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Abstract
Inclusions comprised of microtubule-associated protein tau (tau) are implicated in a group of neurodegenerative diseases, 
collectively known as tauopathies, that include Alzheimer’s disease (AD). The spreading of misfolded tau “seeds” along 
neuronal networks is thought to play a crucial role in the progression of tau pathology. Consequently, restricting the release 
or uptake of tau seeds may inhibit the spread of tau pathology and potentially halt the advancement of the disease. Previous 
studies have demonstrated that the Mammalian Suppressor of Tauopathy 2 (MSUT2), an RNA binding protein, modulates 
tau pathogenesis in a transgenic mouse model. In this study, we investigated the impact of MSUT2 on tau pathogenesis 
using tau seeding models. Our findings indicate that the loss of MSUT2 mitigates human tau seed-induced pathology in 
neuron cultures and mouse models. In addition, MSUT2 regulates many gene transcripts, including the Adenosine Recep-
tor 1 (A1AR), and we show that down regulation or inhibition of A1AR modulates the activity of the “ArfGAP with SH3 
Domain, Ankyrin Repeat, and PH Domain 1 protein” (ASAP1), thereby influencing the internalization of pathogenic tau 
seeds into neurons resulting in reduction of tau pathology.
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Introduction

Tau is a microtubule-associated protein that promotes 
the polymerization and stabilization of microtubules 
and modulates the binding of motor proteins involved in 
axonal transport [81]. The accumulation of misfolded tau 
deposits is a pathologic hallmark of tauopathy, a group 
of neurodegenerative disorders of which Alzheimer’s 
disease (AD) is the most common, affecting more 
than 10% of the population older than 60 [20, 38]. The 
abundance of tau pathology in human patients closely 
correlates with clinical manifestations, including 
cognitive status and the extent of brain atrophy [3, 71, 
76]. Evidence suggests that tau loss- and gain-of-function 
mechanisms are concurrently involved in tau-mediated 
pathogenesis [79]. Tau becomes hyperphosphorylated 
in pathologic conditions, resulting in reduced binding 
affinity for microtubules and disengagement from 
microtubules [64]. This loss of tau binding is thought 
to affect microtubule structure and function in neurons 
[45, 64, 80, 88]. The dissociation of hyperphosphorylated 
tau from microtubules can also hasten the formation 
of tau oligomers and aggregates, which are thought to 
provoke a gain of toxic function that negatively impacts 
neuronal function [65]. Pathologic tau also promotes 
neuroinflammation and glial activation, which may 
contribute to neurodegeneration and brain atrophy in the 
central nervous system [49]. An important aspect of tau 
pathology, as well as other amyloid-type brain pathologies, 
are recent findings suggesting that there is cell-to-cell 
spreading of tau pathology along neural networks. This 
appears to result from the release of misfolded tau from 
neurons harboring tau inclusions that can be internalized 
by interconnected neurons, thereby acting to seed tau 
inclusions in the recipient cell and causing the spreading 
of tau pathology [26].

To identify genetic modulators for tau pathology, 
genome-wide association studies (GWAS) have been con-
ducted and a few potential genetic risk factors were found 
in the tauopathy frontotemporal dementia [9, 44, 73, 86], 
including ArfGAP with SH3 Domain, Ankyrin Repeat and 
PH Domain 1 protein (ASAP1). However, how ASAP1 
and other putative risk factor genes might affect tau 
pathology is presently unknown, and gaining mechanistic 
insights could lead to new therapeutic strategies for these 
diseases. Reverse genetics is another strategy to identify 
proteins involved in the regulation of tau pathology that 
might serve as targets for tau therapies, and Suppressor 
of Tauopathy proteins (SUTs) were identified using this 
approach in C. elegans models that develop tau aggre-
gates through overexpression of human mutant tau [29]. 
Nonsense mutations on two genes (sut-1 and sut-2) were 

found to mitigate tau aggregation and neuron degeneration 
[29]. Importantly, loss of the mammalian ortholog of sut-
2, MSUT2, was also shown to reduce insoluble tau pathol-
ogy and mitigate cognitive decline in transgenic models 
of tauopathy [30, 82]. Although MSUT2 is a promising 
modulator of tau pathology in transgenic animal models 
with tau overexpression, little is known about the effec-
tiveness of MSUT2 suppression in inhibiting sporadic 
forms of tauopathies without tau overexpression. Moreo-
ver, due to the mRNA modifying function of MSUT2 [42, 
70], knockout or knockdown of MSUT2 in mammalian 
models may reveal differentially expressed gene products 
that mediate the MSUT2 effect on tau pathogenesis. Thus, 
our objectives here were to further investigate the role of 
MSUT2 in models of seeded tau pathology, and to identify 
key MSUT2-regulated gene products that may act down-
stream of MSUT2.

In this regard, whereas transgenic mouse models 
reproduce certain critical features of tauopathy, i.e., 
aggregation of tau protein, behavioral and cognitive deficits, 
and neurodegeneration [27, 58], there are limitations to 
these models that are worth noting. Perhaps foremost, these 
models typically depend on substantial overexpression 
of tau that is not observed in sporadic tauopathies. In 
one instance, the insertion of the human MAPT gene in a 
mouse model has been shown to lead to dramatic genomic 
changes independent of tau pathology [24]. Notably, a 
MAPT knock-in model with normal levels of tau expression 
does not develop human-like tau aggregates [72] and 
transgenic mouse models also typically fail to reproduce the 
heterogeneity of human tau pathology seen in humans and 
therefore may not fully recapitulate the diversity of human 
disease. Finally, transgenic mouse models often do not 
mimic the spatiotemporal development of tau pathology in 
humans, which complicates investigation into the spreading 
of tau pathology among cell populations and brain regions.

Several studies have now demonstrated that tau 
aggregates from human patients can seed stereotypical 
tau pathology and cause neuronal dysfunction in cell 
and animal models in the absence of tau overexpression 
[28]. Furthermore, seeding these models [13, 34, 39, 56, 
60, 85] with brain-derived tau from different tauopathies 
recapitulate aspects of the heterogeneity observed in the 
human diseases. Thus, these models mimic many aspects 
of the development of tau pathology observed in human 
patients in the absence of tau overexpression, allowing 
for investigation of the spatiotemporal development of tau 
pathology bearing similarity to that found in human patient 
brains. Here, we have further investigated the mechanisms 
of MSUT2-regulated tau-mediated pathogenesis using 
MSUT2 knock out (KO) or knockdown (KD) in combination 
with these previously developed in vitro and in vivo tau 
seeding models [28, 33, 34, 59], utilizing pathologic tau 
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isolated from human postmortem brains or human tau seeds 
generated after amplification of human brain-derived tau. 
Finally, we have investigated changes in gene expression 
that result from MSUT2 knockout (KO) in an in vitro mouse 
primary neuron model via single-cell RNA sequencing, 
leading to the identification of an adenosinergic signaling 
pathway downstream of MSUT2 that regulates tau seeding. 
Moreover, our data suggest that this adenosinergic signaling 
acts through ASAP1, which regulates tau seed endocytosis 
via its influence on macropinocytosis in the tau spreading 
models. These studies elucidate a mechanism by which 
MSUT2 might regulate the spreading of tau pathology 
and suggest potential therapeutic strategies to reduce tau 
pathology.

Materials and methods

Study design

The overall objective of this study was to investigate the 
mechanism of MSUT2 on tau spreading and to explore 
the potential therapeutic role of its downstream factors. 
The study employed different mouse models (including 
wild-type tau spreading models, MSUT2 KO mouse, 
5xFAD transgenic mouse, and 5xFAD/MSUT2 KO 
mouse) and subjected them to the injection of different 
tau strains or proteinopathy. The induced tau pathogenesis 
and associated protein pathologies were then analyzed 
using biochemical and immunohistochemical assays. 
Transcriptomics were performed using sc-NT-seq technique 
and confirmed by biochemistry, immunocytochemistry 
and live imaging. All experiments were conducted at the 
Center for Neurodegenerative Disease Research. The brain 
sections were imaged, and the area occupied by different 
immunoreactive staining of tau, Aβ plaque, or TDP-43 
pathologies was quantified using software like HALO 
(Indica Labs) or QuPath software. Blind counts were made 
of the number of pathologic p-tau positive staining and 
quantifications were systematically performed throughout 
the whole mouse brain. Semi-quantitative analyses were 
conducted to create heat maps representing the abundance 
and distributions of tau pathologies throughout the brain. 
The sample size was determined by power analysis based on 
previous studies [34, 85] to gain statistical power to discern 
20% of differences. All experiments were repeated with at 
least three biologic repeats. No data points were excluded 
unless specified.

Animals

The MSUT2 KO mouse line was generated in a previous 
study [83]. Specifically, B6-Zc3h14tm1a mice were 

crossed with other mouse strains carrying the Flp and 
Cre recombinases, resulting in the removal of exon 13 of 
the MSUT2 gene and all inserted transgene sequences. 
The generated line was maintained on a C57BL/6 
background for the study. Homozygous  (MSUT2−/−) and 
wild-type littermates  (MSUT2+/+) were compared in the 
degree of tau pathology (seeded by human tau seeds). A 
bigenic 5xFAD/MSUT2 KO mouse line was generated 
by crossing MSUT2 KO mice with 5xFAD mice[61]. 
 APP+/−/PS1+/−/MSUT2−/− and  APP+/−/PS1+/−/MSUT2+/+ 
mice were used to compare the degree of Aβ plaque and 
tau pathology. The cohort included both male and female 
mice. All animal protocols were approved by the University 
of Pennsylvania's Institutional Animal Care and Use 
Committee (IACUC).

Primers for PCR genotyping were as follows: MSUT2 
mice: MSUT2 WT_F primer 5′-GGG TTT GGG GCA GAT 
TTA TT-3′; MSUT2 WT_R 5′-CAA AGC TCC AGG GAT 
GGT TA-3´; MSUT2 KO_F 5′-GGC AGT GTC ATT TGT 
TGG CT-3′; MSUT2 KO_R 5′-GGA CAT TTC TGA TCA AGG 
CACTG-3′. 5xFAD mice: PS1_F 5′-AAT AGA GAA CGG 
CAG GAG CA-3′, PS1_R, 5′-GCC ATG AGG GCA CTA ATC 
AT-3′; Internal ctrl-1_F 5′-CTA GGC CAC AGA ATT GAA 
AGA TCT -3′, Internal ctrl-1_R 5′-GTA GGT GGA AAT TCT 
AGC ATC ATC C-3′; APP_F 5′-AGG ACT GAC CAC TCG 
ACC AG-3′, APP_R 5′-CGG GGG TCT AGT TCT GCA T-3′; 
Internal ctrl-2_F 5′-CAA ATG TTG CTT GTC TGG TG-3′, 
Internal ctrl-2_R 5′-GTC AGT CGA GTG CAC AGTTT-3′.

Human tau seed enrichment

All human cases from the Center for Neurodegenerative 
Disease Research (CNDR) brain bank containing AD, 
CBD and PSP-tau were selected and prescreened to 
exclude comorbidities of Lewy body and TDP-43 
pathologies based on immunohistochemical staining [71]. 
The fronto-cortical regions of patient brains were used to 
sequentially extract AD, CBD, and PSP-tau as previously 
described [85]. Specifically, brain homogenate was 
prepared in 9 volumes (v/w, ml/g) of PHF buffer (10 mM 
Tris, 10% sucrose, 0.8 M NaCl, 1 mM EDTA, pH 7.4) 
with 0.1% sarkosyl, proteinase inhibitor and phosphatase 
inhibitor in a glass homogenizer and spun at 10,000g for 
10 min at 4 °C following homogenization. The supernatant 
(sup 1) was collected, sarkosyl was added at 1% of the final 
concentration, and the solution was incubated for 1.5 h 
at RT in a beaker with stirring, followed by a 150,000g 
spin for 75 min at 4 °C. The pellet was collected, briefly 
washed with PBS to clean the myelin, and resuspended in 
PBS (pel 1). Pel 1 was then spun at 150,000g for 75 min to 
remove the sarkosyl, and the resulting pellet was collected 
as pel 2. The pel 2 from AD cases was resuspended in 
PBS, thoroughly sonicated, spun at 10,000g for 10 min 
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at 4  °C, and the supernatant was collected to be used 
as enriched tau seeds. Conversely due to the relatively 
lower tau burden in the tissue of PSP and CBD cases, the 
collected pel 2 was used for tau seeding.

Immunoblots

Hippocampi were dissected from the collected brains and 
homogenized in nine volumes of PHF extraction buffer 
containing 1% Triton-X100. Following homogenization, 
the resulting lysate was spun at 100,000g for 30 min at 
4  °C. The supernatant was collected as the sarkosyl-
soluble fraction (Sark-S) and the pellet saved as the 
sarkosyl-insoluble fraction (Sark-P). The immunoblots 
were loaded with 15  μg of total proteins from TX-S 
and Sark-S. Sark-P was loaded at a ratio of 10:1 to the 
respective TX-S fractions. Primary neurons were washed 
once with PBS and cell lysate was harvested in PBS 
containing 1% sarkosyl and proteinase inhibitor cocktail. 
The lysate was incubated on ice for 15 min before being 
spun at 100,000  g for 30  min at 4  °C. The resulting 
supernatant was kept as the soluble fraction and the 
pellet was suspended in PBS as the insoluble fraction. 
Immunoblots were generated as described previously 
[85]. Primary antibodies were incubated at 4 °C overnight, 
and secondary antibodies were incubated for 2  h at 
room temperature. Photomicrographs were taken using 
an immunoblot imager (Li-Cor Biosciences). Optical 
densities were measured using the  Imagestudio® Software.

Immunohistochemistry and immunofluorescence 
staining

Mouse brains were perfused with PBS at a flow rate of 
2 mL/min for 15 min and immersion fixed within 10% 
neutral buffered formalin (NBF) following a previously 
described protocol [85]. Six-μm thick sections were cut and 
used for the immuno-staining. For immunohistochemistry, 
several primary antibodies were used to stain brain 
sections and development was performed via a polymer 
horseradish peroxidase detection kit (Biogenex). For 
immunofluorescence, brain sections were incubated with 
primary antibodies overnight at 4 °C followed by a 2 h 
incubation of Alexa Fluor-conjugated secondary antibodies 
(Thermo Fisher Scientific). A 0.3% Sudan black solution for 
1 min was used to quench auto-fluorescence. Quantification 
was performed within the region of interest (ROI) using 
threshold-based classifier by QuPath software. All the 
conditions to be compared were quantified using the same 
classifier. For IHC, 4–5 consecutive sections were quantified 
for hippocampus and entorhinal cortex.

Stereotactic injection

Mice were brought to a surgical plane of anesthesia 
via a cocktail drug mix (KAX) consisting of 
ketamine–xylazine–acepromazine, and were immobilized 
in a stereotaxic frame (David Kopf Instruments) before 
being aseptically inoculated with human brain extracts or 
synthetic mouse α-synuclein preformed fibrils in the dorsal 
hippocampus and overlying cortex of one hemisphere 
(bregma − 2.5  mm; lateral 2  mm; depth − 2.4  mm 
and − 1.4 mm from the skull) using a Hamilton syringe as 
described previously [85]. Injected tau seeds were prediluted 
into concentrations of 0.4 µg tau/µL for AD-tau, 0.25 µg tau/
µL for CBD-tau, and 40 ng tau/µL for PSP-tau. Each of the 
two injection sites received 2.5 μl of inoculum and materials 
were injected into the hippocampus first (− 2.4 mm from the 
skull) before the needle was pulled vertically upwards to 
the cortical injection site (− 1.4 mm from the skull). Mouse 
body temperature was maintained at 37 °C using a heating 
pad during and after surgery until mice were awake under a 
heating lamp for 2 h.

Connectome correlation of tau pathology

Blind selection of slides, annotation, and quantification 
was performed by a research assistant with no knowledge 
of the mouse genotype. Coronal mouse brain sections were 
selected approximately every 20 slides, and selected slides 
were scanned before scanned files were imported into the 
image analysis by QuPath software, for annotation and 
quantification based on the Allen brain atlas. One hundred 
seventy two annotations (per mouse) were generated on 
coronal sections based on best fitting stereotypical regions 
at 2.10 mm, 0.98 mm, − 1.22 mm, − 2.92 mm and − 4.48 mm 
relative to bregma, as laid out in a previously published study 
[15, 85]. Annotation of regions on each coronal section was 
performed manually and was followed by a manual cleaning 
process to reduce areas subject to edge effects or areas 
that contained significant background staining. The same 
classifier was applied to all of the stereotypical regions. 
The anterograde and retrograde connectivity strength of the 
quantified areas to the injection sites was determined using 
a previously published study [62].

Heatmaps of tau pathology

Heatmaps were generated for the distribution of AT-8 
tau pathology as previously described [28]. Scores were 
given in each region of the brain for the presence of tau 
pathology between 0 and 3, with 0 representing complete 
lack of tau pathology and 3 representing the most abundant 
tau pathology. The semi-quantitative scoring of AT-8 tau 
pathology was performed in a blind manner.
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Primary neuron

CD1 mouse cortices and hippocampi were dissected at 
embryo day 16–18 and dissociated with papain (Worthington 
Biochemical Corporation). Neurons were resuspended in 
neural basal medium (Gibco, 21,103) with 2% B27 (Gibco), 
1 × Glutamax (Gibco), and 1 × Penicillin/Streptomycin 
(Gibco). Coverslips or plates were coated with poly-d-
lysine (0.1 mg/ml, Sigma-Aldrich) overnight in borate buffer 
(0.05 M boric acid, pH 8.5) at room temperature. Cells were 
plated at a density of 50,000 cells/cm2 for all types of plates, 
and 5% FBS was added to the cell suspension when plating. 
Neural basal medium without FBS was used to replace 
plating medium at day 1 in vitro (DIV1).

Antisense oligonucleotides, compounds, and tau 
seeds treatment

Antisense oligonucleotides were obtained from AUM 
BioTech, LLC. ASOs and pharmaceutical compounds were 
diluted in culture medium before being added to neurons 
at up to the proper concentration for DIV2 (ASOs) or 
DIV5 (compounds). At DIV7, medium was replaced with 
a conditioned medium that contained a 1:1 ratio of old and 
fresh medium. Neural basal medium was used to predilute 
tau seeds before the seeds were sonicated using a bath 
sonicator. Tau seeds were then added at a dose of 50 ng 
tau/well (96wellplate format) to neurons and allowed to 
incubate with the neurons for 14 days until DIV 21 to induce 
tau pathology. All the ASOs were treated with 1 μM end 
concentration unless specified.

Immunocytochemistry

Cells were washed with PBS in a plate washer (BIOTEK) 
four times at DIV 21, extracted for 10  min with 1% 
hexadecyltrimethylammonium bromide (Sigma-Aldrich) 
for 10 min following fixation in PBS with sucrose and 
4% paraformaldehyde for 10 min. Fixed cells were then 
incubated overnight with primary antibodies at 4 °C and 
for 2 h with Alexa Fluor-conjugated secondary antibodies 
(Thermo Fisher Scientific) at room temperature. The InCell 
scanner was used to obtain Photomicrographs which were 
quantified using the InCell developer toolbox software 
(1.9.2) as described previously [28].

Fluorescent labeling of recombinant protein

T40 tau monomers were expressed in BL21 (DE3) RIL 
E. coli. Cells, and were later purified using fast protein liquid 
chromatography based on previous reports [28]. Nanodrop 
1000 (ND-1000, Spectrophotometer) was used to determine 
the concentration of recombinant tau. Succinimidyl ester 

based HiLyte fluor 488 microscale protein labeling kit 
(AnaTag) or pHrodo™ Red Labeling Kit (Thermo Fisher) 
was used to fluorescently label purified monomers. BODIPY 
maleimide dye was used to label prepared α-syn monomer as 
previously described [32]. Nanodrop 1000 was used to test 
labeling efficiency depends on the absorbance of different 
dyes. For fibrillization, to avoid the self-quenching of 
fluorophores after fibrilization, monomeric proteins were 
used that contained a mixture of 20% of fluorescently 
labeled and 80% unlabeled monomers.

Generation of fluorescently labeled tau seeds 
and mouse α‑syn pffs

Tau seeds were generated with a slightly modified 
protocol [85]. Specifically, a thermocycler was used 
to apply heat treatment to enriched tau seeds at 56  °C 
for 30  min. Following heat treatment, a bath sonicator 
was used to sonicate tau seeds in sizes for 20 min, with 
30 s of sonication followed by 30 s of rest at the highest 
intensity. Tau seeds were then mixed with T40 monomer 
for a total tau concentration of 40 µM (4 µM tau seeds, 
36 µM monomeric tau). All the reactions were conducted 
in PCR tubes containing sterile phosphate-buffered saline 
with 50 µl volume on a thermomixer for 10 days at 37 °C. 
On day 0 and day 10 samples were collected and kept 
frozen in a − 80 °C freezer until use. Samples were spun 
for 30 min at 100,000g with an ultracentrifuge (Optima, 
Beckman Coulter) to remove unreactive monomeric tau at 
the end of the reaction. The pellet was resuspended in PBS 
after removal of the supernatant, and tau concentration was 
estimated using immunoblots. Only pellet fractions were 
used in the live imaging experiments for uptake assays of 
pathogenic tau seeds.

Mouse α-synuclein (α-syn) PFFs were generated using 
a previously established protocol [41]. In brief, monomers 
of wild-type mouse α-synuclein were purified using FPLC 
and subsequently labeled with bodipy dye, following the 
method described in an earlier publication [41]. The labeled 
monomers were then subjected to agitation at 5 mg/ml, 
1000 rpm, and 37 °C for 5 days to facilitate the formation 
of PFFs. The resulting PFFs were diluted with PBS and 
subsequently applied to primary neuron cultures at the 
specified dosage.

Sedimentation assay

A revised version of the previously used sedimentation 
assay [85] was conducted by mixing 1 µl of the sample 
with 19 µl of PBS (0.1% sarkosyl, w/v) before being spun 
for 30 min at 100,000g with an ultracentrifuge (Optima, 
Beckman Coulter). The supernatant was then carefully 
removed, before the pellet was resuspended in 20 µl of PBS. 



 Acta Neuropathologica          (2024) 147:55    55  Page 6 of 26

The loading buffer was mixed with the fractions for use in 
immunoblots.

Live cell imaging

Neurons were treated with ASOs in a µ-Dish 35  mm 
chamber (ibiTreat, Thermo fisher scientific) at DIV2 or 
with compounds at DIV5 followed by treatment with 
fluorescently labeled tau seeds at a dose of 200 ng/quadrant 
at DIV7. Extracellular signals of pH-insensitive dyes (FTIC 
channel) were quenched through addition of 500 µM of 
trypan blue to the neurons before imaging. A live imaging 
microscope was used to take images at 37 °C and 5%  CO2 
conditions within a closed, humidified chamber.

4sU‑labeling of neuronal cell culture

KO and WT primary neurons were prepared as previously 
described. Cells were maintained at 37 °C with 5%  CO2 
for 10 days (DIV10). FoursU (Alfa Aesar, J60679) was 
dissolved in dimethylsulfoxide to make 1 M stock and added 
to the neuron culture at a final concentration of 100 μM. 
After 4 h of labeling, cells were rinsed once with PBS before 
being dissociated into single-cell suspensions containing 
TrypLE-Express (Gibco, 12,605,010) for 5 min at 37 °C. 
Cells were then counted with hemacytometer and fixed with 
80% methanol as described [67]. Samples were stored at 
-80C until library preparation.

scNT‑seq library prep and sequencing

A resuspension buffer (0.01% BSA in DPBS with 0.5% 
RNase-inhibitor) was used to rehydrated methanol fixed 
samples, which were then counted with Countess II (Life 
Technologies, AMQAF1000). Cells were diluted to 100 
cell/μl in resuspension buffer and loaded to a Drop-seq 
microfluidic device. A droplet microfluidics-based cell 
and barcoded bead co-encapsulation library preparation 
was performed as previously described following minor 
modifications (on-beads Bst3-based Second-strand synthesis 
reaction after RT and exonuclease I treatment were included) 
[67]. See open access protocol for more details: Protocol 
Exchange https:// doi. org/https:// doi. org/ 10. 21203/ rs.3. 
pex- 1019/ v1 (2020). Libraries were quantified via Qubit 
3.0 (Invitrogen). After library quality was determined via 
Bioanalyzer (Agilent)sequencing was performed on an 
Illumina NextSeq 500 using the 75-cycle High Output v2 
kit (Illumina). The library was then loaded at 2.0 pM and 
Custom Read1 Primer (GCC TGT CCG CGG AAG CAG TGG 
TAT CAA CGC AGA GTA C) was added at 0.3 μM to position 
7 of the reagent cartridges. The sequencing configuration 
was 20 bp (Read 1), 8 bp (Index 1) and 60 bp (Read 2).

Read alignment, cell‑type clustering, 
and identification of differentially expressed genes

Paired-end sequencing reads of scNT-seq were processed 
as previously described [67]. Each cell barcode tagged 
mRNA read (Read 2) was trimmed of sequencing adaptors 
and poly-A sequences, and aligned to the mouse reference 
genome (mm10, Gencode release vM13) using STAR 
v2.7.2b. Both exonic and intronic reads that mapped to 
predicted strands of annotated genes were retained for the 
downstream analysis. The raw digital expression matrices 
were generated with the Drop-seq Tools v1.12 software 
and loaded into the R package Seurat (v 4.1.0). Only genes 
detected in > 10 cells were retained [53]. Cells with fewer 
than 300 or more than 6000 detected genes were removed. 
Cells with a relatively high percentage of UMIs mapped to 
mitochondrial genes (≥ 10%) were also discarded.

After removing low-quality cells, 4855 and 2624 
cells from wild-type and KO samples were retained. For 
normalization, UMI counts for all cells were scaled by 
library size (total UMI counts), multiplied by 10,000 
and transformed to log space. The top 3000 HVGs were 
identified using the function FindVariableFeatures with 
the vst method. The expression level of HVGs in the cells 
was scaled and centered for each gene across cells and 
was subjected to PCA. Harmony was then used to adjust 
the principal components for batch effects with default 
parameter [43]. The most significant 40 PCs were selected 
and used for two-dimensional reduction by UMAP in Seurat 
with the default parameters. Clusters were identified using 
the function FindCluster in Seurat with the resolution 
parameter set to 0.3. Major cell types were annotated based 
on the expression of marker genes (Ex: Neurod2, Neurond6; 
Inh: Dlx1, Gad1, Gad2; OPC: Pdgfra, Olig2; Astro_RG: 
Aldh1l1, Aldoc; MG: C1qc, C1qb). For each major cell 
type, differential gene expression was computed between 
genotypes (WT vs. KO) using Wilcoxon rank sum test (using 
the function FindMarkers in Seurat).

Estimation of RNA biogenesis rate and degradation 
rate constant

To quantify the newly synthesis RNA, we applied the newly 
developed dynast (v 1.0.1, https:// github. com/ arist oteleo/ 
dynast- relea se), an inclusive and efficient command-line 
toolkit for preprocessing data from metabolic labeling-
based scRNA-seq experiments. Fastq file from each 
sample were subjected to standard dynast runs (align, 
consensus, count), then the fraction of labeled RNA was 
estimated with the dynast estimate command (–method 
alpha). To estimate RNA biogenesis rate and degradation 
rate of excitatory neurons (Ex), the dynast output (h5ad 
file) from each sample was loaded into dynamo (v 1.1.0, 

https://doi.org/
https://doi.org/10.21203/rs.3.pex-1019/v1
https://doi.org/10.21203/rs.3.pex-1019/v1
https://github.com/aristoteleo/dynast-release
https://github.com/aristoteleo/dynast-release
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https:// dynamo- relea se. readt hedocs. io/ en/ latest/) [68]. The 
excitatory neurons were based on the annotation of the 
Seurat project and were subjected to the dynamics function 
(one_shot_method = “sci_fate”, model = “deterministic”). 
The RNA biogenesis rate and degradation rate of differential 
expression genes were filtered (non-zero values were kept) 
before visualized with heat-map.

Data analysis and statistics”

Unpaired t-tests were performed for comparisons of 
twoexperimental groups. For comparisons involving 
more than two groups, one-way ANOVA and two-way 
ANOVA tests were performed, followed by Tukey post hoc 
multiple comparison testing if not specified. Prism software 
(GraphPad Software, Inc) was used to perform all statistical 
testing. Statistical significance was determined as p < 0.05. 
Unless specified otherwise, data was presented in the format 
of mean ± standard deviation.

Results

Neuronal MSUT2 level is associated 
with the presence of tau pathology in human brains

The human brain contains multiple cell populations, which 
are differentially affected in human tauopathies [12]. We 
used double immunofluorescence to co-stain human fronto-
cortical sections with antibodies to MSUT2 and neuronal 
(NeuN), astrocytic (GFAP), microglial (IBA1), or oligoden-
droglial (SOX10) markers to determine MSUT2 expression 
in different cell types in the central nervous system. Gen-
erally, MSUT2 was found to be expressed in all types of 
brain cells (Fig. 1a) with a higher level of co-localization in 
neurons compared to the other cell types (Fig. 1b), empha-
sizing the potential importance of MSUT2 in neuronal 
populations. A previous study showed a biphasic pattern of 
MSUT2 expression in AD patient brains [82], in which some 
of the AD cases contained higher levels of MSUT2 than 
non-AD control brains while other AD cases contained very 
low levels of MSUT2. We hypothesize that this was due to 
variability in neuron loss in these cases. Thus, to determine 
if tau pathologies affects MSUT2 levels in patient brains, 
we measured neuronal MSUT2 in both non-tauopathy (non-
tau pathology control: Parkinson’s disease, Multiple System 
Atrophy and non-pathologic cases) and tauopathy patients 
(Table 1), and determined whether there was a correlation 
with the amount of tau pathology in the fronto-cortical 
region (Fig. 1c). Our results showed that MSUT2 (in green) 
only occasionally co-localized with PHF-1-positive neurofi-
brillary tangles (NFTs, in red) in AD and CBD brains, and 
in general we did not observe a high level of colocalization 

between MSUT2-positive neurons and the presence of NFTs 
in diseased brains. However, the quantification of total 
MSUT2 and tau pathology showed that neuronal MSUT2 
levels were significantly elevated in AD and corticobasal 
degeneration (CBD) cases (Fig. 1d, e), with a non-significant 
trend toward increase in PSP cases (Fig. 1f) that showed 
higher variability and a lower level of tau pathology than 
AD or CBD cases. In addition, neuronal MSUT2 positively 
and weakly correlated with the total amount of tau pathology 
(Fig. 1g) but not with patient age, disease duration, or Aβ 
plaque load (Fig. S1a–c).

To extend these immunohistochemical observations, we 
measured MSUT2 expression levels in human tauopathy 
cases using immunoblots (Fig.  1  h). The results are 
consistent with the immunofluorescent experiments and 
verified that the MSUT2 protein level was increased in 
patient brains with tau pathology when compared with the 
non-tauopathy controls (CTR). Notably, increased levels of 
MSUT2 could be demonstrated in different tauopathies and 
at different disease stages, as patients with mild cognitive 
impairment (MCI), AD, and CBD all showed significantly 
greater levels of MSUT2 (Fig. 1h–k). However, we observed 
no statistical difference in MSUT2 levels between PSP and 
CTR brains in the immunoblots, in keeping with the non-
significant trend observed by immunofluorescence staining 
(Fig. 1f and l). In summary, these observations indicate that 
neuronal MSUT2 level is increased in MCI, AD and CBD 
brain, and there is a weak but positive correlation between 
MSUT2 levels and the amount of tau pathology.

MSUT2 mediates tau spreading in vivo

Most human tauopathy cases are sporadic and independent 
of known genetic causes. Although it was previously 
reported that loss of MSUT2 mitigates tau pathology in 
tau transgenic models [30, 82], its relevance to sporadic 
human tau pathology is unclear and the specific molecular 
mechanism(s) of MSUT2 regulation of tau pathology 
have not been elucidated. Here, we undertook studies to 
determine if MSUT2 is involved in pathways controlling 
cell-to-cell spreading of tau. Due to transgene-driven 
overexpression of tau in transgenic models, it is difficult to 
tease apart the spatiotemporal development of tau pathology 
and the extent to which tau spreading contributes to the 
development of tau pathology. Therefore, we leveraged 
an established tau seeding and spreading model [28, 60], 
comparing MSUT2 knockout (KO) and wild-type mice 
[83] to quantitatively evaluate the effect of MSUT2 on the 
development and spreading of tau pathology independent of 
tau overexpression. Before initiating seeding studies, we first 
examined the expression levels of a series of key proteins 
that might be associated with tau pathology and overall 
neurobiology in brains of adult MSUT2 KO and wild-type 

https://dynamo-release.readthedocs.io/en/latest/
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mice. We did not observe any significant changes in the 
expression of the tested proteins, other than MSUT2 (Fig. 
S2). Given that MSUT2 was functionally knocked out at 
one of the zinc finger domains [83] in the MSUT2 KO mice, 
we did detect faint bands in the MSUT2 blots that likely 
result from incomplete degradation of the non-functional 
MSUT2 protein. These results indicate that levels of proteins 
involved in neuron viability (tau, APP, Fox-3), synaptic 
plasticity (synapsin, synaptophysin, PSD95), proteasomal 
activity (K48-polyUb, ubiquitin), and glial function (GFAP, 
Iba1) are not significantly altered in the brains of MSUT2 
KO mice compared to their wild-type littermates. These 
findings are in keeping with the observation that MSUT2 
KO mice appear to be free of significant developmental or 
central nervous system abnormalities [83].

To investigate whether MSUT2 KO affects tau spread-
ing, we enriched pathogenic tau seeds from AD postmortem 
brains (AD-tau) and injected them into the hippocampi of 

MSUT2 KO and wild-type mice at 3 months of age. We 
measured the turnover of tau seeds and the spreading of tau 
pathology at different time points post-injection (Fig. 2a). 
Since prior studies [2, 28] have already documented that 
human tau seeds can be degraded within 7–14 days post-
injection, we first evaluated if the elimination of injected 
human tau is affected by MSUT2 genotype. To this end, 
we probed for AD-tau seeds at 3- and 7-days post-injection 
(d.p.i.) using an anti-phospho-tau (p-tau) antibody (AT8) 
(Fig. S3a and b) or anti-human tau antibody (HT7) (Fig. 
S3c and d). After quantification of the immunoreactivity of 
both antibodies, we found no difference between human tau 
injected into MSUT2 KO mice or their wild-type littermates, 
suggesting that the global removal of pathogenic tau seeds 
was not substantially affected by the loss of MSUT2 in the 
mouse brain.

Acute neuroinflammation may impact the viability of 
neurons in various types of neurodegenerative diseases [31, 
49]. To evaluate if KO of MSUT2 alters markers of astro-
cyte or microglia activation after AD-tau seeding, we used 
immunohistology to assess astrocytes (GFAP) and microglia 
(Iba1) in the area of the injection site where glial activation 
can be observed in 7 d.p.i. mouse brains. Notably, no dif-
ferences were observed in the area occupied by these glial 
cells, or in overall glial morphology, between MSUT2 KO 
mice and wild-type mice (Fig. S3e–h). The results suggest 
that MSUT2 does not affect the acute neuroinflammatory 
response caused by the injection of AD-tau in mouse brains. 
As expected, we did not observe any mouse tau pathology 
at 3 and 7 d.p.i. in AD-tau injected mouse brains (Fig. S3 a 
and b). However, the AD-tau injected mice began to develop 
mouse tau pathology at 1-month post-injection (m.p.i.), 
which could be revealed with the anti-pTau AT8 antibody 
(Fig. 2b). As in human AD patient brains, the induced-AD-
tau pathology in the mouse brain is present as both neurofi-
brillary tangles and neuritic tau pathology, which likely rep-
resent different stages of tau spreading [26]. We compared 
both forms of tau pathology by quantifying the number of 
AT8-positive NFTs, the area occupancy of AT8-positive 
staining, and the ratio of NFTs to total area of tau pathol-
ogy after AD-tau injection in MSUT2 KO mice and their 
wild-type littermates. Our results show that NFTs are signifi-
cantly reduced in MSUT2 KO mice (Fig. 2c) up to 12 m.p.i. 
Quantification of total tau pathology (combined NFT and 
neuritic tau pathology) shows a similar trend of significant 
decrease in the MSUT2 mouse brains (Fig. S4a).To further 
confirm alteration in pathologic tau in the MSUT2 KO mice, 
we analyzed the insoluble mouse tau aggregates in 3 m.p.i 
brains and found that the amount of sarkosyl-insoluble tau 
was decreased in the MSUT2 KO mouse brain (Fig. 2d and 
f), while the soluble tau remained unchanged (Fig. 2d and 
e). Moreover, we confirmed the decrease in tau pathology in 
the MSUT2 KO mouse brains with two additional anti-p-tau 

Fig. 1  MSUT2 expression is associated with human tau pathology. a 
Immunofluorescence co-staining of frontal cortical human brain sec-
tions with antibodies against neurons (NeuN), astrocytes (GFAP), 
microglia (IBA1), oligodendrocytes (SOX10) and MSUT2. Scale 
bar = 50 µm. b Measurement of MSUT2 and cellular fluorescent sig-
nal co-localization in a. *P < 0.05 by one-way ANOVA followed by 
Tukey’s post hoc test, n = 3. The error bars represent the standard 
deviation. c Representative images of non-tauopathy control (CTR), 
Alzheimer’s disease (AD), Corticobasal degeneration (CBD), and 
Progressive supranuclear palsy (PSP) patient brain sections (fron-
tal cortex) co-stained with MSUT2 and p-tau (PHF1) antibodies to 
reveal MSUT2 protein and tau pathology. Scale bar = 5  µm. d–f 
Quantification of MSUT2 immunoreactivity (MFI = mean fluores-
cence intensity) in non-tauopathy control (CTR) vs. diseased brain 
sections as exemplified in c. MSUT2 area is normalized to the neu-
ron counts. Four random images of the cortical region were used 
for the quantification of each case. *P < 0.05, **P < 0.01, n.s., not 
significant, by t-test when comparing CTR (n = 9) vs. AD (n = 17), 
CBD (n = 6), or PSP (n = 5). The error bars represent the standard 
deviation. g Correlation of MSUT2 expression and tau pathology 
(PHF1 immunoreactivity) quantified from sections as exemplified 
in c. R2 = 0.2256, P = 0.0030 by normal linear regression. Four ran-
dom images of the cortical region/case were used for the quantifica-
tion of both MSUT2 and PHF1. Each dot represents the mean value 
from one individual case. Both MSUT2 and tau pathology level was 
presented by the integrated mean fluorescence intensity of PHF1 
staining. h Representative immunoblots of MSUT2 and p-tau lev-
els in human brains and cellular homogenates probed with MSUT2, 
PHF1, and GAPDH antibodies. Samples include CTR, MCI (mild 
cognitive impairment), AD, CBD, and PSP brains. The CTR, MCI, 
and AD cases were separated and run on separate blots due to lane 
limitations. In addition, for the gels involving CTR cases in CBD and 
PSP, the control (CTR) cases were randomly selected from within the 
same CTR group. Three isoforms of MSUT2 are indicated using QBI 
HEK-293 cell lysate samples. i–l Quantification of MSUT2 immu-
noreactivity in immunoblot samples as depicted in h. All samples 
were normalized to GAPDH to gain the relative quantity (RQ). All 
three isoforms were included for quantification. n.s., not significant, 
*P < 0.05, **P < 0.01 by t-test, n = 14 CTR vs. 12 MCI, n = 14 CTR 
vs. 12 AD, n = 7 CTR vs. 6 CBD, n = 8 CTR vs. 5 PSP. The error bars 
represent the standard deviation

◂
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Table 1  Demographic features of used human patient cases

Name Brain atrophy Clinical diagnosis Neuropathological 
diagnosis

Braak stage Tau 
burden 
score

Age of 
onset 
(yr)

Age at 
death 
(yr)

Disease 
duration 
(yr)

Gender

Ctr None/normal Normal Alzheimer’s disease I 0 n.a 68 n.a Female
Ctr None/normal Normal Alzheimer’s disease 0 0 n.a 65 n.a Female
Ctr None/normal Normal Pathologic aging 0 0 n.a 42 n.a Male
Ctr None/normal Normal Cerebrovascular disease 0 0 n.a 57 n.a Male
Ctr None/normal Normal Unremarkable adult brain 0 0 n.a 70 n.a Male
Ctr Mild Normal Unremarkable adult brain 0 0 n.a 66 n.a Male
Ctr None/normal Normal Alzheimer’s disease 0 0 n.a 75 n.a Female
Ctr None/normal Normal Primary age-related 

tauopathy
0 0 n.a 72 n.a Female

Ctr None/normal Normal Primary age-related 
tauopathy

I 0 n.a 56 n.a Female

Ctr None/normal Normal Primary age-related 
tauopathy

I 0 n.a 83 n.a Female

Ctr None/normal Normal Primary age-related 
tauopathy

0 0 n.a 61 n.a Female

Ctr Moderate Normal Primary age-related 
tauopathy

0 0 n.a 68 n.a Female

Ctr None/normal Normal Primary age-related 
tauopathy

I 0 n.a 62 n.a Male

Ctr None/normal Normal Primary age-related 
tauopathy

I 0 n.a 59 n.a Male

CBD Severe FTLD-PPA (PNFA) Corticobasal degeneration 0 3 + 66 76 10 Female
CBD Moderate FTLD-NOS Corticobasal degeneration II 3 + 39 44 5 Male
CBD Moderate FTLD-bvFTD Corticobasal degeneration II 3 + 49 52 3 Male
CBD Severe Corticobasal syndrome Corticobasal degeneration II 3 + 59 63 4 Male
CBD Moderate Probable Alzheimer's 

Disease
Corticobasal degeneration 0 3 + 50 56 6 Male

CBD Mild Progressive supranuclear 
palsy

Corticobasal degeneration 0 3 + 54 59 5 Female

PSP Mild Corticobasal syndrome Progressive supranuclear 
palsy

II 1 + 55 65 10 Male

PSP Mild Progressive supranuclear 
palsy

Progressive supranuclear 
palsy

I 1 + 67 72 5 Female

PSP None/normal Progressive supranuclear 
palsy

Progressive supranuclear 
palsy

II 2 + 76 78 2 Male

PSP Moderate FTLD-PPA (PNFA) Progressive supranuclear 
palsy

0 2 + 67 72 5 Male

PSP Severe Progressive supranuclear 
palsy

Progressive supranuclear 
palsy

II 3 + 58 63 5 Female

AD Severe Possible Alzheimer’s 
Disease

Alzheimer’s disease VI 3 + 52 55 3 Male

AD Mild Probable Alzheimer’s 
Disease

Alzheimer’s disease VI 3 + 79 90 11 Female

AD Moderate Probable Alzheimer’s 
Disease

Alzheimer’s disease VI 3 + 71 82 11 Male

AD Severe FTLD-NOS Alzheimer’s disease VI 3 + 55 75 20 Male
AD Moderate Probable Alzheimer’s 

Disease
Alzheimer’s disease VI 3 + 58 66 8 Male

AD Moderate Probable Alzheimer’s 
Disease

Alzheimer’s disease VI 3 + 60 68 8 Female

AD Severe FTLD-bvFTD Alzheimer’s disease VI 3 + 52 62 10 Male
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antibodies, AT180 (Fig. 2g and h) and PHF1 (Fig. 2i and j). 
We also evaluated the astrocytic and microglial response 
during the progression of tau spreading and found no differ-
ence between MSUT2 KO and wild-type littermate brains 
(Fig. S4b and c), which further implicates a neuronal role of 
MSUT2 in tau pathology in these models. Our data suggest 
that MSUT2 regulates temporal tau seeding and/or spread 
in vivo.

We next determined how MSUT2 expression affects the 
spatial distribution of tau pathology at the neuronal con-
nectome level. Assuming the initial seeding of tau pathol-
ogy started near the injection sites of the mouse brains [15, 
19, 57], we compared the distribution of AT8-positive tau 

pathology in 12 m.p.i mice and correlated the severity of tau 
pathology burden with neuronal connectivity strength to the 
injection sites [62]. At this time point, tau pathology was 
present in most brain regions. We quantitatively measured 
tau pathology in more than 100 regions of the brain and ana-
lyzed the abundance of tau pathology based on anterograde 
and retrograde connectivity of neurons with the injection 
sites. Initially, we noticed that tau pathology in some brain 
regions is differentially affected by KO of MSUT2, with 
certain brain regions having higher (e.g., dentate gyrus) or 
lower (e.g., midbrain reticular nucleus) pathology relative to 
wild-type mice (Fig. S5a). When we aligned brain regions 
containing tau pathology with the connectivity strength, 

Ctr non-tauopathy control, FTLD-PPA Frontotemporal lobar degeneration with primary progressive aphasia, FTLD-NOS Frontotemporal lobar 
degeneration-not otherwise specified, FTLD-bvFTD Frontotemporal lobar degeneration-behavioral-variant frontotemporal dementia, n.a. not 
available

Table 1  (continued)

Name Brain atrophy Clinical diagnosis Neuropathological 
diagnosis

Braak stage Tau 
burden 
score

Age of 
onset 
(yr)

Age at 
death 
(yr)

Disease 
duration 
(yr)

Gender

AD Moderate Probable Alzheimer’s 
Disease

Alzheimer’s disease VI 3 + 50 59 9 Female

AD Moderate Probable Alzheimer’s 
Disease

Alzheimer’s disease VI 3 + 61 70 9 Male

AD Severe Probable Alzheimer’s 
Disease

Alzheimer’s disease VI 3 + 47 55 8 Female

AD Moderate Probable Alzheimer’s 
Disease

Alzheimer’s disease VI 3 + 71 82 11 Female

AD Severe Probable Alzheimer’s 
Disease

Alzheimer’s disease VI 3 + 55 66 11 Male

MCI Severe Mild cognitive 
impairment

Alzheimer’s disease VI 2 + 66 81 15 Female

MCI Mild Mild cognitive 
impairment

Alzheimer’s disease V 1 + 79 88 9 Female

MCI Moderate Mild cognitive 
impairment

Alzheimer’s disease V 1 + n.a 88 n.a Male

MCI Severe Mild cognitive 
impairment

Alzheimer’s disease VI 1 + 81 96 15 Female

MCI Severe Mild cognitive 
impairment

Alzheimer's disease VI 2 + 81 92 11 Female

MCI Moderate Mild cognitive 
impairment

Alzheimer’s disease VI 3 + 68 78 10 Male

MCI Moderate Mild cognitive 
impairment

Alzheimer’s disease V 3 + 80 85 5 Female

MCI Mild Mild cognitive 
impairment

Alzheimer’s disease V 2 + 74 82 8 Male

MCI Severe Mild cognitive 
impairment

Alzheimer’s disease VI 3 + 60 72 12 Female

MCI Mild Mild cognitive 
impairment

Alzheimer’s disease VI 1 + 72 79 7 Male

MCI None/normal Mild cognitive 
impairment

Alzheimer’s disease VI 1 + 69 74 5 Female

MCI Moderate Mild cognitive 
impairment

Alzheimer’s disease V 2 + 74 77 3 Male
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we found the distribution of tau pathology was well cor-
related with the anterograde connectivity strength (Fig. 2k) 
and to a lesser extent, with retrograde connectivity strength 

(Fig. 2l, Data 1) in both MSUT2 KO and wild-type mice. 
Furthermore, when comparing wild-type mice with MSUT2 
KO mice, we observed a global reduction in tau pathology 
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in the latter, which was again more significant in regions 
anterogradely connected to the injection site compared to 
regions retrogradely connected to the injection site. The 
fold-change in tau pathology (WT/KO) was significantly 
higher in the anterogradely connected regions with high 
connectivity strength than those ones with low connectivity 
strength (Fig. 2m). This trend was not observed in the retro-
gradely connected regions, perhaps due to there being less 
overall tau pathology in retrogradely than in anterogradely 

connected neurons (Fig. 2n). A distribution heat-map of tau 
pathology using a semi-quantitative scale (Fig. S5b) shows 
that the brain regions containing tau pathology had lesser 
pathologic burden in the MSUT2 KO mice at earlier time 
points (3, 6, 9 m.p.i.). Altogether, our observations suggest 
that loss of MSUT2 reduces the neuron connectome-depend-
ent spreading of tau pathology throughout the brain, perhaps 
by inhibiting the seeding of tau pathology.

MSUT2 specifically modulates tau pathology 
but not other proteinopathies

Human tau pathology exhibits strain-like properties, includ-
ing neuronal and non-neuronal forms of tau pathology, and 
differing isoform composition and bioactivity of tau aggre-
gates [34, 59, 85]. We thus wanted to evaluate whether the 
modulatory effects of MSUT2 KO on tau pathogenesis that 
was observed upon AD-tau seeding would also be seen after 
seeding with pathologic tau isolated from other subtypes of 
tauopathies. We previously established models of FTLD-tau 
pathology after seeding mouse brains with tau preparations 
enriched from human brains with CBD (CBD-tau) or PSP 
(PSP-tau). These mouse models recapitulated the tau iso-
form composition and cell-type distribution of tau pathol-
ogy observed in their human counterparts [34, 85]. Here, 
we injected CBD-tau (Fig. 3a–c, Fig. S6a–c) and PSP-tau 
(Fig. 3d–f, Fig. S6d–f) into the MSUT2 KO mice and wild-
type littermates and measured the amount of tau pathology 
that formed over time using the AT8 antibody. The results 
show that NFTs were reduced in multiple brain regions of 
MSUT2 KO mice compared to wild-type mice after injec-
tion of either CBD-tau or PSP-tau (Fig. 3b, e). To deter-
mine if loss of MSUT2 affects non-neuronal forms of tau 
pathology, we quantified CBD-specific astrocytic plaque tau 
(APs), PSP-specific tufted astrocyte tau (TAs) (Fig. 3c, f) 
and oligodendroglia tau pathology (Fig. S6g–j) in the mouse 
brains and found no differences between MSUT2 KO mice 
and wild-type littermates. In summary, our data show that 
MSUT2 regulates the seeding and/or spreading of different 
subtypes of neuronal tau pathology, while it has little effect 
on glial forms of tau pathology, further emphasizing the neu-
ronal role of MSUT2 on tau pathogenesis.

Human neurodegenerative diseases usually present with 
multiple co-pathologies, and besides the defining tau and 
amyloid β (Aβ) pathologies, α-synuclein (α-syn) and TDP-
43 inclusions are the most common types of co-pathologies 
in AD. To test if MSUT2 can regulate other forms of 
proteinopathy besides tau pathology, we crossbred MSUT2 
KO mice with 5xFAD mice, which develop human-like 
Aβ plaques due to overexpression of mutant APP and PS1 
genes [61]. Aβ plaque load was quantified in the 5xFAD/
MSUT2 KO (5xKO) mice and 5xFAD mice with normal 
MSUT2 expression mice (5xWT) by quantifying the area 

Fig. 2  MSUT2 modulates the spatiotemporal spreading of tau pathol-
ogy induced by human-derived AD-tau seeds. a Schematic picture of 
the experimental paradigm: AD-tau seeds were enriched from post-
mortem AD brains and stereotactically injected into the hippocampi 
of MSUT2 KO mice and wild-type (WT) littermates at 3 months of 
age. Mouse brains were collected at different time points (from 3 days 
to 12  months post-injection time; m.p.i.) and analyzed by immuno-
histochemistry and biochemistry. b Representative images of AD-tau-
injected mouse hippocampi at 1 to 12 m.p.i. AD-tau-seeded MSUT2 
KO and WT mouse tau pathology was revealed with a S199/T205-p-
tau antibody (AT8). Scale bar = 60 and 15 (inset) µm. c Quantifica-
tion of neurofibrillary tangles (NFTs) in the ipsilateral hippocampal 
region of the AD-tau-injected MSUT2 KO and WT mouse brains. 
**P < 0.01, ***P < 0.001 by two-way ANOVA followed by Bonferro-
ni’s post hoc test, n = 6 per group. The error bars represent the stand-
ard deviation. d MSUT2 KO and WT mouse brains were injected 
with AD-tau and analyzed at 3  m.p.i. Proteins were extracted and 
fractionated from the ipsilateral hippocampi. Soluble fractions were 
probed with a mouse tau (m-tau) antibody T49 and GAPDH anti-
body as the loading control. Insoluble fractions were probed with 
T49 antibody. e, f Quantification of T49-positive optical density 
from immunoblots in d. Relative Quantities (RQ) were determined 
by normalizing T49 to GAPDH signals in the soluble fraction. n.s., 
not significant, ***P < 0.001 by t-test, WT vs. MSUT2 KO n = 4 per 
group. The error bars represent the standard deviation. g Representa-
tive images showing T231-p-tau pathology in the AD-tau-injected 
(12 m.p.i.) WT and MSUT2 KO mouse brains. Mouse brain sections 
were stained with a p-tau antibody (AT180). Scale bar = 60 and 15 
(inset) µm. h Quantification of AT180-positive area in the ipsilateral 
hippocampi of the mice as depicted in g. *P < 0.05 by t-test, WT vs. 
MSUT2 KO, n = 6 per group. The error bars represent the standard 
deviation. i Representative images showing S396/S404-p-tau pathol-
ogy in the AD-tau-injected (12 m.p.i.) WT and MSUT2 KO mouse 
brains. Mouse brain sections were stained with a p-tau antibody 
(PHF1). Scale bar = 60 and 15 (inset) µm. j Quantification of PHF1-
positive area in the ipsilateral hippocampi of the mice as depicted 
in i. *P < 0.05 by t-test, WT vs. MSUT2 KO, n = 6 per group. The 
error bars represent the standard deviation. k Heatmap of tau pathol-
ogy at 12  m.p.i. in different brain regions of MSUT2 KO and WT 
mice aligned in high (top) to low (bottom) anterograde connectiv-
ity strength to the injection site. Color hue indicates the abundance 
of tau pathology (Tau). n = 4 per group. l Heatmap of tau pathology 
at 12 m.p.i. in different brain regions of MSUT2 KO and WT mice 
aligned in high (top) to low (bottom) retrograde connectivity strength 
to the injection site. Color hue indicates the abundance of tau pathol-
ogy (Tau). n = 4 per group. m, n Fold-change (WT/KO) in tau pathol-
ogy based on different levels of anterograde and retrograde connec-
tivity strength. High = 1st–25th ranked regions, Medium = 26th–50th 
ranked regions, Low = 89th–113th ranked regions (lowest 25 
regions). n.s., not significant, *P < 0.05 by one-way ANOVA fol-
lowed by Tukey’s post hoc test, high vs. medium vs. low connectivity 
region, n = 25 per connectivity category. The error bars represent the 
standard deviation

◂
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occupancy of Aβ pathology and the number of plaques in 
the mouse brains (Fig. 3g). No significant difference was 
found in either measure between the 5xKO and 5xWT mice 
at 8 months of age (Fig. 3h, i). To test if MSUT2 is involved 
in α-syn-related pathways, we injected mouse α-synuclein 
(α-syn) preformed fibrils (mSyn-pffs) into the MSUT2 
KO mice and wild-type littermates and evaluated α-syn 
pathology immunohistochemically using an anti-phospho-
α-syn (EP1536Y) antibody at 1 m.p.i. Again, we found no 
significant changes in α-syn pathology in MSUT2 KO mice 

compared to wild-type littermates (Fig. 3j, k, Fig. S6 k, l). 
Taken together, these data support the idea that MSUT2 is 
specifically involved in tau pathogenesis and not in other 
forms of neurodegenerative proteinopathies.

Although MSUT2 has been previously shown to reduce 
tau pathology in transgenic mice, and here in human tau 
seeding mouse models, it is not known whether MSUT2 
KO would still suppress tau pathology in the presence of 
the concurrent Aβ plaques found in AD brain, particularly 
the neuritic plaque (NP) tau pathology found in the vicinity 
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of Aβ deposits. To investigate this, we injected AD-tau 
into the 5xKO and 5xWT mouse brains and quantified the 
amount of tau pathology at 1 m.p.i. Consistent with previous 
studies, AD-tau was found to induce NP tau pathology 
instead of NFTs in mice at this time point [33, 85] (Fig. 3l). 
Interestingly, we found that NP tau was significantly reduced 
in the AD-tau-injected 5xKO mice compared to the injected 
5xWT mice (Fig. 3m), suggesting MSUT2-dependent tau 
seeding and/or spreading is observed both in the absence 
and presence of Aβ pathogenesis, with MSUT2 regulating 
NP, NFT and NT tau pathology.

As aging increases the risk of sporadic tauopathies, 
we examined whether aging could modulate the effect of 
MSUT2 KO on tau pathogenesis. MSUT2 KO mice and age-
matched wild-type littermates were injected with AD-tau 
at 12—15 months of age, and the amount of tau pathology 
was analyzed at 3 m.p.i. (Fig. 3n). Our results reveal that 
the number of NFTs (Fig. 3o) was significantly reduced 
in the aged MSUT2 KO mice, and the total amount of tau 
pathology (NFTs + neuritic tau pathology) showed a non-
significant trend toward reduction in aged MSUT2 KO mice 
(Fig. 3p). Altogether, our data suggest that MSUT2 regulates 
pathways in tau seeding and/or spreading independent of 
other proteinopathies, and that the effect of MSUT2 on tau 
pathology is still observed with advanced age, although it 
may be somewhat reduced.

MSUT2 regulates pathogenic tau internalization 
in neurons

To determine the mechanism(s) of how MSUT2 modulates 
the seeding and spreading of tau pathology, we used anti-
sense oligonucleotides (ASOs) against MSUT2 to knock 
down (KD) MSUT2 expression in primary mouse neurons. 
We first validated the effects of six different ASO sequences 
on MSUT2 protein expression (Fig. S7a) and found that all 6 
ASOs can significantly suppress MSUT2 protein expression 
in wild-type mouse primary neurons (Fig. S7b). When we 
co-treated the neurons with MSUT2 ASOs and pathogenic 
protein seeds from AD, CBD, or PSP brains, or mSyn-pffs, 
we found that tau inclusions, but not α-syn aggregates, were 
reduced in the ASO-treated neurons compared to PBS- or 
scrambled sequence control (SCR)-treated neurons (Fig. 4a, 
b). We also confirmed that the amount of insoluble tau was 
reduced in the ASO-treated neurons using immunoblots 
(Fig. S8a, b). These data are consistent with the aforemen-
tioned in vivo observations in which loss of MSUT2 expres-
sion reduces tau pathology.

To further examine the effect of MSUT2 on tau seeding 
and spreading, we adapted a recently developed cell-free 
amplification method for amplifying AD-tau that allowed 
for the generation of fluorescent-labeled recombinant tau 
seeds (Fig. S9a). Neuron-based activity tests showed that 

Fig. 3  MSUT2 modulates tau pathology but not Aβ or α-synuclein 
pathology. a Representative images of AT8-positive tau pathol-
ogy in CBD-tau-injected MSUT2 KO (KO) and wild-type (WT) 
mouse brains. Mice were injected with CBD-tau at 3 months of age 
and brains were collected, sectioned, and stained with AT8 anti-
body for tau pathology at 6  m.p.i. iHP = ipsilateral hippocampus; 
NFTs = neurofibrillary tangles; APs = astrocytic plaques (arrows). 
Scale bar = 50  μm. b, c Quantification of NFTs and APs (count) in 
sections stained as in a. *P < 0.05, n.s., not significant by t-test, 
MSUT2 KO (KO) vs. wild-type (WT) mouse, n = 6 mice per group. 
Error bars represent the standard deviation. d Representative images 
of AT8-positive tau pathology in PSP-tau-injected MSUT2 KO (KO) 
and wild-type (WT) mouse brains. Mice were injected with PSP-tau 
at 3 months of age and brains were collected, sectioned, and stained 
with AT8 antibody for tau pathology at 6  m.p.i. iHP = ipsilateral 
hippocampus; NFTs = neurofibrillary tangles; TAs = tufted astro-
cytes (arrowheads). Scale bar = 50  μm. e, f Quantification of NFTs 
and TAs (count) in sections stained as in d. *P < 0.05, n.s., not sig-
nificant by t-test, MSUT2 KO (KO) vs. wild-type (WT) mouse, n = 6 
mice per group. Error bars represent the standard deviation. g Rep-
resentative images of Aβ plaque pathology in the brains of 5xFAD/
MSUT2 KO (5xKO) and 5xFAD/MSUT2 wild-type (5xWT) mice. 
Mice were sacrificed at 8 months of age. Mouse brain sections were 
stained with H31L21 (Aβ42) antibody to reveal the Aβ plaques. Scale 
bar = 100 µm. h Quantification of Aβ plaque-positive area (H31L21 
immunoreactivity) in 5xKO and 5xWT mouse brains in sections 
stained as in g. n.s., not significant by t-test, 5xFAD vs. 5xKO, n = 6 
mice per group. Error bars represent the standard deviation. i Counts 
of Aβ plaque numbers in 5xKO and 5xWT mice in sections stained 
as in g. n.s., not significant by t-test, 5xFAD vs. 5xKO, n = 6 mice per 
group. Error bars represent the standard deviation. j Representative 
images of ipsilateral hippocampal regions of MSUT2 KO (KO) mice 
and wild-type (WT) littermates injected with mouse-α-synuclein 
preformed fibrils (mSyn-pffs) at 1 m.p.i. Mouse brain sections were 
stained with EP1536Y antibody to reveal α-synuclein pathology. 
Scale bar = 200  μm. k Quantification of α-synuclein pathology area 
(EP1536Y immunoreactivity) in the ipsilateral hippocampal regions 
of mSyn-pffs-injected MSUT2 KO (KO) mice and wild-type (WT) 
littermates in sections stained as in j. n.s., not significant by t-test, 
MSUT2 KO (KO) vs. wild-type (WT) mouse, n = 4 mice per group. 
Error bars represent the standard deviation. l 5xKO and 5xWT were 
injected with AD-tau at 7  months of age. Mouse brains were col-
lected, sectioned and stained for neuritic plaque (NP) tau pathology 
with AT8 antibody at 1 m.p.i. representative images show ipsilateral 
hippocampal regions of injected mouse brains. Scale bar = 500  µm. 
m Quantification of NP tau pathology area in AD-tau-injected 5xKO 
and 5xWT mice at 1 m.p.i. in sections stained as in l. *P < 0.05 by 
t-test, 5xFAD vs. 5xKO, n = 6 mice per group. Error bars represent 
the standard deviation. n Brain sections from aged (12–15-month-
old) AD-tau-injected MSUT2 KO (KO) and wild-type (WT) litter-
mates at 3 m.p.i. were probed with AT8 antibody for tau pathology. 
Representative images show AT8-positive staining in the caudal 
hilus regions of the injected mouse brains. Scale bar = 500  µm. o 
Neurofibrillary tangles were counted in the ipsilateral hippocampal 
regions of AD-tau-injected aged MSUT2 and wild-type littermates at 
3 m.p.i. in sections stained as in n. *P < 0.05, ***P < 0.001 by one-
way ANOVA followed by Newman-Keuls’ post hoc test, MSUT2 
KO (KO) vs. wild-type (WT) mouse, n = 6 mice per group. Error 
bars represent the standard deviation. p AT8-positive tau pathology 
area was quantified in the ipsilateral hippocampal regions of AD-
tau-injected aged MSUT2 KO (KO) and wild-type (WT) littermates 
in sections stained as in n. n.s., not significant, *P < 0.05 by one-way 
ANOVA followed by Newman-Keuls’ post hoc test, WT vs. KO, 
n = 6 mice per group. Error bars represent the standard deviation
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AD-tau seeds that were amplified with recombinant T40 
tau containing the pH-insensitive hylite488 fluorescent 
label (ADT40P1-h488) could induce mouse tau pathology 
like the parent AD-tau seeds (Fig. S9b). Using a previously 
described protocol [41], we specifically quenched the fluo-
rescent signal coming from extracellular seeds (green) using 
trypan blue (Fig. S9c), which allows for the visualization of 
internalized intracellular fluorophore-tagged tau seeds dur-
ing live imaging. The amount of internalized tau seeds in 
neurons was quantified based on the integrated intracellular 
fluorescence as a function of time after seeds addition (Fig. 
S9d, e), and we observed that the half-life of internalized 
ADT40P1-h488 was twice as long (111.6 h) as T40 mono-
mers (51.5 h) (Fig. S9e). This indicates that the assembled 

fibrillar tau has significantly greater resistance to degrada-
tion than monomeric tau.

The internalization of ADT40P1-h488 tau seeds was 
examined in neurons treated with or without ASOs against 
MSUT2 (Fig. S10a). Intracellular fluorescent signal was 
significantly decreased in MSUT2 ASO-treated neurons 
compared to PBS or SCR-treated neurons after 24 h post-
treatment time (Fig. S10b), suggesting a global reduction 
of internalized tau seeds in the MSUT2 KD neurons. Using 
an ADT40P1 preparation made with a pH-sensitive dye 
(pHrodo™ red; PhR), we used time-lapse live imaging 
microscopy to measure the progression of tau seeds into 
acidic compartments such as late endosomes and lysosomes, 
and internalized tau seeds could be observed in acidic 
compartments as early as 8 h post-treatment time. Notably, 
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the amount of internalized tau seeds that progressed to acidic 
compartments was reduced in the MSUT2 ASOs-treated 
neurons compared to controls (PBS and SCR), in agreement 
with the global reduction of pathogenic tau seed uptake 
(Fig. 4c, d). These phenotypes could also be reproduced 
using MSUT2 KO mouse primary neurons (Fig. 4e, f) and 
importantly, in vivo after injection of ADT40P1-PhR into the 
adult MSUT2 KO mouse brains (Fig. 4g, h). Interestingly, in 
the latter in vivo studies, the majority of pathogenic tau seeds 
were taken up by cells located in the CA and dentate gyrus 
regions (Fig. 4g), confirming the central role of neurons in 
tau uptake. To reveal the endocytic pathways that MSUT2 
regulates, we employed different macromolecules that 
enter neurons via differential endocytic routes in primary 
neurons (Fig. 4i), including mSyn-pffs (receptor-mediated 
endocytosis [11, 54] and macropinocytosis [4]), transferrin 
(clathrin-mediated endocytosis [77]), and dextran (100 kDa; 
macropinocytosis [50]) and measured their uptakes in the 
primary neurons treated with MSUT2 or control ASOs. We 
did not observe any significant change in the internalization 
of these other protein species (Fig. 4j, k) except for dextran 
(Fig. 4l), suggesting that MSUT2 specifically regulates tau 
internalization by modulating neuronal macropinocytosis.

Gene expression analyses after neuronal MSUT2 
KO identifies multiple genes implicated in tau 
pathogenesis

As an RNA binding protein, it is known that MSUT2 binds 
to the Poly(A) tails of mRNA with its CCCH finger domains 
and regulates mRNA stability [70]. To specifically identify 
the mRNAs under the influence of MSUT2 in neurons, 
we performed single-cell metabolically labeled new RNA 
tagging sequencing (scNT-seq) in primary neuron cultures 
of wild-type (WT) and MSUT2 KO mice. In addition to 
discriminating cell type-specific changes, the scNT-seq 
technique allows for a comparison of transcript synthesis vs. 
turnover in the presence or absence of MSUT2. Accordingly, 
primary neuron cultures from MSUT2 KO mice and wild-
type littermates were metabolically labeled at DIV 10 and 
the transcriptome and differentially expressed genes (DEGs), 
as well as mRNA stabilities (represented as synthesis/
degradation ratio), were elucidated in the different cell 
culture populations.

After filtering low-quality cells, we retained 4855 
and 2624 cells from wild-type and MSUT2 KO samples, 
respectively. We identified five major cell types, includ-
ing excitatory neurons (Ex), inhibitory neurons (Inh), and 
non-neuronal cell types based on their characteristic gene 
expression (Fig. 5a). Loss of MSUT2 differentially affects 
the transcriptome in different cell populations, indicating 
a cell type-specific role of MSUT2 (Fig. S11a). In neu-
rons, these genes were predicted to be involved in multiple 

Fig. 4  MSUT2 modulates the internalization of pathogenic tau seeds 
in neurons. a Representative images showing wild-type mouse pri-
mary neurons that were immunocytochemically stained with R2295M 
antibody (mouse tau, green) and DAPI (blue) to assess the amount of 
mouse tau pathology induced by human tau seeds. Wild-type mouse 
primary neurons were pretreated with antisense oligonucleotides 
(ASOs) against MSUT2 or scrambled control ASO (SCR) at DIV2 
and human-derived tau seeds or mSyn-pffs were added at DIV7. Cells 
were extracted with detergent to remove soluble proteins and fixed 
at DIV21. Scale bar = 250  µm. b Quantification of R2295M immu-
noreactivity of each condition represented in a. Data were quanti-
fied using the fluorescent density x area of occupancy/DAPI count 
and normalized to the PBS-treated samples (as 100%). *P < 0.05, 
**P < 0.01, ***P < 0.001, n.s., not significant by two-way ANOVA 
followed by Tukey’s multiple comparisons test, n = 3 biologic repeats 
per group. Data were normalized to PBS-treated neurons in each 
group. Error bars represent the standard deviation. c Representa-
tive images showing neurons treated with MSUT2 ASOs (ASOs) or 
scrambled control ASO (SCR) at DIV2 and treated with pHrodo red 
dye (PhR)-labeled amplified AD-tau seeds (ADT40P1) at DIV7. PhR 
dye was detected at 2, 8, 18, and 48 h after the addition of ADT40P1. 
Scale bar = 5  µm. d Quantification of pHrodo red signal intensities 
from neurons treated as in c. Data are present as density x area/neu-
ron count (DxA/Neuron count). The dashed line delineates the region 
corresponding to the neuron’s outline, as indicated by the brightfield 
channel. **P < 0.01, ***P < 0.001 by two-way ANOVA followed by 
Tukey’s multiple comparisons test, n = 3 biologic repeats per group. 
Error bars represent the standard deviation. e Representative images 
show MSUT2 KO and wild-type mouse primary neurons treated with 
pHrodo red (PhR)-labeled ADT40P1 at DIV7 and live imaged at 24 h 
post-treatment time. Scale bar = 25  µm. f Quantification of pHrodo 
red signal in neurons treated as in e. Data are present as density x area 
coverage/neuron count and normalized to WT neurons. **P < 0.01 by 
t-test, wild-type (WT) vs. MSUT2 KO (KO), n = 5 biologic repeats 
per group. Error bars represent the standard deviation. g Representa-
tive images show the uptake of fluorescently labeled tau seeds in 
MSUT2 KO and wild-type mouse brains in vivo. Mice were stereo-
tactically-injected with pHrodo red-labeled ADT40P1 at 3 months of 
age. Mouse brains were quickly dissected at 2 d.p.i., sectioned, and 
imaged using live imaging microscopy. Representative images show 
the dorsal hippocampal regions of injected mice. Scale bar = 500 µm 
(overview) and 100 µm (insets). h Quantification of pHrodo red sig-
nal density x area of occupancy (DxA) in the hippocampal regions 
of the ADT40P1-injected MSUT2 KO and wild-type mice in sections 
stained as in g. **P < 0.01 by t-test, wild-type (WT) vs. MSUT2 KO 
(KO), n = 5 mice per group. Error bars represent the standard devia-
tion. i Representative images showing wild-type primary neurons 
that were treated with MSUT2 ASOs (ASOs) or scramble controls 
(SCR) at DIV2 and treated with bodipy (BDY)-labeled mSyn-pffs 
(mSyn-pffs), Alexa594 (A594)-labeled transferrin, or fluorescein 
(FL)-labeled dextran (500  kDa) at DIV7, with imaging 24  h later. 
Internalized proteins were revealed using live cell microscopy. 
Extracellular bodipy and fluorescein fluorescence were quenched by 
500 mM trypan blue before imaging. Representative images show flu-
orescent signals for bodipy, Alexa594, and fluorescein as well as fluo-
rescence images merged with bright field images. Scale bar = 5 µm. 
j–l Quantification of fluorescent signal intensities (DxA) in each 
condition in neurons stained as in i. n.s., not significant, *P < 0.05 by 
t-test, MSUT2 ASOs (ASOs) vs. scramble controls (SCR), n = 4–5 
biologic repeats per group. Error bars represent the standard deviation
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pathways, including those associated with neurodegenera-
tive disease (Fig. S11b). Interestingly, in line with our tau 
internalization data, genes controlling endocytosis were also 
found to be altered in the MSUT2 KO neurons (Fig. S11b). 
Notably, several previously reported genes protective against 

misfolded proteins or oxidative stresses, such as Hspa8 [46, 
87], Selenow [87], and Vcp [16] are the most significantly 
up-regulated across all the MSUT2 KO cell populations 
in the culture, whereas genes such as Adora1 [18, 40, 63], 
Apoe [74] and Jun [37] that have been implicated in tau 

Fig. 5  MSUT2 modulates tau pathogenesis via adenosine signaling. 
a UMAP plot shows distinct cell populations in scNT-sequencing 
of wild-type and MSUT2 KO primary neuron cultures at DIV 10. 
Cell populations were determined by expression levels of multi-
ple genes in each cell type. Ex = excitatory neurons, Inh = inhibitory 
neurons, MG = microglia, OPC = oligodendrocyte precursor cells, 
RG_Astro = radial glia astrocytes. b Volcano plot showing differen-
tially expressed genes (DEGs) in wild-type (WT) and MSUT2 KO 
(KO) excitatory neurons identified by scNT-seq. WT and KO primary 
neurons were cultured and collected at DIV10 in single-cell resus-
pension and sequenced using scNT-seq. DEGs are shown as WT vs. 
KO neurons. DEGs with adjusted p < 0.01 are shown on the graph. 
Increased DEGs (KO greater than WT) are in red while decreased 
DEGs are in blue. c Heatmaps showing the total RNA level, synthe-
sis rate (syn) and degradation rate (deg) changes of DEGs in excita-
tory neurons with (WT) or without (KO) expression of MSUT2. Val-
ues of DEGs in WT neurons were set as 0. The color hue indicates 
the level of changes, with red indicating increases (greater in KO 
than WT) and blue indicating decreases. d Immunoblots show VCP, 
HSP70 and A1AR protein expression levels in MSUT2 KO (KO) and 
wild-type (WT) littermates at 3  months of age. GAPDH was used 
as the loading control. n = 5 mice per group. e–g Quantification of 

VCP, HSP70, A1AR optical density from immunoblots as depicted 
in d. Data were normalized to the GAPDH signal. *P < 0.05 by t-test, 
MSUT2 KO (KO) vs. wild-type (WT) mice, n = 5 mice per group. 
Error bars represent the standard deviation. h Representative images 
showing mouse tau pathology induced by AD-tau in neurons treated 
with PBS, ASOs for A1AR, or scrambled control ASO. Primary neu-
rons were transfected with ASOs at DIV2 and treated with AD-tau at 
DIV7. Insoluble mouse tau aggregates were revealed with R2295M 
antibody. DAPI reveals nuclei. Scale bar = 50 µm. i Quantification of 
mouse tau pathology (area x density/DAPI count) in primary neurons 
as depicted in h. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way 
ANOVA followed by Tukey’s multiple comparison, n = 4 biologic 
repeats/condition. Error bars represent the standard deviation. j Rep-
resentative time-lapse live images of internalized tau seeds in primary 
neurons treated with PBS, scrambled control ASOs (SCR), MSUT2 
ASOs (MSUT2), A1AR ASOs (A1AR) at DIV2, or adenosine at 
DIV6, with pHrodo red-labeled ADT40P1 added at DIV7. Time in 
the figures is the interval after the addition of labeled ADT40P1. 
Scale bar = 5 µm. k Quantification of internalized pHrodo red signal 
(area x density/cell count) as a function of time, as depicted in j. n = 4 
biologic repeats/condition. Error bars show standard errors
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toxicity are specifically down-regulated in MSUT2 KO 
excitatory neurons (Fig. 5b, Data 2). These results suggest 
that MSUT2 regulates multiple transcripts that may play 
a direct or indirect role in tau pathogenesis in a cell type-
dependent manner. When we compared the DEGs in excita-
tory neurons from MSUT2 KO cultures with a recent single-
cell sequencing study of AD patient excitatory neurons [55], 
we found 61 overlapping genes, suggesting that there are 
a number of gene transcripts that show similar dysregula-
tion in AD and after MSUT2 KO (Fig. S11c). By taking 
advantage of scNT-seq, we estimated the mRNA synthesis 
and degradation rate in different cell types and calculated 
the mRNA synthesis and degradation rates of 329 up-reg-
ulated genes and 494 down-regulated genes in excitatory 
neurons (Fig. 5c, Data 3). In general, 97.0% (319 out of 329) 
of the up-regulated DEGs show increased synthesis rates 
(synthesis: KO/WT > 1) while only 1.2% (6 of the 494) of 
the down-regulated DEGs show increased synthesis rates. 
The fact that these genes are down-regulated indicates that 
there is an enhancement of their turnover that exceeds the 
increase in synthesis rate. There were 37.3% of the up-reg-
ulated DEGs vs. 18.2% of down-regulated DEGs that show 
increased degradation rates in the KO neurons. The overall 
transcript level is ultimately influenced by the balance of 
synthesis and degradation rates, and these findings suggest 
that alterations in synthesis rates predominantly drive the 
regulation of DEGs in the MSUT2 KO neurons. In summary, 
our data strongly imply that MSUT2 modulates the stabil-
ity of numerous genes across distinct cell populations, and 
some of these genes might play a role in tau pathogenesis 
and perhaps tau endocytosis.

MSUT2 regulates tau endocytosis via adenosinergic 
signaling

As noted, a number of MSUT2-regulated neuronal genes 
were identified that have previously been implicated in 
the regulation of tau pathology, including ApoE, VCP, 
Selenow and Hspa8. While the changes in expression of 
one or more of these gene products might contribute to the 
observed reduction of tau pathology observed after MSUT2 
KO, it is not clear based on the known functions of these 
proteins that they play a role in the observed reduction 
of macropinocytosis and tau seed uptake observed after 
MSUT2 KD or KO. In this regard, the downregulation of 
Adora1 (encoding adenosine receptor 1) after MSUT2 KO 
is noteworthy, as the literature suggests a potential linkage 
of Adora1 with tauopathy, as well as an involvement 
in neuronal endocytosis [18, 40, 63, 66]. To validate the 
transcriptomic changes, we biochemically measured the 
protein expression levels of the DEGs VCP (Vcp), HSP70 
(Hspa8) and A1AR (Adora1) in adult 3-month-old MSUT2 
KO mouse brains (Fig. 5d–g). The immunoblots confirmed 

that these proteins are consistently changing in the same way 
(increased or decreased) in the MSUT2 KO mouse brain as 
the transcripts changed in MSUT2 KO neuron cultures. To 
further investigate the contribution of gene expression in 
tau spreading, we correlated the brain regional changes of 
tau pathology between WT and MSUT2 KO mice with the 
spatial expression of DEGs in MSUT2 KO neurons from 
a previously published dataset [48] and identified A1AR 
expression as being highly correlated with tau spreading 
(Data 4). This finding led us to explore the mechanisms by 
which A1AR regulates tau endocytosis.

To examine if A1AR might regulate tau pathology, we 
first treated primary neurons with an adenosine receptor 
agonist (adenosine) or antagonist (caffeine), followed by 
treating with AD-tau seeds and subsequent measurement of 
induced mouse tau aggregates using a mouse tau-specific 
antibody (R2295M) (Fig. S12a). We observed clear dose-
dependent changes in tau pathology after treatment 
with these pharmaceutical compounds. Specifically, the 
adenosine receptor agonist, adenosine, increased the amount 
of tau pathology (Fig. S12b) while the antagonist, caffeine, 
decreased pathology (Fig. S12c). These results suggest 
that adenosine receptor binding can influence the AD-tau-
seeded tau pathology in neurons. Moreover, when the 
neurons were co-treated with both agonist and antagonist, 
their effects were neutralized (Fig. S12d), confirming the 
modulatory effect was unlikely due to an off-target effect 
of the compounds. When we treated the neurons with these 
compounds and measured the internalization of fluorescently 
labeled pathogenic tau seeds (ADT40P1-PhR), we found 
that caffeine treatment significantly decreased the amount 
of internalized tau seeds while adenosine increased it (Fig. 
S12e and f), which correlates with the changes in AD-tau-
seeded tau pathology in the primary neuron model. Notably, 
the same treatment was less effective in the MSUT2 KO 
mouse primary neurons, suggesting that an adenosine 
receptor, likely A1AR, is the downstream effector needed 
for the internalization of tau seeds (Fig. S12g and h).

As the pharmacologic agents used above act on both 
A1AR and A2AR receptors, we wanted to further confirm 
the role of A1AR in tau seeding. Utilizing ASOs to A1AR, 
we found that A1AR KD led to a decrease in AD-tau-seeded 
pathology relative to neurons treated with scrambled control 
ASOs (Fig. 5h and i). Similar to neurons treated with ASOs 
against MSUT2, neurons treated with ASOs against A1AR 
showed reduced internalization of tau seeds (Fig. 5j and k). 
Notably, modulating A1AR activity or MSUT2 level did 
not significantly alter the bulk mitochondria or lysosome 
densities or morphologies in these neurons (Fig. S13), 
suggesting the MSUT2-A1AR pathway is unlikely affect tau 
seeding via changing mitochondrial and lysosomal activities. 
These data indicate that A1AR is a downstream target of 
MSUT2 that modulates endocytosis of pathogenic tau seeds.
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A1AR regulates tau endocytosis via ASAP1 signaling

Since macropinocytosis appears to be the major pathway 
involved in tau endocytosis in our models, we searched 
for potential effectors under the control of A1AR that may 
contribute to macropinocytosis. Among the candidates, we 
noticed ASAP1 as a potential regulator of endocytosis, spe-
cifically macropinocytosis, as reported in previous studies 

[7, 51]. Notably, ASAP1 was also identified as a potential 
genetic risk factor for PSP [9, 73, 86], a form of primary 
tauopathy. Therefore, our first step was to test the activa-
tion and expression of ASAP1 in A1AR KD mouse primary 
neurons. The results showed that downregulation of A1AR 
decreased the activated form of ASAP1 (pY782) in the 
neurons, while the total amount of ASAP1 was not affected 
(Fig. 6a–d). To confirm the relationship between MSUT2, 
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A1AR, and activated pASAP1 in the MSUT2 KO mice, we 
measured neuronal levels of these proteins in MSUT2 KO 
and wild type mouse brain by immunofluorescence staining 
and found that A1AR and pASAP1 are down-regulated in 
the MSUT2 KO mouse brains compared to their wild type 
littermates (Fig. S14a and b). Moreover, their expression 
levels positively correlate with each other in the wild-type 
mouse brains (Fig. S14c–e). These results further validated 
the regulatory role of MSUT2 on A1AR and pASAP1). Sim-
ilar to the immunoblots (Fig. S2a, b), there is non-functional 

MSUT2 protein expression in the MSUT2 KO mouse brains. 
Previous reports indicated that ASAP1 regulates macropi-
nocytosis through FIP3 and RAB11 [36]. Building upon 
these findings, we investigated tau seeding in neurons after 
knockdown of FIP3 and ASAP1 in wild-type mouse primary 
neurons. Notably, tau pathology induced by AD-tau seeding 
was significantly reduced in neurons treated with ASAP1 or 
FIP3 ASOs compared to those treated with PBS or scram-
bled control ASOs (Fig. 6e, f), suggesting the involvement 
of ASAP1 in tau seeding. We further assessed tau inter-
nalization in neurons after downregulation of ASAP1 and 
FIP3, and a reduction of tau internalization was observed 
in neurons treated with ASAP1 and FIP3 ASOs (Fig. 6g, 
h). Consistent with our observation in MSUT2 KD neurons 
(Fig. 4k, l), both ASAP1 and FIP3 appear to regulate macro-
pinocytosis as revealed by the effects on internalization of 
dextran (Fig. 6 i–k). There is also a non-significant trend 
toward reduction of transferrin uptake after ASAP1 KD, 
as there was for MSUT2 KD (Fig. 4k), although FIP3 KD 
did not affect clathrin-mediated transferrin internalization 
(Fig. 6m, n). Thus, although the reduction of MSUT2 and 
ASAP1 might affect clathrin-mediated endocytosis in addi-
tion to macropinocytosis, the fact that FIP3 KD reduces tau 
internalization without affecting transferrin uptake further 
suggests that the MSUT2, ASAP1 and FIP3 effects on tau 
internalization are via macropinocytosis. In summary, our 
data suggests that A1AR is a downstream MSUT2-regulated 
gene product that, through regulation of ASAP1 activation, 
controls the internalization of tau seeds.

Discussion

Previous studies have indicated that MSUT2 KO does not 
substantially impact the lifespan and brain function of 
mice. However, it does lead to a reduction in tau pathology 
and the amelioration of brain dysfunction in transgenic C. 
elegans and mice that overexpress mutant human tau [30, 
82, 83]. This suggests a potential involvement of MSUT2 
in regulating tau pathogenesis and associated neuronal 
dysfunction in mouse models of tauopathy. In line with 
this observation, our research reveals a correlation between 
neuronal MSUT2 expression levels and the extent of 
tauopathy in human patients. Moreover, KO of MSUT2 
can inhibit the spatiotemporal spreading of tau pathology 
in mice that was induced by patient-derived tau seeds in 
a connectome-dependent manner, further establishing a 
neuronal role of MSUT2 on tau pathogenesis. The MSUT2 
KO effect on tau pathology was also observed in mouse 
models seeded with different tau strains and was independent 
of Aβ plaque co-pathology. In fact, loss of MSUT2 did not 
influence Aβ plaque or α-syn pathology. The inhibitory 
effect of MSUT2 reduction on tau pathology could also be 

Fig. 6  Adenosine signaling regulates ASAP1 and micropinocytosis. 
a Mouse primary neurons were treated with ASOs against A1AR or 
A2AR, scrambled ASO control (SCR) or PBS at DIV2. Cells were 
harvested at DIV7, and cell lysates were probed with pASAP1, 
ASAP1, A1AR and GAPDH antibodies by immunoblots. b–d Quan-
tification of pASAP1, ASAP1, A1AR, GAPDH immunoreactivity 
as shown in a. *P < 0.05, **P < 0.01 by one-way ANOVA followed 
by Tukey’s post hoc test, n = 3 biologic repeats. Error bars repre-
sent the standard deviation. e Representative images showing mouse 
tau pathology induced by AD-tau in neurons treated with PBS, 
ASAP1 ASOs (ASAP1), FIP3 ASOs (FIP3), or scrambled control 
ASO (SCR). Primary neurons were transfected with ASOs at DIV2 
and treated with AD-tau at DIV7. Insoluble mouse tau aggregates 
were revealed with R2295M antibody. DAPI reveals nuclei. Scale 
bar = 50  µm. f Quantification of mouse tau pathology (area x den-
sity/DAPI count) in primary neurons as depicted in e. *P < 0.05 by 
one-way ANOVA followed by Tukey’s multiple comparison, biologic 
repeats/condition. Error bars represent the standard deviation. g Rep-
resentative live images of internalized tau seeds in primary neurons 
treated with PBS, scrambled control ASO (SCR), ASAP1 ASOs 
(ASAP1), or FIP3 ASOs (FIP3) at DIV2, with pHrodo red-labeled 
ADT40P1 (ADT40P1-PhR) added at DIV7. Live cell images were 
taken at DIV8 (24  h post-treatment). Scale bar = 5  µm. h Quantifi-
cation of internalized tau seeds as measured by pHrodo red signal, 
as depicted in g. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way 
ANOVA followed by Tukey’s multiple comparison, n = 5 biologi-
cal repeats/condition. Fluorescent density x Area was normalized to 
Neuron count (DxA/Neuron). Error bars show standard errors. i Rep-
resentative live images of internalized tau seeds in primary neurons 
treated with scrambled control ASO (SCR), ASAP1 ASOs (ASAP1), 
or FIP3 ASOs (FIP3) at DIV2, with fluorescein-labeled Dextran 
added at DIV7. Live cell images were taken at DIV8 (24 h post-treat-
ment). Extracellular signals were quenched using 100 μM trypan blue 
before imaging. Scale bar = 5 µm. j, k Quantification of internalized 
Dextran as measured by fluorescein signal, as depicted in i. *P < 0.05, 
**P < 0.01, ***P < 0.001 by one-way ANOVA followed by Tukey’s 
multiple comparison, n = 5 biological repeats/condition. Fluorescent 
density x area or counts of endocytosed puncta (count) were nor-
malized to Neuron count (DxA/Neuron or count/Neuron). Error bars 
show standard errors. l Representative live images of internalized 
tau seeds in primary neurons treated with scrambled control ASO 
(SCR), ASAP1 ASOs (ASAP1), or FIP3ASOs (FIP3) at DIV2, with 
Alexa594-labeled Transferrin added at DIV7. Live cell images were 
taken at DIV8 (24 h post-treatment). Scale bar = 5 µm. m, n Quan-
tification of internalized transferrin as measured by Alex594 signal, 
as depicted in l. n = 5 biological repeats/condition. n.s. by one-way 
ANOVA followed by Tukey's multiple comparison, n = 5 biological 
repeats/condition. Fluorescent density x area or counts of endocy-
tosed puncta (count) were normalized to Neuron count (DxA/Neuron 
or count/Neuron). Error bars show standard errors
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reproduced in primary neuron cultures using either ASOs 
to MSUT2 or in MSUT2 KO primary neurons. Using live 
cell imaging and fluorescently labeled tau seeds, we showed 
that downregulation of MSUT2 significantly reduced the 
internalization of pathogenic tau seeds in neurons in vitro 
and in vivo. To elucidate the molecular mechanisms of 
this MSUT2 effect, we identified DEGs under the control 
of MSUT2 in neurons and validated a downstream target 
gene, adora1, as a regulator of macropinocytosis and 
pathogenic–tau internalization that acts through activation 
of ASAP1. We have thus revealed a link between A1AR 
and ASAP1 in macropinocytosis and uncovered a novel 
mechanism of tau uptake regulation associated with ASAP1, 
a potential genetic risk factor for PSP. Importantly, these 
findings indicate that A1AR and ASAP1 could serve as 
potential therapeutic targets for the treatment of tauopathies.

Although a previous study [83] revealed that MSUT2 KO 
could reduce tau pathology in a transgenic mouse tauopathy 
model, the mechanism by which MSUT2 reduction led to 
lower tau pathology was unclear. Our utilization of seeded 
models of tau pathologic spreading allowed for further 
dissection of the role of MSUT2 in tau pathogenesis. The 
use of tau spreading models provides several advantages 
compared to transgenic models: (1) the development of tau 
pathology does not depend on tau overexpression; (2) the 
onset of tau pathology can be spatiotemporally traced; and 
(3) The model is compatible with other transgenic or non-
transgenic models, facilitating the study of multiple factors 
and co-pathologies on tau pathogenesis. Utilizing such 
models, we showed that loss of MSUT2 results in reduced 
spreading of tau pathology induced by different tau strains, 
with this suppressive effect observed up to 12 months after 
seeding with pathologic tau. Interestingly, the results from 
bigenic 5xFAD/MSUT2 KO mice injected with AD-tau 
showed that loss of MSUT2 can suppress neuritic plaque 
tau, indicating that MSUT2 can modulate all forms of 
seeded neuronal tau pathology. Notably, MSUT2 KO mice 
injected with PSP- and CBD-tau also showed a decrease 
in neuronal tau pathology, but not astrocytic tau pathology, 
suggesting that reduction of MSUT2 does not affect glial 
tau seeding and spreading. In addition, MSUT2 KO did not 
result in significant changes in markers of glial reactivity, 
suggesting that the effect of MSUT2 KO on neuronal tau 
pathology was likely not the result of overt changes in glial 
phenotype.

Our in vivo data indicate that loss of MSUT2 reduces the 
internalization of tau seeds, and multiple endocytic pathways 
have been suggested to be involved in tau internalization, 
including micropinocytosis [22, 35, 84], clathrin-mediated 
endocytosis [21], and tunneling nanotubes [75]. In addition, 
macropinocytosis has been suggested to comprise one major 
endocytic pathway for the internalization of oligomeric 
and fibrillar tau species [22, 35, 84]. These studies have 

identified multiple molecular species that may directly 
interact with tau protein to facilitate uptake, including 
heparan sulfate proteoglycans (HSPGs) [35], cellular prion 
protein (PrPC) [17], and low-density lipoprotein (LDL) 
receptor related protein 1 (LRP1) [14, 69]. Other studies 
suggest tau internalization may be via endocytic pathways 
that require LDL [69] and Bridging Integrator 1 (BIN1) [8]. 
Many of these prior studies of tau internalization utilized 
non-neuronal cellular systems and synthetic tau fibrils, 
and it is unclear if all these findings translate to neuron-
mediated uptake of tau fibrils from diseased brain. In this 
regard, we chose to use primary neurons and human-like 
pathogenic tau seeds in the present study in an attempt to 
provide a disease-relevant model system. This included 
modification of our previous human pathologic tau 
amplification protocol [85] to generate fluorescently labeled 
tau seeds that recapitulate the pathogenicity of human tau 
seeds. To our knowledge, these are the first fluorescently 
labeled tau seeds that mimic the pathogenicity of human 
tau. Using these tools, we found that the internalization of 
tau seeds was decreased in MSUT2 knockout neurons. This 
reduction of tau seed uptake in neurons correlated with the 
decline of tau pathology formation in the neuron cultures, 
and a similar lowering of fluorescently labeled tau seed 
internalization was also reproduced in vivo in MSUT2 KO 
mice. Interestingly, we did not observe a similar effect of 
MSUT2 KO on α-syn pffs uptake in neurons. This could 
be due to the use of non-human-derived pffs and/or that 
internalization of α-syn pffs and tau seeds are mediated by 
different endocytosis pathways. Future testing with human-
derived α-syn seeds may provide further insights into α-syn 
uptake mechanism(s).

To identify the molecular mechanism by which MSUT2 
regulates tau internalization, we leveraged a newly 
developed single nuclear sequencing technique [67], which 
allows us to label newly synthesized mRNAs and measure 
the synthesis and turnover rate of the target mRNAs in 
neurons. The approach led to the discovery of genes with 
altered expression in MSUT2 KO neurons, demonstrating 
a modulatory role of MSUT2 on specific mRNAs. Among 
the DEGs regulated by MSUT2 were those encoding tau 
kinases and chaperone proteins associated with the protein 
misfolding machinery. This observation suggests that 
MSUT2 might oversee various cellular processes that could 
influence tau pathogenesis, and gaining an understanding 
of the relationship of these DEGs to tau pathology would 
require further investigation. However, here we focused 
on one of the down-regulated DEGs in MSUT2 knockout 
excitatory neurons, adora1, that has been implicated in 
AD and the regulation of endocytosis. Adora1 encodes the 
adenosine receptor 1 (A1AR), which belongs to a family 
of cell membrane [63] receptors that govern adenosinergic 
signaling pathways. Notably, A1AR levels were previously 
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reported to be associated with AD and dementia [1, 40], 
and the consumption of the A1AR antagonists caffeine and 
theophylline is negatively associated with the onset of AD 
and dementia [10, 25]. Interestingly, A1AR antagonists 
also reduce phosphorylated tau levels [47] and rescue 
synaptic dysfunction [18] in transgenic mouse models. 
Moreover, adenosine signaling was reported to mediate 
the endocytosis of AMPA receptors [66], suggesting a 
potential role in endocytic pathways. The influence of 
A1AR on tau pathogenesis was examined using known 
adenosine receptor agonists and antagonists and the results 
revealed that inhibition of adenosine receptor signaling 
can effectively suppress AD-tau-seeded neuronal tau 
pathology and reduce the internalization of pathogenic 
tau seeds, similar to the downregulation of MSUT2. 
Importantly, these results were reproduced with ASOs 
directed to A1AR but not to A2AR, indicating that the 
effect of the tested adenosine receptor ligands was via 
A1AR binding. Since A1AR has not been identified as 
a tau interactor [78] and we observed a similar effect 
of A1AR antagonism on the internalization of dextran, 
we propose that A1AR facilitates tau internalization via 
macropinocytosis. As one of the potential genetic risk 
factors for PSP, the mechanism of ASAP1 involvement 
in tau pathology has not been previously investigated. 
We found ASAP1 is a downstream effector of A1AR that 
regulates the endocytosis of tau seeds and tau seeding 
in recipient neurons. Previous studies have indicated an 
overlap of binding ligands and downstream effectors of 
A1AR and A3R (adenosine A3 receptor), both of which 
belong to the Gi family of receptors [5, 6, 52]. There is 
limited expression of A3R in mouse primary neurons [23, 
52], so our study cannot definitively rule out concurrent 
involvement of both A1AR and A3R on the modulation 
of ASAP1 in the adult mouse brain. Nevertheless, we did 
observe a differential effect of A1AR and A2AR in our 
experiments, which aligns with their distinct roles in the 
central nervous system.

In summary, we show that decreased MSUT2 expression 
reduces the transmission of tau pathology in tau spreading 
models by limiting the internalization of pathogenic tau 
seeds through a mechanism that depends, at least in part, 
on reduced A1AR function (see schematic model in Fig. 
S15). MSUT2 regulates the expression of A1AR, the 
downregulation of which exhibits a similar modulatory 
effect on pathogenic tau internalization as reduced MSUT2 
expression in mouse neurons. Our study thus provides 
novel insights into the role of MSUT2 in tau pathogenesis, 
including the involvement of the A1AR and ASAP1 
signaling pathway. This suggests A1AR or ASAP1 may be 
promising therapeutic targets to reduce the progression of 
tau pathology in human tauopathies.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00401- 024- 02703-3.

Acknowledgements We thank J. Robinson, T. Schuck, H. for techni-
cal assistance. We thank T. Bernard-Banks for breeding and providing 
the MSUT2 mice. We thank P.  Davies# at Hofstra Northwell School of 
Medicine for contributing PHF1 antibody. This work was supported 
by U19 AG062418, PO1 AG17586 and BrightFocus A2021731F, 
CurePSP Research Grant 677-2021-12. # Deceased on August 26th, 
2020

Author contributions H. X., J. Q. T., and V. M. Lee designed 
research. H. X., Q. Q., P. H., K. H., E. Y., M. O., C. K., L. C., and B. 
Z. performed experiments and analyzed the data. Z. H. H., N. M., K. 
C. L., E. B. L., G. D. S., B. K., K. R. B., and H. W. contributed tools, 
mouse line, human tissue and discussion. H. X., Q. Q., P. H., B. K., Z. 
H. H., V. M. -Y. L., and K. R. B. contributed to writing the manuscript. 
All authors, except J. Q. T., reviewed and approved the manuscript. All 
authors declare no conflicts of interest.

Funding This research was supported by National Institute on Aging 
(Grants AG 17586, AD076443-02).

Data availability All the supporting data are included in the electronic 
supplementary material. Experimental models and materials in the 
study can be shared via proper material transfer agreements for research 
purposes.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Angulo E, Casadó V, Mallol J, Canela EI, Viñals F, Ferrer I et al 
(2003) A1 adenosine receptors accumulate in neurodegenerative 
structures in Alzheimer disease and mediate both amyloid precur-
sor protein processing and tau phosphorylation and translocation. 
Brain Pathol 13:440–451. https:// doi. org/ 10. 1111/j. 1750- 3639. 
2003. tb004 75.x

 2. Bassil F, Meymand ES, Brown HJ, Xu H, Cox TO, Pattabhiraman 
S et al (2021) alpha-Synuclein modulates tau spreading in mouse 
brains. J Exp Med. https:// doi. org/ 10. 1084/ jem. 20192 193

 3. Bateman RJ, Barthelemy NR, Benzinger TLS, Bollinger JG, 
Fagan AM, Gordon BA et al (2020) Mass spectrometry measures 
of plasma Aβ, tau and P-tau isoforms’ relationship to amyloid 
PET, tau PET, and clinical stage of Alzheimer’s disease. Alzhei-
mers Dement 16:e037518. https:// doi. org/ 10. 1002/ alz. 037518

 4. Bayati A, Banks E, Han C, Luo W, Reintsch WE, Zorca CE et al 
(2022) Rapid macropinocytic transfer of alpha-synuclein to lys-
osomes. Cell Rep 40:111102. https:// doi. org/ 10. 1016/j. celrep. 
2022. 111102

 5. Blum D, Chern Y, Domenici MR, Buee L, Lin CY, Rea W et al 
(2018) The role of adenosine tone and adenosine receptors in 

https://doi.org/10.1007/s00401-024-02703-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1750-3639.2003.tb00475.x
https://doi.org/10.1111/j.1750-3639.2003.tb00475.x
https://doi.org/10.1084/jem.20192193
https://doi.org/10.1002/alz.037518
https://doi.org/10.1016/j.celrep.2022.111102
https://doi.org/10.1016/j.celrep.2022.111102


 Acta Neuropathologica          (2024) 147:55    55  Page 24 of 26

Huntington’s disease. J Caffeine Adenosine Res 8:43–58. https:// 
doi. org/ 10. 1089/ caff. 2018. 0006

 6. Borea PA, Gessi S, Merighi S, Vincenzi F, Varani K (2018) Phar-
macology of adenosine receptors: the state of the art. Physiol Rev 
98:1591–1625. https:// doi. org/ 10. 1152/ physr ev. 00049. 2017

 7. Brown FD, Rozelle AL, Yin HL, Balla T, Donaldson JG (2001) 
Phosphatidylinositol 4,5-bisphosphate and Arf6-regulated mem-
brane traffic. J Cell Biol 154:1007–1017. https:// doi. org/ 10. 1083/ 
jcb. 20010 3107

 8. Calafate S, Flavin W, Verstreken P, Moechars D (2016) Loss of 
Bin1 promotes the propagation of tau pathology. Cell Rep 17:931–
940. https:// doi. org/ 10. 1016/j. celrep. 2016. 09. 063

 9. Chen JA, Chen Z, Won H, Huang AY, Lowe JK, Wojta K et al 
(2018) Joint genome-wide association study of progressive supra-
nuclear palsy identifies novel susceptibility loci and genetic cor-
relation to neurodegenerative diseases. Mol Neurodegener 13:41. 
https:// doi. org/ 10. 1186/ s13024- 018- 0270-8

 10. Chen JQA, Scheltens P, Groot C, Ossenkoppele R (2020) Asso-
ciations between caffeine consumption, cognitive decline, and 
dementia: a systematic review. J Alzheimers Dis 78:1519–1546. 
https:// doi. org/ 10. 3233/ jad- 201069

 11. Chen K, Martens YA, Meneses A, Ryu DH, Lu W, Raulin AC 
et al (2022) LRP1 is a neuronal receptor for α-synuclein uptake 
and spread. Mol Neurodegener 17:57. https:// doi. org/ 10. 1186/ 
s13024- 022- 00560-w

 12. Chung DC, Roemer S, Petrucelli L, Dickson DW (2021) Cellular 
and pathological heterogeneity of primary tauopathies. Mol Neu-
rodegener 16:57. https:// doi. org/ 10. 1186/ s13024- 021- 00476-x

 13. Clavaguera F, Akatsu H, Fraser G, Crowther RA, Frank S, Hench 
J et al (2013) Brain homogenates from human tauopathies induce 
tau inclusions in mouse brain. Proc Natl Acad Sci USA 110:9535–
9540. https:// doi. org/ 10. 1073/ pnas. 13011 75110

 14. Cooper JM, Lathuiliere A, Migliorini M, Arai AL, Wani MM, 
Dujardin S et al (2021) Regulation of tau internalization, degra-
dation, and seeding by LRP1 reveals multiple pathways for tau 
catabolism. J Biol Chem 296:100715. https:// doi. org/ 10. 1016/j. 
jbc. 2021. 100715

 15. Cornblath EJ, Li HL, Changolkar L, Zhang B, Brown HJ, Gath-
agan RJ et al (2021) Computational modeling of tau pathology 
spread reveals patterns of regional vulnerability and the impact 
of a genetic risk factor. Sci Adv. https:// doi. org/ 10. 1126/ sciadv. 
abg66 77

 16. Darwich NF, Phan JM, Kim B, Suh E, Papatriantafyllou JD, 
Changolkar L et al (2020) Autosomal dominant VCP hypomorph 
mutation impairs disaggregation of PHF-tau. Science. https:// doi. 
org/ 10. 1126/ scien ce. aay88 26

 17. De Cecco E, Celauro L, Vanni S, Grandolfo M, Bistaffa E, Moda 
F et al (2020) The uptake of tau amyloid fibrils is facilitated by 
the cellular prion protein and hampers prion propagation in cul-
tured cells. J Neurochem 155:577–591. https:// doi. org/ 10. 1111/ 
jnc. 15040

 18. Dennissen FJ, Anglada-Huguet M, Sydow A, Mandelkow E, Man-
delkow EM (2016) Adenosine A1 receptor antagonist rolofylline 
alleviates axonopathy caused by human Tau DeltaK280. Proc Natl 
Acad Sci USA 113:11597–11602. https:// doi. org/ 10. 1073/ pnas. 
16031 19113

 19. Detrez JR, Maurin H, Van Kolen K, Willems R, Colombelli J, 
Lechat B et al (2019) Regional vulnerability and spreading of 
hyperphosphorylated tau in seeded mouse brain. Neurobiol Dis 
127:398–409. https:// doi. org/ 10. 1016/j. nbd. 2019. 03. 010

 20. Dujardin S, Commins C, Lathuiliere A, Beerepoot P, Fernandes 
AR, Kamath TV et al (2020) Tau molecular diversity contrib-
utes to clinical heterogeneity in Alzheimer’s disease. Nat Med 
26:1256–1263. https:// doi. org/ 10. 1038/ s41591- 020- 0938-9

 21. Evans LD, Wassmer T, Fraser G, Smith J, Perkinton M, Billin-
ton A et al (2018) Extracellular monomeric and aggregated tau 

efficiently enter human neurons through overlapping but distinct 
pathways. Cell Rep 22:3612–3624. https:// doi. org/ 10. 1016/j. cel-
rep. 2018. 03. 021

 22. Falcon B, Cavallini A, Angers R, Glover S, Murray TK, Barnham 
L et al (2015) Conformation determines the seeding potencies of 
native and recombinant Tau aggregates. J Biol Chem 290:1049–
1065. https:// doi. org/ 10. 1074/ jbc. M114. 589309

 23. Fredholm BB, AP IJ, Jacobson KA, Klotz KN, Linden J (2001) 
International Union of Pharmacology. XXV. Nomenclature and 
classification of adenosine receptors. Pharmacol Rev 53:527–552

 24. Gamache J, Benzow K, Forster C, Kemper L, Hlynialuk C, Furrow 
E et al (2019) Factors other than hTau overexpression that contrib-
ute to tauopathy-like phenotype in rTg4510 mice. Nat Commun 
10:2479. https:// doi. org/ 10. 1038/ s41467- 019- 10428-1

 25. Gardener SL, Rainey-Smith SR, Villemagne VL, Fripp J, Dore 
V, Bourgeat P et al (2021) Higher coffee consumption is associ-
ated with slower cognitive decline and Aβ-amyloid accumulation 
over 126 months: data from the AIBL study. Alzheimers Dement 
17:e051574. https:// doi. org/ 10. 1002/ alz. 051574

 26. Gibbons GS, Lee VMY, Trojanowski JQ (2019) Mechanisms of 
cell-to-cell transmission of pathological tau: a review. JAMA Neu-
rol 76:101–108. https:// doi. org/ 10. 1001/ jaman eurol. 2018. 2505

 27. Gotz J, Deters N, Doldissen A, Bokhari L, Ke Y, Wiesner A et al 
(2007) A decade of tau transgenic animal models and beyond. 
Brain Pathol 17:91–103. https:// doi. org/ 10. 1111/j. 1750- 3639. 
2007. 00051.x

 28. Guo JL, Narasimhan S, Changolkar L, He Z, Stieber A, Zhang B 
et al (2016) Unique pathological tau conformers from Alzheimer’s 
brains transmit tau pathology in nontransgenic mice. J Exp Med 
213:2635–2654. https:// doi. org/ 10. 1084/ jem. 20160 833

 29. Guthrie CR, Greenup L, Leverenz JB, Kraemer BC (2011) 
MSUT2 is a determinant of susceptibility to tau neurotoxicity. 
Hum Mol Genet 20:1989–1999. https:// doi. org/ 10. 1093/ hmg/ 
ddr079

 30. Guthrie CR, Schellenberg GD, Kraemer BC (2009) SUT-2 poten-
tiates tau-induced neurotoxicity in Caenorhabditis elegans. Hum 
Mol Genet 18:1825–1838. https:// doi. org/ 10. 1093/ hmg/ ddp099

 31. Guzman-Martinez L, Maccioni RB, Andrade V, Navarrete LP, 
Pastor MG, Ramos-Escobar N (2019) Neuroinflammation as a 
common feature of neurodegenerative disorders. Front Pharmacol. 
https:// doi. org/ 10. 3389/ fphar. 2019. 01008

 32. Haney CM, Wissner RF, Warner JB, Wang YJ, Ferrie JJ, D JC 
et al (2016) Comparison of strategies for non-perturbing labeling 
of alpha-synuclein to study amyloidogenesis. Org Biomol Chem 
14:1584–1592. https:// doi. org/ 10. 1039/ c5ob0 2329g

 33. He Z, Guo JL, McBride JD, Narasimhan S, Kim H, Changolkar L 
et al (2018) Amyloid-beta plaques enhance Alzheimer’s brain tau-
seeded pathologies by facilitating neuritic plaque tau aggregation. 
Nat Med 24:29–38. https:// doi. org/ 10. 1038/ nm. 4443

 34. He Z, McBride JD, Xu H, Changolkar L, Kim SJ, Zhang B et al 
(2020) Transmission of tauopathy strains is independent of their 
isoform composition. Nat Commun 11:7. https:// doi. org/ 10. 1038/ 
s41467- 019- 13787-x

 35. Holmes BB, DeVos SL, Kfoury N, Li M, Jacks R, Yanamandra K 
et al (2013) Heparan sulfate proteoglycans mediate internalization 
and propagation of specific proteopathic seeds. Proc Natl Acad Sci 
U S A 110:E3138-3147. https:// doi. org/ 10. 1073/ pnas. 13014 40110

 36. Inoue H, Ha VL, Prekeris R, Randazzo PA (2008) Arf GTPase-
activating protein ASAP1 interacts with Rab11 effector FIP3 and 
regulates pericentrosomal localization of transferrin receptor-pos-
itive recycling endosome. Mol Biol Cell 19:4224–4237. https:// 
doi. org/ 10. 1091/ mbc. e08- 03- 0290

 37. Ittner LM, Ke YD, Götz J (2009) Phosphorylated Tau interacts 
with c-Jun N-terminal kinase-interacting protein 1 (JIP1) in Alz-
heimer disease. J Biol Chem 284:20909–20916. https:// doi. org/ 
10. 1074/ jbc. M109. 014472

https://doi.org/10.1089/caff.2018.0006
https://doi.org/10.1089/caff.2018.0006
https://doi.org/10.1152/physrev.00049.2017
https://doi.org/10.1083/jcb.200103107
https://doi.org/10.1083/jcb.200103107
https://doi.org/10.1016/j.celrep.2016.09.063
https://doi.org/10.1186/s13024-018-0270-8
https://doi.org/10.3233/jad-201069
https://doi.org/10.1186/s13024-022-00560-w
https://doi.org/10.1186/s13024-022-00560-w
https://doi.org/10.1186/s13024-021-00476-x
https://doi.org/10.1073/pnas.1301175110
https://doi.org/10.1016/j.jbc.2021.100715
https://doi.org/10.1016/j.jbc.2021.100715
https://doi.org/10.1126/sciadv.abg6677
https://doi.org/10.1126/sciadv.abg6677
https://doi.org/10.1126/science.aay8826
https://doi.org/10.1126/science.aay8826
https://doi.org/10.1111/jnc.15040
https://doi.org/10.1111/jnc.15040
https://doi.org/10.1073/pnas.1603119113
https://doi.org/10.1073/pnas.1603119113
https://doi.org/10.1016/j.nbd.2019.03.010
https://doi.org/10.1038/s41591-020-0938-9
https://doi.org/10.1016/j.celrep.2018.03.021
https://doi.org/10.1016/j.celrep.2018.03.021
https://doi.org/10.1074/jbc.M114.589309
https://doi.org/10.1038/s41467-019-10428-1
https://doi.org/10.1002/alz.051574
https://doi.org/10.1001/jamaneurol.2018.2505
https://doi.org/10.1111/j.1750-3639.2007.00051.x
https://doi.org/10.1111/j.1750-3639.2007.00051.x
https://doi.org/10.1084/jem.20160833
https://doi.org/10.1093/hmg/ddr079
https://doi.org/10.1093/hmg/ddr079
https://doi.org/10.1093/hmg/ddp099
https://doi.org/10.3389/fphar.2019.01008
https://doi.org/10.1039/c5ob02329g
https://doi.org/10.1038/nm.4443
https://doi.org/10.1038/s41467-019-13787-x
https://doi.org/10.1038/s41467-019-13787-x
https://doi.org/10.1073/pnas.1301440110
https://doi.org/10.1091/mbc.e08-03-0290
https://doi.org/10.1091/mbc.e08-03-0290
https://doi.org/10.1074/jbc.M109.014472
https://doi.org/10.1074/jbc.M109.014472


Acta Neuropathologica          (2024) 147:55  Page 25 of 26    55 

 38. Jack CR Jr, Therneau TM, Weigand SD, Wiste HJ, Knopman 
DS, Vemuri P et al (2019) Prevalence of biologically vs clinically 
defined Alzheimer spectrum entities using the national institute 
on aging-Alzheimer’s association research framework. JAMA 
Neurol. https:// doi. org/ 10. 1001/ jaman eurol. 2019. 1971

 39. Johnson NR, Condello C, Guan S, Oehler A, Becker J, Gavidia M 
et al (2017) Evidence for sortilin modulating regional accumula-
tion of human tau prions in transgenic mice. Proc Natl Acad Sci 
U S A 114:E11029–E11036. https:// doi. org/ 10. 1073/ pnas. 17171 
93114

 40. Kalaria RN, Sromek S, Wilcox BJ, Unnerstall JR (1990) Hip-
pocampal adenosine A1 receptors are decreased in Alzheimer’s 
disease. Neurosci Lett 118:257–260. https:// doi. org/ 10. 1016/ 
0304- 3940(90) 90641-l

 41. Karpowicz RJ Jr, Haney CM, Mihaila TS, Sandler RM, Peters-
son EJ, Lee VM (2017) Selective imaging of internalized proteo-
pathic alpha-synuclein seeds in primary neurons reveals mecha-
nistic insight into transmission of synucleinopathies. J Biol Chem 
292:13482–13497. https:// doi. org/ 10. 1074/ jbc. M117. 780296

 42. Kelly SM, Bienkowski R, Banerjee A, Melicharek DJ, Brewer ZA, 
Marenda DR et al (2016) The Drosophila ortholog of the Zc3h14 
RNA binding protein acts within neurons to pattern axon projec-
tion in the developing brain. Dev Neurobiol 76:93–106. https:// 
doi. org/ 10. 1002/ dneu. 22301

 43. Korsunsky I, Millard N, Fan J, Slowikowski K, Zhang F, Wei K 
et al (2019) Fast, sensitive and accurate integration of single-cell 
data with Harmony. Nat Methods 16:1289–1296. https:// doi. org/ 
10. 1038/ s41592- 019- 0619-0

 44. Kouri N, Ross OA, Dombroski B, Younkin CS, Serie DJ, Soto-
Ortolaza A et al (2015) Genome-wide association study of corti-
cobasal degeneration identifies risk variants shared with progres-
sive supranuclear palsy. Nat Commun 6:7247. https:// doi. org/ 10. 
1038/ ncomm s8247

 45. Kovalevich J, Cornec A-S, Yao Y, James M, Crowe A, Lee VM-Y 
et al (2016) Characterization of brain-penetrant pyrimidine-con-
taining molecules with differential microtubule-stabilizing activi-
ties developed as potential therapeutic agents for Alzheimer’s dis-
ease and related tauopathies. J Pharmacol Exp Ther 357:432–450. 
https:// doi. org/ 10. 1124/ jpet. 115. 231175

 46. Kundel F, De S, Flagmeier P, Horrocks MH, Kjaergaard M, Sham-
mas SL et al (2018) Hsp70 inhibits the nucleation and elongation 
of tau and sequesters tau aggregates with high affinity. ACS Chem 
Biol 13:636–646. https:// doi. org/ 10. 1021/ acsch embio. 7b010 39

 47. Laurent C, Eddarkaoui S, Derisbourg M, Leboucher A, Demeyer 
D, Carrier S et al (2014) Beneficial effects of caffeine in a trans-
genic model of Alzheimer’s disease-like tau pathology. Neurobiol 
Aging 35:2079–2090. https:// doi. org/ 10. 1016/j. neuro biola ging. 
2014. 03. 027

 48. Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard 
A et al (2007) Genome-wide atlas of gene expression in the adult 
mouse brain. Nature 445:168–176. https:// doi. org/ 10. 1038/ natur 
e05453

 49. Leyns CEG, Holtzman DM (2017) Glial contributions to neuro-
degeneration in tauopathies. Mol Neurodegener 12:50. https:// doi. 
org/ 10. 1186/ s13024- 017- 0192-x

 50. Li L, Wan T, Wan M, Liu B, Cheng R, Zhang R (2015) The effect 
of the size of fluorescent dextran on its endocytic pathway. Cell 
Biol Int 39:531–539. https:// doi. org/ 10. 1002/ cbin. 10424

 51. Liu Y, Loijens JC, Martin KH, Karginov AV, Parsons JT (2002) 
The association of ASAP1, an ADP ribosylation factor-GTPase 
activating protein, with focal adhesion kinase contributes to the 
process of focal adhesion assembly. Mol Biol Cell 13:2147–2156. 
https:// doi. org/ 10. 1091/ mbc. e02- 01- 0018

 52. Lopes LV, Sebastião AM, Ribeiro JA (2011) Adenosine and 
related drugs in brain diseases: present and future in clinical 

trials. Curr Top Med Chem 11:1087–1101. https:// doi. org/ 10. 
2174/ 15680 26117 95347 591

 53. Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman 
M et al (2015) Highly parallel genome-wide expression profiling 
of individual cells using nanoliter droplets. Cell 161:1202–1214. 
https:// doi. org/ 10. 1016/j. cell. 2015. 05. 002

 54. Mao X, Ou MT, Karuppagounder SS, Kam TI, Yin X, Xiong Y 
et al (2016) Pathological alpha-synuclein transmission initiated by 
binding lymphocyte-activation gene 3. Science. https:// doi. org/ 10. 
1126/ scien ce. aah33 74

 55. Mathys H, Davila-Velderrain J, Peng Z, Gao F, Mohammadi S, 
Young JZ et al (2019) Single-cell transcriptomic analysis of Alz-
heimer’s disease. Nature 570:332–337. https:// doi. org/ 10. 1038/ 
s41586- 019- 1195-2

 56. Mazzaro N, Barini E, Spillantini MG, Goedert M, Medini P, Gas-
parini L (2016) Tau-driven neuronal and neurotrophic dysfunction 
in a mouse model of early tauopathy. J Neurosci 36:2086–2100. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 0774- 15. 2016

 57. Mezias C, LoCastro E, Xia C, Raj A (2017) Connectivity, not 
region-intrinsic properties, predicts regional vulnerability to pro-
gressive tau pathology in mouse models of disease. Acta Neuro-
pathol Commun 5:61. https:// doi. org/ 10. 1186/ s40478- 017- 0459-z

 58. Myers A, McGonigle P (2019) Overview of transgenic mouse 
models for Alzheimer’s Disease. Curr Protoc Neurosci 89:e81. 
https:// doi. org/ 10. 1002/ cpns. 81

 59. Narasimhan S, Changolkar L, Riddle DM, Kats A, Stieber A, 
Weitzman SA et al (2020) Human tau pathology transmits glial 
tau aggregates in the absence of neuronal tau. J Exp Med. https:// 
doi. org/ 10. 1084/ jem. 20190 783

 60. Narasimhan S, Guo JL, Changolkar L, Stieber A, McBride JD, 
Silva LV et al (2017) Pathological tau strains from human brains 
recapitulate the diversity of tauopathies in nontransgenic mouse 
brain. J Neurosci 37:11406–11423. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 1230- 17. 2017

 61. Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J et al (2006) 
Intraneuronal beta-amyloid aggregates, neurodegeneration, and 
neuron loss in transgenic mice with five familial Alzheimer’s dis-
ease mutations: potential factors in amyloid plaque formation. J 
Neurosci 26:10129–10140. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
1202- 06. 2006

 62. Oh SW, Harris JA, Ng L, Winslow B, Cain N, Mihalas S et al 
(2014) A mesoscale connectome of the mouse brain. Nature 
508:207–214. https:// doi. org/ 10. 1038/ natur e13186

 63. Paul S, Elsinga PH, Ishiwata K, Dierckx RA, van Waarde A 
(2011) Adenosine A(1) receptors in the central nervous system: 
their functions in health and disease, and possible elucidation by 
PET imaging. Curr Med Chem 18:4820–4835. https:// doi. org/ 10. 
2174/ 09298 67117 97535 335

 64. Pir GJ, Choudhary B, Kaniyappan S, Chandupatla RR, Man-
delkow E, Mandelkow EM et al (2019) Suppressing tau aggrega-
tion and toxicity by an anti-aggregant tau fragment. Mol Neuro-
biol 56:3751–3767. https:// doi. org/ 10. 1007/ s12035- 018- 1326-z

 65. Piras A, Collin L, Gruninger F, Graff C, Ronnback A (2016) 
Autophagic and lysosomal defects in human tauopathies: analy-
sis of post-mortem brain from patients with familial Alzheimer 
disease, corticobasal degeneration and progressive supranuclear 
palsy. Acta Neuropathol Commun 4:22. https:// doi. org/ 10. 1186/ 
s40478- 016- 0292-9

 66. Qin X, Zaki MG, Chen Z, Jakova E, Ming Z, Cayabyab FS (2021) 
Adenosine signaling and clathrin-mediated endocytosis of gluta-
mate AMPA receptors in delayed hypoxic injury in rat hippocam-
pus: role of casein kinase 2. Mol Neurobiol 58:1932–1951. https:// 
doi. org/ 10. 1007/ s12035- 020- 02246-0

 67. Qiu Q, Hu P, Qiu X, Govek KW, Camara PG, Wu H (2020) Mas-
sively parallel and time-resolved RNA sequencing in single cells 

https://doi.org/10.1001/jamaneurol.2019.1971
https://doi.org/10.1073/pnas.1717193114
https://doi.org/10.1073/pnas.1717193114
https://doi.org/10.1016/0304-3940(90)90641-l
https://doi.org/10.1016/0304-3940(90)90641-l
https://doi.org/10.1074/jbc.M117.780296
https://doi.org/10.1002/dneu.22301
https://doi.org/10.1002/dneu.22301
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1038/ncomms8247
https://doi.org/10.1038/ncomms8247
https://doi.org/10.1124/jpet.115.231175
https://doi.org/10.1021/acschembio.7b01039
https://doi.org/10.1016/j.neurobiolaging.2014.03.027
https://doi.org/10.1016/j.neurobiolaging.2014.03.027
https://doi.org/10.1038/nature05453
https://doi.org/10.1038/nature05453
https://doi.org/10.1186/s13024-017-0192-x
https://doi.org/10.1186/s13024-017-0192-x
https://doi.org/10.1002/cbin.10424
https://doi.org/10.1091/mbc.e02-01-0018
https://doi.org/10.2174/156802611795347591
https://doi.org/10.2174/156802611795347591
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1126/science.aah3374
https://doi.org/10.1126/science.aah3374
https://doi.org/10.1038/s41586-019-1195-2
https://doi.org/10.1038/s41586-019-1195-2
https://doi.org/10.1523/JNEUROSCI.0774-15.2016
https://doi.org/10.1186/s40478-017-0459-z
https://doi.org/10.1002/cpns.81
https://doi.org/10.1084/jem.20190783
https://doi.org/10.1084/jem.20190783
https://doi.org/10.1523/JNEUROSCI.1230-17.2017
https://doi.org/10.1523/JNEUROSCI.1230-17.2017
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1038/nature13186
https://doi.org/10.2174/092986711797535335
https://doi.org/10.2174/092986711797535335
https://doi.org/10.1007/s12035-018-1326-z
https://doi.org/10.1186/s40478-016-0292-9
https://doi.org/10.1186/s40478-016-0292-9
https://doi.org/10.1007/s12035-020-02246-0
https://doi.org/10.1007/s12035-020-02246-0


 Acta Neuropathologica          (2024) 147:55    55  Page 26 of 26

with scNT-seq. Nat Methods 17:991–1001. https:// doi. org/ 10. 
1038/ s41592- 020- 0935-4

 68. Qiu X, Zhang Y, Martin-Rufino JD, Weng C, Hosseinzadeh S, 
Yang D et al (2022) Mapping transcriptomic vector fields of single 
cells. Cell 185(690–711):e645. https:// doi. org/ 10. 1016/j. cell. 2021. 
12. 045

 69. Rauch JN, Luna G, Guzman E, Audouard M, Challis C, Sibih YE 
et al (2020) LRP1 is a master regulator of tau uptake and spread. 
Nature 580:381–385. https:// doi. org/ 10. 1038/ s41586- 020- 2156-5

 70. Rha J, Jones SK, Fidler J, Banerjee A, Leung SW, Morris KJ et al 
(2017) The RNA-binding protein, ZC3H14, is required for proper 
poly(A) tail length control, expression of synaptic proteins, and 
brain function in mice. Hum Mol Genet 26:3663–3681. https:// 
doi. org/ 10. 1093/ hmg/ ddx248

 71. Robinson JL, Yan N, Caswell C, Xie SX, Suh E, Van Deerlin VM 
et al (2020) Primary tau pathology, not copathology, correlates 
with clinical symptoms in PSP and CBD. J Neuropathol Exp Neu-
rol 79:296–304. https:// doi. org/ 10. 1093/ jnen/ nlz141

 72. Saito T, Mihira N, Matsuba Y, Sasaguri H, Hashimoto S, Narasim-
han S et al (2019) Humanization of the entire murine Mapt gene 
provides a murine model of pathological human tau propagation. J 
Biol Chem 294:12754–12765. https:// doi. org/ 10. 1074/ jbc. RA119. 
009487

 73. Sanchez-Contreras MY, Kouri N, Cook CN, Serie DJ, Heckman 
MG, Finch NA et al (2018) Replication of progressive supranu-
clear palsy genome-wide association study identifies SLCO1A2 
and DUSP10 as new susceptibility loci. Mol Neurodegener 13:37. 
https:// doi. org/ 10. 1186/ s13024- 018- 0267-3

 74. Shi Y, Yamada K, Liddelow SA, Smith ST, Zhao L, Luo W et al 
(2017) ApoE4 markedly exacerbates tau-mediated neurodegenera-
tion in a mouse model of tauopathy. Nature 549:523–527. https:// 
doi. org/ 10. 1038/ natur e24016

 75. Tardivel M, Begard S, Bousset L, Dujardin S, Coens A, Melki 
R et  al (2016) Tunneling nanotube (TNT)-mediated neuron-
to neuron transfer of pathological Tau protein assemblies. 
Acta Neuropathol Commun 4:117. https:// doi. org/ 10. 1186/ 
s40478- 016- 0386-4

 76. Thijssen EH, La Joie R, Wolf A, Strom A, Wang P, Iaccarino L 
et al (2020) Diagnostic value of plasma phosphorylated tau181 in 
Alzheimer’s disease and frontotemporal lobar degeneration. Nat 
Med 26:387–397. https:// doi. org/ 10. 1038/ s41591- 020- 0762-2

 77. Tortorella S, Karagiannis TC (2014) Transferrin receptor-medi-
ated endocytosis: a useful target for cancer therapy. J Membr Biol 
247:291–307. https:// doi. org/ 10. 1007/ s00232- 014- 9637-0

 78. Tracy TE, Madero-Perez J, Swaney DL, Chang TS, Moritz M, 
Konrad C et al (2022) Tau interactome maps synaptic and mito-
chondrial processes associated with neurodegeneration. Cell 
185(712–728):e714. https:// doi. org/ 10. 1016/j. cell. 2021. 12. 041

 79. Trojanowski JQ, Lee VM (2005) Pathological tau: a loss of normal 
function or a gain in toxicity? Nat Neurosci 8:1136–1137. https:// 
doi. org/ 10. 1038/ nn0905- 1136

 80. Lee V-Y, Goedert M, Trojanowski JQ (2001) Neurodegenerative 
tauopathies. Annu Rev Neurosci 24:1121–1159. https:// doi. org/ 
10. 1146/ annur ev. neuro. 24.1. 1121

 81. Wang Y, Mandelkow E (2016) Tau in physiology and pathology. 
Nat Rev Neurosci 17:5–21. https:// doi. org/ 10. 1038/ nrn. 2015.1

 82. Wheeler JM, Guthrie CR, Kraemer BC (2010) The role of 
MSUT-2 in tau neurotoxicity: a target for neuroprotection in 
tauopathy? Biochem Soc Trans 38:973–976. https:// doi. org/ 10. 
1042/ BST03 80973

 83. Wheeler JM, McMillan P, Strovas TJ, Liachko NF, Amlie-Wolf 
A, Kow RL et al (2019) Activity of the poly(A) binding protein 
MSUT2 determines susceptibility to pathological tau in the mam-
malian brain. Sci Transl Med. https:// doi. org/ 10. 1126/ scitr anslm 
ed. aao65 45

 84. Wu JW, Herman M, Liu L, Simoes S, Acker CM, Figueroa H 
et al (2013) Small misfolded Tau species are internalized via 
bulk endocytosis and anterogradely and retrogradely transported 
in neurons. J Biol Chem 288:1856–1870. https:// doi. org/ 10. 1074/ 
jbc. M112. 394528

 85. Xu H, O’Reilly M, Gibbons GS, Changolkar L, McBride JD, 
Riddle DM et al (2021) In vitro amplification of pathogenic tau 
conserves disease-specific bioactive characteristics. Acta Neuro-
pathol. https:// doi. org/ 10. 1007/ s00401- 020- 02253-4

 86. Yokoyama JS, Karch CM, Fan CC, Bonham LW, Kouri N, Ross 
OA et al (2017) Shared genetic risk between corticobasal degen-
eration, progressive supranuclear palsy, and frontotemporal 
dementia. Acta Neuropathol 133:825–837. https:// doi. org/ 10. 
1007/ s00401- 017- 1693-y

 87. Young ZT, Rauch JN, Assimon VA, Jinwal UK, Ahn M, Li X et al 
(2016) Stabilizing the Hsp70-tau complex promotes turnover in 
models of tauopathy. Cell Chem Biol 23:992–1001. https:// doi. 
org/ 10. 1016/j. chemb iol. 2016. 04. 014

 88. Zempel H, Dennissen FJA, Kumar Y, Luedtke J, Biernat J, Man-
delkow EM et al (2017) Axodendritic sorting and pathological 
missorting of Tau are isoform-specific and determined by axon 
initial segment architecture. J Biol Chem 292:12192–12207. 
https:// doi. org/ 10. 1074/ jbc. M117. 784702

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41592-020-0935-4
https://doi.org/10.1038/s41592-020-0935-4
https://doi.org/10.1016/j.cell.2021.12.045
https://doi.org/10.1016/j.cell.2021.12.045
https://doi.org/10.1038/s41586-020-2156-5
https://doi.org/10.1093/hmg/ddx248
https://doi.org/10.1093/hmg/ddx248
https://doi.org/10.1093/jnen/nlz141
https://doi.org/10.1074/jbc.RA119.009487
https://doi.org/10.1074/jbc.RA119.009487
https://doi.org/10.1186/s13024-018-0267-3
https://doi.org/10.1038/nature24016
https://doi.org/10.1038/nature24016
https://doi.org/10.1186/s40478-016-0386-4
https://doi.org/10.1186/s40478-016-0386-4
https://doi.org/10.1038/s41591-020-0762-2
https://doi.org/10.1007/s00232-014-9637-0
https://doi.org/10.1016/j.cell.2021.12.041
https://doi.org/10.1038/nn0905-1136
https://doi.org/10.1038/nn0905-1136
https://doi.org/10.1146/annurev.neuro.24.1.1121
https://doi.org/10.1146/annurev.neuro.24.1.1121
https://doi.org/10.1038/nrn.2015.1
https://doi.org/10.1042/BST0380973
https://doi.org/10.1042/BST0380973
https://doi.org/10.1126/scitranslmed.aao6545
https://doi.org/10.1126/scitranslmed.aao6545
https://doi.org/10.1074/jbc.M112.394528
https://doi.org/10.1074/jbc.M112.394528
https://doi.org/10.1007/s00401-020-02253-4
https://doi.org/10.1007/s00401-017-1693-y
https://doi.org/10.1007/s00401-017-1693-y
https://doi.org/10.1016/j.chembiol.2016.04.014
https://doi.org/10.1016/j.chembiol.2016.04.014
https://doi.org/10.1074/jbc.M117.784702

	MSUT2 regulates tau spreading via adenosinergic signaling mediated ASAP1 pathway in neurons
	Abstract
	Introduction
	Materials and methods
	Study design
	Animals
	Human tau seed enrichment
	Immunoblots
	Immunohistochemistry and immunofluorescence staining
	Stereotactic injection
	Connectome correlation of tau pathology
	Heatmaps of tau pathology
	Primary neuron
	Antisense oligonucleotides, compounds, and tau seeds treatment
	Immunocytochemistry
	Fluorescent labeling of recombinant protein
	Generation of fluorescently labeled tau seeds and mouse α-syn pffs
	Sedimentation assay
	Live cell imaging
	4sU-labeling of neuronal cell culture
	scNT-seq library prep and sequencing
	Read alignment, cell-type clustering, and identification of differentially expressed genes
	Estimation of RNA biogenesis rate and degradation rate constant
	Data analysis and statistics”

	Results
	Neuronal MSUT2 level is associated with the presence of tau pathology in human brains
	MSUT2 mediates tau spreading in vivo
	MSUT2 specifically modulates tau pathology but not other proteinopathies
	MSUT2 regulates pathogenic tau internalization in neurons
	Gene expression analyses after neuronal MSUT2 KO identifies multiple genes implicated in tau pathogenesis
	MSUT2 regulates tau endocytosis via adenosinergic signaling
	A1AR regulates tau endocytosis via ASAP1 signaling

	Discussion
	Acknowledgements 
	References


