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APP E590D mutation increases
generation of A and An peptides and
exacerbates tauopathy
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Accumulation of Amyloid B (AB), a peptide derived from endocytic processing of the amyloid precursor
protein (APP), is a critical initial step in the development of Alzheimer’s disease (AD). While the
APP6955%P mutation was previously discovered in 2 pathologically confirmed AD patients, the
pathogenicity of this mutation has remained uncertain due to its exceptional rarity. Here, we
characterize the APP695%°%°° mutation by evaluating multiple APP metabolites and determining its
effects on tauopathy in cellular and animal models. We show that APP6955°°® not only increases AB
through endocytic 3-secretase processing but also increases An, an alternative APP-derived
synaptotoxic peptide. We further demonstrate that APP6955°°° promotes tauopathy by increasing tau
seeding and aggregation in cellular models and exacerbating phospho-tau pathology and

neuroinflammation in tau™°'S

mice. These results reveal a unique modality by which APP695%°®

impinges on AD pathology by enhancing both Ap and An generation and accelerating tauopathy.

The accumulation of misfolded amyloid  (AP) and tau are widely recog-
nized as disease-driving pathological hallmarks of Alzheimer’s disease
(AD)'". A generation occurs through sequential f-secretase (BACE1) and
y-secretase (presenilin complex) processing of the amyloid precursor pro-
tein (APP), steps that require the endocytosis of APP from the plasma
membrane’”. Indeed, disease-causing APP mutations, which segregate with
early-onset familial AD (FAD)*"', drive increased AR production and/or
aggregation of AB'*'*'°. Although such mutations are rare (<1% of AD),
genetic and biochemical studies support AP as a crucial pathogenic factor in
AD. Beyond AP, however, APP also plays important roles in physiological
processes, such as neurogenesis, neurite outgrowth, and synaptic function,
as evidenced by loss-of-function and gain-of-toxic function studies using
multiple models'”"*. Notably, B-secretase inhibition, which has shown lack
of efficacy in AD clinical trials”’, increases the alternative n-cleavage of APP
occurring ~93 residues N-terminal to the B-cleavage. This results in the
generation of An, a neurotoxic ~15kDa peptide that impairs synaptic
plasticity, including hippocampal long-term potentiation (LTP)™.

Beyond the ~50 pathogenic APP mutations identified to date, another
50 4+ APP mutations identified are of unknown or uncertain pathogenic
significance” ", In 1994, APP E665D mutation (based on APP770 isoform)
was first identified in a late-onset AD patient, whom upon postmortem
examination, displayed marked neuronal loss, astrogliosis, neuritic plaques,
and neurofibrillary tangles”. In 2020, Hsu and colleagues evaluated 22 APP

mutations and 42 PSEN1/2 mutations of unknown significance for Ap42
and AP40 levels in transfected cells by ELISA, which included the APP
E665D mutation™. In this study, APP-E665D increased AP42 secretion by
~28% compared to APP-WT, which fell slightly short of significance™.
Although it was not clear whether secreted AP was normalized to transfected
intracellular APP levels, this study suggested that APP E665D mutation may
be benignzs. In 2021, however, APP E665D mutation was identified again in
an early-onset AD patient (45 years old) with progressive memory decline
and behavioral dysfunction”. PET amyloid imaging showed elevated A
deposition, and MRI revealed white matter hyperintensities and scattered
cortical lesions consistent with cerebral amyloid angiopathy (CAA)”. In
addition, AP and phospho-tau levels in the cerebrospinal fluid (CSF) of this
patient were consistent with AD”. Further, the patient developed cognitive
and neuropsychological dysfunction starting from childhood, suggesting
that APP E665D mutation may be pathogenic, perhaps driving disease
phenotypes even beyond A accumulation. Based on these observations, we
performed an extensive assessment of multiple APP metabolites derived
from the APP E665D mutation (E590D in APP695 isoform) by Western
blotting, Our new findings show that APP695™"" not only increases Ap
through faster APP internalization and B-cleavage but also increases APP n-
cleavage and elevates A, an alternative neurotoxic peptide derived from
APP*. We further demonstrate that APP695**°® expression promotes tau
seeding and aggregation in cellular and animal models, collectively
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supporting a pathogenic role of this mutation and establishing a unique
modality by which APP links to AD pathology.

Results

APP®*P increases AP and An generation

Fig. 1A illustrates the corresponding position of the E665D and E590D
mutation in APP770 and APP695 isoforms, respectively, surrounded by a,
B, and n cleavage sites and recognition epitopes of the antibodies used to
determine APP metabolites (Fig. 1A). We used the neuronal isoform
APP695 to generate the E590D mutation by site-directed mutagenesis to test
whether this mutation alters APP processing. We transiently transfected
HEK293T cells with equal amounts of wild type (WT) APP695"T or
APP695%* and collected the media and lysates to detect full-length APP
and its proteolytic products. Compared to APP695"", APP695** exhib-
ited a ~ 2.4-fold increase in AP secretion normalized to full-length APP
(Fig. 1B, C), concomitant with ~1.8-fold and ~2.3-fold increases in secreted
APPp (sAPPP) and intracellular ~12 kDa C-terminal fragment-f (CTFp)
(Fig. 1B-E), indicating that the E590D mutation promotes {-secretase
processing of APP via BACEL. Alternative n- and a/B-processing of APP

results in secretion of ~15 kDa An peptides, of which An-a increases with
BACE! inhibition™. We observed ~15kDa doublet An peptides in the
medium as detected by the D54D2 antibody, which significantly increased
by ~4-fold in cells transfected with APP695"*” compared to APP695"",
normalized to full-length APP (Fig. 1A, B, F). As a substantial pro-
portion of n-cleaved APP can escape a- and B-cleavages, APP695%°
cells exhibited a marked increase in the ~25kDa APP-CTFn
(Fig. 1B, G), a CTF that can subsequently serve as a substrate for
more An and/or AP generation™.

To determine whether APP**” similarly alters APP processing in
neurons, we transduced mouse primary neurons with rAAV9 expressing
vector control, APP695"", or APP695*". Indeed, we observed significant
increases in AR and sAPPP by APP695***® compared to APP695"" nor-
malized to full-length APP (Fig. 1H-]). Despite the lower levels of secreted
An in mouse primary neurons, we also detected close to threefold increase in
An by APP695%*® compared to APP695" " normalized to full-length APP
(Fig. 1H, K). These results indicate that the E590D mutation promotes both
BACE1-dependent AP and BACEI-independent An production in non-
neuronal and neuronal cells.
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Fig. 1 | APP®™" increases AB and An generation. A Schematic of APP770,
APP695, and sAPPp with corresponding domains, cleavage sites (1, B, & a),
mutation site (E665D or E590D), and antibody epitopes. B Representative blots of
HEK293T cells transfected with vector control (VC), APP695"", or APP695°° and
subjected to Western blotting from the medium and lysates with D54D2 antibody
(medium : An & AB), sSAPPp antibody (medium), 6E10 antibody (lysate: APP, CTFn,
& CTFp), and actin antibody (lysate). Quantification of (C) AB, (D) CTE, (E)
sAPPB, (F) An and (G) CTFn levels normalized to total APP expression (f test,

**P < 0.01, ¥*¥**P < 0.0001, n = 6-9 / group). H Blots of mouse primary neurons
transduced with rAAV?9 expressing vector control (VC), APP695"", or APP695%"°
at DIV 14 for 7 days and subjected to Western blotting from the medium and lysates
with D54D2 antibody (medium : An & Ap), sAPPP antibody (medium), 6E10
antibody (lysate: APP), and actin antibody (lysate). Quantification of (I) AP, (J)
sAPPp, and (K) An levels normalized to total APP expression (t-test, *P < 0.05,
**P <0.01, n=3/ group).
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Fig. 2 | APP®™ reduces cell surface APP and
enhances APP internalization. A Representative

images of HEK293T cells transfected with equal
amounts of APP695"" or APP695***” and subjected
to staining for surface APP with 6E10 antibody
without membrane permeabilization.

B Quantification of surface APP levels (¢ test,
#HHEP <0.0001, 7 = 30-31 images / group from 4
repeats). C Representative blots of HEK293T cells
transfected with vector control (VC), APP695"", or
APP695* and subjected to cell surface biotiny-
lation and immunoprecipitation (IP) for biotin and
immunoblotting (IB) for APP (6E10 antibody).
Lower 2 panels showing total APP and actin levels in C
lysates (input). D Quantification of surface bioti-
nylated APP normalized to total APP expression
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APP®*® reduces cell surface APP and enhances APP
internalization

While a- and n-secretase processing of APP are thought to occur on the cell
surface via ADAMI10/17 and metalloproteases (i.e., MT5-MPP), respec-
tively, to generate An-a™, B- and y-secretase processing to generate AP
requires APP internalization from the cell surface” ™. Thus, we next

assessed whether the E590D mutation alters surface APP levels. First, we
measured cell surface APP levels of transfected cells by immunocy-
tochemistry (ICC) using the 6E10 antibody at 4 °C without membrane
permeabilization, which showed significantly reduced surface APP695*°
compared to APP695"T (Fig. 2A, B). Second, we used a biochemical
approach to biotinylate the cell surface on ice, followed by
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immunoprecipitation (IP) for biotin and detection of APP. Normalized to
total full-length APP, we detected a highly significant ~60% reduction in
surface APP695™"P compared to surface APP695"" (Fig. 2C, D).

Upon APP internalization from the cell surface, APP is localized in
early endosomes, where (- and y-secretase activities mediate AP
generation™. To detect APP in early endosomes, we incubated transfected
cells on ice for 30 min with 6E10 antibody to label surface APP. Cells were
then incubated at 37 °C for 10 min to allow endocytosis, after which, cells
were stained with the early endosome marker EEA1 together with visuali-
zation of 6E10-bound APP. Consistent with reduced levels of surface
APP695%° APP695%° exhibited >50% increase in colocalization with
EEA1 puncta compared to APP695"" (Fig. 2E, F), indicating faster inter-
nalization of APP695™* to early endosomes. We also performed biotin
internalization experiments, where we biotinylated surface proteins on ice,
followed by internalization at 37 °C for 10 min. After removal of surface
biotinylated proteins on ice, we then performed immunoprecipitation of
biotinylated proteins to detect internalized APP. Similar to that observed
with immunofluorescence-based internalization experiments, we observed
significantly greater internalization of biotinylated APP695***® compared
to APP695™"", normalized to total APP levels (Fig. 2G, H).

APP®® increases tau seeding and aggregation

Previous studies have shown that mutant APP or AP enhances tau seeding
and aggregation*”™. We next determined whether APP695™"" can
influence tau seeding using HEK293T Tau-RD-P301S-CFP/YFP biosensor
cells, in which the uptake of proteopathic tau seeds stimulates the aggre-
gation of RD-CFP and RD-YFP, producing a strong fluorescent punctate
signal’®™. Hence, after transfecting Tau-RD-P301S-CFP/YFP biosensor
cells with vector control, APP695"", or APP6955% for 24 h, we treated cells
with sonicated tau seeds from 8-month-old tau”""® mouse brains for 24 h.
We then stained fixed cells for APP (6E10) and visualized tau-RD fluor-
escent puncta. Indeed, we observed a significant increase in tau-RD puncta
(green) in APP695™*® cells (red) compared to both APP695"" (red) and
control cells (Fig. 3A, B), indicating increased tau seeding by APP695*>*"".
To further assess the effects of APP695™”" on tau aggregation, we trans-
fected HeLa-V5-tau cells stably expressing wild-type 4R tau with vector
control, APP695"", or APP695™"", In RIPA-soluble lysates, tau levels
appeared to be reduced in APP695™°P cells compared to APP695™" or
vector control cells (Fig. 3C, D). To determine if this is due to changes in tau
insolubility and aggregation, we performed filter trap assay to capture tau

aggregates in the RIPA-insoluble fraction. Indeed, we observed a significant
increase in captured tau aggregates in APP695** cells compared to
APP695"7 or vector control cells (Fig.3E, F). These results therefore indicate
that APP695" increases tau seeding and aggregation beyond its WT
counterpart.

APP6955* exacerbates tauopathy and neuroinflammation in
tau™®'S mice

Having determined that the overexpression of APP695*" but not
APP695"" increases tau seeding and aggregation, we subsequently inves-
tigated whether overexpression of APP695™" also exacerbates tauopathy
in the brains of tau™"® (PS19) mice. Thus, we performed stereotaxic
injections of control AAV9, AAV9-APP695"", or AAV9-APP695** into
the hippocampus of 5-month-old tau™"'"® mice. Three months post-injec-
tions, our findings demonstrated that overexpression of APP695™" ele-
vated both RIPA-soluble and RIPA-insoluble phospho-tau (pS199/202) as
identified through immunoblotting (Fig. 4A-C). Likewise, immunohis-
tochemistry revealed elevated pS199/202-tau in both the cortex and hip-
pocampus of tau™""® mouse brains by the overexpression of APP695**°
(Fig. 4E-]). Notably, unlike in vitro conditions, Ap monomer (below 10kda)
was not detectable in brains from either APP695"" or APP695**® AAV-
injected PS19 mice. A distinct ~17-kDa APP-derived fragment was
observed only in APP695™* -injected mice (Fig. 4A, D), suggesting altered
APP processing by APP695™"" in vivo. As anticipated, these observations
were associated with elevated astrogliosis (GFAP) and microgliosis (IBA1)
by APP695" overexpression compared to control and APP695""
(Fig. 4H-]). Therefore, overexpression of APP695 carrying E590D mutation
markedly exacerbates tauopathy and ensuing neuroinflammation in the
brains of tau**"'® mice.

Discussion

Many studies have shown that rare mutations in APP drive AD by
increasing AP generation and/or promoting Ap aggregation®"”"*, forming a
foundational pillar for the amyloid hypothesis of AD****. Among APP
mutations of unknown significance, the APP695™"" (or APP770%P)
mutation has thus far been reported in 2 AD cases to date. In the first AD
case reported in 1994, postmortem examination confirmed the diagnosis of
AD”. However, the availability of historical medical records was highly
limited, and neither antemortem amyloid PET nor MRI examinations were
performed””. In the second AD case reported in 2021, multiple measures,
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Fig. 4 | APP695"°" exacerbates tauopathy and neuroinflammation in

tau™""® mice. A-C Tau"""® mice (5 mo) transduced with purified high-titer
APP695**P rAAV9, APP695"", or control by stereotaxic injection into the hip-
pocampus for 3 months. Equal amounts of RIPA soluble and insoluble protein
lysates from the hippocampus subjected to immunoblotting for APP (6E10),
phospho-tau (pS199/202), and actin. B-D Quantification of soluble and insoluble
phospho-tau (pS199/202), and An (1-way ANOVA, post hoc Tukey, *P < 0.05, **
P <0.01, n =3 mice for control and APP695** groups (one mouse died from each
group after injections), n = 4 mice for APP695""). E Representative images of brain
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slices from the hippocampus and cortex processed for confocal microscopy after
IHC for phospho-tau (pS199/202, green). F, G Quantification of phospho-tau
(pS199/202) from the cortex and hippocampus (1-way ANOVA, post hoc Tukey,
*P <0.05, ** P<0.01, n = 3 mice/group, 15-19 images/mouse). H Representative
hippocampal images of brain slices processed for confocal microscopy after IHC for
IBA1 (green), and GFAP (red). I, J Quantification of hippocampal IBA1 and GFAP
intensity (1-way ANOVA, post hoc Tukey, *P < 0.05, ** P < 0.01, n = 3 mice/group,
11-12 images/group).

including CSF AP and tau, amyloid PET, MRI, and historical medical
records were consistent with AD and supported the possibility that
the APP695™°® mutation is pathogenic”. In this study, we con-
ducted a thorough assessment of the APP695**° mutation, includ-
ing AP, An, sAPPP, CTFP, CTFn, APP endocytosis, and tau seeding

and aggregation. Our results showed that the APP695*""" mutation
not only increases AP, sAPPP, and CTEp, but also increases n-pro-
cessing of APP to promote An generation, a previously characterized
synaptotoxic peptide”. These results, together with the observed
tauopathy-promoting effects of the APP695™"" mutation, strongly
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Fig. 5 | Schematic model showing APP695"" vs
APP695”" in AD pathogenesis. APP695%°°"
increases n-processing of APP on the cell surface
(i.e., presynaptic), resulting in elevated An genera-
tion. APP695**" also increases APP internaliza-
tion, promoting A generation through p-secretase
processing (BACE1). The combination of An, Af,
and/or APP695*" ectodomain drives tau seeding

and aggregation, contributing to synaptic dysfunc-
tion (i.e,. postsynaptic).

Tau seeding ==
& aggregation

Postsynaptic

Tau seeding
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Presynaptic

support the notion that this mutation is pathogenic and promotes
AD pathological phenotype.

An earlier study examined 22 APP and 42 PSEN1/2 mutations for
AP42 and AB40 levels by ELISA in transiently transfected N2a cells, in which
the APP695™"" mutation was found to increase AP42 by ~28%, despite
falling slightly shy of significance. However, they did not state the numbers
of experimental samples examined per mutation, and ELISA-based AP
levels were not normalized to total APP expression™®. In the current study,
we measured total AP and did not distinguish A species, which ranges from
36-43 amino acids™, and normalized all APP metabolites to total APP
expression. Hence, ELISAs used to detect AB42 and AP40 in the previous
study” missed multiple different AR peptides and did not control for
potential variations in APP expression. Second, we used HEK293T cells and
primary neurons, while the previous study used mouse N2a cells™. Third, we
assessed APP metabolites other than AP, such as An, sAPPf, and APP-
CTFs, whereas the previous study did not*. Therefore, directly comparing
the results of the previous study to the current study is not possible. How-
ever, we note that the directional trend for increasing Ap by APP695""
mutation was seen in both studies. A significant novelty of the current study,
however, is that APP695™*” mutation not only increased A but also An
and CTFn (Fig. 5, schematic), that latter that can serve as a substrate to
generate more Af and/or An”.

To our knowledge, APP695™"° mutation is the only mutation known
to date that increases both AP and An levels, raising the intriguing possibility
that elevated An peptide may contribute to unique brain dysfunctions
beyond AP deposition. Notably, An is not deposited in plaque cores but
decorates dystrophic neurites and impairs synaptic plasticity, including
LTP?. Such activity of An in deregulating synaptic activity is consistent with
the early-onset AD APP695™"" patient, who developed cognitive and
neuropsychological dysfunction from early childhood”. We speculate that
the combined effects of AP, An, and possibly other ectodomain products of

APP695%* promote tau seeding and aggregation, as seen in the current
study (Fig. 5, schematic). Whether this occurs through intracellular and/or
secretory mechanisms requires further investigation.

Unlike classical AD-linked APP missense mutations, which are closely
juxtaposed to B- or y-cleavage sites, the E590D mutation lies 6 residues
N-terminal to the B-cleavage site within the An sequence. Therefore, it is
conceivable that An peptides containing the E590D mutation may exert
differential activity on synaptic plasticity and tauopathy, which will be
highly informative to test in future studies. While this mutation con-
servatively alters the An peptide, resulting in one less methylene group in the
aspartate side chain®, An sequence is known to be highly O-glycosylated on
Thr558, Thr576, Thr577, Thr584, Thr588, and Ser592°°”. Hence, it is
conceivable that the E590D mutation may alter O-glycosylation of nearby
residues, such as Thr588 and Ser592. This, in turn, may shift APP695™""
accessibility to p-secretase (BACEL) and/or n-secretase. Indeed, a recent
study showed that mucin-type O-glycosylation of APP on Thr588 and
Ser592 changes the conformation of this region and increases BACEI-
mediated cleavage in vitro™. While further studies are required to define the
precise mechanism, the results of this study overall indicate that the over-
expression of APP695 carrying E590D mutation is pathogenic by increasing
both An and A levels as well as promoting tau aggregation.

This study has several limitations. As we did not quantify a-secretase
products (sAPPa, CTFa) in the nonamyloidogenic a-secretase pathway and
the AP42:AB40 ratio from amyloidogenic y-secretase pathway, our APP
processing data do not fully define the balance of APP processing across all
pathways. The inclusion of APP695"" AAV expression in vivo enabled
differences between mutation-specific effects and APP overexpression
alone, revealing no significant impact of APP695"" on tau pathology or glial
activation in PSI19 mice. Although APP processing products were
assessed in brain tissue, canonical AP species were not detected, and a
distinct ~17-kDa APP-derived fragment was observed selectively in
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APP695"*-injected mice. Thus, while these findings support altered APP
processing associated with the E590D variant in vivo, the precise molecular
mechanisms linking APP695**" to tau pathology remain to be fully elu-
cidated and are supported in part by mechanistic insights from cell-based
models. We also did not distinguish whether the effects of APP****® on tau
seeding and aggregation occur through intracellular or extracellular APP
metabolites. Given that the E590D mutation resides in the ectodomain of
APP, it is conceivable that this effect occurs, at least in part, through secreted
paracrine and/or propagation pathways. While we focused on the pS199/
PS202 phospho-tau epitope in this study, evaluation of additional phospho-
tau epitopes could be informative future investigations. Nonetheless, these
limitations do not impact our primary conclusion that APP695**" pro-
motes enhanced APP processing (AP & An) and tau seeding/aggregation.
Rather, the current results lay the groundwork for future use of APP™*P
knock-in or transgenic models to better understand the contribution of An
together with AP in neurophysiology, neurodegeneration, and AD
pathology.

Methods

Ethics approval

The Institutional Animal Care and Use Committee (IACUC) approved all
methods and protocols used in this mouse study. All methods were carried
out in accordance with the relevant guidelines and regulations, which were
also approved by the IACUC and Institutional Biosafety Committees (IBC).

Antibodies and reagents

Monoclonal antibodies to B-actin (Cat# A3854-200UL) was purchased
from MilliporeSigma (Burlington, MA, USA), and APP (6E10, Cat#
803003) was purchased from BioLegend (CA, USA). Anti-Af (D54D2,
Cat#8243) and anti-EEA1(Cat#2411) antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA). The anti-sAPP-p (6Al,
Cat#10321) antibody was purchased from IBL America (Minneapolis, MN,
USA). Anti-tau (A-10, sc390476) antibody was purchased from Santa Cruz
(Dallas, Texas, USA). The anti-GFAP (Cat # 14-9892-82) and anti-
phospho-Tau Ser199/ser202 (Cat # 44-768 G) antibodies were purchased
from Thermo Scientific (MA, USA). Anti-Ibal(Cat# 019-19741) antibody
was purchased from Wako Chemicals USA (Richmond, VA, USA).

Cell lines and primary neurons

HEK293T, Tau-RD-FRET, and Hela-V5-tau cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Thermo Scientific, MA, USA),
which was supplemented with 1% penicillin/streptomycin (P/S) and 10%
fetal bovine serum (FBS). The procedure for preparing cultures of primary
cortical neurons from PO pups has been described previously”**". Briefly, the
cortex was isolated and dissected in ice-cold HBSS prior to trypsin digestion.
Plates or coverslips containing poly-D-lysine (Sigma-Aldrich, St. Louis,
MO, USA) in neurobasal medium (Invitrogen, Carlsbad, CA, USA), with
2% glutamax, and 2% B27 supplement were utilized to culture mouse
neurons (Invitrogen, Carlsbad, CA, USA). At 37 °C, all cells were cultured in
a humidified atmosphere with 5% CO.,.

DNA constructs, transfections, and rAAV9 generation
The pLHCX-APP695-WT plasmid was used as template to perform
mutagenesis to generate pLHCX-APP-E590D construct using Qb5-site-
Directed Mutagenesis Kit (New England Biolabs, Ipswich, MA, USA). To
introduce variants of APP into the rAAV9 plasmid, APP695-WT and APP-
E590D were subcloned into the pTR12.1-MCSW vector using restriction
sites HindIII and Notl. Sequencing was performed to validate all cloned or
subcloned plasmids before their application in experiments. For DNA
plasmid transfection, Fugene HD (Promega, Madison, WI, USA) was uti-
lized to transfect cells with DNA plasmids into Opti-MEM I (Invitrogen,
Carlsbad, CA, USA). The cells were harvested 48 h after transfection in
accordance with the manufacturer’s guidelines.

For AAV9 production, recombinant AAV9 viruses were produced in
HEK293T cells via co-transfection of a serotype vector containing the target

gene along with pAAV9 and pXX6. The produced viruses were then purified
according to the referenced procedures®.

Cell lysis, filter-trap assay, and SDS-PAGE

Cells were lysed with RIPA lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl,
2mM EDTA, 1% NP-40, 0.1% sodium dodecyl sulfate)**. The con-
centrations of total protein were quantified using a colorimetric detection
assay (BCA Protein Assay, Pierce, USA). Protein lysates in equal amounts
were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE) and transferred to a nitrocellulose membrane (Millipore
Corporation, Bedford, MA, USA). For filter-trap assays (FTA), equal
amounts of sonicated RIPA-insoluble extracts were filtered through 0.2 pm
cellulose acetate membranes®™**** (ThermoFisher Scientific, MA, USA)
using a 96-well vacuum dot blot apparatus (Bio-Rad, Hercules, CA, USA),
followed by PBS washing and 20% methanol fixation. Interested proteins
were probed with primary antibodies, followed by peroxidase-conjugated
secondary antibodies and ECL detection (Merck Millipore Corporation,
Darmstadt, Germany). All immunoblot images were acquired by LAS-4000
(GE Healthcare Biosciences, Pittsburgh, PA) or ImageQuant 800 (Amer-
sham, Chicago, IL) and quantified using Image] (NIH, Bethesda, MD).

Surface biotinylation and Internalization assay

Surface biotinylation and internalization assays were performed as pre-
viously described®**’. Briefly, to initiate the process of surface biotinylation,
cells were seeded into 6-well plates and subjected to treatment with 2 mg/ml
sulfo-NHS-LC-biotin in phosphate-buffered saline (pH 8.0) while being
gently agitated for an hour on ice after three washes (PBS). Following three
washes with PBS, the cells were lysed in the lysis buffer containing 1%
Nonidet P-40. Anti-biotin antibody pulldown was utilized in conjunction
with anti-mouse agarose beads to isolate biotinylated proteins. For biotin
internalization assay, cells in 6-well plate and subjected to three 20-min
incubations in the solution containing 2 mg/ml sulfosuccinimidyl 2-(bio-
tinamido)ethyl-1,3-dithiopropionate (Pierce, Rockford, IL, USA) at 4 °C.
Following rinsing with cold PBS containing 0.1 M glycine, the cells were
washed with cold PBS three times. To facilitate the internalization of the
labeled proteins, cells were incubated at 37 °C for 10 min in culture medium.
Internalization was halted as a result of the rapid cooling caused by ice. To
cleave biotin that was exposed at the cell surface, the cells underwent three
20-min incubations at 4 °C with 50 mM 2-mercaptoethanesulfonic acid
(Sigma) in 50 mM Tris-HCI (pH 8.7), 100 mM NaCl, and 2.5 mM CaCl,.
After subjecting the cells to a thorough rinsing process using PBS supple-
mented with 20 mM HEPES, they were lysed in a 1% Nonidet P-40 buffer.
Then, the biotinylated internalized proteins were isolated by immunopre-
cipitation with anti-biotin antibody and analyzed for APP protein level by
immunoblotting.

Tau seeding activity assay

Tau seeding experiments were conducted using HEK293T Tau RD P301S
FRET Biosensor (TauRD) cells, stably expressing the P301S tau repeat
domain®. The cells were treated with tau seeds obtained from tau™"** mouse
brain for 24 h, and tau seeding activity was evaluated by direct fluorescence
intensity. The preparation of tau seeds has been previously documented®.
Briefly, an 8-month-old tau™"* mouse brain was homogenized (10% w/v) in
DPBS and centrifuged at 500 g for 5 min. The supernatant was centrifuged
at 1000 x g for 5 min before protein concentration measurement. Tau seeds
were sonicated before the treatment of TauRD cells.

Immunocytochemistry, immunohistochemistry, and fluorescent
microscopy

For immunocytochemistry (ICC), cells were washed with PBS and fixed for
15 min at room temperature with 4% paraformaldehyde (PFA)®'. Fixed cells
were washed with PBS, incubated with blocking solution (0.2% Triton X-
100, 3% normal goat serum) for 1 h, incubated with primary antibody at
4 °C overnight, washed three times with PBST, and incubated with Alexa-
488 or Alexa-594-conjugated secondary IgG antibodies for 1h at room
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temperature (Vector Laboratories, Burlingame, CA). The slides were then
washed three times with PBST before being mounted with a fluorochrome
mounting solution (Vector Laboratories). For immunohistochemistry
(IHC), mice were transcardially perfused with phosphate-buffered saline
(PBS). One hemisphere of each brain was snap-frozen and stored at —80 °C
for subsequent biochemical analyses, while the other hemisphere was fixed
in 4% paraformaldehyde at 4 °C for 24 h and then cryoprotected in 30%
sucrose. Coronal brain sections (25 um thick) were prepared and blocked
with 3% normal goat serum with 0.2% Triton X-100 in PBS for 1 h at room
temperature. Sections were incubated overnight at 4°C with primary
antibodies against the interested proteins. After washing, sections were
incubated with Alexa Fluor-conjugated secondary antibodies (Alexa-488 or
Alexa-594) for 1 h at room temperature, followed by mounting. All images
were captured with Nikon AX Ti2 confocal (Tokyo, Japan), and Image]J
software (NIH, Bethesda, MD) was used to quantify the immunoreactivities.
In all ICC and IHC experiments, all comparison images had the same laser
intensity, exposure time, and filter. During image acquisition and quanti-
fication, investigators were blinded to the experimental conditions, and
regions of interest were selected randomly. Brightness/contrast adjustments
were applied uniformly to all comparison images.

Generation of rAAV9 and stereotaxic injections in mice

Recombinant AAV9 virus was produced by co-transfecting HEK293 cells
with the APPE695™"” or APPE695"" expressed plasmid pTR12.1-MCS,
PAAVY, and pXX6 helper plasmid, followed by purification according to
established protocols”. Tau™"* (PS19) transgenic mice on a C57BL/6
background were maintained under standard vivarium conditions with ad
libitum access to food and water and a 12-h light/dark cycle. For stereotaxic
injections, five-month-old mice (sex-balanced across conditions) were
anesthetized with isoflurane and secured in a stereotaxic apparatus. Small
burr holes were drilled in the skull using a dental drill (SSW HP-3; SSWhite
Burs, Lakewood, NJ, USA). Bilateral injections targeting the hippocampus
were performed using a 26-gauge needle connected to a 10-pL Hamilton
syringe (Hamilton, Reno, NV, USA). The injection coordinates relative to
bregma were: anteroposterior —2.7 mm, lateral —2.7 mm, and dorsoventral
3.0 mm. A total of 2.5 pL of purified rAAV9 (1 x 10" vg/mL) was delivered
per site over a 2-min period using convection-enhanced delivery. Following
the injection, incisions were sutured and cleaned, and animals were mon-
itored until recovery, typically within 20 min. Mice were housed individually
and sacrificed 3 months post-injection for downstream analyses.

Statistical analysis
Statistical analysis of all graphs was conducted using GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, USA), which included the following
methods: 1-way analysis of variance (ANOVA) with Dunnett or Sidak post
hoc tests or student’s ¢ test. Error bars in graphs represent SEM with sig-
nificant set at P < 0.05.

Data availability
All data needed to evaluate the conclusions of the paper are present in
the paper.
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