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NEUROSCIENCE

An isogenic panel of App knock-in mouse models:
Profiling B-secretase inhibition and
endosomal abnormalities

Naoto Watamura't, Kaori Sato'%t, Gen Shiihashi3, Ayami Iwasaki®, Naoko Kamano',
Mika Takahashi', Misaki Sekiguchi’, Naomi Mihira’, Ryo Fujioka’, Kenichi Nagatas,
Shoko Hashimoto’, Takashi Saito"®, Toshio Ohshima?, Takaomi C. Saido'*, Hiroki Sasaguri1*

We previously developed single App knock-in mouse models of Alzheimer’s disease (AD) that harbor the Swedish
and Beyreuther/Iberian mutations with or without the Arctic mutation (App"F and App™-T mice). We have now
generated App knock-in mice devoid of the Swedish mutations (App®" mice) and evaluated its characteristics.
Amyloid g peptide (Ap) pathology was exhibited by AppG'F mice from 6 to 8 months of age and was accompanied
by neuroinflammation. Ap-secretase inhibitor, verubecestat, attenuated Ap production in App® mice, but not in
App"-F mice, indicating that the App®* mice are more suitable for preclinical studies of B-secretase inhibition
given that most patients with AD do not carry the Swedish mutations. Comparison of isogenic App knock-in lines
revealed that multiple factors, including elevated C-terminal fragment g (CTF-B) and humanization of A might
influence endosomal alterations in vivo. Thus, experimental comparisons between different isogenic App, knock-
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in mouse lines will provide previously unidentified insights into our understanding of the etiology of AD.

INTRODUCTION
Alzheimer’s disease (AD), the most prevalent cause of dementia, has
been intensively investigated worldwide for more than 100 years
since it was first reported (I). There are currently, however, no effi-
cacious disease-modifying treatments available for AD, although
aducanumab (2), an anti-amyloid B (AB) human monoclonal anti-
body, was approved for use by the U.S. Food and Drug Administra-
tion in June 2021 under the accelerated approval pathway. To date,
substantial research advances have been achieved thanks to mouse
models that recapitulate aspects of the AD pathophysiology seen in
humans. Most AD mouse models overexpress mutant amyloid pre-
cursor protein (APP) or APP/presenilin 1 (PS1) complementary
DNAs inserted into unknown loci of the host animals, which causes
artificial aspects of their complex phenotypes (3). We previously
developed App™* and App™"“F knock-in (KI) mice that harbor
the Swedish (KM670/671NL) and Beyreuther/Iberian (I716F)
mutations—with or without the Arctic (E693G) mutation—that do
not depend on APP or APP/PS1 overexpression for their patho-
physiological phenotype. These App-KI mice exhibit age-dependent
neuritic plaques composed of AP peptide in the brain, followed by
gliosis and memory impairment (4).

It should be noted, however, that the Swedish mutations, located
adjacent to the cleavage site of APP by B-secretase, results in a drastic
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increase in CTF-B (C-terminal fragment B) levels and influences
the in vitro APP processing efficacy of B-secretase B-site Amyloid
precursor protein Cleaving Enzyme 1 (BACE1) inhibitors (5). The
presence of Swedish mutations therefore renders the App** and
App™Flines as unsuitable for preclinical studies of B-secretase inhibi-
tors. In effect, Swedish mutations are present in most APP transgenic
mouse models that overexpress APP, and moreover, there is no single
App-KI mouse model that recapitulates amyloid pathology in the brain in
the absence of Swedish mutations. In addition, CTE- itself has been
reported to have toxic effects such as early endosomal dysfunction
(6, 7). On the basis of these facts, we thought that App-KI mice without
the Swedish mutations would be a valuable model for AD research.

In this study, we used a CRISPR-Cas9 system to develop App”/*-
KI (App“) mice harboring the Arctic and Beyreuther/Iberian mu-
tations but devoid of the Swedish mutations (8, 9). Similar to the
App™tF and App™tFlines, the App©™ line showed an age-dependent
amyloid pathology, neuroinflammation, and synaptic alteration.
Acute administration of verubecestat (10, 11), a potent selective BACE1
inhibitor, reduced AB levels in App® mice but not in App™N--CF
mice. We also found that early endosomal alteration was present in
the brains of all the App-KI lines including App®™* mice and App-KI
mice with only the humanized AB sequence (Apph”Aﬁ mice). Our
findings demonstrate that BACEL1 activity can be appropriately eval-
uated in App°F mice without the interference of the Swedish muta-
tions and that endosome alterations are not exclusively caused by
elevated CTF-B or AB levels in vivo.

RESULTS

Generation of App®" and App™* mice by CRISPR-Cas9

We previously developed App™ mice by manipulation of the
mouse App gene using a KI strategy (4). Exon 16 of the App gene
contains the Swedish mutations (KM670/671NL), while exon 17 con-
tains the Arctic and Beyreuther/Iberian mutations (Fig. 1A). First,
single-guide RNA (sgRNA)-App-Exonl6 and single-stranded
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Fig. 1. Generation of the single App

SF_KI mice. (A) Exact sequences showing sgRNA (orange) with the PAM site (green) in the mouse App gene. Red characters represent

the Swedish (KM670/671NL), Arctic (E693G), and Beyreuther/Iberian (1716F) mutations, respectively. (B) Schematic illustration of CRISPR-Cas9-mediated genome editing

in App™-¢F-KI mouse zygotes by microinjection. (C) Sanger sequencing results determined App

NL-G-F/wt (top) and AppG'F/G'F genotype (bottom). The desired mutation loci

(NL670/671KM) are indicated as a rectangular shape in blue shading. See also fig. S1. (D) Regional information of potential off-target sites that were identified using
Cas-OFFinder (www.rgenome.net/cas-offinder/) and COSMID (https://crispr.ome.gatech.edu/).

oligodeoxynucleotide (ssODN) containing the wild-type (WT) se-
quence to substitute the Swedish mutations (NL670/671KM) together
with Staphylococcus aureus Cas9 (SaCas9) mRNA, where the proto-
spacer adjacent motif (PAM) sequence is required as NNGRRT, were
injected into the cytoplasm of heterozygous zygotes of App™"*
mice. The PAM sequence overlapped with the Swedish mutations
so that, when KI of the WT sequence occurred, it could prevent se-
quential cleavages by SaCas9 because the original PAM site had dis-
appeared (Fig. 1, A and B). Sanger sequencing analysis revealed that
the desired substitution via homology-directed repair occurred suc-
cessfully in the App™ allele of the founder mice with an efficien-
cy of 10.8% (Fig. 1C). Crossing the founder mice with WT mice to
generate F1 mice, we confirmed that the Swedish mutations were
fully removed from the App™-" allele (Fig. 1C). Using an identical
strategy in AIZP zygotes (see Materials and Methods), we also gen-
erated App P mice that carry only the humanized Ap sequence in
the mouse App gene without any familial AD-causing mutation. We
confirmed that there were no unexpected mutations in exons 16, 17,
and 18 of the App gene in App®F and App™**P mice and others (fig.
S1), indicating that all these lines are 1sogen1c /p * mice were
then intercrossed to obtain homozygous App®“F mice that were
viable. To explore the off-target effects of CRISPR-Cas9-mediated
genome editing in the founder mice, we searched for potential
off-target sites using the online tool COSMID (12) and Cas-OFFinder
(13) (Fig. 1D). Targeted sequencing analysis focusing on the candi-
date genomic regions revealed that no off- target modification took
place in the founder mice of App®* and App"“*® mice.
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Neuropathology of App®" mice

We next analyzed the extent of amyloid pathology in the App®™*
mice. APy levels in the cortex were age-dependently increased in
the tris-HCl- and guanidine-HCl (GuHCI)-soluble fractions, with
APy levels remaining relatively stable (Fig. 2, A and B). We also
observed that progressive amyloid pathology mainly in the cortex and
hippocampus occurred in an age-dependent manner (Fig. 2, Cand D).
Inltlal deposmon of AP was observed around 4 months of age in the
App®* mice. At 12 months, AB deposition in the brains of App®™
mice detected in a much larger area than that in the App™"* mice
but at a lower level to that in App™""“F mice (fig. S2). In addltlon
we analyzed the AB species constituting amyloid plaques in the App®™
mice using N-terminal, C-terminal (AB4o and ABy,), and ABspe)-x
[PE (pyroglutamate] specific antibodies. AB4, AB42, and ABspr)-x
species were detected in the brain with a predominant deposition of
APy, over APy (Fig. 2E). These results are consistent with the neuro-
pathol Ggg observed in patients with sporadic AD and in App™"Fand
App™ mice (4).

Chronic inflammation surrounding AP plaques in the brain is a
pathological hallmark of AD. We therefore investl%ated the status of
glial cells surrounding amyloid plaques in the App~™ mice. Reactive
astrocyte and activated microglia are pathological signs of neuro-
inflammation, with evidence of both being observed (Fig. 2F). We
also examined pre- and postsynaptic alterations in brain slices and
detected loss of synaptophysin and postsynaptic density protein
95 immunoreactivity near the AB plaques, which is consistent with
those in other App-KI mice (Fig. 2G) (4).
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Fig. 2. Neuropathology of App®" mice. (A and B) AB content detected by enzyme-linked immunosorbent assay (ELISA) using tris-HCl-soluble fraction (A) and GuHCl-soluble
fraction (B) of the cortices of App®* mice at 2, 4, 8, 12, and 22 months (M) (n =4 at each time point). Each bar represents the mean + SEM. (C) Immunohistochemistry images show-
ing AB deposition as indicated by immunostaining with N1D antibody against A;_s. Scale bar, 1 mm. (D) Quantitative analysis of amyloid plaque areas in the cortices and hippo-
campi of App®* mice at 2,4, 8, and 12 months (n1=4 at each time point) and at 22 months (n=3). Each bar represents the mean + SEM. (E) Specific antibodies against N terminus
[AB1_xand AB3(pe)- and C terminus (AB,—_s0 and AB,_s,) of AB reveal the deposition of each species of AB in the brains of 22-month-old AppG'F mice. Scale bar, 500 um. (F) Inflammatory
responses in the cortices of App®" mice at 22 months. Astrocytes (gray) and microglia (red) can be seen surrounding Ap (blue), as detected by triple staining with antibodies
against glial fibrillary acidic protein (GFAP), ionized calcium-binding adapter molecule 1 (iba1), and the N terminus of human Ap (82E1), respectively. Scale bar, 100 um. (G) Synaptic
alteration detected in the hippocampus of a 22-month-old App®" mouse. AB detected by 4G8 antibody against Ap;7_24 was double stained with synaptophysin antibody as a
presynaptic marker or with postsynaptic density protein 95 (PSD-95) antibody as a postsynaptic marker. White arrows indicate synaptic loss near Ap aggregation. Scale bar, 25 um.

Assessment of BACE1 inhibition in App®" mice

The Swedish mutations have been considered to underlie the decreased
APP processing potency of B-secretase inhibitors. Previous studies have
shown that B-secretase inhibition is less efficacious in cells stably overex-
pressing the APP-containing Swedish mutations than from cells trans-
fected with WT APP (14, 15). To compare the potency of B-secretase
inhibition in animal models—with or without Swedish mutations in the
APP gene—not relying on the overexpression paradigm, we adminis-
trated verubecestat, a potent BACEL1 inhibitor, to 3-month-old WT,
App™F, and App°™ mice following a previously reported experimen-
tal protocol (11). We found that a single oral administration of veru-
becestat at the dose of 10 mg/kg significantly reduced both APy and
Ay levels in the cortices of App®T mice, but not in App™-“F mice,
3 hours after treatment (Fig. 3, A to D). These results indicate that the
Swedish mutations are responsible for the poor potency of BACE1 inhibi-
tors in vivo and that App”* mice could serve as a powerful tool for the
precise characterization of BACE1 and candidate inhibitory compounds.

Relationship between the quantity of CTF-§ and endosomal
abnormality in vivo

Several studies have reported that the Swedish mutations alter the APP
processing and shift the processing toward an amyloidogenic pathway
via a competitive behavior between o- and B-secretases (5, 16). In an
earlier study, we showed that the ratio of CTE-B/a levels in App™"™*
NLGF mice is higher than that in WT mice (4). Here, we

Watamura et al., Sci. Adv. 8, eabm6155 (2022) 8 June 2022

used five different isogenic App-KI lines and WT mice to examine
the effect of the mutations on the quantity of CTF-f and the extent
of endosomal alteration (Table 1). The ratio of CTF-B/a in App®*
mice was much lower compared to App™*, App™T, and App™-GF
mice with no alteration of APP levels (figs. S3 and S4). The quantity
of CTF- in the brains of App®” mice was comparable to those of
App"“® mice and significantly lower compared to other App-KI
lines that harbor the Swedish mutations (Fig. 4, A and B, and fig.
S4E). However, when we compared the quantity of CTF-§ among
WT, Apph”AB, and App°* mice, the latter two showed significant
increase of CTF-B, indicating that humanization of A influenced
APP processing in vivo (figs. S3G and S4H). We next examined
whether CTF-f affects endosomal appearance in vivo (Fig. 4, Cto E,
and fig. S5). Some groups suggest that accumulated CTF- itself in-
duces endosome abnormalities independent of AP toxicity in vitro
(6, 7). We focused on early endosomal antigen 1 (EEAL1) as an early
endosome marker and performed immunohistochemical analyses
of the hippocampal CA1 region in six mouse lines: WT, Apph”AB,
App™t, App™tE, App©F, and App™tF-KI mice. We detected a signif-
icant increase in the mean EEA1" area in the CA1 pyramidal cell layer
of five mutant lines compared with that of WT mice (Fig. 4, Cand D).
We consistently observed a significant alteration of the distribution
of endosome size in the five mutant mouse lines, including
Apph”AB-KI mice, compared with that of WT mice (Fig. 4E). This was
seen as an increase in the ratio of larger endosomes (>1 um?) and a
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decrease in the ratio of smaller endosomes (<0.5 um®) (Fig. 4E). Notably,
endosomal sizes were enlarged in the brains of App® and App"*
mice, the extent of which was similarly observed in App™-4F mice
irrespective of large differences in CTF- levels (Fig. 4, B and D).
Unexpectedly, endosome enlargement was most significant in
App™*“*® mice (fig. S5B). These findings suggest that multiple factors
such as CTF-B-dependent, AB-dependent, and APP-independent
pathways may influence endosomal alterations in vivo.

DISCUSSION
In the resent study, by removing the Swedish mutatlon from
App™rUF mice, we developed a new App-KI line, App®F, which

Table 1. Mouse lines used in the present study.

1. WT (C57BL/6J)

6. App"“C7 line (App-KI mice carrying Swedish, Arctic, and Iberian
mutations)
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harbors both the Arctic and Beyreuther/Iberian mutations. The
App®* mice exhibited an age-dependent and typical amyloid pa-
thology, neuroinflammation, characterized by reactive astrocytes and
activated microglia surrounding the AB plaques, and aberrant pre-
and postsynaptic structures near the plaques. Verubecestat 1nter-
vention effectively reduced A levels in the cortices of App“™ mice
but not in the conventional App-KI mice containing the Swedish
mutation. Endosomal alteration was also observed in all the App-KI
lines including App®™* mice and App P mice despite relatively low
level of CTF-f in these two lines.

AB deposition in the brains of App® mice occurs from around
4 months of age, compared to around 2 months of age in App™-*
mice and 6 months in App™"F mice (4), suggesting that the App®™
mice serve as “a moderate model” of the three lines from the point
of view of amyloidosis in the mouse brain (fig. $2). App®” mice also
showed an age-dependent amyloid pathology in the subcortical area
as well as in the cortex and hippocampus, which is consistent with
human carriers of the Arctic mutation (17). This is the first AD
mouse model that recapitulates amyloid pathology in the brain but
does not harbor the Swedish mutation and is not dependent on APP
overexpression.

Previous studies based on transgenic mice overexpressing the
APP gene with familial mutations and CRISPR-Cas9-mediated
genomic modified iPSCs (induced pluripotent stem cells) indicated
that AD-associated early endosomal enlargement depends on the
excess accumulation of CTF-B but not AB (6, 7, 18-22). Endosome
enlargement may manifest as the disturbances of endocytic signaling
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Fig. 3. Removal of the Swedish mutations rescues the BACE1 inhibitory effect of verubecestat. (A to D) ABs and ABa; levels detected by ELISA were decreased

both in the tris-HCl fraction (A and C) and GuHClI fraction (B and D) of 3-month-old WT and AppG'F mice but not in App
*P < 0.05 and ***P < 0.001 [WT: verubecestat(+), n = 5; verubecestat(-), n=6. AppG

verubecestat(-), n =4. Student’s t test].

Watamura et al., Sci. Adv. 8, eabm6155 (2022) 8 June 2022

. verubecestat(+), n =5; verubecestat(-), n=7. App

M-&F mice. Each bar represents the mean + SEM.

NL-GF. : verubecestat(+), n=3;

40f8



SCIENCE ADVANCES | RESEARCH ARTICLE

******
A o ¢ f B Aok
NS o of W W 8+ ok
N N [ =
J
([0 Ry B —p—— e s | FL APP & ]
- e - f, otk .I
— - (& >
15— - —| D S e
: : ﬂ
O 24
.
c C m L] T T m T
Apglest v < “\)P& W g\,‘? f \’,O'?
W00 pP (0P P A%
. i
: 0.20- ok
! E=3
N *
E 0.15-
g °
: & 0.104 L ° j;
: = * &
L [ ]
w 0.054
- OOC ﬁ T T L] L] 1
< g W of of
W poP po® poP o P@d\
E e3 wWT
m ApphuAB
S App™
100 @ App
80+ App®*
i Apph-F

60

40

20

AR

Size-frequency distribution (%)

Fig. 4. APP CTF expression levels and endosome abnormalities. (A) APP CTF expression in the hippocampi of 12-month-old WT, Apph“AB, AppNL, AppNL'F, AppG'F, and
App™CF mice. See also figs. S3 and S4. FL, full-length. (B) Quantification of relative levels of APP CTF-B using within-lane normalization to full-length APP before normal-
izing to WT. WT, App™“4®, App™, App™F, App®F, and App™-O; n =4 for each genotype, one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test.
(€) Immunohistochemical images of early endosomes in CA1 pyramidal cells detected by EEA1 antibody (red) and Hoechst33342 staining of nuclei (blue). Brain sections
from 12-month-old WT, Apph“Aﬁ, App™, App™T, App®, and App"-CT mice. Scale bars, 20 um (left) and 5 pum (right), respectively, for each genotype. (D) Statistical analysis
of EEA1" area per square micrometer in pyramidal cells of hippocampal CA1 region. (E) Endosomal size distribution was statistically analyzed using MetaMorph imaging

NL-G-F,

software. WT, Apph"Aﬁ, App™, App"tF, App®T, and App ; n=3 for each genotype, one-way ANOVA followed by Tukey’s multiple comparisons test (D and E). Each bar

represents the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 (B, D, and E).

at the earliest stage of AD (23). On the other hand, other studies have
reported that AP toxicity is indeed a causative factor for impaired endo-
cytic sorting (24-26). In this study, using an isogenic panel of App-KI
mouse lines, we observed early endosomal alterations in hippocampal
CAL1 pyramidal neurons of App-KI lines compared to WT mice (Fig. 4
and fig. S5). Our results show that humanization of AP alone induces
endosomal enlargement in mice. Eeal was identified as one of hub
genes in a module that was down-regulated in another humanized AB
KI mouse by using weighed gene coexpression network analysis [see
figure 7c in (27)]. Although involvement of endosomal function in this
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analysis was not clear, it is possible that endosomal alteration is a com-
mon phenomenon in humanized AB KI mice. On the other hand,
recent studies indicate that endosomal enlargement occurs via an
APP-independent pathway (28, 29). Together, endosomal alteration
associated with AD cytopathogenesis may occur via different means
such as CTF-B-dependent, AB-dependent, and APP-independent
pathways. Further analyses are required to assess whether these alter-
ations observed in our models affect endosomal functions in vivo.

A large number of BACE1 inhibitors have been explored and
investigated as potent disease-modifying drugs in the AD research

50f8



SCIENCE ADVANCES | RESEARCH ARTICLE

field, but all of them, to our knowledge, have failed to show efficacy
in clinical trials. However, as the A673T (Icelandic) mutation (30)
positively established the proof of concept that the inhibition of
B-secretase cleavage reduces the risk of AD onset, the discovery of
BACE] inhibitory compounds that pass through the blood-brain
barrier and directly abrogate AP production in human brains re-
mains a promisi ng pe path to treat patients with AD. Although single
App™F and App™"“F-KI mice have been used in more than 500
laboratories and pharmaceutical companies worldwide as second-
generation mouse models of AD (4), these mice are not compatible
with BACE1-related studies because of the presence of Swedish mu-
tations. Our results provide consistent evidence that the Swedish
mutations hinder the BACE]1 inhibitory activities of verubecestat
in vivo, similar to several reports showing the reduced activity of
BACEI inhibitors including not just verubecestat (14) but also other
drug candldates in mice harboring the Swedish mutations (16, 31).

Thus, App®* mice now profile as a novel type of single App-KI mice
without the interference of the Swedish mutations. The potential
exists for these mice to be used efficiently and precisely to identify
active compounds for BACE1 inhibition in vivo that might have been
overlooked in a vast number of studies in which AD model mice
were used that contained the Swedish mutations and were based on
an APP overexpression paradigm. Our range of single App-KI mice,
including the App™™*, App™"F, and App®* lines, is available for
use by research groups and companies worldwide that can choose
the AD mouse model line most suited to the purpose of their study.

MATERIALS AND METHODS

Mice

All animal experiments were conducted in compliance with the reg-
ulations stépulated by the RIKEN Center for Brain Science. App™" ™"
or App™ mice expressing two or three familial AD mutations
[Swedish (KM670/671NL) and Beyreuther/Iberian (I716F) with or
without the Arctic (E693G) mutation] driven by the endogenous
promoter, as well as the humanized A sequence, were generated
described previously (4). App™~“F and ICR mice were used as zygote
donors and foster mothers. C57BL/6] and App™" mice were pre-
pared as controls (4). All mutant mice used in this study were ho-
mozygous for the expressed mutations. Both male and female mice
were used in our experiments. All mice were bred and maintained
in accordance with the regulations for animal experiments promul-
gated by the RIKEN Center for Brain Science.

Generation of App®" mice

sgRNA targeting mouse App exon 16 was designed in silico using the
CRISPR design tool (32). To reduce the possibility of off-target events,
SaCas9 that recognizes NNGRRT as the PAM site was selected to
introduce double-stranded breaks. ssODN was designed to cause
NL670/671KM substitution (AATCTA>AAGATG) overlapping the
PAM region so that the oligonucleotide did not include silent mu-
tations, thus preventing rebinding and recutting after the desired
genome modification via homology-directed repair. A plasmid vector
(Addgene, no. 61591) was used for in vitro transcription of SaCas9
mRNA, and sgRNA was synthesized as described previously (33).
Information on the primers and oligonucleotides used for the in vitro
synthesis of CRISPR tools is listed in table S1. The prepared SaCas9
mRNA (100 ng/ul) and sgRNA (100 ng/pl) along with ssODN

(100 ng/ul) were coinjected into the cytoplasm of App™-“F/* zygotes.
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Founder mice were identified by polymerase chain reaction (PCR)
and sequencing analysis of the targeted site and crossed with WT
mice to obtain heterozygous F1 mice.

Generation oprp""AB mice

To generate App™*P mice that carried only the humanized AB se-
quence, Vlrtually, the same strategy was used to that used for devel-
oping App“ ™ mice. The prepared s §RNA mRNA, and ssODN were
identical to those used for App®" mice, with the only difference
being that App™" zygotes instead of App™**F zygotes were used for
injecting genome edltmg tools Potential off-target sites were also
identical as those for App®” mice.

Off-target effects analysis

Candidate sequences were identified in silico using COSMID
(https://crispr.bme.gatech.edu/) (12) and Cas-OFFinder (www.rgenome.
net/cas-offinder/) (13), allowing up to 3-base pair (bp) mismatches
and 1-bp DNA and/or RNA bulge. Genomic DNA extracted from
mouse tails was amplified by PCR with the primers listed in table S2.
All genomic sequences of the amplicons were analyzed by Sanger
sequencing using a DNA sequencer (ABI 3730xl).

Genotyping

Genomic DNA was extracted from mouse tails in lysis buffer [10 mM
tris-HCl (pH 8.5), 5 mM EDTA (pH 8.0), 0.2% SDS, 200 mM NaCl,
and proteinase K (20 ug/ml)] through a process of ethanol prec1p1—
tation. To distinguish App-KI lines including App P and App”
mice from WT mice, purified DNA was subjected to PCR and fol-
lowed either by Sanger sequencing analysis or by digestion with Ecil
(New England BioLabs, R0590) at 37°C for 1 hour. Genotyping
primers for App-KI mice are listed in table S2.

Western blotting

Mouse brain tissues were homogenized in lysis buffer containing
50 mM tris (pH 7.6), 0.15 M NaCl, 1% Triton X-100, and cOmplete
protease inhibitor cocktail (Roche Diagnostics) using a Multi-beads
Shocker (Yasui Kikai). Homogenates were incubated at 4°C for 1 hour
and centrifuged at 15,000 rpm for 30 min, and the supernatants were
collected as loading samples. Concentrations of protein samples
were measured with the aid of a bicinchoninic acid protein assay kit
(Thermo Fisher Scientific). Equal amounts of proteins were sub-
jected to SDS—-polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes. For detection of APP-CTFs,
delipidated samples were loaded onto membranes and boiled for
5 min in phosphate-buffered saline (PBS) before blocking with en-
hanced chemiluminesence (ECL) primer blocking buffer (GE Health-
care). Membranes were incubated at 4°C with primary antibodies against
APP (MAB348, Millipore; 1:2000) or APP-CTFs (A8717, Sigma-
Aldrich; 1:1000) with glyceraldehyde-3-phosphate dehydrogenase
(HRP-60004, Proteintech; 1:150,000) as a loading control. Targeted
proteins were visualized with ECL select (GE Healthcare) and a
LAS-3000 Mini Lumino image analyzer (Fujifilm).

Immunohistochemistry

Paraffin-embedded mouse brains were sectioned (thickness, 4 um)
and subjected to deparaffinization processing; antigen retrieval was
then performed by autoclaving at 121°C for 5 min. Brain sections
were treated with 0.3% H,0; in methanol solution for 30 min to
inactivate endogenous peoxidases. Sections were rinsed with TNT
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buffer [0.1 M tris (pH 7.5), 0.15 M NacCl, and 0.05% Tween 20],
blocked using a TSA Biotin System kit and incubated at 4°C over-
night with primary antibodies diluted in TNB buffer [0.1 M tris
(pH 7.5), 0.15 M NaCl]. Primary antibody dilution ratios are listed
in table S3. Sections were washed and incubated with biotinylated
secondary antibody, and a tyramide signal amplification system was
used to detect amyloid pathology. For detection of neuroinflamma-
tory signs and early endosome pathology, secondary antibodies
conjugated with Alexa Fluor 555 diluted in TNB buffer or 0.2% casein
in PBS were used. Sections were stained for 15 min with Hoechst33342
(Thermo Fisher Scientific) diluted in PBS and then mounted with
PermaFluor (Thermo Fisher Scientific). Section images were obtained
using a confocal laser scanning microscope FV-1000 (Olympus)
and a NanoZoomer Digital Pathology C9600 (Hamamatsu Photonics).
Quantification of immunoreactive signals was performed using
Metamorph Imaging Software (Molecular Devices) and Definiens
Tissue Studio (Definiens).

Enzyme-linked immunosorbent assay

Mouse brain samples were homogenized in lysis buffer [50 mM
tris-HCI (pH 7.6), 150 mM NaCl, and protease inhibitor cocktail]
using a Multi-beads shocker (Yasui Kikai, Japan). The homogenates
were centrifuged at 70,000 rpm at 4°C for 20 min, and the superna-
tant was collected as a tris-soluble (TS) fraction to which 1/11 (v/v)
of 6 M GuHCI in 50 mM tris and protease inhibitors were added.
The pellet was loosened in lysis buffer with a Pellet Pestle (KIMBLE),
dissolved in 6 M GuHCI buffer, and sonicated at 25°C for 1 min.
The sample was incubated for 1 hour at room temperature and then
subjected to centrifugation at 70,000 rpm at 25°C for 20 min. The
supernatant was collected as a GuHCl-soluble fraction. TS and
GuHCl-soluble fractions were applied to 96-well plates using an Af
ELISA kit (Wako) according to the manufacturer’s instructions. For
detection of Arctic AB produced from the brains of App™"“F and
App“* mice, standard curves were drawn using human AB peptides
carrying the Arctic mutation as described previously (4).

Verubecestat administration

Verubecestat (ChemScene) dissolved in PBS was administrated orally
to 3-month-old mice using a flexible oral gavage needle (FUCHIGAMI)
at a single dose of 10 mg/kg according to Kennedy et al. (11). Three
hours after a single treatment, mouse brains were dissected and
stored at —80°C.

Quantification and statistical analysis

All data are shown as the means + SEM within each figure. For com-
parisons between two groups, data were analyzed by Student’s ¢ test,
Welch’s ¢t test, or Mann-Whitney test. For comparisons among
more than three groups, we used one-way analysis of variance
(ANOVA) followed by Dunnett’s post hoc analysis or Tukey’s post
hoc analysis. All statistical analysis were performed using GraphPad
Prism 7 software (GraphPad software). The levels of statistical
significance were presented as P values: *P < 0.05, **P < 0.01, and
***¥P <0.001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm6155

View/request a protocol for this paper from Bio-protocol.
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