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Abstract
Neuronal tau overload and lysosomal dysfunction are two pathological features in Alzheimer’s disease.
Here, by ultra-high-resolution-fluorescence imaging and ultrastructural imaging, the lysosomes were
observed larger in size, less numerous, perinuclear distributed and inhomogeneous in electron density in
tau overloaded neurons of mice and tau overexpressed HEK293 (HEK293tau) cells. In these lysosomes
there existed lots of accumulations and less active hydrolases, which was further confirmed by an
elevated lysosomal pH and decreased levels of fluorescence-labeled hydrolysate inside lysosomes in
living HEK293tau cells. The assembly of vacuolar-type proton-pumping ATPases (V-ATPases) on
lysosomal membrane is crucial for maintaining the acidity of lysosome. Although the proteome and
Western blotting data showed increased V-ATPase subunits in HEK293tau cells, we detected the
abnormal binding of ATP6V1B2, an important V-ATPase subunit, to tau. It was suggested tau overload
might destabilize lysosomal pH by binding with ATP6V1B2 and blocking V-ATPases assembly on the
lysosomal membrane.

Introduction
Alzheimer's disease (AD), as the most common cause of neurodegenerative dementia, is one of the top
medical care concerns across the world. AD has two defining hallmarks, namely deposition of amyloid-β
(Aβ) outside neurons and overloaded abnormal tau protein aggregation into paired helical filaments and
neurofibrillary tangles (NFTs) inside neurons [1, 2]. Familiar AD patients carry mutations in presenilin and
amyloid precursor protein resulting in increased production of Aβ, particularly Aβ40 and Aβ42. The severity
of sporadic AD is characterized by the progressing deposition of NFTs along a unidirectional pathway of
olfactory cortex-temporal lobe-hippocampus [3]. Tau overload in brain was evident many years before
clinical symptoms appeared [4] and the extent of cerebral tau lesions was related to the severity of
dementia in AD patients clinically [5]. As it results in neuronal dysfunction, synaptic loss, and
neurodegeneration, all of which manifest as clinical cognitive impairment, tau overload has been
identified as a key pathological factor in AD progression [6, 7]. However, the roles of tau overload are not
fully understood.

Lysosome is a single-membrane organelle filled with acidic hydrolases [8, 9]. As the degradation hub of
the cell, it responds quickly to various signals inside and outside cell, aiming to reduce damage to cell or
avoid cell death. During this process, lysosome exhibits a series of characteristic reactions, known as
lysosomal stress response (LSR), including increased lysosomal pH, increased lysosome size, membrane
permeabilization, cationic efflux, repositioning intracellularly, misfolded protein aggregation, cholesterol
accumulation, redox catastrophe, and bioenergetic crisis [10]. In brains of AD patients, enlarged
deacidified lysosomes have been observed in neurons [11, 12]. And the increased levels of lysosomal
proteases were found, which correlated with NFTs scores and tau load, and occurred in neurons
containing NFTs [13–16]. Additionally, emerging genetic studies repeatedly implicate lysosomal genes as
associated with increased AD risk [17]. Hence, it is important to study lysosome to further understand the
tau pathogenesis of AD.
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By in vivo and in vitro studies, we found the lysosomes in tau overloaded cells were larger in size, less
numerous, inhomogeneous in electron density, and contained undegraded accumulations. Lysosome
signal (hsa04142) was enriched by the differentially expressed proteins (DEPs) from human wild-type
2N4R (full-length) tau overexpressed HEK293 cells (HEK293tau), and 38 lysosomal DEPs included
lysosomal membrane proteins, proton pump associated proteins, lysosomal enzymes, and so on. The
disruption of microtubule system and deficiency of lysosomal transporters (kinesin and dynein) in
HEK293tau cells were also suggested in the proteome data. Furtherly, we showed that the lysosomes in
tau overloaded cells having higher pH value and less active in proteolysis in vitro. The assembly of
vacuolar-type proton-pumping ATPases (V-ATPases) on lysosomal membrane is crucial for maintaining
the acidic lysosomal cavity [18]. Although the proteome and Western blot data showed increased V-
ATPase subunits in HEK293tau cells, we detected the abnormal binding of ATP6V1B2, an important
subunit of cytoplasmic V1 subcomplex of V-ATPase, to tau. The overload of tau also increased the
nuclear level of transcription factor EB (TFEB), an important regulatory factor for lysosomal biogenesis,
but the increase in TFEB did not alter lysosomal acidity. Overall, we observed tau overload leaded to
insufficient lysosomal hydrolysis activity and insufficient lysosomal acidification probably by blocking
the V-ATPase complex formation on the lysosomal membrane.

Materials and Methods

Antibodies, fluorochrome and plasmids
Primary antibodies used are listed in Table 1. LysoTracker™ Red DND-99 (Cat: L7528), LysoSensor™
Yellow/Blue DND-160 (PDMPO) (Cat: L7545) and DQ™ Red BSA (Cat: D12051) were from Invitrogen
(Carlsbad, CA, USA). Plasmids of human wild-type 2N4R (full-length) tau and the vectors were from our
lab.
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Table 1
Antibodies employed in this study and their properties

Antibody Epitopes mAb/pAb Catalog
numbers

RRIDs Dilution Source

ATP6V0A1 Total ATP6V0A1 mAb NBP1-
89342

AB_11015740 1:1500
(WB)

Novus
Biologicals

ATP6V0D2 Total ATP6V0D2 mAb ab56556 AB_940404 1:1000
(WB)

Abcam

ATP6V1E1 Total ATP6V1E1 mAb 15280-1-
AP

AB_2062545 1:1000
(WB)

Proteintech

ATP6V1G1 Total ATP6V1G1 mAb 16142-1-
AP

AB_2062686 1:1000
(WB)

Proteintech

ATP6V1B2

LAMP2

Total ATP6V1G1

Total LAMP2

mAb

mAb

15097-1-
AP

sc-
18822

AB_2243297

AB_626858

1:2000
(WB)

1:300
(WB);
1:50
(IF)

Proteintech

Santa Cruz

LAMP2 Total LAMP2 mAb ab13524 AB_2134736 1:300
(IF)

Abcam

Galectin-3 Total Galectin-3 mAb 60207-1-
AP

AB_10951109 1:1000
(WB);
1:300
(IF)

Proteintech

Cathepsin
B

Pro-cathepsin B
and active
cathepsin B

mAb 31718 AB_2687580 1:750
(WB)

Cell
Signaling

Technology

Cathepsin
D

Pro-cathepsin D
and active
cathepsin D

mAb 2284 AB_10694258 1:750
(WB)

Cell
Signaling

Technology

Tau5 Total tau mAb ab80579 AB_1603723 1:2000
(WB)

Abcam

AT100 Phosphorylated
tau at
Thr212/Ser214

mAb MN1060 AB_223652 1:1000
(WB)

Thermo

TFEB Total TFEB mAb 13372-1-
AP

AB_2199611 1:1000
(WB);
1:300
(IF)

Proteintech

Abbreviations: mAb-: monoclonal antibody, WB: Western blotting. IF: immunofluorescence
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Antibody Epitopes mAb/pAb Catalog
numbers

RRIDs Dilution Source

ACTIN Total β-actin mAb 20536-1-
AP

AB_10700003 1:8000
(WB)

Proteintech

GAPDH Total GAPDH mAb G8795 AB_1078991 1:10000
(WB)

Sigma-
Aldrich

Lamin B1 Total Lamin B1 mAb ab90576 AB_2049869 1:2000
(WB)

Abcam

Abbreviations: mAb-: monoclonal antibody, WB: Western blotting. IF: immunofluorescence

Cell culture and transfection
Mouse neuroblastoma N2a cells, human embryonic kidney 293 (HEK293) cells, human wild-type 2N4R
(full-length) tau overexpressed HEK293 cells (HEK293tau) and the control (HEK293vec) cells are the
existed cell lines in our laboratory in our lab. All cells were cultured in Dulbecco’s modified Eagle’s medium
(Cat: 11965092, Gibco) containing 200 µg/mL G418 (Cat: A1720, Sigma-Aldrich) and 10% fetal bovine
serum (Cat: 10099, Gibco) and kept in a humidified 5% CO2-containing atmosphere at 37ºC. The
maximum number of passages for cells were 20. The plasmids were transfected by Lipofectamine 3000
(Cat: L3000015, Invitrogen) following the instructions.

Animals
C57BL/6 mice were from SPF Biotechnology Co., Ltd (Beijing, China), and the P301S-tau transgenic mice
[B6; C3-Tg (Prnp-MAPT*P301S) PS19Vle/J] were from the Jackson Laboratory (Bar Harbor, ME, USA). All
mice were specific pathogen-free (SPF) raised with 4–5 mice per cage, free food and water, and a 12-h
light/dark cycle with lights on. They were housed in an ambient temperature of 20–26°C and humidity of
40–70%. Mice aged 9 months were picked for the experiments. All animal manipulation in this study were
approved by the Animal Care and Use Committee of Huazhong University of Science and Technology
([2019] IACUC Number: S2131).

Brain slices preparation
The mice were deeply anesthetized with isoflurane and perfused with 4% cold paraformaldehyde (PFA)
through the left ventricle after an initial flush with 0.01M cold phosphate-buffered saline (PBS). The
brains were taken out carefully and post-fixed in 4% PFA overnight at 4℃, followed by successive
dehydration in 10%, 20% and 30% sucrose in 0.01M PBS. After being embedded in optimal cutting
temperature (OCT) (Cat: 4583, Sakura Finetek), the brains were cut into 30-µm-thick sections coronally by
cryostat microtome (Leica CM 1950, Germany). The slices were kept in phosphor-glycerol at 4°C for
storage.

Lysosomal fluorescence imaging in living cells and
hydrolysis detection
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Cells were cultured on the 35 mm confocal dishes (Cat: 801001, NEST) coated with Poly-D-
Lysine/Laminin (Cat: P7280, Sigma-Aldrich) and incubated with 75 nM LysoTracker for live lysosome
labeling. The excitation and emission spectra of LysoTracker are 577nm and 590 nm. Cells were
observed by a confocal microscope (LZM 780, Zeiss, Germany) with an oil immersion objective (63×, 1.4-
NA).

Lysosomal hydrolysis was assayed by DQ-BSA Red, a protein labeled with a fluorescent BODIPY dye.
Once DQ-BSA enters lysosomes and cleaves by lysosomal proteases, there are unquenching and bright
fluorescent fragments in lysosomes. After being incubated with 10 µg/mL DQ-BSA Red diluted in PBS
overnight at 37°C, the cells were then incubated with Hoechest (Cat: B2261, Sigma) to mark the nuclei,
two times washing with PBS before imaging. The excitation and emission spectra of DQ-BSA Red are 590
nm and 620 nm as described in the manufacturer's instructions.

Cells were imaged by a confocal microscope (LZM 800, Zeiss, Germany) with an oil immersion objective
(63×, 1.4-NA). Images were analyzed by ImageJ software (Version 1.5Oi, Bethesda, MD, USA).

Lysosomal pH valuation in living cells
Cells were cultured on the 96 wells Assay Plate (Cat: 3603, Coring) and divided into six uses, five to
perform the pH calibration curve and one for the measurements. Lysosomal pH value was determined by
incubating the cultured cells with 1 µM LysoSensor for 5 minutes at 37℃. To obtain a pH calibration
curve, cells were incubated with MES calibration buffer solution (25 mM MES, 115 mM KCl, 5 mM NaCl,
and 1.2 mM MgSO4, pH ranging from 3.4 to 6.9) containing 10 µM monensin (Cat: HY-N0150, MCE) and
10 µM nigericin (Cat: HY-100381, MCE). The excitation of LysoSensor is 405 nm, the fluorescence
intensity of emission spectra in 460 nm and 540 nm were detected by a multifunctional microplate
detector (Synergy H1, BioTek, USA). The lysosomal pH value in living cells was calculated by the ratio of
emission 540/460 nm.

Immunofluorescence (IF) labeling of cultured cells and
brain slices
Cells cultured on coverslips (Cat: 801008, NEST) in 12-well plates (Cat: 712001, NEST) were washed
thrice with PBS for 5 minutes, fixed with 4% PFA for 20 minutes, then washed thrice with PBS containing
0.1% Triton X-100 for 5 minutes. After being ruptured membrane in PBS containing 0.5% Triton X-100 for
15 minutes, the cells were incubated in 3% BSA for 30 minutes at room temperature and then washed
thrice with PBS containing 0.1% Triton X-100 for 5 minutes. The cells were incubated with the primary
antibodies (Table 1) at 4°C overnight. After washing with PBS thrice for 10 minutes, PBS containing 0.3%
H2O2 and 0.5% Triton X-100 were treated at room temperature for 30 minutes, then pre-incubated with 3%
normal goat serum and incubated with primary antibody (Table 1). Subsequently, the cells or the brain
slices were incubated with Green 488-conjugated secondary antibodies (Cat: A11055, ThermoFisher
Scientific) or Red 546-conjugated secondary antibodies (Cat: A11081, ThermoFisher Scientific) for 1 hour
at room temperature followed by washing for 30 minutes. Finally, an antifade solution containing DAPI
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(Cat: P0131, Beyotime) was used to mark the nuclei. Images were taken by a super-resolution confocal
microscope (Lightning system, STELLARIS 5 WLL, Leica, Germany) or a confocal microscope (LZM 800,
Zeiss, Germany) and analyzed by ImageJ software (Version 1.5Oi, Bethesda, MD, USA).

Immunoprecipitation (IP) and Western blotting (WB)
The mice were deeply anesthetized with isoflurane and perfused with 0.01M cold PBS. The brains were
dissected out as quickly as possible and frozen at -80°C. HEK293vec cells and HEK293tau cells were
cultured on the 10cm dishes (Cat: 704001, NEST). The proteins of IP were extracted according to the
instructions of Universal IP/Co-IP Toolkit (Magnetic Beads) (Cat: KTD104, Abbkine). The proteins of
cytoplasmic and nuclei parts were extracted following the instructions of the Nuclear and Cytoplasmic
Protein Extraction Kit (Cat: P0027, Beyotime).

The brain sample and cell sample were crushed by Ultrasonic Homogenizer (SCIENTZ-IID, Ningbo, China)
at 4°C in 150 Mm NaCl, 50 mM Tris-HCl (pH 7.4), 10 mM NaF, 5 mM EDTA, 1 mM Na3VOE4, 2 mM
benzamidine, and 1 mM phenylmethylsulfonyl fluoride. The extract was mixed with sample buffer (3:1,
v/v) containing 200 mM Tris-HCl, 8% SDS, 40% glycerol, 40 mM dithiothreitol boiled and pH 7.6, for 10
minutes and then centrifuged at 12 000 ×g for 5 minutes at 4°C. Then added loading buffer containing β-
mercaptoethanol and bromophenol blue and stored at -80℃.

The concentrations of protein were determined by a BCA Assay Kit (Cat: P0010S, Beyotime). An equal
amount of total protein was electrophoresed by 8–15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto 0.45µm nitrocellulose membranes (Amersham Biosciences,
Pittsburgh, PA, USA). Following the transfer, the membranes were blocked in 3–5% non-fat milk for 45
minutes and incubated with primary antibody overnight at 4°C. Membranes were then incubated with IgG
conjugated to IRDye® 800 CW (1:10 000; Li-Cor Bioscience) for 1 hour at room temperature away from
light, and washed thrice with TBS-Tween-20 for 10 minutes. Finally, the membranes were visualized and
quantitatively analyzed by Odyssey Infrared Imaging System (Li-Cor Bioscience, USA).

Transmission electron microscopy (TEM) imaging
After the mice were deeply anesthetized, the brains that have undergone internal fixation were taken out
quickly. After precise positioning of hippocampal CA3 under an inverted ordinary microscope (SZ680,
OPTEC, China), the tissue mass of 2 mm×2 mm×1 mm was taken out carefully. Special fixative for TEM
imaging was used to soak tissue mass for 2 hours at room temperature, then overnight at 4°C.
Subsequent ultrathin sectioning was completed in the Institute of Hydrobiology, Chinese Academy of
Sciences (Wuhan, China). The ultrathin sections were observed under a TEM (HT7700, TITACHI, Japan).

Tau-associated proteome data acquisition and analysis
As previously [19], high-performance liquid chromatography (HPLC) fractionation, mass spectrometry
(MS)-based quantitative proteome and an integrated approach involving isobaric tags for relative and
absolute quantification (iTRAQ) labeling were used to quantify tau-associated proteome data. Extract and
concentrate the proteins from HEK293tau and HEK293vec respectively, and digest them with trypsin.
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After being labeled with iTRAQ-6plex reagents (the efficiency of labeling > 96%), the obtained peptides
were fractionated by high-pH reversed phase HPLC. For HPLC-MS/MS analysis, the peptides dissolved in
0.1% formic acid were loaded onto a reversed-phase precolumn (Acclaim PepMap 100; Thermo Fisher
Scientific, USA), and then separated by a reversed-phase analytical column (Acclaim PepMap RSLC;
Thermo Fisher Scientific, USA). The resulting peptides were tested through a Q ExactiveTM Plus hybrid
quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, USA). Then identify and quantify
proteins by MaxQuant with an integrated Andromeda search engine (v.1.4.1.2), and the tandem mass
spectra were searched against the UniProt human protein database. A DEPs was defined as the protein
having 1.2-fold changes (> 1.20 or < 0.83 and p < 0.05). By the ClusterProfiler R package (version 3.12.0)
[27], Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
were analyzed. GO terms were divided into three categories (BP, CC, and MF) and the enrichment analysis
were visualized by an online tool (http://www.bioinformatics.com.cn/). The protein-protein interaction
(PPI) network was analyzed by the STRING database (version 11.5, https://string-db.org/).

Statistical analysis
Data were collected and analyzed blind. Statistical analyses were conducted by GraphPad Prism 9.0
(GraphPad Software, San Diego, CA). Data distributions were tested for normality using the D’Agostino-
Pearson test. Comparisons between two groups were performed using the two-tailed Student’s t-test,
multiple groups were performed using one-way analysis of variance (ANOVA) followed by Tukey’s test as
appropriate. Significance is reported as * p < 0.05, ** p < 0.01, *** p < 0.001.

Results

Neuronal lysosomal volumes increased and active
lysosomal hydrolytic enzymes decreased in P301S mouse
hippocampi
Initially, by TEM imaging it was shown that in hippocampi of 17-month-old mice the longest diameters of
some neuronal lysosomes reached 2236 nm, and the lysosomes with increased sizes often appeared
near the nucleus (Figure. 1A), while in 7-month-old mice the longest diameters of hippocampal neuronal
lysosomes were less than 1000 nm. It was also clearly shown that in hippocampi neuronal lysosomes of
17-month-old mice, the electron densities of large-sized lysosomes were extremely uneven and had
accumulated contents inside (Figure. 1A). We assessed tau protein levels in hippocampi of 4-, 9-, 17-
month-old C57BL/6 mice by WB (Figure. 1B), and observed higher ratio of phosphorylated tau (AT100
marked) in hippocampi of 17-month-old C57BL/6 mice (Figure. 1C).

As human tau is more toxic than murine tau [20], we then employed P301S mice carrying mutant human
tau to characterize the effects of human tau overload on neuronal lysosomes in vivo. By WB, the slower
migrating 64-kDa tau during electrophoresis represents the disease-associated, hyperphosphorylated, and
aggregation-prone tau, while 55-kDa tau is the physiological form [21]. As shown, in the prefrontal lobe,
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cortex, hippocampus, thalamus, and cerebellum of 9-month-old P301S mice, the levels of 64-kDa tau
were significantly more than those in 9-month-old C57BL/6 mice (Figure. 2A). By TEM, in CA3 neurons of
9-month-old P301S mice we observed the large-sized lysosomes, in which undegraded contents
accumulated and the average electron densities decreased (Figure. 2B, D). The average diameter of
lysosomes in CA3 neurons of C57BL/6J mice was 686.5 ± 51.35 nm, while it was 1257 ± 102.6 nm in
P301S mice (Figure. 2C). Most lysosomes in CA3 neurons of C57BL/6 mice showed darker and evener
electron densities.

By IF labeling, we observed decreased numbers of neuronal lysosomes (red fluorescence) in the
hippocampi of 9-month-old P301S mice (Figure. 2E). The count of neuronal lysosomes decreased to
33.6% of C57BL/6 mice in CA1, 18.7% in CA3 and 16.5% in DG, respectively (Figure. 2F). The average
areas of single lysosome increased from 0.1553 ± 0.007126 µm2 to 0.739 ± 0.0223 µm2 in CA1 neuron,
from 0.1893 ± 0.007284 µm2 to 0.9753 ± 0.05844 µm2 in CA3 neuron, and from 0.1833 ± 0.005239 µm2

to 0.7083 ± 0.005897 µm2 in DG neuron of P301S mice respectively (Figure. 2G).

Furtherly, we assessed the levels of two most abundant lysosomal proteases, cathepsin B (CTSB) and
cathepsin D (CTSD). Precursor (pro-) proteases is processed to mature and active (act-) proteases after
reaching the lysosome. In hippocampi of P301S mice, the levels of pro-CTSB and pro-CTSD were higher
than those of C57BL/6 mice, while the levels of act-CTSB, act-CTSD were significantly lower (Figure. 2H
and I).

Lysosomes in human tau overloaded cells were larger in size, less in number and perinuclear distributed

To get more details of the lysosomes in human tau overloaded cells, we used HEK293tau cells stably
overexpressing human wild-type 2N4R (full-length) tau and control HEK293vec cells lacking tau, and
marked the lysosomes in the fixed cells by LAMP2 labelled IF and performed 3D imaging (Figure. 3A). We
found the total number of lysosomes in HEK293vec cells was approximately twice that of HEK293tau
cells (Figure. 3C). By counting the lysosomes with different volumes, we observed the proportion of
lysosomes with a volume of 0.02–0.04 µm³ decreased significantly, while the proportion of lysosomes
with a volume of 0.08–0.12 µm³ increased significantly in HEK293tau cells (Figure. 3B). There was no
difference in the total surface area of all lysosomes between two types of cells (Figure. 3D). However, the
total volume of all lysosomes of HEK293tau cells increased to 32.19 ± 3.095 µm³ (Figure. 3E), resulting in
a significant decreased ratio of total surface area to total volume of intracellular lysosomes (12.27 ± 
0.6691 µm− 1) (Figure. 3F). Also, we measured the straight line distances between the lysosomes and the
edge of the nuclear, and found the lysosomes in HEK293tau cells were distributed much nearer the
nucleus (Figure. 3G). LysoTracker Red-based live lysosome labeling technology was also used to observe
the of lysosomes in HEK293tau and HEK293vec cells (Figure. 3H). The count of LysoTracker Red
fluorescence labelled live lysosomes in one HEK293tau cells were significantly less than that in a
HEK293vec cells (Figure. 3I). The average fluorescence area was 0.2135 ± 0.02932 µm2 in HEK293vec
cells, which increased by 174.7% to 0.5857 ± 0.06654 µm2 in HEK293tau cells (Figure. 3J). In HEK293tau
cells the total area of LysoTracker Red fluorescence labelled live lysosomes per cell increased by 32.6%
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(Figure. 3K). These changes in the number and volume of lysosomes were also observed in human wild-
type 2N4R(full-length) tau transiently transfected N2a cells (N2a-tau) (Figure. 3L-O). All these results
showed that the lysosomes in tau overloaded cells were larger in size, less in number, and located closer
to the nucleus.

Lysosomes in living HEK293tau cells were deacidified and
less active in proteolysis
We further investigated whether the lysosomes with altered morphological characteristics in HEK293tau
cells have undergone changes in degradation function. The degradation function of lysosomal proteases
was assessed by DQ™ Red BSA. In HEK293vec cells, about 70% of the green spots (lysosomes) also had
the red fluorescence (Figure. 4A and B). While in HEK293tau cells, only about 35% of the green spots had
the red fluorescence, indicating reduced lysosomal hydrolysis. The activation of hydrolytic enzymes in
lysosome is influenced by the pH value in lysosome cavity. By LysoSensor, we detected that the
lysosomal pH in living HEK293vec cells was 4.76 ± 0.29, while in the HEK293tau cells the lysosomal pH
was 5.147 ± 0.13 (Figure. 4C). The levels of pro-CTSB and pro-CTSD were increased in HEK293tau cells,
while the act-CTSB, act-CTSD levels were significantly decreased (Figure. 4D and E). Galectin-3 (Gal3), a
β-galactoside binding cytosolic lectin, is a marker of dysfunctional lysosomes [22]. In HEK293tau cells,
the level of Gal3 was significantly up-regulated (Figure. 4F and G). The number of Gal3 (red fluorescence)
positive lysosomes in HEK293tau cells was approximately 2.5-fold more than in HEK293vec cells
(Figure.4H and I). All these data indicated an increased number of lysosomes with impaired hydrolysis
ability and insufficient acidification in HEK293tau cells.

Lysosome pathway was one most enriched signaling
pathway in HEK293tau cells
Through proteome technology, we investigated the cellular signaling pathways disturbed by human tau
overload in cells. A total of 5045 proteins were quantified and 1432 DEPs were obtained (setting
quantification fold change ≥ 1.2 and ≤ 0.83, and p-value < 0.05) including 743 up-regulated and 689
down-regulated proteins. By KEGG pathway enrichment study, the top 8 enriched pathways were
dopaminergic synapse (hsa04728), phagosome (hsa04145), aminoacy-tRNA biosynthesis (hsa00970),
protein processing in the endo-plasmic reticulum (hsa04141), carbon metabolism (hsa01200), lysine
degradation (hsa0310), peroxisome (hsa04146) and lysosome (hsa04142) (Fig. 5A). As shown, 38
lysosomal DEPs contained four lysosomal membrane proteins (LAMP1, LAMP2, CD63 and SCARB2), four
lysosomal transmembrane proteins (TMEM9, TMEM55B, TMEM106B and TMEM192), nine V-ATPase
complex subunits (ATP6V0A1, ATP6V0C, ATP6V0D1, ATP6V1B2, ATP6V1C1, ATP6V1E1, ATP6V1G1,
ATP6V1H and ATP6AP1), three lysosomal proteases (CTSA, CTSB, and CTSD), one lysosomal acid
endonuclease (DNASE2), one lysosomal acid phosphatase (ACP2), one lysosomal ceramidase (ASAH1),
one fucosidase (FUCA1), two galactosidases (GLA and NAGA), one sulfatase (GNS), two
hexosaminidases (HEXA and HEXB), one mannosidase (MAN2B1), six lysosomal lipid metabolism-
related molecules (ABCA2, NPC1, NPC2, PSAP, PPT1, and PPT2) and two transporters (IGF2R and CLTB)
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(Figure. 5B). LAMP1, CTSD, LAMP2, GNS, PSAP, NPC2, HEXA, ATP6V1B2, ATP6V0D1, ATP6V1H,
ATP6V0A1, ATP6V0C and NPC1 were the 13 core proteins (Figure. 5C). By WB, the up-regulated levels of
ATP6V0A1, ATP6V0D2, ATP6V1E1, ATP6V1G1 were detected in HEK293tau cells (Figure. 4D and E).

Additionally, the abnormalities of the cytoskeletal system in HEK293tau cells were suggested by the
dysregulated cytoskeleton-associated proteins (CGN, MAPRE2, EML3, ACTR8, TUBB6, TUBB2B, TUBGCP2,
TUBGCP3, TBCE, TBCD, RMDN3 and TUBB) (Figure. 5F) and the down-regulated kinesin and dynein
related proteins (KLC1, KIF2A, KIF4A, KIF5B, KIF7, KIF11, KIF14, KIF22, KIF23, DNAAF5, DYNC1H1,
DYNC1I2, DYNC1LI2 and DYNC2H1) (Figure. 5G).

Abnormal binding of ATP6V1B2 to tau in HEK293tau cells
The acidic environment required to activate lysosomal enzymes depends on V-ATPases on the lysosomal
membrane. TFEB is a master regulator of the lysosomal biogenesis including V-ATPase subunits. The
abnormality of TFEB in tau overloaded cells was indicated by TFEB-related DEPS in this study (Figure.
6A). The subcellular localization of TFEB is regulated by the mechanistic target of rapamycin (mTOR)-
mediated phosphorylation on Ser122, Ser142 and Ser211 to enable cytoplasmic sequestration partially
via interaction with 14-3-3 [23, 24]. It is dephosphorylated by the phosphatase protein phosphatase 2A
(PP2A) and then translocated to the nucleus to induce the transcription of target genes. Depletion of
either the catalytic (PP2CA and PP2CB) subunit or regulatory (PP2R2A) subunit of PP2A abolished TFEB
activation in response to sodium arsenite [25]. In addition, tuberous sclerosis complex 2 (TSC2)
deficiency was reported to increase TFEB nuclear localization and activition with decreased TFEB
phosphorylation at Ser142 and Ser 211 [26]. Our proteome results showed the down-regulated mTOR, 14-
3-3 and TSC2, and up-regulated PP2R2A and PP2CA in HEK293tau cells (Figure. 7A). By WB (Figure. 6B
and C) and high-resolution imaging (Figure. 6D-F), the total TFEB level and the nuclear TFEB level in
HEK293tau cells were higher than those in HEK293vec cells. In the hippocampus of 9-month-old P301S
mice, the total TFEB level was higher too (Figure. 6G and H). In HEK293vec cells, we observed significant
increases in total and nuclear levels of TFEB at 36 hours after transient TFEB transfection (Fig. 6I) with
unchanged lysosomal pH (Fig. 6J).

V-ATPase consists of a membrane-embedded V0 subcomplex (ATP6V0, including a, d, e, c, c′ and c′′
subunits) and a cytoplasmic V1 subcomplex (ATP6V1, including A, B, C, D, E, F, G, and H subunits). The
reversible assembly of V0 and V1 regulates V-ATPase activity and the isolated ATP6V1 and ATP6V0
complexes are autoinhibited. The mechanism by which ATP6V1 moves towards and assembles with
ATP6V0 is not very clear. In a proteome study of NFTs from AD brains, ATP6V0D1, ATP6V1B2 and
ATP6V1H were included in phosphorylated-tau interactome [27]. We screened out ATP6V1B2, ATP6V0D1,
ATP6V1H, ATP6V0A1 and ATP6V0C as the core lysosomal DEPs in HEK293tau cells (Figure. 5C). By IP
assay, it was shown ATP6V1B2, the brain isoform of ATP6V1B and crucial for the formation of ATP6V1
[28], binded to tau in HEK293tau cells (Fig. 6K), while ATP6V0A1 and ATP6V1G1 did not bind to tau.
Therefore, tau might bind to ATP6V1B2 and inhibit ATP6V1 move to assemble with ATP6V0, thereby
decreasing the number of the V-ATPases on the lysosomal membrane and resulting in an increase in pH
and decreased activation of CTSB and CTSD in the lysosomes.
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Discussion
Our research showed the insufficient lysosomal acidification induced by tau protein overload. We found
the lysosomes in tau overloaded cells were larger in size, less numerous, inhomogeneous in electron
density, and had kinds of accumulations in the cavities both in vivo and in vitro. By the fluorescence
labeling based living cell imaging technologies, we detected an elevated lysosomal pH and decreased
levels of fluorescence-labeled hydrolysate inside the lysosomes in HEK293tau cells. Although the
proteome and WB data showed the increased V-ATPase subunits in HEK293tau cells, we found the
abnormal binding of ATP6V1B2 to tau, which might block the V-ATPases formation on the lysosomal
membrane, resulting in the insufficient lysosomal acidification and reduced activation of lysosomal
hydrolases. The proteome data also showed the disruption of microtubule system and deficiency of
lysosomal transporters (kinesin and dynein) in HEK293tau cells.

Human brain contains six main tau subtypes, which are 2N4R, 1N4R, 0N4R, 2N3R, 1N3R, and 0N3R.
2N4Rtau is the longest subtype and exists in the brain and cerebrospinal fluid of AD patients [29]. The
P301S mutation is located in exon 10 of chromosome 17, which showed weaker ability to interact with
microtubules [30]. In vitro P301S-tau formed smaller, more stable oligomers, and showed stronger
seeding activity than the similar amount of wide type tau [31, 32], and P301S-tau was reported
associated with early-onset fast progressive dementia [33]. The mice expressing human P301S-tau show
progressively decreased synaptophysin immunoreactivity accompanied by microgliosis in hippocampus
[34] and develop abundant filamentous tau inclusions at 5-month-old [35]. ALZ17 mice expressing the
2N4R (full-length) human tau do not exhibit filamentous tau aggregates at 18-month-old [35]. The P301L
mutation of tau was found in monogenic frontotemporal lobar dementia (FTLD) patients [36].

The fluorescence labeling based high resolution imaging technologies helped us to find the deacidified
lysosomes with reduced hydrolysis abilities in living HEK293tau cells. Recording the lysosomal acidity in
the brain of living animals is still too difficult. In the cultured primary neurons transduced with adeno-
associated virus (AAV) expressing green fluorescent protein (GFP)-human P301L-tau, decreased
proteolysis activity was observed [37]. Lysosome deacidification has been implicated as a key driving
factor in the pathogenesis of AD [38]. The lysosomal pH (between 4.5 and 5.0) is maintained primarily
through a large protein complex lysosomal membrane, the proton pump V-type ATPase [18]. The
assembly-disassembly of membrane-embedded ATP6V0 subcomplex and cytoplasmic V1 subcomplex
dynamically regulates the activity of V-ATPase. The isolated ATP6V1 and ATP6V0 are autoinhibited.

The intracellular contents of tau might impact the levels of V-type ATPase subunits. In this study, human
tau overload was accompanied by upregulation of ATP60A1, ATP6V0C, ATP6V0D1, ATP6V0D2,
ATP6V1B2, ATP6V1E1, ATP6V1G1 and ATP6V1H in HEK293tau cells. Tau protein may interact with V-
type ATPase subunits. In a proteome study of NFTs from AD brains, ATP6V0D1, ATP6V1B2 and ATP6V1H
were identified as the interacting proteins in phosphorylated-tau interactome [27]. A multi-omics study of
late-onset AD brains reported ATP6V1A gene and ATP6V1B2 gene down-regulated across disease stages,
and the authors identified ATP6V1A as a key regulator of a top-ranked neuronal subnetwork [39]. In this



Page 14/27

study, ATP6V1B2, ATP6V1E1, ATP6V1G1, ATP6V1H, ATP6V0A1, ATP6V0C, ATP6V0D1 and ATP6V0D2
were upregulated in HEK293tau cells. ATP6V1B2 was shown bind to tau in HEK293tau cells, while
ATP6V0A1 and ATP6V1G1 did not bind to tau. In a recently published study, Co-IP analysis of
homogenates from HEK293T cells co-expressing EGFP-ATP6V1B2 and either HA-wide type tau or HA-
S396A and S404A mutant tau showed that S396 and S404 phosphorylated tau interacted with
ATP6V1B2 and impaired the function of V-ATPase. The residues 120–172 of ATP6V1B2 was suggested
the tau-interaction domain [37]. In addition, this group also reported V-ATPase activity was impaired by
Aβ-binding to ATP6V0C [37]. All these indicated tau-ATP6V1 binding impaired the assembling of the V-
ATPases on the lysosomal membrane, resulting in lysosome deacidification. In addition, HEK293tau cells
had more Gal3 positive lysosomes, indicating the lysosomes with lysosomal membrane permeabilization
(LMP), a pathological condition leading to the translocation of intralysosomal components to the
cytoplasm, such as H+ and cathepsins [40].

Enlarged deacidified lysosomes have been observed inside neuron well before Aβ deposition outside
neuron in AD brain [11, 12]. Here, we showed the enlarged deacidified lysosomes in tau overloaded cells
both in vivo and in vitro. The volume of lysosome is regulated by the dynamic lysosomal division and
fusion [41]. Ca2+ release from the lysosome and phosphatidylinositol (PIP) signaling at the lysosome
surface control the lysosomal division and fusion. Factors that affect the lysosomal membrane Ca2+

channel protein transient receptor potential channel mucolipin 1 (TRPML1) [42] and Na+ channel proteins
two-pore channel proteins (TPCs) [43], as well as lysosome-specific phosphatidylinositol PI(3,5) P(2) [44],
will disrupt the balance of lysosomal fission and fusion. TRPML1 regulates the lysosome size by
activating calmodulin (CaM), and mTOR is their downstream target. mTOR is an important protein kinase
that controls cellular metabolism. It forms two different protein complexes (mTORCs), namely the
rapamycin-sensitive mTORC1 and the rapamycin-insensitive mTORC2. Increasing mTORC1 limited
lysosomal enlargement induced by TRPML1 and CaM inhibition [45]. Recently, active mTORC1 was
reported block lysosomal degradation of extracellular proteins by promoting ATP6V1 detain in the cytosol
and suppressing V-ATPase mediated acidification. When mTORC1 activity declined, ATP6V1 moved to
ATP6V0 to assemble active V-ATPases [18]. mTOR-mediated phosphorylation regulates the cytosolic
retention of TFEB (inactive) [23, 24], which is an important transcription factor regulating lysosomal
genes expression (including V-ATPase subunits genes) [46] and promote the lysosomal wastes clearance
in AD animal [47, 48]. TFEB nuclear export required Ser 142 and Ser 138 nuclear phosphorylation was
also mTOR-dependent [49]. In our data, mTOR was down-regulated in HEK293tau cells, while the higher
total TFEB level and the nuclear TFEB level in HEK293tau cells and in the hippocampus of 9-month-old
P301S mice were detected. So it is reasonable to doubt the impacts of upregulated TFEB and mTOR on
lysosomes. In HEK293vec cells, lysosomal pH was found unchanged after upregulating TFEB in this
study. So, upregulation of mTOR may reverse or exacerbate tau overload associated lysosomal
enlargement and deacidification, which remains to be tested.

Consistent with the reports in AD patients [50, 13], our results showed the increased pro-CTSB and pro-
CTSD levels but decreased activated forms of CTSB and CTSD in P301S mice and HEK293tau cells. The
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up-regulated levels of proteases might be related to the increased nuclear TFEB, but their hydrolysis
capacities were limited by the lysosome deacidification. The lysosomal pathway is the main pathway for
tau degradation [51]. Tau is trafficked to the lysosome from the cytosol via both nonselective and
selective pathways [52]. In the nonselective pathway, the cytosolic tau is first enveloped in a membrane
that subsequently fuses with the lysosomal membrane to release tau into lysosomes. The selective
pathway is known as chaperone-mediated autophagy (CMA). CTSB degrades Aβ and CTSD degrades
both Aβ and tau [53, 52]. Therefore, whether tau and which type of tau accumulates in the lysosomes
deserves further studies.

The cargos of endocytic and autophagic pathways maintain dynamic interactions with lysosomes, which
requires the lysosomes to move bidirectionally along the microtubules throughout the cytoplasm [54].
This process is particularly more challenging in neurons due to the highly polarized morphology of
neurons. Therefore, the normal functions of the microtubule system and transporting proteins are crucial
to the distribution, morphology and function of lysosomes. The anterograde movement of lysosomes
towards the microtubule plus-ends is mediated by kinesin [55, 56] and the retrograde movement of
lysosomes towards the minus-ends is mediated by dynein [57, 58]. Pathological tau destroys the stability
of the microtubule system, which in turn affects the distribution of lysosomes and the fusion of
autophagolysosomes [51, 59]. In HEK293tau cells, the disruption of the cytoskeleton and deficiency of
transporters of lysosomes (kinesin and dynein) were suggested by the proteome data. In addition, the
transmembrane protein TMEM55B was reported to interact and recruit the dynein adaptor JIP4 to
lysosomal membranes, thus inducing retrograde lysosomal trafficking towards the perinuclear region
along microtubules [60]. The upregulated TMEM55B in proteome was corroborate with the perinuclear
distributed of lysosomes in HEK293tau cells.
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