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Summary

Background Previous research has revealed that KIBRA controls secretion of extracellular vesicles (EVs) by inhibit- eBioMedicine 2022;78:

ing the proteasomal degradation of Rab277a and EVs play an important role in amyloid B (A) metabolism and trans- 103980

mission during Alzheimer's disease (AD) pathogenesis. Here, we further test the hypothesis that KIBRA regulates
APB metabolism via the endosomal-lysosomal system.

Methods We generated KIBRA knockout mice on a 5XFAD background and KIBRA knockdown cells in murine
HT22 cells with stably overexpressing APP. Various forms of AB and quantification of EVs were analyzed by bio-
chemical methods and nanoparticle tracking analysis, respectively. Multivesicular bodies (MVBs) were visualized by
electron microscopy and confocal fluorescent microscopy. In a population-based cohort (n = 1419), KIBRA genotypes
and plasma A levels were analyzed using multiple-PCR amplification and Simoa, respectively.

Findings Multiple forms of AP were dramatically attenuated in KIBRA knockout mouse brain, including mono-
mers, oligomers, and extracellular deposition, but KIBRA knockout had no effect on intraneuronal APP C-terminal
fragment B (APP-CTF)/A levels. KIBRA depletion also decreased APP-CTF[3/AB-associated EVs secretion and
subsequently enhanced MVBs number. Furthermore, we found that excessive accumulation of MVBs harboring
APP-CTF@3/AB promoted the MVBs-lysosome fusion for degradation and inhibition of lysosomal function rescued
secretion of APP-CTF/AB-associated EVs. More importantly, whole exon sequencing of KIBRA in a large popula-
tion-based cohort identified the association of KIBRA rs28421695 polymorphism with plasma A levels.

Interpretation These results demonstrate that KIBRA regulates AB metabolism via controlling the secretion of
APP-CTFB/AB-associated EVs.
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Introduction amyloid plaques, which are mainly composed of hyper-

Alzheimer's disease (AD), the most common cause of phosphprylated tau protein apd peptide amyloid 8 (AB),
dementia, is characterized by intracellular accumulation ~ respectively.” Toxic AB peptide is generated from the

of neurofibrillary tangles and extracellular deposition of ~ amyloid precursor protein (APP), which ’undergoes
sequential cleavages by B and y secretases.” Although

attempts to develop therapies targeting the accumula-
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dong Provincial Hospital, Shandong University, No. 324 Jing-  cade hypothesis is still widely recognized as a plausible
wuweiqi Road, Jinan, Shandong 250021, PR China. explanation of the pathogenesis of AD.>° However, fur-
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Research in context

Evidence before this study

KIBRA (WWCT) is a scaffolding protein enriched at post-
synaptic sites, which can interact with various postsyn-
aptic components. Recent research has demonstrated
that the WWC1 C2 domain has a lipid binding capacity
with preference for phosphatidylinositol-3-phosphate
(P13P), which is enriched on endosomal membranes,
suggesting that KIBRA may be involved in the regula-
tion of vesicles trafficking in the endolysosomal system.
Our previous research also reveals that KIBRA controls
secretion of extracellular vesicles (EVs) by inhibiting the
proteasomal degradation of Rab27a. In addition, EVs
play an important role in amyloid 8 (AS) metabolism
and transmission in Alzheimer's disease pathogenesis.
However, whether KIBRA may influence Ag metabolism
by regulating exosome secretion has not been system-
atically explored previously.

Added value of this study

Our results demonstrated that KIBRA knockout notably
decreased amyloid precursor protein (APP) processing
from AB monomers and oligomers to extracellular pla-
que deposits in 5XFAD mice. As expected, the absence
of KIBRA decreased the secretion of APP C-terminal
fragment B (APP-CTFB)/AB-associated EVs both in vitro
and in vivo and increased the number of multivesicular
bodies (MVBs) in 5XFAD mice brain. Furthermore, we
found that excessive accumulation of MVBs harboring
APP-CTFB/AB promoted the MVBs-lysosome fusion for
degradation and inhibition of lysosomal function res-
cued secretion of APP-CTFpB/AB-associated EVs. More
importantly, whole exon sequencing of KIBRA gene con-
firmed that only rs28421695 was linked to reduced con-
centration of plasma Ag levels in humans.

Implications of all the available evidence

Our present study is the comprehensive analysis of the
association of KIBRA with AB both in the 5XFAD mouse
model and in the population-based cohort. Our results
demonstrate that KIBRA regulates AS metabolism by
controlling the secretion of EVs carrying APP-CTFB/AB
and subsequently promoting lysosomal degradation.
Therefore, partially reducing KIBRA levels or activity
could be a potential strategy to interfere with multiple
Alzheimer’s disease pathogenic processes and preserve
synaptic function at the early stage of the disease.

subcellular metabolism of neurodegenerative disorders
such as AD.

It is widely accepted that the homeostasis of APP
cleavage and metabolism is critical in the pathogenesis
of AD and is related to each organelle of the endolysoso-
mal system, from multivesicular bodies (MVBs) to lyso-
somes.® Under pathological conditions, APP may be
internalized into the endosomal-lysosomal system,

where APP C-terminal fragment g (APP-CTFp) and AS
monomers are generated by - and y-secretases, respec-
tively. On one hand, APP-CTFB/AS peptides are sorted
to MVBs and eventually release exosomes harboring
APP-CTFB/AB into the extracellular space” On the
other hand, endocytosed APP and cleaved peptides may
also be trafficked to lysosomes for further degradation.”
Accordingly, the complex APP processing and traffick-
ing network primarily depends on the endosomal-lyso-
somal-exosomal system, and the impaired balance of
endosomal-lysosomal trafficking may lead to abnormal
ApB metabolism, eventually triggering AD pathogenesis.
However, the key molecule regulating the balance
between lysosomal degradation and exosome secretion
is yet largely unknown.

The WW(Ci1 gene was first described to be associated
with human memory performance in a genome-wide
search for single nucleotide polymorphisms (SNPs) and
the original name, KIBRA, was given for its predomi-
nant expression in the Kldney and BRAin.” KIBRA is a
scaffolding protein enriched at postsynaptic sites,"
which can interact with various postsynaptic compo-
nents, including «-amino-3-hydroxyl-5-methyl-4-isoxa-
zolepropionate (AMPA) receptors,” actin regulatory
networks, > the atypical protein kinase M ¢,"* and the
synaptic protein dendrin® to regulate synaptic plasticity
and learning performance. In addition, recent research
has demonstrated that the WWC1 C2 domain has a lipid
binding capacity with preference for phosphatidylinosi-
tol-3-phosphate (PI3P),"® which is enriched on endoso-
mal membranes,” suggesting that KIBRA may be
involved in the regulation of vesicles trafficking in the
endolysosomal system. Indeed, our previous research
has revealed that KIBRA controls exosome secretion by
inhibiting the proteasomal degradation of Raba7a.'
Given the important role of endosomal-lysosomal-exo-
somal trafficking in AB metabolism, it is reasonable to
hypothesize that KIBRA may influence AB metabolism
by regulating exosome secretion.

In this study, we sought to investigate the role of
KIBRA in AB metabolism by generating KIBRA knock-
out mice on a 5XFAD background and KIBRA knock-
down cells in murine HT22-APPg,. cells. The KIBRA
knockout notably decreased APP products from soluble
AB monomers and oligomers to extracellular plaque
deposits in 5XFAD mice. The absence of KIBRA
decreased the secretion of extracellular vesicles (EVs)
harboring APP-CTFB/AB both in vitro and in vivo, while
increased the accumulation of MVBs in 5XFAD mice.
Furthermore, we showed that the colocalization of
MVBs with lysosomes and the APP-CTFS/AB degrada-
tion through lysosomal pathway was increased in
KIBRA knockout mice, and inhibition of lysosomal
function rescued extracellular secretion of APP-CTEg/
Ap-associated EVs. Interestingly, whole exon sequenc-
ing of KIBRA from a population-based cohort revealed
that only 1528421695 was linked to reduced
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concentration of plasma AB in older adults. Taken
together, our results demonstrated that KIBRA regu-
lates AB metabolism by controlling the secretion of EVs
carrying APP-CTFB/AB and subsequently increasing
lysosomal degradation.

Methods

Animals

5XFAD mice and KIBRA™/~ mice were purchased from
the Jackson Laboratory (No. 006554 and No. 024415;
Bar Harbor, ME, USA). KIBRA was completely knocked
out in all tissues of this strain. The ;XFAD mice were
crossed with KIBRA™/~ mice to generate the KIBRA™/
“5XFAD and KIBRA*/“5sXFAD mice. All animal experi-
ments were strictly adhering to ARRIVE guidelines
(Animal Research: Reporting of In Vivo Experiments).
Matched numbers of mice of both sex (males and
females) were used in the study. The age, number, and
sex of mice used for individual experiments were indi-
cated in the figure legend. All mice were housed under
standard conditions with free access to food and water.
All efforts were made to reduce the number of animals
used and to minimize animal suffering.

Ethics statement

All animal experimental procedures were performed in
accordance with the protocols approved by the Institu-
tional Animal Care and Research Advisory Committee
of Shandong Provincial Hospital affiliated to Shandong
University, Jinan, Shandong, China (NSFC: NO. 2019-
058). The study sample of older adults was derived from
the ongoing randomized controlled Multimodal INter-
ventions to delay Dementia and disability in China
(MIND-China).” The protocol of MIND-China was
reviewed and approved by the Ethics Committee of
Shandong Provincial Hospital in Jinan, Shandong,
China (LCY]J: NO. 2018-014). Written informed consent
was obtained from all the participants, or in the case of
cognitively impaired persons, from a proxy (usually a
family member). MIND-China was registered in the
Chinese Clinical Trial Registry (registration no.:
ChiCTR1800017758).

Reagents and antibodies

The primary antibodies were obtained from the follow-
ing sources: mouse monoclonal anti-KIBRA (clone 243,
provided by Prof Jixin Dong’s lab), as previously
described'®; mouse monoclonal anti-Alix (Cell Signaling
Technology Cat# 2171; Research Resource Identifiers
[RRID]: AB_2299455, Danvers, MA, USA; 11000 in
western blot [WB]); rabbit monoclonal anti-CDG63
(Abcam Cat# ab217345; RRID: AB_2754982, Cam-
bridge, UK; 1:1000 in WB and 1:100 in immunofluores-
cence [IF]); rabbit polyclonal anti-CD63 (Abcam Cat#
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ab216130, RRID not available; 1:25 in IF); mouse mono-
clonal anti-APP C1/6.1 C-terminal fragment (CTFs)
(Biolegend Cat# 802803, RRID: AB_2715853, San
Diego, CA, USA; 1:2000 in WB); rabbit monoclonal
anti-BACEr  (Abcam  Cat#  abio8394, RRID:
AB_10861218; 1:1000 in WB); Alexa Fluor 594 anti-
4G8 (Biolegend Cat# 800715, RRID: AB_2721297;
100 in IF); mouse monoclonal anti-4G8 (Biolegend
Cat# 800712, RRID: AB_2734548; 1:400 in IF); mouse
monoclonal anti-6E1o (Biolegend Cat# 803004, RRID:
AB_2715854; 1:1000 in WB); rabbit polyclonal anti-cal-
nexin (Abcam Cat# ab22595, RRID: AB_2069006;
r:1ooo in WB); rabbit monoclonal anti-CDg (Abcam
Cat# abg2726, RRID: AB_10561589; 1:1000 in WB);
rabbit monoclonal anti-Cathepsin D (Abcam Cat#
abys5852, RRID: AB_1523267; 1:1000 in WB and 1:100
in IF); rabbit monoclonal anti-Raby (Abcam Cat#
ab137029, RRID: AB_2629474; 1:1000 in WB); rabbit
polyclonal anti-oligomer Arr (Thermo Fisher Scientific
Cat# AHBoos2, RRID: AB_2536236; Waltham, MA,
USA; 1:1000 in Dot blots); rat monoclonal anti-LAMP2
(Abcam Cat# ab13524, RRID: AB_2134736; 1:1000 in
WB and 1100 in IF); rabbit monoclonal anti-beta III
Tubulin (Abcam Cat# abi8207; RRID: AB_ 444319;
1:300 in IF); rabbit monoclonal anti-NeuN (Abcam Cat#
abry7487, RRID: AB_2532109; 1:200 in IF). Bafilomy-
cin A1 (BafA1) (Cat# 88899-55-2, RRID not available)
was purchased from MedChemExpress LLC (Mon-
mouth Junction, NJ, USA), and when indicated, the
medium contained 20nM BafAr.

Cell culture

Murine HT22 cells were purchased from Guangzhou
Jennio Biotech Co. Ltd. (Guangzhou, China) as previ-
ously described'® and were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Gibco, Grand Island,
NY, USA) supplemented with 10% fetal bovine serum
(FBS) (Gibco) and 1% penicillin (too U/ml), streptomy-
cin (1oo pg/ml) (Gibco) in a humidified incubator at
37 °C with 5% CO,. HT22 cell line was authenticated by
species identification and morphological observation
and routinely tested for mycoplasma contamination.
The HT22 cell line stably overexpressing the human
Swedish mutant (K670N, MG671L) APP (referred as
HT22-APPg. cells) were generated by cloning APP
(APPgye-mCherry) into the vector CVosi-TetIIP-MCS-
Ubi-TetR-IRES-Puromycin. Stably overexpressing cells
were selected by 3 ug/ml puromycin (P8032, Solarbio
Science & Technology Co., Ltd., Beijing, China). The
stable cell line was maintained in DMEM with 1 ug/mL
puromycin. The APP. overexpressing cells carry the
DOX-inducible Tet-On system and APPg,, is induced
by 1 ug/ml DOX (GeneChem, Shanghai, China).
CRISPR-Casg gene-edited KIBRA knockdown and iso-
genic HT22-APPg, cells (the control cells) were gener-
ated by cloning Casg vectors and sgRNA targeting the
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KIBRA gene into GV393-UG-sgRNA-EFr1a-Cas9-FLAG-
P2A-EGFP. The sgRNA sequence was as follows: CAT-
CAGTGATGAGTTACCGC. After 5—7 days, the KIBRA
knockdown cells and their control cells were harvested
and designated as KIBRA-KD and CTRL cells, respec-
tively. The LV-Casg-sgRNA and APP,. overexpression
lentiviruses were produced by GeneChem (Shanghai,
China).

EVs isolation

2 x 107 cells were cultured in medium supplemented
with 10% EVs-depleted FBS (bovine EVs were removed
by overnight centrifugation at 100,000 g). After a 48 h
incubation in 10 cm culture dish, an equivalent volume
of culture medium conditioned by an equivalent num-
ber of cells was collected, and the EVs were isolated at
4 °C by sequential centrifugation that strictly adhere to
MISEV2018 guidelines.***" Briefly, the medium was
centrifuged at 300 g for 10 min to remove dead cells.
The supernatants were centrifuged at 2000 g for
10 min and then at 10,000 g for 30 min. The final
supernatants were filtered using a 0.22 pm polyvinyli-
dene fluoride (PVDF) membrane filter (Millipore, Biller-
ica, MA, USA) and ultracentrifuged for 7o min at 4 °C
and 100,000 g with maximum acceleration and brake
using a centrifuge bottle (Cat# 355603, Beckman Coul-
ter, Brea, CA, USA) with a Type 9oTi rotor (k-factor 48,
Beckman Coulter). Exosome pellets were washed in
phosphate-buffered saline (PBS) and ultracentrifuged at
100,000 g, for 7o min at 4 °C. Finally, pellets were
resuspended in PBS or lysis buffer for further WB anal-
ysis.

To analyze the effect of KIBRA on EVs secretion in
vivo, we isolated the extracellular space EVs from the
brain of 3—j5-month-old mice following MISEV2018
guidelines.?"** Freshly removed or previously frozen at
—80 °C murine hemi-brain tissue was weighed and
transferred to a 15 ml tube, placed in ice water, contain-
ing 1.0 mg/ml of collagenase D (11088858001, Roche
Diagnostic, Indianapolis, IN, USA) in Hibernate-A
(A1247501, Thermo Fisher Scientific Inc., Waltham,
MA, USA), at a ratio of 8oo ul per 100 mg of brain tis-
sue. The tissue was then incubated in a shaking water
bath at 37 °C for a total of 20 min. After incubation, the
tissue was immediately returned to ice and a protease
inhibitor cocktail (04693132001, Roche Diagnostic) was
added to a final concentration 1x. The dissociated tissue
was centrifuged following the same sequential centrifu-
gation steps as described above. The washed EVs pellet
was resuspended in 2 ml of 0.95 M sucrose solution
and inserted inside a sucrose step gradient column (six
2 ml steps starting from 2.0 M sucrose up to 0.25 M
sucrose in 0.35 M increments). The sucrose step gradi-
ent was centrifuged at 200,000 g with maximum accel-
eration and brake using a polyallomer ultracentrifuge
tube with 13.2 ml capacity (Cat# 344059, Beckman

Coulter) for 16 h at 4 °C (Beckman SW4r1 Ti, k-factor
124). A total of seven fractions (a-g) were collected,
diluted in cold Phosphate-Buffered Saline (PBS), and
centrifuged at 100,000 g at 4 °C for 7o min. Seven
sucrose gradient fraction pellets were resuspended in
30 pl lysis buffer before further analysis. Fraction d, as
the most enriched fraction with EVs (Supplementary
Fig. 4), was selected for analysis of the number of
released EVs and APP-CTFB/AB content. In addition,
the EVs from cell culture supernatants were isolated by
the same sucrose step gradient centrifugation as
described above before further A analysis.

Gene silencing

KIBRA-KD and CTRL cells were transfected using Lipo-
fectamine 2000 (11668030; Thermo Fisher Scientific,
Waltham, MA, USA) with the following small interfer-
ing RNAs (siRNAs): control and Raby (GenePharma
Co., Ltd., Shanghai, China). Then, 24 h after transfec-
tion, cells were cultured in EVs-depleted medium for
24 h and EVs were isolated from supernatants as
described above. We constructed three siRNA oligo
nucleotides and in pilot experiments tested the effects
of the three siRNAs on gene silencing prior to the actual
experiments. As shown in Supplementary Fig. 7, all
sgRNA oligonucleotides against Raby had a similar
inhibitory effect and the most efficient was chosen for
the subsequent experiments. The siRNA sequence was
as follows: 5-GCUGUGUUCUGGUGUUUGATT-3’
and 5'-UCAAACACCAGAACACAGCTT-3'.

AP measurements
EVs were isolated from cell culture supernatants and
the extracellular space of mouse brain as described
above. Cells and EVs were lysed in RIPA buffer (50 mM
Tris-HCl pH 8, 150 mM NaCl, 1% Triton X-100, 1%
sodium deoxycholate and 0.1% SDS) containing a prote-
ase inhibitor cocktail (04693132001, Roche Diagnostic).
Levels of AB40 and AB42 in EVs from the extracellular
space of mouse brain were measured using the meso
scale discovery (MSD) V-PLEX AS Peptide Panelr (4G8)
kit (Meso Scale Diagnostic LLC, Rockville, MD, USA)
following the manufacturer’s protocol. Levels of A0
and AB42 in EVs from cell culture supernatants and
cells lysates were measured using a single molecule
array (Simoa) platform (Quanterix Corp, MA, USA)
with Human Neurology 3-Plex A assay (N3PA), follow-
ing the manufacturer’s instructions.*

Mouse hemi-brain was homogenized in 10 volumes
of tissue homogenization buffer (50 mM Tris, 150 mM
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, protease inhibitor cocktail (Roche Diagnostic) to
extract soluble B-amyloid. Samples were ultracentri-
fuged at 100,000 g for 1 h, at 4 °C and supernatants
were collected to be used to measure tris-buffered saline
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(TBS)-soluble AB. The pellet was extracted in 70% for-
mic acid (FA) on ice. Samples were centrifuged at
100,000 g for 1 h at 4 °C and supernatants were col-
lected. FA supernatants were neutralized with 1M Tris-
base, pH 11(1:18 v:v) and samples were used to measure
FA-soluble AB. TBS-soluble and FA-soluble A8 were
measured by sandwich enzyme-linked immunosorbent
assay (ELISA) using commercially available kits (27713
for AB40 and 27711 for AB42, Immuno-Biological Labo-
ratories (IBL), Co., Ltd., Fujioka, Japan) following the
manufacturer’s protocol. The level of AB oligomers was
measured using human Ap oligomers (82E1-specific)
Assay Kits (277725, IBL). The level of AB42 in cell culture
supernatants from KIBRA-KD and their control cells
were measured by ELISA kits (27719, IBL). In all cases,
samples were measured in duplicates and values were
normalized to cell number or brain lysates/weight,
respectively.

Immunohistochemistry and image analysis

Following the behavioral tests, the mouse brain tissues
were fixed in 4% paraformaldehyde at 4 °C for 24 h,
embedded in paraffin and sliced into 5 pm sections or
frozen and sliced into 10 pm sections. Coronal paraffin
sections were deparaffinized and incubated with 3%
H, 0, to quench endogenous peroxidases for DAB stain-
ing. Antigen retrieval was performed using citrate
buffer (0.01 M, pH 6.0, 0.05% Tween-20). The follow-
ing primary antibodies for coronal paraffin sections
were added overnight at 4 °C: anti-4G8 (mouse mono-
clonal, 1:400, Biolegend Cat# 800712), Alexa Fluor 594
anti-4G8 (r:100, Biolegend Cat# 8oo715), anti-CD63
(rabbit polyclonal, 1:25, Abcam Cat# ab216130), anti-
Cathepsin D (rabbit monoclonal, 1:100, Abcam Cat#
aby5852), and anti-LAMP2 (rat monoclonal, 1:100,
Abcam Cat# ab13524). The following primary antibodies
for coronal frozen sections were added overnight at 4 °
C: anti-CDG63 (rabbit monoclonal, 1:100, Abcam Cat#
ab217345) and anti-LAMP2 (rat monoclonal, 1100,
Abcam Cat# ab13524).

For immunohistochemistry experiments, primary
antibodies (anti-4G8, Biolegend Cat# 8ooy12) were
detected using ABC HRP kits and developed with DAB
(Vector Laboratories, CA, USA) according to the
provider’s instructions. Sections were imaged using a
TissueFAXS plus (TissueGnostics GmbH, Vienna, Aus-
tria) and visualized at x20 magnification using a Zeiss
Axio Imager Z2 Microscope System (Carl Zeiss, Jena,
Germany). The analysis was quantified using Histo-
Quest and TissueQuest software (version 6.o.1, Tis-
sueGnostics GmbH).

For immunofluorescence experiments, the brain sec-
tions were permeabilized with 0.5% Triton-X-100
(Sigma) in PBS and then blocked with 10% bovine
serum albumin (BSA, Thermo Fisher Scientific Inc.),
and probed with primary antibodies diluted in PBS
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overnight at 4 °C. After washing in PBS, the slides were
incubated with Alexa Fluor-conjugated secondary anti-
bodies (488 and 594 nm) for 1 h. Coverslips were
mounted in ProLong™ Gold Antifade Mountant with
DAPI (Thermo Fisher Scientific Inc.). Images of the
intracellular APP/ApB in the cortex and the hippocam-
pus were acquired using a TissueFAXS plus (TissueG-
nostics GmbH, Vienna, Austria) and visualized at x20
magnification using a Zeiss Axio Imager Z2 Microscope
System (Carl Zeiss, Jena, Germany). The analysis was
quantified using HistoQuest and TissueQuest software
(version 6.0.1, TissueGnostics GmbH). Confocal
images of samples were acquired using a Leica SP5 con-
focal microscope (Leica Microsystems GmbH, Man-
nheim, Germany) fitted with a x63 oil objective and
images were processed and assembled using the Leica
software. The colocalization analysis was processed with
the LAS-AF (Leica Microsystems GmbH) and images
were processed with Adobe Photoshop (Adobe Photo-
systems Inc., San Jose, CA, USA). All analyses were per-
formed in a blinded manner.

Electron microscopy
Anesthetized mice were transcardially perfused with
20 ml of 2% glutaraldehyde and 2.5% paraformalde-
hyde in 0.1 M PBS at 4 °C to collect the cortical and hip-
pocampal tissues. Then, the cortical and hippocampal
tissues were excised immediately and cut into 1 mm?3
pieces in cold fixative. Tissue specimens were secondly
fixed for 1.5 h with 1% osmium tetroxide in PBS, dehy-
drated through a graded ethanol series, and embedded
in Epon8i12. Ultrathin sections (70 nm) were prepared,
stained with uranyl acetate and lead citrate, and exam-
ined by a JEOL-1200EX electron microscope (JEOL,
Tokyo, Japan). For quantification of MVBs, MVBs were
defined as subcellular organelles containing intralumi-
nal vesicles and monomeric rather than flocculated
BSA-gold.

1opl of freshly EVs purified in fraction d from the
extracellular space of the mice hemi-brain was absorbed
onto carbon-coated formvar Cu grids for 5 min, and
then negatively stained with uranyl acetate for 30 s at
room temperature. Then the samples were observed
immediately at 200 kV with a Talos F200C transmis-
sion electron microscopy (Thermo Fisher Scientific
Inc., Waltham, MA, USA).

ThS staining

After the sectioned mouse brain tissues were washed
three times for 5 min in PBS, the sliced brain tissues
were stained with 500 pM of thioflavin S (ThS) solution
(MedChemExpress LLC) dissolved in 50% ethanol at
room temperature for 8 min. Subsequently, after incu-
bating the tissues twice in 50% ethanol for 3 min, the
tissues were washed with PBS for 5 min. Finally, the
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stained brain tissue sections were mounted on glass
slides using a TissueFAXS plus (TissueGnostics
GmbH, Vienna, Austria) and visualized at x 20 magnifi-
cation using a Zeiss Axio Imager Z2 Microscope System
(Carl Zeiss, Jena, Germany). Three brain sections per
mouse, each separated by 500 pm, two tissue per brain
section were used for quantification. The average of
three sections was used to represent a plaque load for
each mouse. Analysis of the AS plaque in the whole
brain, cortex, and the hippocampus was quantified
using HistoQuest and TissueQuest software (version
6.0.1, TissueGnostics GmbH). All analyses were per-
formed in a blinded manner.

Immunoblot analysis

Brain tissue samples, cells, and EVs fractions were lysed
in RIPA buffer containing a protease inhibitor cocktail
(04693132001, Roche Diagnostic). The lysis protein
concentration was determined using the colorimetric
detection assay (BCA Protein Assay; Pierce, Rockford,
IL, USA). For WB analysis, the lysates were normalized
by protein concentration, resolved by SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE), and the pro-
teins were transferred to PVDF membranes (Millipore,
Billerica, MA, USA). For AB detection, we used the Tri-
cine-SDS-PAGE and the protein were transferred to
nitrocellulose membranes (Pall, New York, NY, USA).
Exactly 2 ng of brain lysates was spotted for the Dot
blots analysis to detect amyloidogenic protein oligomer
and AB. Membranes were blocked with 5% defatted
milk in TBST for 1 h and then incubated with the indi-
cated primary antibodies overnight, followed by detec-
tion with HRP-conjugated secondary antibodies and
exposure to the Immobilon Western Chemiluminescent
HRP substrate (Millipore). The blots were visualized
using an Amersham™ image system (GE Health Care,
Chicago, IL, USA).

Nanoparticle tracking analysis

The size and concentration of EVs in a given sample
were determined through nanoparticle tracking analysis
(NTA) on ZetaView platform (Particle Metrix GmbH,
Inning am Ammersee, Germany) equipped with a
488 nm laser and a high-sensitivity complementary
metal-oxide-semiconductor camera as previously
described.*# Briefly, all samples were diluted in PBS to
a final volume of 2 ml. Ideal measurement concentra-
tions were determined by pre-testing the ideal particle
per frame value (140—200 particles/frame). For each
measurement, two cycles were performed by scanning
11 cell positions. After capture, the videos were analyzed
using the in-build ZetaView Software 8.05.05 SP2 with
specific analysis parameters: Maximum particle size:
1,000, Minimum particle size 5, Minimum particle
brightness: 10.

Quantitative real-time PCR

Total RNA was isolated from cells using the TRIzol
reagent (Invitrogen), and complementary DNA was syn-
thesized with the ReverTra Ace qPCR RT Kit (FSQ-1071;
Toyobo Co., Osaka, Japan). The cDNA was then used to
determine the expression levels of the indicated tran-
scripts using a SYBR Green Realtime PCR Master Mix
(QPK-201; Toyobo Co.). The following primers were
used for the quantitative real-time polymerase chain
reaction (qRT-PCR) analyses: 5-ATCATCCTGGGG-
GACTCTGG-3’  (forward) and 5-TCCTTGGTCA-
GAAAGTCCGC-3’ (reverse) for  Raby;, -
CACTCTCTGTGAGCTGAACCT-3" (forward) and 5'-
GCGGACACACAGGCTACTTT-3’ (reverse) for KIBRA;
and 5-GGACACTGAGCAAGAGAGGC-3’ (forward)
and 5-TTATGGGGGTCTGGGATGGA-3’ (reverse) for
GAPDH; GAPDH was used to normalize mRNA
expression. Fold changes (FCs) were calculated by the
27T method.

The Morris water maze

The spatial learning and memory abilities of the mice
were evaluated using the Morris water maze test, as pre-
viously described.”” In brief, the apparatus included a
circular pool with a diameter of 100 cm and a depth of
40 cm filled with water (temperature, 22—24 °C). A
platform (8 cm in diameter) was placed at the targeted
quadrant at 1.0 cm below the water surface. Four promi-
nent cues were placed outside the maze as spatial refer-
ences. Mice were placed in the water facing the maze
wall at different start positions across trials to search for
the platform. If the mice did not find the platform
within Go s, they were guided to the platform where
they remained for 20 s. The training lasted for 5 conse-
cutive days, with four sessions per day. The time
required to find the hidden escape platform was
recorded. The probe trial was performed after 5 days of
hidden platform trials. Mice were allowed to swim freely
in the water without the platform for 6o s. The fre-
quency of crossing the platform location, the time spent
in the platform and target quadrant, and the swimming
tracks were monitored.

KIBRA genotype effect on plasma A in humans

The human population sample (n = 1419) was derived
from participants in the baseline survey of the MIND-
China," a participating project of the World-Wide FIN-
GERS Network.>® AD was diagnosed according to the
National Institute of Aging-Alzheimer's Association
(NIA-AA) criteria,”” for probable AD, as previously
reported.”® Multiple-PCR amplification analysis of
genomic DNA was performed for participants to detect
KIBRA gene Single Nucleotide Polymorphism (SNP)
risk loci and exon region.”® Plasma total-tau, AB40, and
AB42 levels were measured on a Simoa platform
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(Quanterix Corp, MA, USA) with Human Neurology 3-
Plex A assay (N3PA), following the manufacturer’s
instructions.*

Transfection and constructs

Cells were transfected using Lipofectamine 2000
(11668030; Thermo Fisher Scientific, Waltham, MA,
USA) for HT22 cells with overexpressing APPgy.. The
plasmids DsRed-tagged Rabz2ya chimera were generated
by GeneChem (Shanghai, China). Rab2ya was ampli-
fied and cloned into pDsRed2-N1 plasmids.

Statistical analysis

Data were analyzed using the GraphPad Prism 6.0 soft-
ware (GraphPad Software Inc., San Diego, CA, USA).
Results were expressed as the mean =+ standard error
(SE). Technical as well as biological triplicates of each
experiment were performed. We used Student’s ¢ test to
compare differences between two groups and one-way
ANOVA analysis to compare difference among multiple
groups. The Morris water maze tests were analyzed
using two-way ANOVA followed by a Tukey’s post hoc
test. A two-tailed P value < o0.05 was considered statisti-
cally significant. All n and P values and statistical tests
are indicated in the figure legends.

Results

KIBRA knockout decreased AP pathological burden
from monomers, oligomers to extracellular plaques
Previous studies have revealed that APP is cleaved by
B-secretase (BACE1) to APP-CTFp, and further proc-
essed by y-secretase to AB40 and AB42 monomers,
which are then assembled to form soluble AB oligom-
ers, and ultimately aggregate to form insoluble amyloid
plaque deposits in the brain (Figure 1a).>° To explore
the exact role of KIBRA on AB metabolism, multiple
antibodies and staining methods were used to specifi-
cally identify different forms of AS peptides generated
from APP metabolism (Figurera). We first measured
the extracellular insoluble AB plaque deposits in the
whole brain by ThS staining in KIBRA™/~5XFAD mice
of different ages. There were significant differences in
the area and number of ThS-positive plaques only in
younger mice (3—s5-month-old), but not in the older
mice (>8-month-old) (Supplementary Fig. 1). Consis-
tent with the ThS-staining results (Figure 1b), the levels
of FA-soluble ApB42 but not Ap40, dramatically
decreased in the whole brain of 3—s5-month-old
KIBRA™/“5XFAD mice compared with the 5XFAD
mice (Figure 1c), indicating that the depletion of KIBRA
in 5XFAD mice significantly reduced the extracellular
Ap deposits in the early stage.

Second, we further investigated the total amyloid
burden in the whole brain of KIBRA™/“5XFAD mice by
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the commonly used anti-AB monoclonal antibody
(4G8), which can recognize various forms of intracellu-
lar and extracellular AB, including fulllength APP,
CTFs (CTFa and CTFp), Ap monomers, AB oligomers,
and amyloid plaques (Figurera). Compared to 5XFAD
mice, 4G8 staining was robustly decreased in KIBRA™/
“5XFAD mice (Figure 1d), suggesting that KIBRA may
regulate APP processing and metabolism. We also
investigated the change of soluble A monomers, which
is packed into oligomers and dense plaques at the early
stages. ELISA analysis revealed that levels of TBS-solu-
ble AB42 were significantly decreased in KIBRA™/
“5XFAD mice, but not for AB40 (Figure 1e), which was
in line with the levels of A monomers in the whole
brain by WB analysis (Figure th).

Third, we further investigated whether KIBRA
knockout could change the levels of AB oligomers,
which is believed to be a major cause of neural and syn-
aptic loss due to their high toxicity. Dot blots analysis
was performed in the whole brain lysates using anti-
amyloidogenic protein oligomer (A1r) and 6E1o anti-
bodies, which specifically recognizes oligomeric pro-
teins and full-length APP, APP-CTEB, and all ApB
species, respectively (Figure 1a). We found that levels of
AB oligomers were decreased in KIBRA™/~5XFAD mice
(Figure 1f), which is consistent with levels of 82E1-spe-
cific AB oligomers detected by ELISA analysis
(Figure 1g).

In addition, in order to exclude the possibility that
silencing of KIBRA may influence the protein levels of
APP and B-secretase, we used the specific APP (C1/6.1)
and BACE: antibody in WB analysis and the results
showed that KIBRA knockout markedly decreased the
levels of AB monomers, oligomers, and APP-CTFs with-
out altering the level of full-length APP and B-secretase
(Figure 1i). Taken together, these results demonstrate
that depletion of KIBRA in the 5XFAD mice signifi-
cantly reduced AB metabolites from monomers, oligom-
ers to plaque deposits in the early stage, without
affecting APP protein level.

KIBRA knockout had no effect on intraneuronal APP-
CTFB/APB in vivo and in vitro

Given that KIBRA depletion led to obvious decrease of
total AB burden and extracellular amyloid plaque, we
further investigated the levels of intraneuronal Af in
KIBRA™/"5XFAD mice. Previous reports have shown
that the intraneuronal amyloid burden mainly localized
in large pyramidal neurons in cortical layer 5, CA, and
CA,; pyramidal cells in the hippocampus.’” Thus, we
measured the levels of intraneuronal APP-CTFs/AB
(4G8 antibody) in cortical large pyramidal neurons and
hippocampal region of KIBRA™/"5XFAD mice
(Figure 2a). Quantitative analysis of 4G8-positive large
pyramidal neurons density in the cortex and hippocam-
pal cells (Figure 2b,c) revealed no significant change in
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Figure 1. KIBRA Knockout decreases A from monomers, oligomers to extracellular deposits in 5XFAD mice. (a) Schematic represen-
tation of Ag-specific antibody recognition sites. (b) Representative images and quantification analysis of ThS-stained insoluble AB
plaques in whole brain of 3—5-month-old mice. Scale bars = 500 pim. 5XFAD (n = 6M/6F), KIBRA* “5XFAD (n = 4M/5F), KIBRA~/
“5XFAD (n = 6M/5F) mice. (c) ELISA analysis of AB40 and AB42 in formic-acid (FA)-soluble fractions isolated from the whole brain of
3—5-month-old mice. Brain lysates from six mice per group were analyzed. (d) Images and quantification analysis of the whole
brains from 3—5-month-old mice of corresponding genotypes, labeled with the anti-APP/AS antibody (clone 4G8). Scale bar = 500
m. Eight mice per group were analyzed. (e) ELISA analysis of AB40 and AB42 in TBS-soluble fractions isolated from the whole brain
of 3—5-month-old mice. Brain lysates from six mice per group were analyzed. (f and g) Analysis of A oligomer in the whole brain
of the indicated groups. Dot blot analysis of anti-amyloidogenic protein oligomer A11 and quantification analysis of oligomer A11
(f), and ELISA analysis of 82E1-specific AS oligomers (g) from the whole brain lysates of 3—5-month-old mice (n = 6) in the whole
brain lysates of the indicated groups. (h) WB analysis of brain lysates from indicated 5XFAD mice for full length APP (FL-APP), oligo-
mer A, CTF-B, and A monomer (anti-AB: clone 6E10). (i) WB analysis of brain lysates from the indicated 5XFAD mice for APP/APP-
CTFB (anti-C1/6.1) and BACE1.Data are represented as the mean + SE. n.s.>0.05, " P < 0.001, “P < 0.01, and *P < 0.05 as deter-
mined by one-way ANOVA followed by Tukey’s post hoc comparisons tests.
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Figure 2. KIBRA Knockout stabilizes intracellular AB/ABPP in 5XFAD mice. (a and b) Representative images and quantification analy-
sis of cortical and hippocampal regions of the indicated 3—5-month-old mice. Intraneuronal AS/ABPP in the brain sections were
stained with the anti-4G8 antibody (green color), and neuronal nuclear with the DAPI (blue color). Scale bar = 200 um in upper
panel, 50 pm in lower panel. (b-c) Quantification analysis of the same cortical (b) and hippocampal regions (c) of indicated 3—5-
month-old mice, respectively. More than seven mice per group were analyzed. (d) WB and quantification analysis of cell lysates
from the KIBRA-KD and CTRL HT22 cells with APP,,. overexpression for APP/APP-CTFS (anti-C1/6.1). (e) Quantification analysis of
Ap40 and AB42 levels in cell lysates from the KIBRA-KD and CTRL HT22 cells with APPy,. overexpression by Simoa technique. (n = 3,
from three independent experiments). Data are represented as the mean =+ SE. n.s.>0.05 was determined by one-way ANOVA fol-
lowed by Tukey’s post hoc comparisons tests (b-c) or two-tailed Student’s t test (d-e).

3—5-month-old KIBRA™/“5XFAD mice, suggesting that
deletion of KIBRA had no effect on intraneuronal APP-
CTFs/AB in vivo. In addition, we silenced KIBRA
expression in a mouse hippocampal neuronal cell line
(HT22) overexpressing APPg,. under the control of
doxycycline (DOX). The downregulation of KIBRA was
confirmed by both WB analysis and qRT-PCR analysis
(Supplementary Fig. 2). Compared with the control cells
(CTRL) on a background of overexpressing APPgye,
intracellular APP and APP-CTF g levels were unchanged
in KIBRA-KD cells (Figure 2d). Intracellular AB40 and
ApB42 both displayed no significant difference between
CTRL and KIBRA-KD cells by Simoa analysis
(Figure 2e); however, AB40 or AB42 levels in cell cul-
ture supernatant of KIBRA-KD cells were decreased
(Supplementary Fig. 3), which was consistent with the

www.thelancet.com Vol 78 Month April, 2022

results in KIBRA™/~5XFAD mice. Taken together, these
results demonstrated that KIBRA knockdown had no
significant effect on intracellular APP-CTFs/Ap, only
decreases the extracellular APP-CTFs/AB.

KIBRA knockout impaired secretion of EVs harboring
APP-CTFB/AB

Previous research has demonstrated that MVBs and
their contents either are directed to the cell surface
where they fuse with the plasma membrane and release
the EVs or to the lysosome for degradation.’® Strikingly,
our previous work has shown that KIBRA regulates EVs
secretion by inhibiting the proteasomal degradation of
Rab27a protein,”® we next examined whether KIBRA
regulates secretion of EVs harboring APP-CTFS/AB.
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We generated KIBRA-KD HT22 cells with APPgy, over-
expression and the EVs were isolated from the condi-
tioned media by both sequential differential
centrifugation and sucrose density gradient centrifuga-
tion to avoid soluble proteins and protein aggregates
contamination for AS analysis. The results showed that
knockdown of KIBRA led to a significant decrease of
EVs biomarker proteins (e.g., Alix, CD63, and CDo)
with equivalent numbers of cells, indicating that KIBRA
knockdown caused the decrease in the secretion of EVs
(Figure 3a,b). In addition, the NTA of the ultracentri-
fuged pellets revealed a decrease in the number of par-
ticles secreted by per KIBRA-KD cell compared with
control group (Figure 3c), which was in line with the
results by WB analysis. Notably, AB40 or AB42 peptides
(Figure 3d) and APP-CTFp levels (Figure 3e) in EVs
secreted by KIBRA-KD cells showed ~50% drop com-
pared with equivalent numbers of control cells, demon-
strating that depletion of KIBRA decreased the
secretion of EVs-associated APP-CTFB/AB in vitro.

To verify the role of KIBRA in exosome secretion in a
physiological context, we isolated and purified EVs from
the extracellular space of the brains of KIBRA™/
“5XFAD mice, KIBRA*/“5XFAD mice, and 5XFAD
mice counterparts by sucrose density gradient centrifu-
gation to avoid the contaminations of soluble proteins
and protein aggregates during ultracentrifugation. The
contents of the sucrose step gradient fractions (a—g)
were analyzed by immunoblotting for proteins known
to be either enriched (CDG63) or absent (Calnexin) in
EVs (Supplementary Fig. 4). Immunoblotting analysis
of the sucrose step gradient fractions a to g demon-
strated that fraction d was the most enriched with EVs,
which was selected for further analysis. To determine
whether KIBRA regulates EVs secretion in vivo, the exo-
somal markers of CD63 and CDg were quantified in
fraction d isolated from the extracellular space of the
mouse brain in KIBRA™/“5XFAD, KIBRA*“5XFAD,
and 5XFAD groups (Figure 3f). Consistent with our pre-
vious results,”® WB analysis showed a decrease of extra-
cellular EVs (CD63 and CDo) in the brain of KIBRA™/
“5XFAD mice compared to 5XFAD mice (Figure 3g).
Notably, AB40, AB42, and APP-CTEB levels in the frac-
tion d from the KIBRA™/“5sXFAD mouse brain dis-
played significant decrease compared with the 5XFAD
mice (Figure 3h,i). In summary, these results demon-
strated that downregulation of KIBRA caused a decrease
in the secretion of EVs harboring APP-CTF8/AS both in
vivo and in vitro.

Since our previous study demonstrated that deple-
tion of KIBRA increased the number of MVBs," we
then investigate whether KIBRA regulates Af transmis-
sion via MVBs to extracellular spaces. As expected, elec-
tron microscopy analysis showed that the number of
MVBs per cell profiles and intraluminal vesicles (ILVs)
per MVB in the hippocampal neurons (Figure 4a) and
cortical neurons (Figure 4b) of KIBRA™/~5sXFAD mice

considerably increased compared with the 5XFAD mice,
suggesting that KIBRA depletion may lead to excessive
accumulation of ILVs and MVBs. In addition, confocal
analysis showed that KIBRA knockout significantly
increased colocalization of ABPP/AB with CDG3 in
mouse brain neuron (Figure 4c¢). These findings sug-
gest that deletion of KIBRA may further aggravate the
effect of AB accumulation by increasing MVBs number.

KIBRA knockout increased APP-CTF3/A degradation
from lysosome

Previous studies have shown that lysosome plays a criti-
cal role in protein degradation, especially in A metabo-
lism. We then sought to illustrate the effect of KIBRA
knockout with stable expression of mutant APP in mice
on lysosome function. Confocal analysis revealed a dra-
matic increase in the co-localization of CD63 with the
lysosome marker Lamp2 in the cortical and hippocam-
pal region of KIBRA™/~ mice and KIBRA™/“5sXFAD
mice compared with their control mice, respectively
(Figure sa—c). In addition, immunoblotting analysis
indicated that KIBRA knockout markedly increased the
expression of lysosomal membrane marker Lamp2
(Figure 5d,e). Considering that measuring lysosomal
hydrolases is critical to monitor lysosomal degradation
function, we used WB analysis to measure the matura-
tion of cathepsin D (Cat D), a lysosomal hydrolase pro-
duced as precursor proCatD (~50 kDa) and sorted to
the endolysosomal compartment, where it is processed
into a mature form (~3o0kDa) at acidic pH.**** We
found that CatD/proCatD ratio was increased in
KIBRA™/~5XFAD mice, compared with 5XFAD mice in
both cortical and hippocampal regions in vivo
(Figure sd,e). In addition, we found that the maturation
of Cat D was also increased in KIBRA-KD HT22-APPgy.
cells in vitro (Supplementary Fig. s5), based on the
increased CatD/proCatD ratio, but not in total levels.
Furthermore, there was significantly more co-localiza-
tion of ABPP/Ap (stained by antibody 4G8) and lyso-
somal marker Lamp2 in the cortical pyramidal neurons
of 3—5-month-old KIBRA™/“sXFAD mice (Figure sf),
and KIBRA knockout showed increased colocalization
of ABPP/AB with Cat D in neurons (Figure 5g). These
findings support the view that KIBRA knockout indi-
rectly increases colocalization of MVB CD63 marker
with lysosomal LAMP2 marker and facilitates the APP-
CTFpB/ApB degradation by lysosomes.

Inhibition of lysosomal function rescued secretion of
EVs harboring APP-CTF3/A

To determine whether inhibition of lysosomal function
rescued the release of EVs enriched for APP-CTFB/AB,
we treated KIBRA KD cells and its corresponding con-
trol cells with the lysosome inhibitor BafA1, which spe-
cifically inhibits the proton pump, increases the pH of
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Figure 3. KIBRA Knockout reduces secretion of EVs harboring APP-CTFS/AB both in vivo and in vitro. (@) WB analysis of small EVs
from cell culture supernatants from equal number of KIBRA-KD and CTRL HT22 cells overexpressing APPg,.. Whole cell lysates
(WCLs) and small EVs were blotted for the EVs markers Alix, CD63, CD9, and APP-CTFS and for the endoplasmic reticulum marker
Calnexin. (b) Quantification of EVs protein levels in the small EVs obtained from KIBRA-KD and CTRL cells overexpressing APPg,,. in
three independent experiments. (c) Representative NTA traces of EVs isolated from cell culture supernatants from equal numbers of
KIBRA-KD and CTRL cells overexpressing APP, .. Quantification of NTA of four independent experiments. (d) Simoa analysis was
used to measure human AB40 and AB42 levels in small EVs purified from sucrose step gradient centrifugation from equal numbers
of KIBRA-KD and CTRL cells with APP,,,. overexpression. (n = 3, from three independent experiments). (e) Quantification of exosomal
APP-CTFB levels in the small EVs obtained from KIBRA-KD and CTRL cells overexpressing APP,. in three independent experiments.
(f) Sucrose step gradient fraction d isolated from the extracellular space of the brain from 3—5-month-old of the indicated groups
mice were blotted for the exosomal markers CD63, CD9, Calnexin, and APP-CTFB. (g) Quantification of exosomal protein levels in
the small EVs obtained from the indicated groups mice in three independent experiments. (h) Human AB40 and AB42 levels were
measured by MSD analysis from sucrose step gradient fraction d isolated from the extracellular space of the brain from 3—5-month-
old indicated groups mice (n = 6, from three biological replicates). (i) Quantification of exosomal APP-CTFS levels in the small EVs
obtained from the indicated groups mice in three independent experiments. Data are represented as the mean + SE. In a-e,
“P < 0.01,""P < 0.001, and P < 0.0001 in two-tailed Student'’s t test. In f-h, *P < 0.05, “P <0.01, "'P < 0.001, and """P < 0.0001
as determined by one-way ANOVA followed by Tukey’s post hoc comparisons tests.

lysosomes, and leads to the dysfunction of cathepsin D
in lysosomes (Supplementary Fig. 6) and inhibits traf-
ficking between MVB and lysosomes.**® After BafAr
treatment for 12 h, the number of released EVs was dra-
matically increased in KIBRA KD cells (second v.s. last
column, Figure 6b), indicating that the effect of inhibi-
tion of lysosomes function partially rescues decrease of
EVs secretion from KIBRA depletion. In addition, exo-
somal protein levels remarkably increased in KIBRA
KD cells after treatment with BafAr (second v.s. last col-
umn, Figure 6d,e), which was consistent with the NTA
analysis results. Furthermore, AB40, AB42 peptides
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(Figure 6¢), and APP-CTFg (Figure 6f) in EVs were also
remarkably increased in KIBRA KD cells after BafAr
treatment. These findings suggest that inhibition of
lysosomal function partially rescues secretion of EVs-
associated APP-CTFB/Ap from KIBRA depletion.

To exclude the non-specific effects of lysosome
inhibitor on the fusion of MVBs to lysosomes, we
knocked down the expression of Raby using siRNA
technology (Supplementary Fig. 77), which is reported to
primarily mediate MVB-lysosome fusion.?” Our results
showed that Raby knockdown rescued EVs secretion in
KIBRA KD cells (second v.s. last column, Figure Gh,i),

1
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Figure 4. KIBRA knockout causes increases in number of MVBs harboring ABPP/AB. (a and b) Representative electron microscopic
images of the hippocampus (a) and cortex (b) area in KIBRA™/“5XFAD and 5XFAD mice. Scale bar = 500 nm. Red arrows indicate
MVBs containing typical ILVs. Quantification analysis of the number of MVBs per cell profile and the number of ILVs per MVB. ILVs
and MVBs in 28-31 profiles of different cells were counted in a blind manner and only MVBs containing typical ILVs were counted.
(c) Confocal microscopy analysis of AB/ABPP (anti-AB, clone 4G8, red) with CD63 (green) in brain slices of KIBRA™/~"5XFAD and
5XFAD mice. Scale bar = 10 pm. Right panel represents overlap coefficient per cell. Data are represented as the mean + SE.

*P < 0.05, P < 0001,and P < 0.0001 in two-tailed Student’s t test.

supporting the notion that inhibiting the fusion of
excessive MVBs to lysosomes rescued EVs secretion
from KIBRA depletion. Consistent with the exosomal
marker change, the NTA analysis revealed that the
number of released EVs was also dramatically increased

after knocking down Raby in KIBRA KD cells
(Figure 6k). More importantly, the APP-CTFS level
(Figure 6j, second column v.s. last column) and the
levels of AB4o and ApB42 peptides (Figure 61, sec-
ond column v.s. last column) in the EVs were
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Figure 5. KIBRA Knockout leads to ABPP/AB aggregation and degradation by lysosomes. (a and b) Confocal microscopy analysis of
MVBs marker CD63 (green) and lysosomal marker LAMP2 (red) co-localization in cortical layers 5 (a) and hippocampal CA;-3 (b)
regions of WT, KIBRA™/~, 5XFAD, and KIBRA~/~"5XFAD mice. Nuclei were stained with DAPI. Scale bar in left panel = 20 um. Scale bar
in right panel = 10 pm. (c) Quantification analysis of overlap coefficient per view (n = 7 in the cortex and n = 5 in the hippocampus).
(d) WB analysis of lysosomal marker Lamp2 and Cathepsin D levels in brain tissue lysates from cortical and hippocampal regions of
3—5-month-old mice. (e) Quantification analysis of lysosomal membrane protein levels (Lamp2, left panel) and ratio of CatD/pro-
CatD (right panel) in cortical and hippocampal regions from 3—5-month-old mice of the indicated genotypes. Quantification results
were plotted as dot plots, showing the mean + SE of at least three independent experiments. *P < 0.05, P < 001, P < 0.0001
as determined by a two-tailed t test. (f) Confocal microscopy analysis of lysosomal membrane marker Lamp2 (red) with Ag/ABPP
(anti-Ap, clone 4G8, green) in brain slice of 5XFAD and KIBRA™/~5XFAD mice. Scale bar = 10 1m. The overlap coefficient per cell was
quantified (n = 15). (g) Confocal microscopy analysis of Cathepsin D (red) with AB/ABPP (anti-AB, clone 4G8, green) in brain slice of
5XFAD and KIBRA~/~5XFAD mice. Scale bar = 10 um. Overlap coefficient per cell was quantified (n = 15). f-g. Quantification result

were plotted as dot plots, showing the mean = SE.““P < 0.001, “P < 0.0001 as determined by a two-tailed student's t test.

significantly increased in KIBRA KD cells after
treatment with siRNA targeting Raby. These find-

KIBRA genotype was associated with plasma A levels
in humans

ings suggest that KIBRA regulates AB metabolism
mainly by controlling secretion of EVs-associated
APP-CTFB/AB, and inhibiting the fusion of exces-
sive MVBs to lysosomes rescued EVs-harboring
APP-CTFB/Ap secretion.
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To explore whether KIBRA gene SNPs are associated
with plasma Ap levels in human population, we
sequenced whole exons of KIBRA on chromosome 5q34
in the subsample derived from the MIND-China study
(n = 1419). In nine missense mutations (SNPs)
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Figure 6. Inhibition of lysosome function in KIBRA knockout cells rescues secretion of EVs harboring APP-CTF8/AB. (a) WB analysis of
WCLs in KIBRA-KD and CTRL cells overexpressing APPy,,., and treated with 20 nM bafilomycinA1 (BafA1) for 12 h, when indicated,
and WCLs were blotted for Alix, CD63, and CD9. (b) Representative NTA traces of EVs derived from KIBRA-KD and CTRL cells overex-
pressing APPy,,., and treated with BafA1. Right panel represents quantification of NTA of three independent experiments. (c) Human
AB40 and AB42 levels measured by Simoa analysis from small EVs purified from sucrose step gradient centrifugation from equal
number of KIBRA-KD and CTRL cells overexpressing APP,,., and treated with BafA1. (n = 3, from three independent experiments).
(d) WB analysis of EVs secretion in KIBRA-KD and CTRL cells overexpressing APPy,., and treated with 20 nM bafilomycinA1 (BafA1)
for 12 h, when indicated. EVs were blotted for Alix, CD63, CD9, and APP-CTFp. (e) Quantification of EVs protein levels in the small
EVs obtained from KIBRA-KD and CTRL cells overexpressing APP,., and treated with lysosome inhibitor BafA1 in three independent
experiments. (f) Quantification of APP-CTFS levels in the small EVs obtained from KIBRA-KD and CTRL cells overexpressing APPye,
and treated with lysosome inhibitor BafA1 in three independent experiments. (g and h) WB analysis of EVs secretion in KIBRA-KD
and CTRL cells overexpressing APPg,. transfected with control small interfering RNAs (siRNAs) or siRNAs targeting Rab7. WCLs (g)
and EVs (h) were blotted for Alix, CD63, CD9, Rab7, and APP-CTFB. (i) Quantification of EVs protein levels (Alix, CD63, and CD9) in
the small EVs obtained from KIBRA-KD and CTRL cells overexpressing APP,., and transfected with siRNAs in four independent
experiments. (j) Quantification of APP-CTFS levels in the small EVs obtained from KIBRA-KD and CTRL cells overexpressing APPge,

www.thelancet.com Vol 78 Month April, 2022



Articles

identified within the KIBRA coding region (Figure 7a),
only one of these SNPs (rs28421695) was significantly
associated with plasma Apgo level (P < o.0001, two-
tailed student’s t test) and marginally associated with
plasma ApB42 level (P = 0.0889, two-tailed student’s ¢
test). The results showed that plasma concentrations of
AB4o in subjects with T-allele of 1528421695 (A/T)
were dramatically lower compared to subjects with A/A
(Figure 7b) and ApB42 in subjects with T-allele of
1528421695 (A/T) were marginally lower compared to
subjects with A/A (Figure 7c), while the AB42/AB40
ratio was significantly higher in persons with A/T com-
pared to those with A/A (Figure 7d). The rs28421695
polymorphism resides on exon Glu-rich domain in the
KIBRA locus,*® and the T-variant of this allele results in
E&62V substitution (Figure 7a). These results demon-
strate that KIBRA SNP rs28421695 was significantly
associated with reduced plasma ApB levels in humans,
which may correlate the loss of function of KIBRA with
lower EVs secretion and AB metabolites.

Discussion

The current study is based on our previous work, which
shows that KIBRA depletion dramatically decreases EVs
secretion, which is accompanied by down-regulation of
the Rab27a protein, a small GTPase reported to regulate
MVB docking to the plasma membrane.’ In the current
study, we sought to further explore the effect of KIBRA
on AB metabolism by generating KIBRA knockout mice
on a 5XFAD background. We found that KIBRA knock-
out significantly ameliorated extracellular AS deposits
at early stage of the disease, which was attributed to
KIBRA, primarily by controlling secretion of EVs-associ-
ated APP-CTFB/AB and subsequently increasing the
excessive MVB-lysosome fusion for amyloid degrada-
tion. In addition, we identified a KIBRA SNP,
rs28421695, which was associated with reduced level of
plasma AB in humans.

Endosomal sorting and trafficking dysfunction is
one of the earliest cellular feature of AD and all the
organelles of the endolysosomal system, from MVBs to
lysosomes, contribute to the homeostasis of APP cleav-
age products, including all A peptides.”**3° In this
study, we found that the numbers of MVBs and ILVs
were higher in KIBRA ™/ 5XFAD mice compared with
the control 5XFAD mice, which was in line with the dra-
matic increase in the number of MVBs in neurons of
KIBRA knockout mice,"® and AB accumulation also
causes MVB enlargement.*® Studies conducted by

Rajendran et al. found that AS produced in the early
endosome was transported to MVBs and packaged into
EVs for secretion.*' Our study clearly showed that APP/
AB clearly colocalized with CDG63-positive MVBs
(Figure 4c), which is in line with the previous
reports.*°~4* In addition, accumulation of aggregation-
prone Ap4z2 is strongly likely to localize in intracellular
acidic compartments (e.g., late endosomes and lyso-
somes) in cells expressing FAD-causing mutations.*?

A key finding reported in this study is that depletion
of KIBRA leads to ameliorate the extracellular amyloid
deposits at early stage rather than late stage of the dis-
ease in AD mouse model, which could be explained by
the fact that excessive amyloid accumulation in neurons
and brain aging in older mice may induce chronic accu-
mulation of dysfunctional lysosomes,*** and result in
failed degradation of misfolded proteins in neurons.
Intriguingly, we did not find significant difference in
learning and memory function between KIBRA knock-
out mice and the controls in a 5XFAD background (Sup-
plementary Fig. 9), but the neuronal density was higher
in KIBRA™/"5XFAD mice (Supplementary Fig. 10).
However, we found that compared to WT mouse,
KIBRA deficiency resulted in impaired cognitive perfor-
mance, which is consistent with a recent report demon-
strating that KIBRA modulates learning and memory
by binding to dendrin or stabilizing protein kinase
M¢."" Our previous study also confirmed that KIBRA
exerted a neuroprotective function by promoting neuro-
nal survival in vitro.*° Therefore, KIBRA, as a multi-
functional scaffold protein with around 20 known
binding partners,*®* may be linked to distinct or even
converse functions in cognitive phenotypes, neuron sur-
vival, and AB metabolism depending on various cell
types and pathophysiological environments.

Another important finding in our study is that
KIBRA deletion causes a reduction of the EVs-associ-
ated APP-CTFB/AB both in vivo and in vitro. EVs are
increasingly involved in the transmission and aggrega-
tion of misfolded proteins (e.g., AB, tau, and a-syn-
uclein).*”>° However, little is known about the
physiological mechanisms regulating misfolded pro-
teins propagation and aggregation.** Recent studies
have shown that circulating EVs-bound Ap peptides sig-
nificantly reflect PET imaging of brain amyloid pla-
ques,”” and EVs reduction in vivo is associated with a
lower amyloid plaque load in 5XFAD mice.”*>* These
reports revealed that EVs may work as nucleation cen-
ters for the aggregation of A into fibers. In support of
this hypothesis, it was found that apolipoprotein E in

and transfected with siRNAs in three independent experiments. (k) Representative NTA traces of EVs derived from KIBRA-KD and CTRL
cells overexpressing APPy,,.., and treated with siRNAs targeting Rab7. Right panel represents quantification of NTA of three indepen-
dent experiments. (I) Human AB40 and AB42 levels measured by Simoa analysis from small EVs purified from sucrose step gradient
centrifugation from equal numbers of KIBRA-KD and CTRL cells overexpressing APPy,, and treated with siRNAs in three independent
experiments. The quantification results were plotted as dot plots, showing the mean =+ SE. *P < 0.05, P < 001, ""P < 0.001,

Ees
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P < 0.0001, n.s., not significant (P > 0.05) as determined by one-way ANOVA followed by Tukey's post hoc comparisons tests.
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EVs induced the aggregation of the amyloidogenic pro-
tein PMEL into PMEL amyloid fibers,’* which is in a
similar manner with formation of AB fibers. We found
that only a small fraction of AB is released in association
with EVs (data not shown), and thus, most of the AS
peptide is released in a free form, which has the poten-
tial to associate with EVs extracellularly.”> On the
other hand, EVs seem to have the ability to reduce brain
Ap through microglial uptake, and they are known to
transfer neuroprotective substances between cells.>®5”

Our study also evidently show that the stable expres-
sion of intracellular APP/AB could attribute to the expla-
nation that excessively accumulated MVBs harboring
APP-CTFB/AB in KIBRA depletion could be trafficked
to lysosomes for amyloid degradation. Previous research
has demonstrated that KIBRA is involved in endocytic
recycling compartment transport by the SNX4-KIBRA-
dynein complex®® and its C2 domain could bind with
PI3P,"° which is enriched in endosomal membranes.
Although findings from the current study indicates that
KIBRA regulates transport in subcellular compart-
ments, which part of endo-lysosomal system is primar-
ily affected by KIBRA, as a ligand protein, remains
unclear. Endolysosomal dysfunction promotes the
release of EVs, while inhibiting EVs secretion inversely
promotes the MVB-lysosome fusion, which is a complex
process involving many transport molecules.® Our cur-
rent study reveals that KIBRA depletion reduces Rabzya
expression in 5XFAD mice and overexpression Rab27a
increased the secretion of EVs-associated APP-CTFg/
AB (Supplementary Fig. 11), indicating that KIBRA
depletion reduces secretion of EVs-associated APP-
CTFB/AB mainly by down-regulation of Rab27a protein,
which is in line with our previous research.” Accumu-
lating evidence suggests that the impairment of endoso-
mal-lysosomal compartments is associated with
neurodegenerative disease.”® In turn, the dysfunction of
degradative compartments could trigger the release of
EVs, which may spread toxic aggregates in the brain.>*
In our current study, inhibiting lysosomal function by
BafAr1 and siRaby has shown to induce a partial rescue
of EVs secretion and these approaches can also lead to
other endo-lysosomal defects than the simple inhibition
of MVB/lysosome fusion. In addition, previous research
has shown that Raby depletion resulted in large endo-
somes, filled with ILVs.*# Therefore, the accumulation
of enlarged late endocytic compartments might com-
pensatorily increase the exosome release. In addition,
Raby depletion could reduce exosomes secretion, which
might be explained by the fact that different cells and
the different culture times prior to collection of exo-
somes might have different effects from Raby depletion.
Therefore, KIBRA regulates amyloid metabolism
through interplaying with the balance between subcellu-
lar compartments.

Finally, an important question is whether AS pepti-
des in MVBs are transported to lysosomes and degraded
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to non-toxic form. Compared to other endosomal com-
partments, APP has been found to be enriched in the
lysosomes in neuronal cells and is rapidly and directly
transported to the lysosomal compartment,®® which is
also observed in our study. A previous study revealed that
the lysosome was the major organelle for the production
and degradation of A, as well as its fibrillogenesis. How-
ever, a recent study demonstrated that late endosomes/
lysosomes, where PSEN2/y-secretase were located in,
account for the main pool of the intracellular AB.#?

Etiologically, AD is a multifactorial disease that
involves complex interactions of lifelong environmental
and genetic factors. Human KIBRA gene is located at
the 5934 locus, and accumulating evidence indicates
that KIBRA polymorphism is associated with poor per-
formance in episodic memory as well as increased risk
of AD.? Previous study identified that two common mis-
sense SNPs (rs3822660 and rs3822659) encode var-
iants of the KIBRA C2 domain with the different lipid-
binding specificities to affect cognitive performance.’®
Here, our results further indicate that carriers of the
KIBRA SNP rs28421695 E862V variant have a lower
level of plasma AB, which demonstrates the T allele of
rs28421695 might exert a protective effect and might be
associated with a reduced risk of AD, similar to the car-
riers of SORLI SNP rs1784933.°" However, we did not
observe the significant protective effect of rs28421695
against AD in the MIND-China study (Supplementary
Table 1), partly due to the limited statistical power. Fur-
ther investigation is required to tease out the detailed
functional significance of this multifunctional protein
and consequently its implications for molecular mecha-
nisms of learning and memory and organ size control.

In conclusion, our data explicitly confirm previous
report that KIBRA controls EVs secretion, and further
show that KIBRA depletion significantly ameliorates
extracellular AB deposits at the early stage of the disease
in the 5XFAD mouse. We further demonstrate that
KIBRA controls secretion of EVs-associated APP-CTFg/
AB, which subsequently increases the excessive MVB-
lysosome fusion for amyloid degradation. Therefore,
partially reducing KIBRA levels or activity could be a
potential strategy to interfere with multiple AD patho-
genic processes and preserve synaptic function in the
early stage of the disease.
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