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metabolism of APP

and the accumulation of A3

by alcadein ain the brain

during aging
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Generation and accumulation of amyloid- (AB) protein in the brain are the primary causes of
Alzheimer’s disease (AD). Alcadeins (Alcs composed of Alca, Alcf and Alcy family) are a neuronal
membrane protein that is subject to proteolytic processing, as is AB protein precursor (APP), by

APP secretases. Previous observations suggest that Alcs are involved in the pathophysiology of
Alzheimer’s disease (AD). Here, we generated new mouse App"-F (APP-KI) lines with either Alca- or
AlcB-deficient background and analyzed APP processing and AB accumulation through the aging
process. The Alca-deficient APP-KI (APP-KI/Alca-KO) mice enhanced brain AB accumulation along with
increased amyloidogenic B-site cleavage of APP through the aging process whereas AlcB-deficient
APP-KI (APP-KI/AlcB-KO) mice neither affected APP metabolism nor A accumulation at any age. More
colocalization of APP and BACE1 was observed in the endolysosomal pathway in neurons of APP-KI/
Alca-KO mice compared to APP-KI and APP-KI/AlcB-KO mice. These results indicate that Alca plays

an important role in the neuroprotective function by suppressing the amyloidogenic cleavage of APP
by BACEL1 in the brain, which is distinct from the neuroprotective function of Alcf, in which p3-Alcf
peptides derived from Alcp restores the viability in neurons impaired by toxic Ap.

Alzheimer’s disease (AD) is the most common neurodegenerative disease accompanied by brain pathologies such
as senile/amyloid plaques and neurofibrillary tangles in the aged population'?. These hallmarks evoke synaptic
impairment and neuroinflammation, which induce the progressive loss of memory and cognitive functions®.
Through various analyses of familial AD (an autosomal dominant hereditary of AD) and sporadic AD in the
last three decades, understandings of AD pathobiology progressed and causative genes, APP and PSENs, and
risk factors were identified**. Among them, the APP gene encodes amyloid B-protein precursor (APP), from
which neurotoxic AP peptides generate, and PSENs encode presenilin 1 and 2 (PS1 and PS2), the catalytic
protein of y-secretase complex to cleave APP and to generate AB®’ (Fig. 1A). Pathogenic mutations on these
genes in familial AD increase the generation of neurotoxic and longer AP species such as Ap425-!1. Interest-
ingly, the protective mutation of the APP gene decreases AP generation by increasing an amyloidolytic cleavage

lLaboratory of Neuroscience, Graduate School of Pharmaceutical Sciences, Hokkaido University,
Sapporo 060-0812, Japan. *Advanced Prevention and Research Laboratory for Dementia, Graduate School
of Pharmaceutical Sciences, Hokkaido University, Sapporo 060-0812, Japan. 3Department of Molecular
Neurobiology, Faculty of Medicine, Kagawa University, Miki-cho 761-0793, Japan. “Bioproduction Research
Institute, National Institute of Advanced Industrial Science and Technology (AIST), Sapporo 062-8517,
Japan. °Department of Neurocognitive Science, Institute of Brain Science, Nagoya City University Graduate
School of Medical Sciences, Nagoya 467-8601, Japan. ®Laboratory for Proteolytic Neuroscience, RIKEN Center for
Brain Science Institute, Wako 351-0198, Japan. "Laboratory of Neuronal Regeneration, Graduate School of Brain
Science, Doshisha University, Kyotanabe 610-0394, Japan. ®Department of Biological Sciences, Graduate School
of Science, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan. °These authors contributed equally:
Keiko Honda, Hiroo Takahashi and Saori Hata. *email: yamamoto.toru@kagawa-u.ac.jp; suzuki_t@tmu.ac.jp

Scientific Reports | (2024) 14:18471 | https://doi.org/10.1038/s41598-024-69400-9 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-69400-9&domain=pdf

www.nature.com/scientificreports/

A B
N -
p-secretase i Bisite p’-site o-site 'Y'fiies
a-secretase (? Q 670 680 690 700 710
1 \C c - _DAEFRHDSG VHHQKLVFFAEDVGSNKGAIGLMVGGVVIATVIVIT--
L -«‘ ‘c S04 *jL o} NL < W ¥

APP CTFf CTFa
(C99) (c83)

Figure 1. Schematic summary of APP CTFs generated by cleavages of a- and p- secretases and the amino acid
sequence of Af species. (A) APP and the APP carboxy-terminal fragments (CTFB/C99 and CTFa/C83), which
are generated following the cleavage of APP by secretases, are schematically shown. Arrowheads indicate the
cleavage site by -secretase/BACEI, a-secretase (ADAM10/17), and y-secretase. (B) The amino acid sequence
of AP species generated from CTFs by cleavage of y-secretase, and the cleavage sites by secretases are shown.
AppN-FNLE (APP-KI) mice harbor the Swedish mutation (K670N/M671L) and the Iberian mutation (I716F),
which are indicated in green letters, along with the humanization of three amino acids in AP sequence (G676R,
F681Y and R684H). These amino acid substitutions generate CTF( and AP1-42/AB42 dominantly.

of APP at {’-site by B-site APP-cleaving enzyme 1 (BACE1/p-secretase)'>'*. Following the cleavage of APP at
B-site by BACEI, y-secretase cleaves the membrane-associated APP carboxyterminal fragment (APP CTFp) to
secrete AP species®!*. The generation of Af is believed to most the primary trigger of neurodegeneration in AD,
and the formation of A oligomers is strongly believed to evoke neurodegenerative pathways such as synaptic
impairments and neuroinflammation in AD*'. Because most AD patients are sporadic, and they don’t carry
any pathogenic mutations on causative genes, therefore the molecular regulation of APP metabolism including
Ap generation was widely studied to reveal the pathogenesis of sporadic AD. APP and its cleaving enzymes/
secretases are all membrane-associated proteins. Therefore, the generation of A is closely associated with the
intracellular trafficking and/or membrane micro localization of APP and secretases, which are regulated by
various protein factors'®-°,

We previously identified X11-like (X11L) or APP-binding protein2 (APBA2), one of the factors associated
with the trafficking and metabolism of APP in neurons®*-*. Neuronal cytoplasmic adaptor protein X11L is known
to interact with many membrane proteins and regulate their intracellular trafficking and localization**-2%. Alca-
dein a (Alca) was isolated as one of X11L-binding protein® and the Alca formed a tripartite complex with APP
through X11L to regulate APP metabolism®. Alcadeins (Alcs)/calsyntenins (Clstns) are type I transmembrane
proteins as likely as APP, expressed exclusively or mostly in neurons, and there are three family proteins com-
posed of Alcadein a (Alca/Clstnl), B (Alcp/Clstn3), and y (Alcy/Clstn2) encoded by separate genes*!. Alca/
Clstn1 serves in membrane trafficking as a cargo receptor of kinesin-1'4%27%°, Alcf/Clstn3 acts as synaptic adhe-
sion and/or synaptogenesis**-*?, and its y-secretase product peptide, p3-Alcp*, expresses an activity to restore
the neuronal viability impaired by AB42 toxicity*!. Alcy/Clstn2 may be involved in memory performance and
cognition*>*6, whose expression is lower in the adult brain compared to the other family proteins®’.

We previously generated Alca- and Alcf-deficient (Alca-KO and AlcB-KO) mice and analyzed endogenous
APP metabolism in these gene knock-out mice brains*. Alca-KO mice enhanced the amyloidogenic metabolism
of APP and increased the generation of AB. We also analyzed amyloid plaque formation in the brain by gen-
erating human APPswe (APP23) transgenic and Alca-KO double mutant mice (APP23/Alca-KO)*. However,
in a previous study, we could not quantify Ap accumulation and amyloid plaque formation through the aging
process, because APP23 mice suddenly died during aging, which makes it difficult to keep sufficient numbers of
the aged-mouse population for analyses. This time, we introduced human APP-knock-in mice (AppNE-F/NL-T)49
to generate new mice lines, Alca-deficient APP-KI (APP-KI/Alca-KO) and AlcB-deficient APP-KI (APP-KI/
Alcp-KO) mice. These mice were analyzed for humanized AP generation and amyloid plaque formation in the
brain through the aging process. Comparative analyses among three AD mouse models, APP-KI/WT, APP-KI/
Alca-KO and APP-KI/Alcf -KO, reveal that Alca regulates amyloidogenic processing of APP and AP generation
in the brain. The neuroprotective procedures by Alca are different from the contribution of Alcp whose secreted
peptide p3-Alcp opposes neuronal toxicity by AB oligomers**.

Results

Brain AB accumulation in APP-KI, APP-KI/Alca-KO, and APP-KI/AlcB-KO mice through the
aging process

Schematic pictures of APP cytoplasmic terminal fragments/CTFs, which are generated from APP by cleavage
of a- or B- secretase, and the amino acid sequence of A species, which are generated from CTFs by cleavage of
y-secretase, are shown (Fig. 1). Neurotoxic AP1-42 is generated by serial cleavages of APP at - and y- sites. APP-
KI (AppNE-FNE-F) mice include the Swedish mutation (K670N/M671L) at the amino-terminal of the B-secretase
cleavage site and the Iberian mutation (I716F) closed to the y-secretase cleavage site. Furthermore, the amino acid
sequence of AP domain was humanized with amino acid substitutions of G676R, F681Y and R684H*. Induction
of the Swedish mutation increases B-site cleavage'* with remarkable decreases of (’-site cleavage by BACE1, which
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increases AP1-XX generation’. Furthermore, the Iberian mutation increases ABX-42 generation®'. Therefore, the
APP-KI mice generate human AB1-42 (assigned as AB42) dominantly rather than AB1-40 (assigned as Ap40).

Hippocampus plus cerebral cortex regions of three mice models, App™-FNF (APP-KI/WT), AppNE-FNLE
Alca-KO (APP-KI/Alca-KO) and App™-FN-F/AlcB-KO (APP-KI/AlcB-KO) at the indicated ages (4-, 6-, 12-
and 15- month-old) were homogenized in TBS, the TBS-insoluble fraction was further solubilized with guan-
idine-HCI, and AP42 in the guanidine fraction was quantified with sELISA (Fig. 2). Accumulation of AB42 in
brains exponentially increased by 12-month-old in three lines of mice. In 6-month-old mice, AB42 amounts
increased ~ tenfold in 4-month-old mice for all lines and the increase of AB42 continued by 12-month-old, in
which the AB42 accumulation reached to almost 20- to 30-fold of 6-month-old. However, the accumulations were
twice or less in 15-month-old mice brains compared to the brains of 12-month-old mice, suggesting a slowing
down of AP accumulation in aged mice (15-month-old) of all three lines (Fig. 2A).

Among three mice lines, the magnitude of Ap accumulation was significantly higher in APP-KI/Alca-KO
mice compared to APP-KI/WT and APP-KI/AlcB-KO mice at every age, 4-, 6-. 12-, and 15- month-old (Fig. 2B).
No significant differences were observed between APP-KI/WT and APP-KI/AlcB-KO in the level of brain AB42
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Figure 2. AP42 accumulation in the brain of APP-KI/Alc-KO mice models through the aging process.
(A) Brain AP42 levels of APP-KI/WT (circle), APP-KI/Alca-KO (square), and APP-KI/AlcB-KO (triangle)
mice at 4-, 6-, 12-, and 15- month-old were examined and indicated with semi-log graph. (B) The AB42
amounts are compared among three mice models at indicated ages. TBS insoluble fraction of cerebral cortex
and hippocampus regions was solubilized in guanidine-HClI solution, and APB42 was quantified with sELISA.
Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test for multiple comparisons
(means+S.E; n=4.*p<0.05, *p<0.01, **p<0.001).
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accumulation. The age-dependent significant increase of the Ap42 observed in APP-KI/Alca-KO mice was not
observed in endogenous A42 of Alca-KO mice*®, in which almost the same levels of Af42 were observed at 2-,
6- and 12- month-old respectively, although the respective levels were higher than those of wild-type mice. This
difference is due to that only humanized AP, but not mouse non-aggregable endogenous AP, accumulates in
the brain of mice models. The results support that generation of AP42 is enhanced in the brain of Alca-deficient
mice regardless of age, and the increasing accumulation of Af42 in APP-KI/Alca-KO mice with age depends on
the aggregative prone of human AB42.

Amyloid plaque formation in APP-KI/WT, APP-KI/Alca-KO and APP-KI/AlcB-KO mice through
the aging process
A significant increase of AB42 accumulation in APP-KI/Alca-KO mice suggests the remarkable increase of
amyloid plaques in APP-KI/Alca-KO mice compared to APP-KI/WT and APP-KI/AlcB-KO mice at 6-, 12- and
15- month-old. Therefore, we next examined amyloid plaque formation by immunostaining of brain slices
(Fig. 3). Coronal sections of brain regions including the cerebral cortex and hippocampus of APP-KI/W'T, APP-
KI/Alca-KO and APP-KI/AlcB-KO mice at 6-, 12-, and 15- month-old were immunostained with anti-human
Ap-specific antibody (Fig. 3A-C). All mice models don’t show a readily recognizable morphological alteration
at these ages. The area of amyloid plaques in three mice models was quantified in brain regions including the
cerebral cortex, hippocampus, and entorhinal cortex. The proportion of plaque area was compared among three
lines of mice at 6-, 12-, and 15- month-old (Fig. 3D). The amyloid plaque area in 6-month-old mice, as expected
from Fig. 2, was less, but the more plaques were detected in APP-KI/Alca-KO mice brains than in APP-KI/WT
and APP-KI/Alcf-KO mice brains (Fig. 3A, D). The observation is more remarkable in 12-month-old along
with increased plaque area, which were almost 10-times more than those of 6-month-old mice (Fig. 3B, D). The
amyloid plaque burden may be saturated at 15-month-old because the plaque area became almost the same in
three mice models (Fig. 3C, D), which may agree with a trend of saturated AP42 accumulation at 15-month-old
mice compared to the exponential increase of AP42 in younger mice brains (Fig. 2A). In summary, amyloid
plaque formation greatly increases in APP-KI/Alca-KO mice brain by 12-month-old, and the increase of plaques
may be saturated in the brains of more aged mice such as 15-month-old mice.

These observations suggest that Alca deficiency increases the generation and accumulation of AP through
the aging process, at least by 12-month-old. This was ambiguous in the previous single age-point analysis with
12-month-old APP-Tg (APP23)/Alca-ko mice*®.

APP cleavage by BACE1 is enhanced in APP-KI/Alca-KO mice brains

Previous analysis showed that Alca-deficiency increased - and f’-sites cleavage of mouse endogenous APP at
2-, 6- and 12-month-old, and this effect was not observed in Alcp-deficient mice*. We further confirmed this
by using APP-KI/WT, APP-KI/Alca-KO, and APP-KI/AlcB-KO mice brains. Because ’-cleavage of human APP,
which generates CTFf; is reduced by the introduction of Swedish mutation which prioritizes p-cleavage (Fig. 1)
and the humanization of amino acids of AP region'®, CTFp which is the product of APP p-site cleavage is more
obviously detected in APP-KI mice (Fig. 4). The brain membrane fraction of three mice models was treated with
\-protein phosphatase, which incapacitates for the neuron-specific phosphorylation at Thr668 (numbering for
APP695 isoform) of APP and APP CTFs**®, to simplify the detection of APP CTF species by immunoblotting'’.
The APP CTFs and APP were analyzed by immunoblotting with antibody raised specific to the APP cytoplasmic
region. Using this procedure, we can detect dephosphorylated CTFa (C83) and CTFp (C99), but not CTFf’/C89,
in the membrane fraction of APP-KI mice brains (see Fig. 1 for APP CTF species).

We detected almost identical levels of CTFa in APP-KI/WT, APP-KI/Alca-KO, and APP-KI/Alcf-KO mice
at 4-, 6-, 12- and 15- month-old, while significantly increased CTFp (C99) was detected in APP-KI/Alca-KO
mice at all ages. Amounts of CTFa, CTFP, and APP were quantified and compared among three mice models at
indicated ages (Fig. 4B-D). There were no differences in CTFa levels among three lines of mice at all ages of 4-,
6-, 12- and 15-month-old (Fig. 4B). In contrast to CTFa, CTFp significantly increased in APP-KI/Alca-KO mice
at 6-, 12- and 15-month-old compared to that of APP-KI/WT mice (Fig. 4C). In younger mice of 4-month-old,
the CTFp also tended to increase in APP-KI/Alca-KO mice compared to APP-KI/WT mice. Levels of CTFp in
APP-KI/AlcB-KO mice brains were almost the same as those in APP-KI/W'T mice at all ages.

Almost same amounts of APP were expressed in the three mouse lines of all ages (Fig. 4D), except for the com-
parison of APP-KI/Alca-KO with APP-KI/AlcB-KO mice at 12-month-old, which agrees with our previous results
that the level of mouse APP was not changed by the deficiency of Alca or Alcp*. These results coincide with our
previous analyses that the cleavages at B- and ’-sites of mouse endogenous APP by BACE1 were enhanced in
Alca-deficient mice brains®, and indicate that Alca influences the regulation of amyloidogenic cleavage of APP.

Increase of the CTFp (C99) in APP-KI/Alca-KO mice brains was confirmed by separate immunoblotting
of the brain membrane fractions (same samples used in Fig. 4) with anti-human AP amino-terminal specific
antibody 82E1, which reacts to CTFp but not CTFa (Fig. 5). The brain membrane fraction of three mice models
without the treatment of A-protein phosphatase was used. Two CTEp bands, the non-phosphorylated CTEp and
the CTFp phosphorylated at Thr668 (pCTEp), were detected and the respective band densities were quantified
and compared among three mice models at indicated ages (Fig. 5A-C). As can be seen in Fig. 5, the CTFf and
the pCTFp significantly increased in APP-KI/Alca-KO mice at the indicated ages compared to those of APP-KI/
WT and APP-KI/AlcB-KO mice. The result confirmed the conclusion shown in the Fig. 4 that the p-cleavage of
APP increased in Alca-deficient mice brains.

Interestingly, the 82E1 antibody detected AP, which may be membrane-associated A species. The level of
membrane-associated SDS-soluble A increased in APP-KI/Alca-KO mice compared to APP-KI/WT and APP-
KI/AlcB-KO mice (Fig. 5A and D), which agrees with the increases of the guanidine-HCl soluble AB42 (Fig. 2)
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Figure 3. Generation of amyloid plaques in APP-KI/Alc-KO mice models through the aging process.
Immunostaining of coronal sections of brain regions including the cerebral cortex and hippocampus of
APP-KI/WT, APP-KI/Alca-KO, and APP-KI/AlcB-KO mice are shown with the quantification of plaque

formation (bar graph). (A) 6-month-old, (B) 12-month-old, and (C) 15-month-old are indicated. Scale bar,

300 pm (in sections). (D) The amyloid plaque levels were quantified in 10 slices of 35-um-thick sections with
315 um intervals in one mouse at indicated ages. The sum of plaque pixel numbers in each image was counted
with Image], and the resulting numbers were divided by the pixel numbers of the area occupied by the slices.
Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test for multiple comparisons

(means+S.E; n=4. *p<0.01, **p<0.001, ***p <0.0001).

and the amyloid plaques (Fig. 3) in APP-KI/Alca-KO mice. Taken together our previous and current analyses,

it is obvious that Alca plays an important role in the regulation of APP cleavages by B-secretase in brain.

Alca-deficiency increases the localization of APP into endolysosomal pathways where BACE1

localizes actively in neurons

To explore the mechanism of how the brain of APP-KI/Alca-KO mice model increases -cleavage of APP, we
asked about the intracellular localization of APP and BACEI in the primary cultured neurons prepared from the
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Figure 4. Enhanced amyloidogenic cleavage of APP in APP-KI/Alca-KO mice. (A) Immunoblot analysis of
APP CTFs and APP of APP-KI/WT, APP-KI/Alca-KO, and APP-KI/AlcB-KO mice brains. Membrane fraction
(10 pg protein) of the cerebral cortex plus hippocampus region of mice at 4-, 6-, 12-, and 15- month-old was
analyzed by immunoblotting with anti-APP cytoplasmic antibody (to detect both APP CTFs and APP), and
anti-synaptophysin and anti-flotillin-1 antibodies. Dephosphorylated APP CTFs and APP are indicated.
Numbers (kDa) indicate protein size markers. A reproducible blot of four independent studies used respective
four to five mice (n=4-5) at each age. (B-D) Quantification of APP CTFs and APP at indicated ages in the
three lines of mice. Band densities of APP CTFa, APP CTFf and APP were standardized to the densities of
synaptophysin for CTFa (B) and CTFp (C) and flotillin-1 for APP (D). Values of APP-KI/WT mice were
assigned as a reference value of 1.0 and compared among three lines of mice; APP-KI/W'T, APP-KI/Alca-KO
and APP-KI/Alcf-KO. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test
for multiple comparisons (means+S.E.; n=4-5. *p <0.05; **p <0.01).
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Figure 5. Enhanced APP CTF( and A generation in APP-KI/Alca-KO mice. (A) Immunoblot analysis of APP
CTFp and AP of APP-KI/W'T, APP-KI/Alca-KO, and APP-KI/AlcB-KO mice brains. Membrane fraction (10 pug
protein) of the cerebral cortex plus hippocampus region of mice at 4-, 6-, 12-, and 15- month-old was analyzed
by immunoblotting with anti-huma AB amino-terminal antibody 82E1(to detect APP CTFp and AB), and
anti-synaptophysin antibody. APP CTFp and pCTEp (CTFp phosphorylated at Thr668 of APP695) are indicated
with AB. Numbers (kDa) indicate protein size markers. A reproducible blot of four independent studies

used respective four mice (n=4) at each age. (B-D) Quantification of APP CTFs and A at indicated ages in

the three lines of mice. Band densities of APP CTFf, pCTFp, and AP were standardized to the densities of
synaptophysin for CTEp (B), pCTEp (C), and AP (D). Values of APP-KI/WT mice were assigned as a reference
value of 1.0 and compared among three lines of mice; APP-KI/W'T, APP-KI/Alca-KO and APP-KI/AlcB-KO.
Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test for multiple comparisons
(means+S.E; n=4-5. *p <0.05; **p<0.01; ***p <0.001).
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embryonic brains of mice models and compared the colocalization of APP and BACE1 among APP-KI/WT, APP-
KI/Alca-KO and APP-KI/AlcB-KO mice models. Primary culture neurons (DIV 14-16) of three mice models
were doubly immunostained using a rabbit anti-APP cytoplasmic antibody with mouse anti-BACE1, anti-EEA1
(early endosomal protein), anti-Rab7 (late endosomal protein), and anti-LAMP1 (lysosomal protein) antibodies
(Fig. 6A). The colocalization rates of proteins were indicated as Peason’s R-value (Fig. 6B).

Colocalization of APP with BACEI] is significantly higher in neurons of APP-KI/Alca-KO compared to those
of APP-KI/WT and APP-KI/AlcB-KO. Interestingly, colocalization of APP with endolysosomal proteins, LAMP,
EEALI and Rab7, also increased in neurons of APP-KI/Alca-KO compared to those of APP-KI/WT and APP-K1/
AlcB-KO (Fig. 6A and B). The expression levels of APP and BACEI are almost same among the APP-KI/WT,
APP-KI/Alca-KO, and APP-KI/AlcB-KO mice brain (Appendex Fig. 1), which were also shown in our previous
report*®. Levels of neuronal synaptophysin were identical in three models, suggesting no remarkable changes
of neurons among three mice models. The observation suggests that deficiency of Alca introduces more APP
into the endolysosomal pathway, in which acidic condition activates BACEI. Interestingly, the colocalization
of APP with LAMP1 (lysosome marker) and Rab7 (late endosome marker), but not EEA1(early endosome
marker), decreased in neurons of APP-KI/AlcB-KO mice compared to APP-KI/WT mice. We currently don't
have a suitable explanation for this. However, at least these observations suggest that Alca deficiency appears to
enhance the transport of APP into the endolysosomal pathway, by which B-cleavage of APP was facilitated in
neurons of the APP-KI/Alca-KO mice model. The results also agree with the previous biochemical analysis that
the endogenous APP cleavage at the p-site increases in the endosome-rich fraction of Alca-KO mice brain®.

Discussion

Brain A is largely derived from neurons and various neuronal factors involved in the regulation of APP process-
ing including amyloidogenic cleavages were reported'®!. Alteration of membrane lipid composition and altered
micro-membrane localization of y-secretase complex in neurons are also involved in the y-cleavage of APP,
which induces qualitative and/or quantitative changes in AB generation®*->*. However, many studies to reveal the
regulatory metabolisms of APP were performed by cell-based studies and/or in vitro analysis. Until now, there
have not been many studies analyzing the molecular function of these regulatory factors in APP metabolism
in vivo except for several factors*'~>>*7->%. Alca is one of the proteins that are suggested to be associated with AD
pathophysiology**:69-62 but there was no obvious evidence of how Alca is associated with intracellular events
linked to AD pathobiology including the regulation of Ap generation in vivo up to our previous report*®. Of
course, the physiological function of Alca in intracellular membrane vesicle transport, as does APP, has been
well understood in neurons'®3*3637:3,

Our present analysis using new mouse models assured our previous evidence that Alca suppresses the amy-
loidogenic B-cleavage of APP in vivo. Our study suggests that the increase of p-site cleavage of APP in APP-KI/
Alca-KO mice brains is due to the increased chance of the p-site cleavage of APP in the endolysosomal pathway,
which is also supported by our previous observation for endogenous APP metabolism in Alca-KO mice*®. Of
course, we cannot rule out a possibility that the gene knock-out of Alca and/or Alcp proteins may affect the
expression of various genes including genes encoding endolysosomal proteins, by which the colocalization of
APP with the endolysosomal proteins may change in neurons of APP-KI/Alca-KO mice. However, at least we
have reported that the protein levels of APP and BACE1 in Alca-KO and Alcf-KO mice brains are equivalent
compared to those of wild-type mouse brains*, and the same results are also obtained in the present study with
brain lysates of APP-KI/Alca-KO, APP-KI/Alcf-KO, and APP-KI/WT mice (Appendix Fig. 1). Therefore, our
previous and current analyses support the conclusion that the enhanced p-cleavage of APP in Alca-KO mice
brains is due to the increased localization of APP in the BACE1-active region(s) of neurons.

Furthermore, we newly revealed the process of Ap accumulation in the absence of Alca expression, which
was a constitutive and enhanced amyloidogenic processing of APP and accumulation of AP through aging, at
least by 12 months. Taken together with our previous results*, the present analyses certified that Alca serves to
suppress the amyloidogenic processing of APP in neurons, and the possible mechanism is proposed schemati-
cally here (Fig. 7). Although our present study was out of focus on cytoplasmic factors that regulate intracellular
metabolism and transport of APP, the cytoplasmic factors may contribute to suppression of amyloidogenic
metabolism of APP with Alca. One possible candidate is X11-like/X11L, a neuron-specific member of X11/
Mint family proteins?>*. Association of the cytoplasmic X11L with APP suppresses amyloidogenic cleavage of
APP at B- and B’-sites in vivo*?, and further association of APP with Alca by mediating X11L to form a tripartite
complex (APP-X11L-Alca) enhances the suppression of the p-cleavage of APP?*. Therefore, it is possible to
assume that intracellular trafficking of APP by collaborating with Alca and X11L secures a non-amyloidogenic
metabolism of APP in neurons.

There may be other possible mechanisms that Alca suppresses B-cleavage of APP. Alca and APP serve as a
cargo receptor of kinesin-1 independently, and the respective cargo receptor plays an important role in intracel-
lular membrane trafficking of specific proteins by kinesin-1 in neurons '%**¢3, Both Alca and Alcp can interact
with the kinesin light chain (KLC) of kinesin-1 directly in vitro*!. There are two KLC-binding WD motifs in
Alca, whereas only one WD motif exists in Alcp'®**. These previous analyses suggest that Alca cargo vesicles
serve in the protein transport by kinesin-1 more important than Alcf cargo vesicles in the transport of proteins.
Deficient of Alca rather than Alcp may impair the transport of proteins which play in the regulation of APP
metabolism. This may be a reason for the increased amyloidogenic processing of APP in Alca-deficient mice.
Furthermore, several studies suggest that the altered trafficking of organelles is involved in the pathogenesis of
Alzheimer’s disease®¢. In APP-KI/Alca-KO mice, the aberrant trafficking of endolysosomal compartments
may have occurred. We should perform further analysis to reveal the relationship between APP amyloidogenic
cleavage and Alca function in vivo to understand the exact mechanism.
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Figure 6. Colocalization of APP with BACE1 and endolysosomal proteins in primary cultured neurons of
three mice lines. (A) Localization of APP with proteins. Primary cultured neurons (DIV 14-16) of APP-KI/
WT, APP-KI/Alca-KO, and APP-KI/Alcf-KO mice were immunostained with a rabbit anti-APP antibody
(green) together with mouse anti-BACE], anti-LAMP1, anti-EEA1 or anti-Rab7 antibodies (red). Scale bar,

10 pum. (B) The colocalization efficiency of APP with BACE1, LAMPI, EEAL1, or Rab7. Colocalization was
calculated using the coloc2 plugin in Fiji (Image]) with the pixel intensity correlation between each protein and
APP indicated as Peason’s R value (R value of 1.0 indicates perfect colocalization while an R value of 0 indicates
random localization). Cells were independently prepared in two separate experiments, and for each preparation,
six to seven images were acquired. All values were combined and subjected to statistical analysis with indicated
numbers of independent biological repeats. Asterisk indicates *p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001
(n=12~13, mean+S.E.).

Scientific Reports |  (2024) 14:18471 | https://doi.org/10.1038/s41598-024-69400-9 nature portfolio



www.nature.com/scientificreports/

- -
e
—>Neurotoxicity—_
/ Y e
Ap
oligomers&— (2)
4 Suppression
i
AB
N N N p3-Alcp
(1) B P -
Suppression K a o% >
i | \

Figure 7. Schematic functions of alcadeins and their metabolic peptide p3-Alc in neuroprotection. Possible
roles of Alca and Alc against to Ap-dependent neurotoxicity are shown. (1) Alca suppresses amyloidogenic
B-cleavage of APP which is also regulated by association with cytoplasmic adaptor proteins such as X11-like/
X11L. Association of APP with Alca mediated by cytoplasmic X11L attenuates the generation of APP CTFp, a
precursor fragment of Ap. (2) Nonaggregate peptide p3-Alcp is generated from Alcp by cleavages of a- and y-
secretases. The p3-Alcp is known to restore the viability of neurons impaired by A oligomers.

Therefore, in contrast to Alca, Alcp is not likely to serve APP processing directly. However, our recent research
revealed that the p3-Alcp peptides, which are generated from Alcp following the proteolytic cleavages by a- and
y-secretases*>®’, serve to restore neuronal vitality impaired by Ap42 oligomers in vivo and in vitro***°. Therefore,
Alc family proteins, at least Alca and Alcf, play an important role in the preservation of a healthy brain from
neurodegeneration, respectively (Fig. 7).

Methods

Generation of APP -KI/Alc-KO double-mutant mice

AppNL-FNLE (C57BL/6-App < tm2(NL-F) Tes, RRID:IMSR_RBRC06343)*, Alcadein a/Calsyntenin 1 -KO
(B6NJcl,Cg-Clstnl <tm1.1Tymo >, RRID:IMSR_RBRC11513) and Alcadein B/Calsyntein 3 -KO (B6NJclCg-
Clstn3 <tm1Tymo >, RRID:IMSR_RBRC11514) mice* were housed in a specific pathogen-free (SPF) environ-
ment with a microenvironment vent system (Allentown Inc., Allentown, NJ, USA), under a 12 h light and dark
cycle and fed with diet and water freely. Respective 3-5 male or female siblings were housed in a cage (floor
space 535 cm?) with a micro barrio top.  All animal studies were conducted in compliance with the ARRIVE
guidelines and all experimental protocols were approved by the Animal Care and Use committees of Hokkaido
University. All methods were performed in accordance with the relevant guidelines and regulations of American
Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of Animals (2020). APP-KI/Alca-KO
and APP-KI/AlcB-KO mice were generated by mating to App™-"-F (APP-KI) mice and homologous double-
knock-in/knock-out mice were used for experimentation. We used only female mice for all analyses to exclude
possible differences between genders.

Extraction and quantification of brain A and APP and its carboxy-terminal fragments

Brain lysate for AP assay was prepared as described® with some modifications®®. The cerebral cortex and hip-
pocampus regions of the left half brain were dissected and homogenized in a fourfold volume of TBS (20 mM
Tris-HCI, pH 7.4 containing 137 mM NaCl and protease inhibitor cocktail (PIC, 5 pg/mL chymostatin, 5 pg/mL
leupeptin, and 5 ug/mL pepstatin) with a Dounce homogenizer (tight) for 30 strokes in ice. The lysate was subject
to centrifugation (200,000 x g for 20 min at 4 °C) with TLA 100.4 rotor (Beckman Coulter Life Science, Brea CA,
USA). The resulting precipitate was further homogenized in a ninefold volume of TBS with Dounce homogenizer
(tight) for 30 strooks and subject to centrifugation (100,000 x g for 20 min at 4 °C) with TLA 55 rotor (Beckman
Coulter Life Science). The pellet was dissolved in an equal volume of 6 M guanidine-HClI solution in 50 mM
Tris-HCI, pH 7.6 under the sonication (one second with one second interval of 17 cycles, with SONICSTARS5,
WAKENYAKU, Co., Kyoto Japan) and stand still for 1 h at room temperature. The sample was subject to cen-
trifugation at 130,000 x g for 20 min with TLA55 rotor and resulted supernatant was used for Ap40 and Ap42
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assay. Human AP40 and AP42 were quantified by sandwich ELISA as described previously® except that 82E1
antibody (Immuno Biological Laboratories, Fujioka, Japan, Cat 10,323) was used instead of the 2D1 antibody”.

The cerebral cortex and hippocampus regions of the right half brain were dissected and homogenized in a
tenfold volume of buffer H (20 mM HEPES, pH 7.4 containing 150 mM NaCl, 5 mM EDTA, 10% (v/v) glycerol
and PIC with Dounce homogenizer (tight) for 30 strokes in ice (crude lysate). An aliquot (200 pl) of the crude
lysate was diluted with 200 ul of x 2 RIPA buffer (100 mM Tris-HCI, pH 7.6 including 300 mM NaCl, 2% (v/v)
Nonidet P40, 1% (w/v) sodium deoxycholate, 0.2% (w/v) SDS and x 2 PIC), subject to sonication (one second
with one second interval of 10 cycles), and centrifugation (12,000 x g for 1 min at 4 °C), and the resultant super-
natant was used as total lysate. The remaining crude lysate was centrifuged (1,000 x g for 10 min at 4 °C), and the
supernatant (post-nuclear fraction) was further subject to centrifugation (100,000 x g for 1 h at 4 °C) with a rotor
(Beckman TLA-55). The resulting precipitate (membrane fraction) was suspended in 300 ul of x 1 RIPA buffer
(50 mM Tris-HCI, pH 7.6 including 150 mM NaCl, 1% (v/v) Nonidet P40, 0.5% (w/v) sodium deoxycholate,
0.1% (w/v) SDS and PIC), subject to sonication (one second with one second interval of 15 cycles), centrifuged
(12,000 x g for 10 min at 4 °C), and the supernatant (membrane lysate) was used for detection of membrane
proteins. Protein amounts were quantified with BCA Protein Assay Kit (Cat T9300A, TAKARA, Kyoto, Japan).

To detect APP and APP CTFs, membrane lysate was diluted with a phosphatase buffer (5 mM Tri-HCI, pH 7.5,
0.1 mM EDTA, 5mM DTT, 0.1% BRIJ35, 2 mM MnCl,) to the concentration of 1 mg/ml protein, and incubated
with 300 unit of A protein phosphatase (Cat P9614, Sigma-Aldrich) at 30 °C for 4 h, because the phosphorylation
of APP cytoplasmic region at Thr668 (amino acid number for APP695 isoform) causes the complex protein pat-
tern on immunoblotting'®*®. The treated sample (10 pg of protein) was subject to Tris-Tricine poly acrylamide
gel (12.5%) electrophoresis for APP CTFs and Tris-Glysin polyacrylamide gel (8%) electrophoresis for APP,
and separated proteins were transferred onto nitrocellulose membrane (Cat P/N66485, Paul Corp., Pensacola,
FL, USA) for immunoblotting. Membranes were blocked in 5% non-fat dry milk (barcode 4 902,220 354,665,
Morinaga Milk Industry, Tokyo, Japan) in TBS-T (20 mM Tris-HCI [pH 7.6], 137 mM NaCl, 0.05%(v/v) Tween
20 (Cat sc-29113, Nacalai Tesque, Kyoto, Japan), probed with the indicated antibodies in TBS-T, and washed with
TBS-T. Immunoreactive proteins were detected using Clarity Western ECL substrate (Cat 1,705,061, Bio-Rad,
Hercules, CA, USA) and quantitated on a LAS-4000 (FUJIFILM, Tokyo, Japan). The protein levels detected and
quantified were standardized with the levels of flotillin 1 or synaptophysin because both proteins don’t change
their levels in the brain of Alca-KO and AlcB-KO mice compared to WT mice’s brain*. Anti-APP antibody
369 (1:5000 dilution)??, anti-flotillin-1 (1:1,000; BD Transduction Laboratories), anti-synaptophysin (1:1000,
D-4, Cat sc-17750, Sant Cruz Biotechnology, Dallas, TX, USA), anti-mouse IgG HRP-Linked F(ab’) 2 Fragment
sheep (1:10,000 dilution Cat NA9310, Cytiva, Mariborough, MA, USA) and anti-rabbit IgG HRP-Linked F(ab’)
2 Fragment donkey (1:10,000 dilution Cat NA9340, Cytiva) were used.

In a separate study, to detect APP CTFf{, the membrane lysates (10 ug of protein) without the treatment
of A protein phosphatase was subject to Tris-Tricine poly acrylamide gel (12.5%) electrophoresis as described
above, and analyzed by immunoblotting with anti-human A amino-terminal antibody 82E1 (1:5,000 dilution
Cat 10,323, IBL, Fujioka, Japan). Protein size markers (WIDE-VIEW Prestained Protein Size Marker III, Cat
230-02,461, Fujifilm Wako, Tokyo, Japan) were used.

Detection and measurement of amyloid plaques in mouse brain

Indicated ages of APP-KI, APP-KI/Alca-KO, and APP-KI/AlcB-KO mice brains were fixed, sliced to prepare
315-um thick coronal sections (-2.8 to+0.7 mm to bregma) and posted onto a slide glass. The 10 slices per
brain with a 315-pm interval were further processed. The slices were incubated in methanol containing 0.3%
(v/v) hydrogen peroxide, washed in PBS three times, and incubated in PBS containing 70% (w/v) formic acid for
1 min. The slices were subject to blocking in PBS containing 5% (v/v) heat-inactivated horse serum (5% HIHS/
PBS) for 1 h and further incubated in 5% HIGS/PBS including 10 pg/ml of AffiniPure Fab Fragment Donkey
Anti-Mouse IgG (H+L) (Cat 715-007-003, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for
2 h at room temperature. After washing with PBS, the slices were stained with mouse monoclonal anti-human
AP 82E1 antibody (0.2 pg/ml in 5% HIcHS/PBS; Cat 10,323, IBL, Fujioka, Japan) to detect amyloid plaques and
VECTASTAIN Elite ABC Standard Kit (Cat PK-6100, Vector Laboratories, Newark, CA, USA) as described
previously*®. The images were turned to black-to-white images with NIH Image] software by thresholding non-
plaque signals after manually removing artifacts derived from edges or folds. The sum of the pixel numbers of
still positively stained in each image was counted with Image], and the resulting number was divided by the pixel
number of the area occupied by the slices*®.

Primary cultured neurons and immunostaining of neuronal proteins

Mixed mouse cortical and hippocampal neurons were cultured for the indicated day (days in vitro in culture/div)
using a modification of a previous method®. Briefly, the cortex and hippocampus of mice at embryonic day 15.5
were removed and neurons dissociated in a buffer containing papain (Cat LS003119 Worthington, Lakewood,
NJ, USA). The cells were seeded at 1-3 x 10° cells on 12 mm glass coverslips (No. 1S thickness, Matsunami glass,
Osaka, Japan) coated with poly-L-lysine hydrobromide (Cat P2636, Sigma-Aldrich) and cultured in Neurobasal
Medium (Cat 21,103,049, Gibco/Thermo Fisher Scientific, Waltham, MA) containing 2% (v/v) B-27 Supplement
(Cat 17,504,044 Invitrogen, South San Francisco, CA, USA), Glutamax I (4 mM, Cat 35,050,061, Gibco/Thermo
Fisher Scientific), heat-inactivated horse serum (5% v/v, Cat 26,050,088, Gibco/Thermo Fisher Scientific), and
penicillin plus streptomycin (Cat 35,050,061, Invitrogen/Thermo Fisher Scientific). A half volume of the cul-
ture medium was removed and replaced with fresh medium twice a week. To prevent the growth of glial cells,
5-Fluoro-2’-deoxyuridine (Cat F0503, Sigma-Aldrich, St. Louis, MO, USA) was added to the cultured medium
for the first 3-4 days in vitro”".
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The neurons were then fixed with 4% paraformaldehyde in PBS, treated with 0.1% Triton X-100 in PBS,
blocked with 4% bovine serum albumin/BSA in PBS, and incubated in primary antibodies for 12 h. Subsequently,
neurons were incubated with Alexa Fluor 488-conjugated anti-rabbit and Alexa Fluor 568-conjugated anti-mouse
IgG antibody. Fluorescent images were obtained using Nikon A1 confocal fluorescence microscope (Nikon,
Tokyo, Japan). Protein colocalization rates of each protein and APP were calculated using the Coloc2 plugin in
Fiji (Image]) software. This plugin calculates the pixel intensity correlation between the immunostained images
of each protein and APP, expressed as Pearson’s R value. Cells were prepared independently in two separate
experiments, and for each preparation, six to seven images were obtained. All values were pooled and subjected
to statistical analysis, with the number of independent biological replicates specified.

The following antibodies were used for immunostaining of proteins; rabbit polyclonal anti-APP cytoplasmic
antibody G369 (affinity-purified IgG with APP cytoplasmic domain peptide)®, mouse monoclonal anti-BACE1
3D57% anti-LAMP1 H4A3 (Santa Cruz sc-20011), anti-Rab7 (Abcam, ab50533), and anti-EEA1 (BD Bioscience,
610,457) antibodies.

Statistical analysis

Statistical differences were assessed using Student’s ¢-test or one-way ANOVAs combined with the Tukey-Kramer
post-hoc test for multiple comparisons (GraphPad Prism software, version 9.4.0). P-values < 0.05 were considered
significant.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.
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