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Intracellular accumulation of tau inhibits cpet o

autophagosome formation by activating
TIAT-amino acid-mTORC1 signaling
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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 ana-
lysed 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
immunofluorescence 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 immunofluorescence staining and transmission electron microscopy. The
amino acids (AA) levels were detected by high performance liquid chromatography (HPLQ).

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-TIAT) and this association significantly increased the intercellular level of amino acids
(Leucine, P=10.0038; Glutamic acid, P=10.0348; Alanine, P=10.0037; Glycine, P=0.0104), with concordant upregula-
tion of mMTORC1 activity [phosphorylated eukaryotic translation initiation factor 4E-binding protein 1 (p-4EBP1),
P<0.0001; phosphorylated 70 kDa 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 [microtubule-
associated protein light chain 3 Il (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
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autophagy impairment.

ment and that of related tauopathies.

intracellular antigen 1 (TIA1)

tau interaction by overexpressing PRD-TIA1, downregulating the endogenous TIAT expression by shRNA, or downreg-
ulating tau protein level by a small proteolysis targeting chimera (PROTAC) could remarkably attenuate tau-induced

Conclusions: Our findings reveal that AD-like tau accumulation inhibits autophagosome formation and induces
autophagy deficits by activating the TIA1/amino acid/mTORC1 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-
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Background

Alzheimer’s disease (AD) is the most common cause of
senile dementia and is characterized pathologically by
the massive formation of intercellular neurofibrillary tan-
gles (NFTs) and extracellular plaques, which comprise
hyperphosphorylated tau (p-tau) and B-amyloid (Ap),
respectively [1]. Tau is a microtubule-associated protein
with the main function of promoting microtubule assem-
bly 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 pro-
tein is approximately 4—8 times that of normal people [5,
6], and the accumulation of hyperphosphorylated tau is
positively correlated with the cognitive decline demon-
strated by clinicopathologic investigations [7, 8]. Both
in vitro and in vivo experimental studies also show that
tau accumulation in different brain regions impairs syn-
aptic/circuit functions and causes learning and memory
deficits [9-12].

Tau accumulation could be induced by increased pro-
tein synthesis or impaired proteolysis, and studies sug-
gest 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 compo-
nents and mainly occurs during nutritional crisis or
starvation [13]. In the brains of accelerated aging mice,
an accumulation of ubiquitinated proteins and a reduc-
tion in autophagy activity were detected at 12 months of
age [14]. The autophagy-related genes (Ag5, Atg?) in the
brains of the elderly individuals were significantly down-
regulated [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
(ATGS5) caused neurodegeneration in mice [17]. In addi-
tion, 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 defi-
cits could contribute to tau accumulation in AD. How-
ever, 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 phosphopro-
tein 32 family member A-Inhibitor of histone acetyl
transferase-Increased sodium tolerance 1-Endosomal
sorting complex required for transport III (ANP32A-
INHAT-IST1-ESCRT-III) pathway, and this study pre-
liminarily revealed a vicious cycle of tau accumulation
and autophagy deficit in chronic AD neurodegeneration
[19]. During the above study, we also observed a signifi-
cantly 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 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 mam-
malian target of rapamycin kinase complex 2 (mTORC2).
mTORCI1 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 regu-
lating intracellular RNA transcription, protein synthesis,
and autophagy. mTORCI1 inhibits the formation of the
Unc-51-like autophagy-activating kinase 1-Autophagy
protein 13-FAK family kinase-interacting protein of
200 kDa (ULK1-ATG13-FIP200) autophagy-related com-
plexes by phosphorylating ULK1/2 and ATG13, thereby
inhibiting the initiation of autophagy process [21]. Acti-
vation of mMTORCI1 has been observed in AD [22, 23], and
downregulating mTORC1 ameliorated AD-like patholo-
gies and cognitive deficits [24]. Meanwhile, studies also
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show that rapamycin can prolong the lifespan of mice
[25, 26].

Currently, the effect of tau accumulation on the initi-
ating steps of autophagy has not been reported. There-
fore, we investigated whether and how tau accumulation
affects autophagosome formation, the initiating part of
autophagy, by using inhibitors of autophagosome-lyso-
some fusion and measurements of the mTORCI1 pathway.

Methods

In the present study, we used Western blotting, immu-
nofluorescence, co-immunoprecipitation, high per-
formance 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
mTORC1 pathway (n=9 for each group). To explore
whether down-regulating tau protein in vivo could atten-
uate 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,
3 x Tg AD group, WT plus C4 group and 3 x Tg AD plus
C4 group (n=9 for each group). All animal experiments
were approved by the Ethics Committee of Tongji Medi-
cal College (IACUC Number: 2735).

Animals and drug administration

Human tau transgenic mice, the endogenous mouse tau
knockout (tau™'~) transgenic mice and 3 x Tg-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, Shen-
zhen Centers for Disease Control and Prevention, Nan-
shan District, Shenzhen, China).

For the tau overexpressing model, mice were divided
into two groups: the tau-group (n=9, three independ-
ent experiments) and the hTau group (n=9, three
independent experiments). For subcutaneous injec-
tion of 3 x Tg-AD mice, C004019 (C4), a novel small-
molecule 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 6 d for
a total of 5 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), 3 x Tg AD group (n=09, three independent
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experiments), WT plus C4 group (n=09, three independ-
ent experiments) and 3 x Tg AD plus C4 group (n=9,
three independent experiments).

All mice were kept at (2442) °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 intra-
peritoneally 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 embry-
onic 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, Mis-
souri, USA) in neurobasal medium (ThermoFisher Scien-
tific, Waltham, Massachusetts, USA) supplemented with
2% B27 (a defined yet complex mixture of antioxidant
enzymes, proteins, vitamins, and fatty acids that are com-
bined in optimized ratios to support neuronal survival in
culture) /0.5 mmol/L glutamine/25 mmol/L glutamate.
Half the culture medium was changed every 3 d with
neurobasal medium supplemented with 2% B27 (Ther-
moFisher 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-eGFP-hTau, Lenti-eGFP-C1, Lenti-
eGFP-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 3 d 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 NeulN, GFAP, and Ibal anti-
bodies, the Marker of neuron, astrocyte, and microglia
respectively, and the percent of neuron was at least 95%.
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Western blotting

The treated cells, primary cultured neurons and hip-
pocampus tissues were lysed with RIPA lysis buffer and
then used for Western blotting. Proteins were sepa-
rated by 8%, 10% or 12% SDS—polyacrylamide gel, elec-
trophoresis 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-Phos-
pho-70 kDa ribosomal protein S6 kinase 1 (p70S6K1),
anti-Phospho-eukaryotic translation initiation factor
4E-binding protein 1 (4EBP1), anti-ULKI, anti-Phos-
pho-ULK1 and anti-Phospho-AMP-activated protein
kinase (AMPK) (Cell Signaling Technology, Danvers,
Massachusetts, USA); anti-p70S6K1, anti-4EBP1, anti-
ATQ@G13, anti-GFP (Proteintech, Wuhan, Hubei, China);
anti-Flag and anti-AMPK (Sigma-Aldrich, St. Louis,
Missouri, USA); anti-LC3B, anti-p-actin and anti-Tau5
(Abcam, Cambridge UK); anti-T cell intracellular anti-
gen 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 1 h and visualized using the
Odyssey Infrared Imaging System (version 3.0, Licor
Biosciences, Lincoln, NE, USA) and the ECL Imaging
System (version 2017.11.14.0, Clinx Science Instru-
ments 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 1 h 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-
Wirttemberg, Germany).
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Quantification of the levels of DsRED-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 Con-
focal Microscope Zeiss Carl LSM780 (version 8.0, Zeiss
Carl LSM 780, Oberkochen, Baden-Wiirttemberg, Ger-
many) oil immersion 63 x objective. A minimum of three
areas per coverslip were imaged. We counted the number
of DsRED-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 (Beyo-
time, 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, centri-
fuged at 12,000 x g for 5 min 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, Wuhan, Hubeli,
China), anti-Flag (Sigma-Aldrich, St. Louis, Missouri,
USA)] at 4 °C overnight. Protein G agarose (Merck Milli-
pore, Boston, Massachusetts, USA) was washed with PBS
buffer and centrifuged at 6000x g for 30 s at 4 °C, and the
supernatant was removed. Washed protein G was added
to the extracts (1 pg/pL protein) and rotated at 4 °C for
6 h. After centrifugation at 12,000xg for 5 min 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) 5 times, and centrifuged
for 1 min at 12,000 x g after each wash. The agarose beads
were collected and resuspended in 2 x SDS-PAGE load-
ing buffer, boiled for 5 min and centrifuged. The superna-
tant 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 plas-
mids. After 42 h, 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 con-
figured according to the volume ratio of methanol: ace-
tonitrile: ddH20O (5:3:2). Then, 2 ml of extraction reagent
was added to each plate, and quickly frozen at — 80 °C,
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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 puromy-
cin and Puromycin antibodies [29]. N2a cells were trans-
fected 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 cul-
ture 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 pre-
sented as the mean+SEM. GraphPad Prism (version
8.0, GraphPad Software, San Diego, California, USA)
was used for statistical analyses. The Student’s ¢-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.
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Results

Tau accumulation disrupts autophagosome formation
leading to autophagy deficit

To investigate the role of tau in autophagosome for-
mation, we first examined the expression level of LC3
in HEK293T cells (Fig. 1a), which had overexpression
of hTau. To eliminate the influence of later events of
autophagy by tau, we used 50 pumol/L vinblastine to
block the fusion of autophagosome-lysosome. Over-
expression of tau was first confirmed by Western blot-
ting using Tau5, an antibody against total tau proteins.
Simultaneously, the protein level of LC3 II was signifi-
cantly 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 transmis-
sion 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 sug-
gest that overexpressing tau disrupts autophagosome
formation.

a b LC3  Hoechst
Vec Tau 15 o g8
85 5 - 3 ¢
LC3 1 e s e e — 16 KD 2 <} <
— = E= g O
Taus | g ww w110 kD 2 > 2 .
- . | T - 0.5 £ 8
_ : s > [2] [}
B-actin I 43 kb &% 8 o s 2
P — 0 E =
Vinblastine 50 (umol/L) Vec Tau > =z Vec Tau
Cc
Vec >
: Input 19G IP-ATG13 £215
5 wed SE 10
= ULK1 [on g s« —150kD =< 1
(] — - oY
z = i = 2%05
ATG13 | s "= wm-72 kD ®>5
- O D O D O D g6 0
Vinblastine 50 (umol/L) NS IR G Vec Tau
Fig. 1 Overexpressing tau inhibits autophagy and disrupts autophagosome formation. a Overexpressing tau decreased LC3 Il protein levels in
HEK293T cells, as detected by Western blotting. The LC3 Il level was normalized against LC3 | (n=9). b Overexpressing tau decreased numbers
of LC3 puncta in HEK293T cells, as measured by immunofluorescence staining (at least 30 cells were analyzed for each group, scale bar =20 um).
The yellow arrow points to LC3 puncta. ¢ Overexpressing tau decreased the autophagosome formation in primary hippocampal neurons, as
measured by transmission electron microscopy, scale bar=1 um. The yellow arrow points to the autophagosome. d Overexpressing tau decreased
autophagosome formation of HEK293T cells, as measured by coimmunoprecipitation of ULKT and ATG13 (n=6). ATG13 autophagy protein 13, GFP
green fluorescent protein, IP immunoprecipitation, LC3 microtubule-associated protein light chain 3, ULK1 unc-51-like autophagy-activating kinase
1, Vec vector. All data are expressed as the mean 4 SEM. "P<0.05, "P<0.01, ""P<0.001
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Overexpressing of tau upregulates mTORC1 activity
mTORC1 is involved in the most important upstream
inhibitory pathway of autophagy. To explore how tau
accumulation may affect the formation of autophago-
somes, we transiently expressed tau in HEK293T and
N2a cells, and then measured the total and the phospho-
rylated levels of 4EBP1, p70S6K1, and ULK1 by West-
ern 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 sig-
nificantly increased the level of phosphorylated 4EBP1
(P=0.0098) compared to the vector group (Fig. 2c).
Compared with endogenous tau knockout mice, sig-
nificantly 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 mTORC1
signaling.

To further verify the role of mTORCI1 in tau-induced
deficits in autophagosome formation, we treated
HEK293T cells with different concentrations of rapamy-
cin, an inhibitor of mMTORC1, and then measured the lev-
els of phosphorylated 4EBP1 and ULK1. We found that
simultaneous application of rapamycin at 2.5 umol/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/vehi-
cle 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, 2<0.0001) levels (Fig. 2f). Meanwhile, with
immunofluorescence staining, we found that simulta-
neous 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 accumu-
lation inhibits autophagosome formation by activating
the mTORC1 pathway.

Overexpressing tau activates the amino acid pathway
which is upstream of the mTORC1

To further explore the mechanisms underlying tau-
induced mTORC1 activation, we measured the levels
of the three upstream regulatory factors. We found that
overexpressing tau inhibited AKT activity (P=0.0002)
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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 mTORC]1 activation. To explore the effect
of the AA pathway, we measured the intracellular con-
centration 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), ala-
nine (P=0.0037), and glycine (P=0.0104, Fig. 3b). By
immunofluorescence staining, we observed increased
cytoplasmic colocalization of LAMP1 and mTOR
(Fig. 3¢c), which is a prerequisite for mTORC1 activation
by amino acids. These data suggest that overexpressing
tau may activate mTORC1 by upregulating the amino
acid pathway.

Inhibiting the amino acid pathway efficiently attenuates
tau-induced mTORC1 activation

To further verify the role of the amino acid pathway in
tau induced mTORCI1 activation, we measured the lev-
els of the phosphorylated 4EBP1, p70S6K1 and ULK1 in
HEK293T cells, which were treated with different con-
centrations of concanamycin A (ConA), an inhibitor of
the amino acid pathway. The results showed that ConA
at 4 umol/L significantly decreased the levels of phos-
phorylated 4EBP1, p70S6K1 and ULK1, while 1 umol/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 treat-
ment remarkably attenuated tau-induced mTOR peri-
lysosomal 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/vehi-
cle 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/vehi-
cle group vs. Tau/conA group, P<0.0001) by Western
blotting (Fig. 4c), respectively. Furthermore, 1 pmol/L
ConA significantly attenuated tau-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 mTORC1 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 spe-
cific region(s) of this interaction. First, we constructed
eGFP-TIA1 Full (1-387, full length TIA1), eGFP-TIA1-N
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(1-289, N-terminal TIA1) and eGFP-TIA1-PRD (290-
387, PRD-terminal TIA1) plasmids (Fig. 5a). The results
of coimmunoprecipitation showed that TIA1-PRD could
interact with tau (Fig. 5b). To identify the binding domain
of tau with TIA1, we constructed plasmids of full-length
tau and its fragments, including 3 x Flag-tau (1-441),
3 x Flag-tau-N (1-242), 3 x Flag-tau-4R (243-372) and
3 x Flag-tau-C (373-441, Fig. 5c). The results of coimmu-
noprecipitation 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 activa-
tion of mMTORC]1, we constructed a TIA1 shRNA plasmid
and found that knockdown of TIA1 remarkably inhibited
tau-induced mTORC]1 activation, which was represented
by the attenuated phosphorylation of 4EBP1 (Vec/NC
group vs. Tau/NC group, P=0.0009; Vec/shTIA1 group
vs. Tau/shTIA1 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. 5e). TIA1 is primarily located in
the nuclear compartment under physiological conditions,
while tau is mainly expressed in the cytoplasm. There-
fore, we studied whether overexpressing tau affected the
cellular localization of TIA1l. The results showed that
overexpressing tau increased TIA1 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 TIA1 in the hippocampal neu-
rons, and found a higher cytoplasmic level of TIA1 in the
tau-overexpressing neurons than that of the vector group
(Fig. 5g). With the cytoplasmic detainment of TIA1, the
level of newly synthesized protein significantly decreased
(P=0.0181, Fig. 5h). These results indicate that overex-
pressing tau may activate mTORCI1 by detaining TIA1 in
the cytoplasm, which also 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 forma-
tion, we co-expressed TIA1-PRD and tau in N2a cells
to block binding of tau with TIA1l. We observed that
overexpressing tau increased the interaction between
tau and TIAIl, and co-expressing TIA1-PRD remark-
ably decreased the tau-TIAl interaction measured by
coimmunoprecipitation (Fig. 6a). Co-expressing TIA1-
PRD also abolished tau-induced hyperphosphorylation
of 4EBP1 (Vec/NC group vs. Tau/NC group, P =0.0043;
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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 attenu-
ated the tau-induced perilysosomal aggregation of
mTOR measured by co-immunofluorescence staining
with anti-LAMP1 and anti-mTOR antibodies (Fig. 6c),
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 immunofluores-
cence staining (Fig. 6e). In addition, hyperphosphoryla-
tion of p70S6K1 (P=0.0015) and ULK1 (P=0.0004)
was detected in the hippocampus of 9.5 month-old
3 x Tg-AD mice (Fig. 6f). Subcutaneous administration
of C004019 designed to simultaneously recruit tau and
E3-ligase (Vhl) and thus selectively enhance ubiquitina-
tion and proteolysis of tau proteins, remarkably attenu-
ated the hyperphosphorylation of p70S6K1 (P=0.7108)
and ULK1 (P=0.2979) in the AD model mice (Fig. 6f).
These data 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 [-amyloid
clearance in AD have shown limited efficiency in halt-
ing 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 AD neurode-
generation 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 com-
plex formation [19], which is the final step of autophagy.
In the present study, we found that hTau accumulation
could also inhibit mTORC1-associated autophagosome
formation, which occurs early in the autophagy process.
We also found that both inhibiting mTORC1 and down-
regulating tau protein expression could attenuate hTau-
induced autophagy deficits. These findings provide new
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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 cogni-
tive 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 func-
tions of tau proteins [33, 34], we speculate that the accu-
mulated tau may in turn affect the autophagy process and
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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 for-
mation [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 autophagosome-
lysosome fusion deficit. In the present study, we further
investigated how tau accumulation may affect protein
synthesis. We found that intracellular tau accumulation
could disrupt autophagosome formation by activating the
TIA1-AA-mTORC1 pathway, in which decreased pro-
tein synthesis contributes to increased AA and mTORC1
activation.

The mTORCI pathway is the most important inhibi-
tory upstream pathway of autophagy. When the levels of
amino acids or cellular energy are sufficient, mTORC1
is activated and thus induces phosphorylation of ULK1
and ATG13, the downstream autophagy initiation-
related substrates of mTORC1, to impede their interac-
tion and thus inhibit autophagosome formation [21, 35,
36]. We found that overexpressing tau decreased the pro-
tein expression level of LC3 II with a reduced number
of LC3 puncta, and increased mTORC1 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 media-
tor of this process, we administered vinblastine, a spe-
cific inhibitor of autophagosome-lysosome fusion [39,
40]. We also found that the application of the mTORC1
inhibitor rapamycin could remarkably attenuate tau-
induced 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 mTORC1 is abnormally
activated in the brains of AD patients during chronic dis-
ease progression [41-43], and inhibiting mTORC1 activ-
ity 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
mTORC1 activity. From the published literature, no
evidence suggests that tau can directly interact with
mTORC1 components, including mTOR, Deptor, Raptor,
the 40 kDa 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 mTORC1 activity. It is well known that the
activity of mTORCI is mainly regulated by three path-
ways, i.e., the AA pathway, AMPK pathway and phos-
phatidylinositol-3-kinase/AKT (PI3K/AKT) pathway. We
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found that overexpressing tau protein did not affect the
phosphorylation level of AMPK, and the phosphoryla-
tion level of AKT at Ser473 was even decreased, which
excluded the role of the AMPK and PI3K/AKT pathways
as mediators of mTORC1 activation. Previous studies
showed that stimulating starved cells with leucine or glu-
tamine could activate mTORC1 and inhibit autophagy
[49, 50]. The increased levels of amino acids could acti-
vate Rag guanosine triphosphatases (GTPases), which
promote translocation of mTORCI1 to the lysosomal sur-
face, the site of mMTORCI1 activation [51, 52]. A recent
study demonstrated a decreased protein synthesis in neu-
rons 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 overex-
pressing tau increased the accumulation of mTOR in the
peripheral region of the lysosome. Previous studies have
shown that vacuolar HT-ATPase (v-ATPase) is required
for amino acids to activate mTORCI, as it is engaged in
extensive amino acid-sensitive interactions with Ragula-
tor, 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 activa-
tion 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 regula-
tory 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 intercel-
lular amino acid levels, we studied the role of the tau and
TIA1 interaction. We constructed plasmids of tau frag-
ments 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 TIA1
in the cytoplasm where it forms SGs. In support of our
results, studies have also shown that the 290-387 frag-
ment of TIA1 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 mTORC1 activation. The
determination of the binding region provides the pos-
sibility to design drugs for the competitive inhibition of
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the tau-TIA1 interaction and thus to arrest tau-induced
autophagy deficits.

Together, we found in the present study that the AD-
like tau accumulation could inhibit autophagosome for-
mation which is a critical step in the initiating states of
the macroautophagy process. The molecular mecha-
nisms involve a direct binding of N-terminal tau to the
TIA1-PRD, formation of SGs, inhibition of protein syn-
thesis, increases of intracellular AA, mTORCI1 activation,
autophagosome reduction and finally autophagy deficit.
The autophagy deficit in turn aggravates tau accumula-
tion during the course of chronic neurodegeneration,
which is consistent with AD and related tauopathies
(Fig. 7).

The role and molecular mechanism of SGs/RGs dys-
regulation in neurodegenerative diseases such as AD is a
new and important research hotspot. However, it should

Tau accumulation Cytoplasm

—

TIA1 ~
3y

Nucleus

mRNA"‘\J
E T8

Pathological stress granule

— mRNA

Autophagy impairment

Protein synthesis § Amino acid 1
o0

‘0’ Autophagosome formation }

mTORC1 activity | T —]|{ Autophagosome
e

¢ Amino acid
B Tau
TIA1
~~ mRNA
Stress granule proteins

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 TIA1-PRD to detain TIAT in
the cytoplasm, by which TIAT 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 the mammalian target of rapamycin
kinase complex 1, SGs stress granules, TIA1 T cell intracellular antigen
1, PRD the prion-related domain
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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 cer-
tain mRNAs depending on the types of other RNA-bind-
ing proteins in the Tau-TIA1 related SGs, which deserves
further study.

Conclusions

In general, the present study uncovered a new mecha-
nism whereby tau accumulation inhibits autophagosome
formation by activating TIAl-amino acid-mTORC1
signaling in AD. This work provides new insight into the
mechanism of autophagy dysfunction in AD and pro-
vides a novel target for AD treatments.
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