111,
Fig. 6d), and recovered autophagy dysfunction measured
by immunofluorescence staining (Fig. 6e). In addition,
hyperphosphorylation of p70S6K1 (P=0.0015) and ULK1

(P=0.0004) was detected in the hippocampus of 9.5 month-
old 3xTg-AD mice (Fig. 6f). Subcutaneous administration
of C004019 designed to simultaneously recruit tau and E3-
ligase (Vhl) and thus selectively enhance ubiquitination
and proteolysis of tau proteins, remarkably attenuated the
hyperphosphorylation of p70S6K1 (P=0.7108) and ULK1
(P=0.2979) in the AD model mice (Fig. 6f). These data
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suggest that supplementation with TIA1-PRD can reverse the

autophagy dysfunction induced by tau overexpression.

Discussion

To date, there is a lack of effective therapy for AD. As increasing

drug developments targeting f-amyloid clearance in AD have
shown limited efficiency in halting disease progression in
clinical trials, tau protein has attracted increasing attention as
a new therapeutic target[30]. Accumulating research findings

strongly suggest that tau accumulation plays a key role in
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(See figure on previous page.)

Fig. 6 Expressing TIA1-PRD attenuates tau-induced autophagy dysfunction.

a. Expressing TIA1-PRD blocked tau and TIA1 binding in N2a cells detected by co-IP; b. N2a cells were cotransfected with 3xFlag-
tau and GFP-PRD plasmids. Expressing TIA1-PRD attenuated tau-induced hyperphosphorylation of 4EBP1 and ULK1, which was
detected by Western blotting (n=9); c. Expressing TIAL-PRD attenuated tau-induced perilysosomal aggregation of mTOR in
HEK293T cells, which was imaged by immunofluorescence staining, scale bar=20um. The yellow arrows point to the colocalization
of LAMP1 and mTOR; d. N2a cells were cotransfected with 3xFlag-tau and GFP-PRD plasmids. Expressing TIA1-PRD recovered tau-
induced dysfunction of protein synthesis, which was detected by Western blotting using anti-puromycin (n=9); e. Expressing TIA1-
PRD recovered tau-induced dysfunction of autophagosome formation in HEK293T cells. The autophagosomes were imaged by
immunofluorescence staining. scale bar=5um; f. 3xTg-AD mice were administered with PROTAC (C004019), and the protein level
of human tau and the levels of phosphorylated p70S6K1 and ULK1 were detected by Western blotting (n=9). 4EBP1. The eukaryotic
translation initiation factor 4E-binding protein 1; BFP. Blue fluorescent protein; C4. C004019; GFP. Green fluorescent protein; IP.
Immunoprecipitation; LAMP1. Lysosome-associated membrane glycoprotein 1; LC3. Microtubule-associated protein light chain 3;
mTOR. The mammalian target of rapamycin kinase; NC. Normal control; ns. Non-significant; p70S6K1. 70kD ribosomal protein S6
kinase 1; PRD. Prion-related domain; TIAL. T cell intracellular antigen 1; ULK1. Unc-51-like autophagy-activating kinase 1; Vec. Vector;

WT. Wild type. All data are expressed as the mean+SEM. *P<0.05, **P<0.01, ***P<0.001

AD neurodegeneration and cognitive deficits[31], and tau
protein also mediates AP toxicity. Since tau accumulation
and autophagy deficits are mutually exacerbated in AD[32],
finding new therapeutic targets that modulate autophagy
is important for attenuating or arresting pathological tau
accumulation. Autophagy comprises several steps, and
abnormalities at any step can induce autophagy deficits. We
previously reported that human tau accumulation disrupts the
fusion of autophagosomes and lysosomes by downregulating
IST1, a component for ESCRT-III complex formation[19],
which is the final step of autophagy. In the present study, we
found that hTau accumulation could also inhibit mMTORC1-
associated autophagosome formation, which occurs early in
the autophagy process. We also found that both inhibiting
mTORCI and downregulating tau protein expression could
attenuate hTau-induced autophagy deficits. These findings
provide new evidence supporting the use of these proteins as
potential targets for AD drug development.

Intracellular accumulation of tau plays a crucial role in
the progression of AD neurodegeneration and cognitive
impairment, and autophagy deficit contributes to tau
accumulation underlying AD[14-16]. Based on the chronic and
progressive nature of AD pathogenesis and the discovery of the
new cell viability-regulating functions of tau proteins[33,34],
we speculate that the accumulated tau may in turn affect the
autophagy process and thus exacerbate tau aggregation. Indeed,
we found in a recent study that increasing intracellular tau
disrupted autophagosome-lysosome fusion with a mechanism
involving reduced IST1-related ESCRT-III complex
formation[19]. At the same time, we observed significantly
reduced protein synthesis and reduced LC3 II level by tau,
which could not be explained by the autophagosomelysosome
fusion deficit. In the present study, we further investigated how

tau accumulation may affect protein synthesis. We found that
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intracellular tau accumulation could disrupt autophagosome
formation by activating the TIA1-AA-mTORCI pathway, in
which decreased protein synthesis contributes to increased AA
and mTORC]1 activation.

The mTORCI1 pathway is the most important inhibitory
upstream pathway of autophagy. When the levels of amino
acids or cellular energy are sufficient, n-TORCI is activated
and thus induces phosphorylation of ULK1 and ATG13,
the downstream autophagy initiationrelated substrates of
mTORCI, to impede their interaction and thus inhibit
autophagosome formation[21,35,36]. We found that
overexpressing tau decreased the protein expression level of
LC3 II with a reduced number of LC3 puncta, and increased
mTORCI1 activation. Tau also inhibited the association of
ULK1 and ATG13, and this ULK1-ATG13 complex is the
main partner of ULK/ATG13/FIP200 autophagy-related
complexes involved in autophagosome formation[37,38]. To
rule out the effect of tau on autophagosome-lysosome fusion
as a mediator of this process, we administered vinblastine, a
specific inhibitor of autophagosome-lysosome fusion[39,40].
We also found that the application of the mTORCI1 inhibitor
rapamycin could remarkably attenuate tauinduced deficits
in autophagosome formation. These data indicate that tau
may inhibit autophagy by activating the mTORC1 pathway.
Consistent with our results, several studies have also shown
that mTORCI is abnormally activated in the brains of AD
patients during chronic disease progression[41-43], and
inhibiting mMTORCI activity through genetic or pharmacologic
manipulations can improve cognitive impairment in AD
transgenic mice and prolong lifespan[25,44,45].

Then, we investigated how tau accumulation affects
mTORCI activity. From the published literature, no evidence
suggests that tau can directly interact with mTORCI1
components, including mTOR, Deptor, Raptor, the 40 kD
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proline-rich AKT substrate (PRAS40) and the mammalian
lethal with SEC13 protein 8 (mLST8)[46-48]. Therefore, we
focused on the upstream regulatory pathways of mMTORC1
activity. It is well known that the activity of mTORCI is
mainly regulated by three pathways, i.e., the AA pathway,
AMPK pathway and phosphatidylinositol-3-kinase/AKT
(PI3K/AKT) pathway. We found that overexpressing tau
protein did not affect the phosphorylation level of AMPK,
and the phosphorylation level of AKT at Ser473 was even
decreased, which excluded the role of the AMPK and
PI3K/AKT pathways as mediators of mTORCI activation.
Previous studies showed that stimulating starved cells with
leucine or glutamine could activate mTORC1 and inhibit
autophagy[49,50]. The increased levels of amino acids could
activate Rag guanosine triphosphatases (GTPases), which
promote translocation of mTORCI1 to the lysosomal surface,
the site of mMTORC1 activation[51,52]. A recent study
demonstrated a decreased protein synthesis in neurons of two
transgenic mouse strains, K3 mice expressing K3691 mutant
tau and rTg4510 mice expressing P301L mutant tau[53].
The level of protein synthesis occurring in a cell is important
for regulating the intracellular AA level. We found that
overexpressing tau increased the intracellular concentrations
of leucine, glutamic acid, alanine, and glycine, which could
result from inhibited protein synthesis. Our data also showed
that overexpressing tau increased the accumulation of mTOR
in the peripheral region of the lysosome. Previous studies have
shown that vacuolar H'-ATPase (v-ATPase) is required for
amino acids to activate mTORC], as it is engaged in extensive
amino acid-sensitive interactions with Regulator, a scaffolding
complex that anchors the Rag GTPases to lysosomes[50]. In
addition, in the presence of the v-ATPase inhibitor ConA, tau-
induced mTORCI1 activation was fully reversed. These results
demonstrated that tau activated the amino acid pathway by
increasing the concentration of intracellular amino acids and
finally activating mTORC1. Nonetheless, other potential
regulatory pathways may also exist, which deserve attention in
future studies.

Previous studies have shown that aggregated tau can directly
bind to the RNA-binding protein TIA1 to form larger RNA
granules (RGs) and stress granules (SGs)[54]. To explore
how tau accumulation may increase intercellular amino acid
levels, we studied the role of the tau and TIAI interaction. We
constructed plasmids of tau fragments and TIA1 fragments. By
transient co-transfecting and coimmunoprecipitation assays,
we determined that tau could bind TIA1 by its N-terminal and
4R fragments, while the strongest binding site for TIA1 to tau

was at its PRD-terminal. Overexpression of tau can increase

TIALI in the cytoplasm where it forms SGs. In support of our
results, studies have also shown that the 290-387 fragment
of TIAI contains PRD, which can form prion-like aggregates
and inhibit stress granules formation[54-56]. We also found
that co-overexpressing TIA1-PRD and tau could attenuate
tau-induced mTORCI1 activation. The determination of the
binding region provides the possibility to design drugs for the
competitive inhibition of the tau-TIA1 interaction and thus to
arrest tau-induced autophagy deficits.

Together, we found in the present study that the ADlike tau
accumulation could inhibit autophagosome formation which
is a critical step in the initiating states of the macroautophagy
process. The molecular mechanisms involve a direct binding
of N-terminal tau to the TIA1-PRD, formation of SGs,
inhibition of protein synthesis, increases of intracellular AA,
mTORCI activation, autophagosome reduction and finally
autophagy deficit. The autophagy deficit in turn aggravates tau
accumulation during the course of chronic neurodegeneration,
which is consistent with AD and related tauopathies (Fig. 7).

The role and molecular mechanism of SGs/RGs
dysregulation in neurodegenerative diseases such as AD is a
new and important research hotspot. However, it should be
noted that the mRNA captured by the Tau-TIAl-related SGs
has not yet been elucidated in this paper. We speculate that the
Tau-TIA1 related SGs may prefer certain mRNAs depending
on the types of other RNA-binding proteins in the Tau-TIA1
related SGs, which deserves further study.

Conclusions

In general, the present study uncovered a new mechanism
whereby tau accumulation inhibits autophagosome formation
by activating TIAI-amino acid-mTORCI signaling in AD. This
work provides new insight into the mechanism of autophagy
dysfunction in AD and provides a novel target for AD

treatments.

Abbreviations

4EBP1: Eukaryotic translation initiation factor 4E-binding protein
1; 4R: Four microtubule-binding repeats of tau; AA: Amino acid;
AD: Alzheimer's disease; AKT: RAC serine/threonine protein kinase;
Ala: Alanine; AMPK: AMP activated protein kinase; ANP32A: Acidic
nuclear phosphoprotein 32 family member A; APP: Amyloid precursor
protein; ATG13: Autophagy protein 13; ATG5: Autophagy protein 5; AB:
3-Amyloid; BFP: Blue fluorescent protein; C: C-terminal; C4: C004019;
Co-IP: Coimmunoprecipitation; ConA: Concanamycin A; ESCRT-III:
Endosomal sorting complex required for transport IIl; FBS: Fetal bovine
serum; FIP200: The FAK family kinase-interacting protein of 200 kD;
GFP: Green fluorescent protein; Glu: Glutamic acid; Gly: Glycine; Hippo:
Hippocampus; HPLC: High performance liquid chromatography; HP-
3-CD: 2-Hydroxylpropyl-beta-cyclodextrin; INHAT: Inhibitor of histone
acetyl transferase; IP: Immunoprecipitation; IST1: Increased sodium
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Fig. 7 Schematic diagram showing the mechanisms of
tau-induced autophagy dysfunction.

The molecular mechanisms involve a direct binding of
N-terminal tau to the TIAL-PRD to detain TIAl in the
cytoplasm, by which TIAL is detained in the cytoplasm to
form SGs, leading to the inhibition of protein synthesis,
increases of intracellular AA concentration, mTORC1 activation,
autophagosome reduction and finally autophagy deficit.
The autophagy deficit in turn aggravates tau accumulation
during chronic neurodegeneration, as observed in AD and
related tauopathies. AA. Amino acid; AD. Alzheimer’s disease;
mTORC1. Mammalian target of rapamycin kinase complex 1;
SGs. Stress granules; TIAL. T cell intracellular antigen 1; PRD.
The prion-related domain

tolerance 1; LAMP1: Lysosome-associated membrane glycoprotein 1;
LC3: Microtubuleassociated protein light chain 3; Leu: Leucine; mLST8:
Mammalian lethal with SEC13 protein 8; mTOR: Mammalian target of
rapamycin kinase; mTORC1: Mammalian target of rapamycin kinase
complex 1; mTORC2: Mammalian target of rapamycin kinase complex
2; N: N-terminal; NC: Normal control; NFTs: Neurofibrillary tangles;
ns: Non-significant; p70S6K1: 70 KD ribosomal protein S6 kinase 1;
PI3K: Phosphatidylinositol-3-kinase; PRAS40: 40 KD proline-rich Akt
substrate; PRD: Prion-related domain; Rapa: Rapamycin; RGs: RNA
granules; SGs: Stress granules; TIA1: T cell intracellular antigen 1; ULK1:
Unc-51-like autophagy-activating kinase 1; v-ATPase: The vacuolar H*-
ATPase; Vec: Vector; WT: Wild type.

Acknowledgements

The authors thank Dr. Fei Liu (Jiangsu Key Laboratory of Neuro-
regeneration, Nantong, China) for plasmids and Dr. Xi-Fei Yang
(Laboratory of Modern Toxicology of Shenzhen, Shenzhen Centers for
Disease Control and Prevention, Nanshan District, Shenzhen, China)
for hTau, Tau- and 3xTg-AD transgenic mice.

188

Author’ contributions

JZW initiated and designed the study. MZL, EJL, QZZ, HTY, QHP and DK
performed the Western blotting, Immunofluorescent and Co-IP. SHL
designed and produced the plasmids. TH and FS prepared the primary
neurons. MZL, QZZ and WJW participated in the experiment of mice.
SJL and YQF performed the HPLC examination of the levels of amino
acids. MZL, EJL, JL and JZW analysed the data. JL and JZW wrote the
manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by grants from the Natural Science
Foundation of China (91949205, 31730035, 81721005), the Science
and Technology Committee of China (2016YFC1305800), the Special
Project of Technological Innovation of Hubei Province (2018ACA142),
and Guangdong Provincial Key S&T Program (2018B030336001).

Availability of data and materials

The datasets used and/or analysed during the current study are
available from the corresponding author on reasonable request.

Declarations
Ethical approval and consent to participate

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 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 Science and Technology approved the study protocol
(IACUC Number: 2735).

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Author details

'Department of Pathophysiology, School of Basic Medicine, Key
Laboratory of Education Ministry of China/Hubei Province for
Neurological Disorders, Tongji Medical College, Huazhong University
of Science and Technology, Wuhan 430030, China. *Department of
Neurosurgery, the Central Hospital of Wuhan, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan 430014,
China. ’Department of Pathology, the First Affiliated Hospital of
Zhengzhou University, Zhengzhou 450052, China. *Department of
Chemistry, Wuhan University, Wuhan 430072, China. *Co-Innovation
Center of Neuroregeneration, Nantong University, Nantong 226000,
Jiangsu, China.

References

1. Ittner A, Ittner LM. Dendritic tau in Alzheimer's disease. Neuron.
2018;99(1):13-27.

2. Alonso AC, Zaidi T, Grundke-Igbal |, Igbal K. Role of abnormally
phosphorylated tau in the breakdown of microtubules in
Alzheimer disease. Proc Natl Acad Sci USA. 1994;91(12):5562-6.

3. Igbal K, Grundke-Igbal |, Zaidi T, Merz PA, Wen GY, Shaikh SS, et al.
Defective brain microtubule assembly in Alzheimer's disease.



Li et al. Mil Med Res 2022
http://mmrjournal.biomedcentral.com

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Lancet. 1986;2(8504):421-6.

Kanai Y, Chen J, Hirokawa N. Microtubule bundling by tau
proteins in vivo: analysis of functional domains. EMBO J.
1992;11(11):3953-61.

Khatoon S, Grundke-Igbal I, Igbal K. Brain levels of microtubule-
associated protein tau are elevated in Alzheimer's disease: a
radioimmuno-slotblot assay for nanograms of the protein. J
Neurochem. 1992;59(2):750-3.

Yamamori H, Khatoon S, Grundke-Igbal I, Blennow K, Ewers M,
Hampel H, et al. Tau in cerebrospinal fluid: a sensitive sandwich
enzyme-linked immunosorbent assay using tyramide signal
amplification. Neurosci Lett. 2007;418(2):186-9.

Arriagada PV, Growdon JH, Hedley-Whyte ET, Hyman BT.
Neurofibrillary tangles but not senile plaques parallel duration
and severity of Alzheimer's disease. Neurology. 1992;42(3 Pt
1):631-9.

Nelson PT, Alafuzoff |, Bigio EH, Bouras C, Braak H, Cairns NJ, et al.
Correlation of Alzheimer disease neuropathologic changes with
cognitive status: a review of the literature. J Neuropathol Exp
Neurol. 2012;71(5):362-81.

Wu D, Gao D, Yu H, Pi G, Xiong R, Lei H, et al. Medial septum tau
accumulation induces spatial memory deficit via disrupting
medial septumhippocampus cholinergic pathway. Clin Transl|
Med. 2021;11(6): e428.

Yin Y, Gao D, Wang Y, Wang ZH, Wang X, Ye J, et al. Tau
accumulation induces synaptic impairment and memory deficit
by calcineurin-mediated inactivation of nuclear CaMKIV/CREB
signaling. Proc Natl Acad Sci USA. 2016;113(26):E3773-81.

Zheng J, Li HL, Tian N, Liu F, Wang L, Yin Y, et al. Interneuron
accumulation of phosphorylated tau impairs adult hippocampal
neurogenesis by suppressing GABAergic transmission. Cell Stem
Cell. 2020;26(3):331-45.e6.

Zheng J, Tian N, Liu F, Zhang Y, Su J, Gao Y, et al. A novel
dephosphorylation targeting chimera selectively promoting
tau removal in tauopathies. Signal Transduct Target Ther.
2021;6(1):269.

Klionsky DJ, Emr SD. Autophagy as a regulated pathway of
cellular degradation. Science. 2000;290(5497):1717-21.

Ma Q, Qiang J, Gu P, Wang Y, Geng Y, Wang M. Age-related
autophagy alterations in the brain of senescence accelerated
mouse prone 8 (SAMP8) mice. Exp Gerontol. 2011;46(7):533-41.
Lipinski MM, Zheng B, LuT, Yan Z, Py BF, Ng A, et al. Genome-wide
analysis reveals mechanisms modulating autophagy in normal
brain aging and in Alzheimer's disease. Proc Natl Acad Sci U S A.
2010;107(32):14164-9.

Pickford F, Masliah E, Britschgi M, Lucin K, Narasimhan R, Jaeger
PA, et al. The autophagy-related protein beclin 1 shows reduced
expression in early Alzheimer disease and regulates amyloid beta
accumulation in mice. J Clin Investig. 2008;118(6):2190-9.

Hara T, Nakamura K, Matsui M, Yamamoto A, Nakaharay,
Suzuki-Migishima R, et al. Suppression of basal autophagy in
neural cells causes neurodegenerative disease in mice. Nature.
2006;441(7095):885-9.

Lim F, Hernandez F, Lucas JJ, Gomez-Ramos P, Moran MA, Avila
J. FTDP-17 mutations in tau transgenic mice provoke lysosomal
abnormalities and Tau filaments in forebrain. Mol Cell Neurosci.
2001;18(6):702-14.

Feng Q, Luo Y, Zhang XN, Yang XF, Hong XY, Sun DS, et al. MAPT/
Tau accumulation represses autophagy flux by disrupting
IST1-regulated ESCRT-IIl complex formation: a vicious cycle in

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

Alzheimer neurodegeneration. Autophagy. 2020;16(4):641-58.
Yu L, Chen Y, Tooze SA. Autophagy pathway: Cellular and
molecular mechanisms. Autophagy. 2018;14(2):207-15.

Ganley IG, Lam Du H, Wang J, Ding X, Chen S, Jiang X. ULKT.
ATG13.FIP200 complex mediates mTOR signaling and is essential
for autophagy. J Biol Chem. 2009;284(18):12297-305.

Li X, Alafuzoff I, Soininen H, Winblad B, Pei JJ. Levels of mTOR
and its downstream targets 4E-BP1, eEF2, and eEF2 kinase
in relationships with tau in Alzheimer's disease brain. FEBS J.
2005;272(16):4211-20.

Sun YX, Ji X, Mao X, Xie L, Jia J, Galvan V, et al. Differential
activation of mTOR complex 1 signaling in human brain with mild
to severe Alzheimer's disease. J Alzheimers Dis. 2013;38(2):437-
44,

Caccamo A, De Pinto V, Messina A, Branca C, Oddo S. Genetic
reduction of mammalian target of rapamycin ameliorates
Alzheimer's disease-like cognitive and pathological deficits by
restoring hippocampal gene expression signature. J Neurosci.
2014;34(23):7988-98.

Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey K,
et al. Rapamycin fed late in life extends lifespan in genetically
heterogeneous mice. Nature. 2009;460(7253):392-5.

Zhang Y, Bokov A, Gelfond J, Soto V, lkeno Y, Hubbard G, et al.
Rapamycin extends life and health in C57BL/6 mice. J Gerontol A
Biol Sci Med Sci. 2014;69(2):119-30.

Wang W, Zhou Q, Jiang T, Li S, Ye J, Zheng J, et al. A novel small-
molecule PROTAC selectively promotes tau clearance to improve
cognitive functions in Alzheimer-like models. Theranostics.
2021;11(11):5279-95.

Needs SH, Bootman MD, Grotzke JE, Kramer HB, Allman SA. Off-
target inhibition of NGLY1 by the polycaspase inhibitor Z-VAD-
fmk induces cellular autophagy. FEBS J. 2022. https://doi.org/10.
1111/febs.16345.

Schmidt EK, Clavarino G, Ceppi M, Pierre P. SUnSET, a
nonradioactive method to monitor protein synthesis. Nat
Methods. 2009;6(4):275-7.

Panza F, Lozupone M, Logroscino G, Imbimbo BP. A critical
appraisal of amyloid-p-targeting therapies for Alzheimer disease.
Nat Rev Neurol. 2019;15(2):73-88.

Wu M, Zhang M, Yin X, Chen K, Hu Z, Zhou Q, et al. The role of
pathological tau in synaptic dysfunction in Alzheimer's diseases.
Transl Neurodegener. 2021;10(1):45.

Kuang H, Tan CY, Tian HZ, Liu LH, Yang MW, Hong FF, et al.
Exploring the bi-directional relationship between autophagy and
Alzheimer's disease. CNS Neurosci Ther. 2020;26(2):155-66.

Li HL, Wang HH, Liu SJ, Deng YQ, Zhang YJ, Tian Q, et al.
Phosphorylation of tau antagonizes apoptosis by stabilizing beta-
catenin, a mechanism involved in Alzheimer's neurodegeneration.
Proc Natl Acad Sci U S A. 2007;104(9):3591-6.

Liu E, Zhou Q, Xie AJ, Li X, Li M, Ye J, et al. Tau acetylates and
stabilizes beta-catenin thereby promoting cell survival. EMBO
Rep. 2020;21(3):e48328.

Chang YY, Neufeld TP, Schmid SL. An Atg1/Atg13 complex with
multiple roles in TOR-mediated autophagy regulation. Mol Biol
Cell. 2009;20(7):2004-14.

Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, Miura Y, et
al. Nutrient-dependent mTORC1 association with the ULK1-
Atg13-FIP200 complex required for autophagy. Mol Biol Cell.
2009;20(7):1981-91.

Chan EY, Kir S, Tooze SA. siRNA screening of the kinome identifies

189



Li et al. Mil Med Res 2022
http://mmrjournal.biomedcentral.com

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

ULK1 as a multidomain modulator of autophagy. J Biol Chem.
2007;282(35):25464-74.

Itakura E, Mizushima N. Characterization of autophagosome
formation site by a hierarchical analysis of mammalian Atg
proteins. Autophagy. 2014;6(6):764-76.

Adiseshaiah PP, Clogston JD, Mcleland CB, Rodriguez J, Potter
TM, Neun BW, et al. Synergistic combination therapy with
nanoliposomal C6-ceramide and vinblastine is associated with
autophagy dysfunction in hepatocarcinoma and colorectal
cancer models. Cancer Lett. 2013;337(2):254-65.

Boland B, Kumar A, Lee S, Platt FM, Wegiel J, Yu WH, et al.
Autophagy induction and autophagosome clearance in neurons:
relationship to autophagic pathology in Alzheimer's disease. J
Neurosci. 2008;28(27):6926-37.

An WL, Cowburn RF, Li L, Braak H, Alafuzoff |, Igbal K, et al. Up-
regulation of phosphorylated/activated p70 S6 kinase and its
relationship to neurofibrillary pathology in Alzheimer's disease.
Am J Pathol. 2003;163(2):591-607.

Griffin RJ, Moloney A, Kelliher M, Johnston JA, Ravid R, Dockery
P, et al. Activation of Akt/PKB, increased phosphorylation of Akt
substrates and loss and altered distribution of Akt and PTEN
are features of Alzheimer's disease pathology. J Neurochem.
2005;93(1):105-17.

Li X, An WL, Alafuzoff |, Soininen H, Winblad B, Pei JJ.
Phosphorylated eukaryotic translation factor 4E is elevated in
Alzheimer brain. NeuroReport. 2004;15(14):2237-40.

Kapahi P, Zid BM, Harper T, Koslover D, Sapin V, Benzer S.
Regulation of lifespan in Drosophila by modulation of genes in
the TOR signaling pathway. Curr Biol. 2004;14(10):885-90.

Powers RW 3rd, Kaeberlein M, Caldwell SD, Kennedy BK, Fields S.
Genes Dev. 2006;20(2):174-84.

Maziuk BF, Apicco DJ, Cruz AL, Jiang L, Ash PEA, Da Rocha EL, et
al. RNA binding proteins co-localize with small tau inclusions in
tauopathy. Acta Neuropathol Commun. 2018;6(1):71.

Sinsky J, Majerova P, Kovac A, Kotlyar M, Jurisica I, Hanes J.
Physiological tau interactome in brain and its link to tauopathies.
J Proteome Res. 2020;19(6):2429-42.

Wang P, Joberty G, Buist A, Vanoosthuyse A, Stancu IC,

190

49.

50.

51.

52.

53.

54,

55.

56.

Vasconcelos B, et al. Tau interactome mapping based
identification of Otub1 as Tau deubiquitinase involved in
accumulation of pathological Tau forms in vitro and in vivo. Acta
Neuropathol. 2017;133(5):731-49.

Jewell JL, Kim YC, Russell RC, Yu FX, Park HW, Plouffe SW, et al.
Metabolism. Differential regulation of mTORC1 by leucine and
glutamine. Science. 2015;347(6218):194-8.

Zoncu R, Bar-Peled L, Efeyan A, Wang S, Sancak Y, Sabatini DM.
mTORC1 senses lysosomal amino acids through an inside-
out mechanism that requires the vacuolar H+-ATPase. Science.
2011,;334(6056):678-83.

Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini
DM. Ragulator-rag complex targets mTORC1 to the lysosomal
surface and is necessary for its activation by amino acids. Cell.
2010;141(2):290-303.

Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, Bar-
Peled L, et al. The rag gtpases bind raptor and mediate amino
acid signaling to mTORCT1. Science. 2008;320(5882):1496-501.
Evans HT, Benetatos J, Van Roijen M, Bodea LG, Gotz J. Decreased
synthesis of ribosomal proteins in tauopathy revealed by non-
canonical amino acid labelling. EMBO J. 2019;38(13):e101174.
Vanderweyde T, Apicco DJ, Youmans-Kidder K, Ash PEA, Cook
C, Lummertz Da Rocha E, et al. Interaction of tau with the RNA-
binding protein TIA1 regulates tau pathophysiology and toxicity.
Cell Rep. 2016;15(7):1455-66.

Gilks N, Kedersha N, Ayodele M, Shen L, Stoecklin G, Dember
LM, et al. Stress granule assembly is mediated by prion-like
aggregation of TIA-1. Mol Biol Cell. 2004;15(12):5383-98.

Rayman JB, Kandel ER. TIA-1 is a functional prion-like protein.
Cold Spring Harb Perspect Biol. 2017;9(5):a030718.

https://doi.org/10.1186/s40779-022-00396-x

Cite this article as: Li MZ, Liu EJ, Zhou QZ, Li SH, Liu SJ, Yu HT,
et al. Intracellular accumulation of tau inhibits autophagosome
formation by activating TIAl-amino acid-mTORC1 signaling.
Mil Med Res. 2022;9(1):38.






