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Abstract

Neurotrophins promote neuronal survival and synaptic plasticity via activating the tropomyosin receptor kinases. BDNF and
its high-affinity receptor TrkB are reduced in Alzheimer’s disease (AD), contributing to progressive cognitive decline.
However, how the signaling mediates AD pathologies remains incompletely understood. Here we show that the TrkB
receptor binds and phosphorylates APP, reducing amyloid-f3 production, which are abrogated by &-secretase cleavage of
TrkB in AD. Remarkably, BDNF stimulates TrkB to phosphorylate APP Y687 residue that accumulates APP in the TGN
(Trans-Golgi Network) and diminishes its amyloidogenic cleavage. Delta-secretase cleaves TrkB at N365 and N486/489
residues and abolishes its neurotrophic activity, decreasing p-APP Y687 and altering its subcellular trafficking. Notably,
both TrkB and APP are robustly cleaved by &-secretase in AD brains, accompanied by mitigated TrkB signaling and reduced
p-Y687. Blockade of TrkB cleavage attenuates AD pathologies in 5xXFAD mice, rescuing the learning and memory. Viral
expression of TrkB 1-486 fragment in the hippocampus of APP/PS1 mice facilitates amyloid pathology and mitigates
cognitive functions. Hence, d-secretase cleaves TrkB and blunts its phosphorylation of APP, facilitating AD pathogenesis.

Introduction

Neurotrophins including NGF, BDNF, NT3, and NT4/
5 support neural development, synaptic plasticity, main-
tenance of the adult nervous system and learning and
memory. The major receptors for these neurotrophic factors
include tropomysin-related kinase (Trk) receptors type A,
type B, and type C (TrkA, TrkB, and TrkC) and p75NTR.
Pro-neurotrophins bind to p75NTR/sortilin preferably,
triggering death signaling in cells, while mature neuro-
trophins interact with Trk receptors predominantly, pro-
moting cell growth and survival [1]. Alzheimer’s disease
(AD) is the most common neurodegenerative disease with
dementia, the principal clinical manifestation during ageing.
The pathological features of AD are senile plaques, mainly
consisted of extracellular amyloid-p (Ap) accumulation, and
intraneuronal neurofibrillary tangles (NFT), predominantly
composed of hyperphosphorylated and truncated
microtubule-associated protein Tau. A is generated from
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sequential proteolytic cleavage of APP by BACEIl
(B-secretase) and y-secretase [2]. Neurotrophic factors
deregulation plays an important role in AD disease pro-
gression [3]. For instance, mature NGF levels decreased
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significantly in the basal forebrain of aged animals and AD
patients, causing reduction of nerve fibers density, cell
atrophy, and down-regulation of transmitter-associated
enzymes such as choline acetyltransferase and acet-
ylcholinesterase, thus a decrease of cholinergic transmission
[4]; by contrast, the levels of proNGF (precursor of NGF)
are elevated in frontal, occipital cortex and hippocampus in
late-stage of AD [5, 6] and increased 40-50% in individuals
with mild cognitive impairment (MCI) [7], suggesting that
an unbalance in NGF processing may contribute to the onset
of AD. In addition to NGF/TrkA, BDNF/TrkB signaling
also plays important roles in amyloidogenic processing.
For example, BDNF level is decreased in AD patient brains
[8-10]. BDNF represses AP generation in primary neuronal
cultures [11], which is elevated by BDNF deprivation [12].
Notably, neurons tolerating NFTs stop BDNF expression,
whereas neurons with high levels of BDNF escape from
tangles [13]. Therefore, BDNF possesses a protective role
against AD pathogenesis. Accordingly, BDNF administra-
tion increases learning and memory in impaired animals
[14], and BDNF displays a prominent neuroprotective effect
against f-amyloid toxicity in AD models. Thus, BDNF gene
delivery has thus been proposed as a potential novel ther-
apeutic in AD [15, 16]. Most recently, we show that BDNF/
TrkB deficiency stimulates d-secretase activation via upre-
gulating C/EBPp in AD [17, 18]. BDNF reduction elicits
O-secretase cleavage of Tau N368, which tightly associates
with TrkB receptor and antagonizes its neurotrophic activ-
ities [19]. Consequently, a small TrkB agonist 7,8-dihydr-
xoflavone (7,8-DHF) or its prodrug R13, strongly activates
TrkB signaling and displays promising therapeutic efficacy
toward AD [20-22].

Delta-secretase is an asparagine endopeptidase (AEP,
gene name legumain, LGMN) that distributes in the endo-
lysosomes. We have shown that it is activated under stroke
or ischemia and cuts SET, a nuclear DNase inhibitor,
triggering neuronal cell death [23]. Furthermore, we
reported that 8-secretase cleaves APP extracellular domain
at N373 and N585 residues and facilitates BACEI to
swiftly cut the substrate APP 586-695 (following the
numbering of brain APP 695 isoform), promoting A
production [24]. Moreover, d-secretase shreds Tau at N368
and promotes its aggregation, accelerating neurodegen-
eration in AD [25]. Interestingly, we also found that
BDNF/TrkB pathway activates Akt, which phosphorylates
O-secretase on T322 residue, inhibiting its activation [26].
In the current study, we report that d-secretase cleaves
TrkB receptor on N365 and N486/489 residues located in
the extracellular and intracellular domain (ICD), respec-
tively, blocking BDNF neurotrophic signalings. Remark-
ably, TrkB binds APP and BDNF enhances APP Y687
phosphorylation by TrkB, which elicits p-APP TGN
(trans-Golgi-network) translocation and diminishes its
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proteolytic cleavage by O-secretase, resulting in AP
reduction. Consequently, overexpression of d-secretase-
uncleavable TrkB N486/489 A in the hippocampus of
5XxFAD mice attenuates AD pathologies and mitigates
cognitive dysfunctions. Conversely, viral expression of 8-
secretase-truncated TrkB fragment (1-486) in APP/PS1
mice blunts BDNF signalings and facilitates amyloid
pathologies, exacerbating cognitive impairment. There-
fore, &-secretase cleaves both TrkB and APP and accel-
erates AD pathogenesis.

Materials and methods
Cell culture, Mice, and human tissue samples

HEK293 cells (From ATCC) were cultured in medium
containing DMEM (high-glucose), 10% fetal bovine
serum (FBS), penicillin (100 units/ml)-streptomycin (100
pg/ml) (all from Hyclone). SH-SY5Y cells (From ATCC)
were cultured in medium containing RPMI 1640, 10%
FBS and penicillin (100 units/ml)-streptomycin (100 pg/
ml). Integrin betal subunit was validated in HEK293 cell
line. Cells were incubated at 37 °C in a humidified atmo-
sphere of 5% CO,. Primary rat cortical neurons were
cultured as previously reported [25]. All rats were bought
from the Jackson Laboratory. The protocol was reviewed
and approved by the Emory Institutional Animal Care and
Use Committee. SXFAD mice and APP/PS1 mice were
obtained from the Jackson Laboratory (Stock No. 006554
and 004462, respectively). AEP knockout mice were
generated as previously described [25]. The following
animal groups were analyzed: WT, APP/PS1, 5XFAD,
AEP ", 5XFAD/AEP'~. The animals were assigned to
different experimental groups based on the litter and
gender in a way that every experimental group had similar
number of siblings’ males and females. Animal care and
handling were performed according to the Declaration of
Helsinki and Emory Medical School guidelines. Post-
mortem brain samples were dissected from frozen brains of
4 AD cases and 4 non-demented controls from the Emory
Alzheimer’s Disease Research Center (Table S1). All
procedures performed in studies involving human partici-
pants were in accordance with the ethical standards of the
institutional and/or national research committee and with
the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. AD was diagnosed accord-
ing to the criteria of the Consortium to Establish a Registry
for AD and the National Institute of Aging. Diagnoses
were confirmed by the presence of amyloid plaques and
NFT in formalin-fixed tissue. Informed consent was
obtained from the subjects. The study was approved by the
Biospecimen Committee.
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Transfection and infection of the cells

The overexpressing plasmids and siRNAs were ordered
from Addgene and Santa Cruz respectively. The over-
expression lentivirus (pFCGW-GFP vector) were packaged
from the viral vector core of Emory University, which were
used in neurons and mice. Lipofectamine 3000 (Invitrogen)
was used for HEK293 and SH-SYSY cells transfection.

Differentiation of human iPSC-derived NSCs into
neurons

We used Human iPSC-derived NSCs obtained from 2
donors: ACS-5003 from normal human, ATCC (Manassas,
US), ax0111 from AD patient with ApoE4/4 genotype,
Axol Bioscience (Cambridge, UK). Neuron differentiation
from NSCs was accomplished by culturing on PLO/Lami-
nin-coated plates in neuronal differentiation medium, which
contains DMEM/F12 + Neurobasal Medium (1: 1), GDNF
(20 ng/ml), supplemented with BDNF, B27, N2(20 ng/ml),
IGF (10 ng/ml), NT3 (10 ng/ml), ascorbic acid (200 uM) (all
from Stemcell Technologies) and dbcAMP (100 nM)
(Sigma Aldrich). In 48 h, neuronal culture medium was
changed to remove unattached cells, then medium were be
half changed every 3 days during in vitro maturation.

TrkB in vitro kinase assay

Human recombinant YFP-TrkB WT and TrkB KD plas-
mids were transfected into SH-SYSY cells and pretreated
with/without K252a (100 nM) for 15 min, followed with/
without BDNF (50 ng/ml) for 30 min. After 48 h, the TrkB
proteins were purified by immunoprecipitation (IP). With
the prediction of kinase-specific phosphorylation sites
system, peptide ®** ENPTYKFFEQ®? (Peptide Y®") and
S3ENPTFKFFEQ®? (Peptide F%7) were synthesized from
Peptide 2.0 Inc. USA, TrkB Kinase Buffer: 40 mM Tris,
pH 7.5; 0.1 mg/ml BSA; 2.5 mM MnCl,; 20 mM MgCly;
50 uM DTT, containing freshly prepared 20 uM ATP, and
15 uCi [**P]-ATP (PerkinElmer, #BLU002250UC). Pur-
ified TrkB WT or TrkB KD was incubated with [32P]-ATP
and peptides for 30 min, then 96-well filter plates with
negatively charged phosphor-cellulose were used to wash
out the free **P, and phosphorylated peptides were col-
lected for the protein kinase assays. The results were
shown by autoradiography and radiometer.

Generation of antibodies specific for TrkB-
phosphorylated APP (anti-APP pY687), TrkB 1-486
(anti-TrkB N486) and TrkB 487-822 (anti-TrkB C487)

Two rabbits received booster injections 4 times with the
immunizing peptide (Ac-CENPT (pY)KFFEQ-amide)

every 3 weeks intervals. The collected antiserum was pur-
ified via affinity chromatography with the immunizing
peptide and then was adsorbed to a peptide spanning the
phosphorylated site (Ac-CENPTYKFFEQ-amide).

Two rabbits received booster injections 4 times with the
immunizing peptide (Ac-CASPLHHISN-OH) every
3 weeks intervals. The collected antiserum was purified via
affinity chromatography with the immunizing peptide and
then was adsorbed to a peptide spanning the Full length
TrkB (Ac-CPLHHISNGSNTPSS-amide).

Two rabbits received booster injections 4 times with the
immunizing peptide (H’N-GSNTPSSSEC-amide) every
3 weeks intervals. The collected antiserum was purified via
affinity chromatography with the immunizing peptide and
then was adsorbed to a peptide spanning the Full length
TrkB (Ac-PLHHISNGSNTPSSC-amide).

AEP activity assay

Cell lysates (10 pg) or tissue homogenates (10 ug) and 20
UM AEP substrate Z-Ala-Ala-Asn-AMC (Bachem) were
incubated with 200 ul reaction buffer, which contained 60
mM Na,HPO,, 20 mM citric acid, 1 mM EDTA, 1 mM
DTT and 0.1% CHAPS, pH 5.5 at 37 °C. Then the AMC
released fluorescence by substrate cleavage was measured
in a fluorescence plate reader in kinetic mode at 460 nm.

AB plaque histology

For immunohistochemical stainning of Af, combined with
Thioflavin-S staining. Briefly, free-floating 30 pm brain
sections were treated with 0.3% H,0O, at room temperature
for 10 min. After that, sections were washed in PBS with
0.3% Triton X-100 for 3 times, then 1% BSA was used for
blocking for 30 min, followed by overnight incubation with
anti-Ap antibody (1: 500, Sigma-Aldrich) at 4 °C. The
signal was developed using Histostain-SP kit. After the
preparation, the sections were washed in distilled water and
stained for 5 min with 0.0125% Thioflavin-S in 50% etha-
nol. After washing, the sections were covered with a glass
cover using mounting solution and took pictures under a
fluorescence microscope. The plaque number and plaque
area were analyzed using the Image] software (National
Institutes of Health).

Immunofluorescence

Transfected/treated cells or mice brain slices or human tis-
sues were fixed and incubated overnight at 4 °C with pri-
mary antibodies. After washing, the slices were incubated
with Alexa Fluor® 568-, 488- or Cy5-conjugated secondary
antibodies (Invitrogen) for 1 h at 37 °C. DAPI (Sigma) was
used as the nuclei marker. Images were acquired through
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Confocal microscope (Olympus FV1000) and analyzed
with ImagelJ software.

Mass spectrometry analysis

Two 10-cm dishes of HEK293 (~1 x 107 cells each dish)
were transfected with 10 ug GST-TrkB plasmids. In 48 h,
the transfected cells were collected and lysed in RIPA
buffer 20mM Tris-HCI, pH 7.5, 1mM EDTA, 1 mM
EGTA, 150 mM NaCl, 2.5 mM sodium pyrophosphate, 1%
NP-40, 1% sodium deoxycholate, 1 mM Na;VO, and 1 mM
B-glycerophosphate) with protease inhibitor cocktail on ice
for 20 min. The starting material used for this experiment is
1000 ug. The protein concentration was diluted into 5 ug/ul.
Samples were precleared by pre-incubation with protein A/
G beads for 20 min in 4 °C, then centrifuged at 14,000 x g at
4°C for 10 min. The supernatants were incubated with
Glutathione Sepharose 4B (10 pl) overnight at 4 °C. After
washing the beads with pH = 6.0 RIPA buffer for 3 times,
then incubated with 1 pg activated AEP (37 kD) at 37 °C for
60 min, shacked every 10min. The samples were then
boiled in 50 pl 1XSDS loading buffer for 10 min and ana-
lyzed by Coomassie staining and immunoblotting. Protein
samples were in-gel digested with trypsin and analyzed by
LC/MS/MS.

Real-time PCR

RNAs from cells and tissues were isolated with Trizol. After
reverse transcription with SuperScriptIll reverse transcriptase,
Real-time PCR reactions were performed using the ABI 7500-
Fast Real-Time PCR System, Gene-specific primers and
TagMan Universal Master Mix Kit were designed and bought
from Tagman. All kits and reagents were purchased from Life
Technologies. 2 22" method was used for the relative
quantification of gene expression. For each data point, at least
2 duplicated wells were used.

GST-pull down

The cell lysates were incubated overnight with 20 ul of a
50% slurry of Glutathione Sepharose 4B at 4 °C. Then
supernatant was removed after centrifugation at 500 x g for
Smin. The Glutathione Sepharose 4B was washed by
adding 1 ml lysis buffer to each tube and inverted to mix.
Sediment the medium by centrifugation at 500 x g for 5
min. After wash for 3 times, the supernatant was decanted
carefully, and the sediment was analyzed via Western blot.

Immunoprecipitation and western blotting

The tissues or cells were washed with ice-cold PBS and
lysed in RIPA buffer 20 mM Tris-HCI, pH 7.5, 1 mM
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EDTA, 1 mM EGTA, 150 mM NaCl, 2.5 mM sodium pyr-
ophosphate, 1% NP-40, 1% sodium deoxycholate, 1 mM
Na3;VO4 and 1 mM B-glycerophosphate) with protease
inhibitor cocktail for 20 min on ice. The supernatant was
collected by centrifuging at 14,000 rpm for 20 min at 4 °C.
Then the protein extract was diluted to 5mg/ml. After
electrophoresis, the samples were incubated overnight at
4 °C with primary antibody (antibodies listed in Table S2),
followed by immunoblotting.

ELISA quantification of Ap

The tissues or cells were diluted with cold reaction buffer
(PBS, 5% BSA, 0.03% Tween-20, protease inhibitor
cocktail), and centrifuged at 16,000 x g for 20 min at 4 °C.
Then analyzed with human Afs, (KHB3441, Invitrogen),
human Afy (KHB3481, Invitrogen), mouse Afy,
(KMB3441, Invitrogen), mouse APy (KMB3481, Invitro-
gen) ELISA Kkits.

Subcellular fractionation

Frontal cortex tissue (200mg) was minced in 1ml of
homogenization buffer (10 mM Tris-HCI, pH 7.4, 0.25M
sucrose, | mM MgCl,, protease inhibitor cocktail). After
centrifugation at 100 x g for 2 min at 4 °C, the supernatant
was discarded. The pellet was resuspended in 1.5ml
homogenization buffer and homogenized by successive
passages through needles of increasing gauge number. The
mixture was centrifuged at 1000x g for 10min, then
supernatant was adjusted to 1.4 M sucrose, and incorporated
into a discontinuous sucrose gradient: 2ml 2M sucrose,
2.25ml 1.4 M sucrose, 3.75 ml 1.2 M sucrose and 5ml 0.8
M sucrose. The gradients were centrifuged at 100,000 x g
for 2.5h at 4 °C. After all, 13 fractions were collected from
the gradient and stored as aliquots at —80°C. Equal
volumes of fractions were boiled in 1X SDS loading buffer
for 10 min and followed by immunoblotting.

Stereotaxic injection in mouse hippocampus

Briefly, animals were anesthetized with isoflurane vaporizer
to 2% and given 0.1 mg/kg buprenorphine subcutaneously
for pain management. After checked the depth of anesthesia
via toe-pinch. The mice heads were shaved and restrained in
a stereotaxic frame (Stoeltling, Wood Dale, IL). Sterile
erythromycin ophthalmic ointment (0.5%) was applied to
the eyes to prevent dryness and damage to the cornea. After
the surface disinfection with iodophor and 70% ethanol, a
small incision was made and exposing the skull landmarks
lambda and Bregma. Hydrogen peroxide was used to clean
the connective tissue. A small hole drilled through the skull
with a bone drill. The coordinates of hippocampal were
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mediolateral (ML)« 1.5 mm, anteroposterior (AP) —2.1
mm, dorsoventral 1.8 mm, injected with 1 pL of AAV or/
and 3 uL of LV. After injections, the incision was sutured
and applied surface disinfection. The mice were monitored
1, 2,7, and 10 days post-surgery.

Electron microscopy

Mice were perfused with ice-cold 2% glutaraldehyde and
3% paraformaldehyde in PBS. Then hippocampal slices
were post-fixed in cold 1% OsO4 for 1 h. Ultrathin sections
(90 nm) were stained with uranyl acetate and lead acetate
and viewed at 100kV in a JEOL 200CX electron micro-
scope. Synapses were identified by the presence of synaptic
vesicles and postsynaptic densities.

Golgi staining

After perfusion, mice brains were fixed in 10% formalin for
24 h, then put in 3% potassium bichromate for 3 days and
change the buffer every day in darkness. After these, the
brains were transferred into 2% silver nitrate solution for
one week in darkness, change half of the buffer every
3 days. Sections were cut at 50 mm by shock slicer, dehy-
drated through a discontinuous ethanol gradient: 50%, 70%,
90%, and 100%, then cleared in xylene and coverslipped.

Morris water maze

The water maze is a round, water-filled tank (52 inches
diameter), which was surrounded by extra-maze visual cues
that kept at the same position during the whole training
time. The platform was placed in the NW quadrant of the
maze. Water was made with right amount of fat-free milk
powder, filled to cover the platform by 1 cm at 22 °C. Each
mouse was given 4 trials/day, maximum trial length was 60
s for 5 consecutive days with a 15 min intertrial interval. If
mice did not reach the platform in time, they were manually
guided to stay on platform for another 10 s. After 5 days of
task acquisition, a probe trial was presented. The platform
was removed and the percentage of time spent in the
quadrant was measured over 60s. MazeScan (Clever Sys)
was used for analyzing all trials latency and swim speed.

Contextual and cued fear conditioning

Mice were placed in a test chamber (7”7 W, 77 D 3 12" H,
Coulbourn) composed of Plexiglass with a metal shock grid
floor. After wiped with 70% alcohol, allowed the mice to
explore the enclosure for 3 min. Following with 3 condi-
tioned stimulus (CS)-unconditioned stimulus (US) pairings
(tone: 2000 Hz, 85-db, 20 s; foot shock: 0.5-mA, 2 s) with a
1 min intertrial interval. One minute following the last CS-

US presentation, mice were removed from the chamber. A
24 h later, the mice were presented with a context test,
during which subjects were placed in the same chamber
used during conditioning on day 1, no shocks were given
during the context test. The amount of freezing was recor-
ded. On day 3, a cue test was performed, during which
subjects were exposed to the CS in a novel compartment.
Animals were allowed to explore the novel context for 2
min, the 85-db tone was presented later. The freezing
behavior in the 6 min was recorded via a camera and the
software provided by Coulbourn.

Quantification and statistical analysis

In vitro assays, the experiments were conducted by a blind
individual, who did not know the sample information. The
animal’s information for in vivo assays was decoded after
all samples were analyzed. Sample size was determined by
Power and Precision (Biostat). All data are expressed as
mean+ SEM and analyzed by SPSS 12.0 (IBM) and
GraphPad Prism statistical software (GraphPad Software).
The level of significance between two groups was assessed
with unpaired ¢ test with Welch’s correction. When there are
more than two groups, one-way ANOVA and Bonferroni’s
multiple comparison test was applied. The two-way
ANOVA and Bonferroni’s post hoc test compared the dif-
ferences between groups that have been split on two inde-
pendent factors. A value of p <0.05 was considered to be
statistically significant.

Results
TrkB receptors strongly bind to APP

BDNF/TrkB signaling is implicated in AD pathologies, but
how the neurotrophic pathway contributes to disease onset
remains incompletely clear. To explore whether plasma
membrane integral TrkB receptors directly interact with the
transmembrane protein APP, we cotransfected GST-APP
construct with various HA-tagged tropomyosin receptor
kinases plasmids into HEK293 cells, and GST pulldown
assay showed that TrkA associated with APP, confirming
previous observations [27, 28]. Remarkably, TrkB receptors
displayed much stronger effect in binding to APP, whereas
TrkC did not interact with APP at all (Fig. 1a). Mapping
assay demonstrated that truncating the ICD from either the
kinase domain (KD) or SHC-binding motif to the C-
terminal on TrkB receptor completely abolished the TrkB/
APP complex formation, whereas deletion of the C-terminal
PLC binding motif on TrkB tail barely affected the inter-
action, suggesting that the KD on TrkB ICD is involved in
binding APP (Fig. 1b). On the other hand, the reciprocal
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truncation revealed that the intracellular C-terminal domain
(ICD) on APP was implicated in association with TrkB
(Fig. 1c, d). To investigate whether this interaction also
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occurs in the brain, we conducted co-immunoprecipitation
assay and found that APP and TrkB associated with each
other in both control and AD brains; by contrast, control
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<« Fig. 1 TrkB receptors strongly bind to APP. a APP specifically

interacts with TrkB receptors. GST pull-down assay was conducted
from HEK293 cells cotransfected with mammalian GST-APP and HA-
Trks constructs. Immunoblotting showed APP interacted with TrkA
and TrkB. b Tyrosine kinase domain is indispensable for APP to
interact with TrkB. GST pull-down assay was conducted from
HEK?293 cells cotransfected with mammalian GST-TrkB fragments
and GFP-APP constructs. Immunoblotting found that TrkB ICD was
required for binding to APP. ¢ APP C terminus is implicated in
binding TrkB. Different mGFP-tagged APP truncates were cotrans-
fected with GST-TrkB into HEK293 cells. GST pull-down assay was
performed, and coprecipitated proteins were analyzed by immuno-
blotting. d Schematic diagrams of TrkB domains and APP truncations.
e APP associates with TrkB less in AD patient brains than healthy
control. Brain lysates from AD patient and healthy control were
immunoprecipitated with control IgG or anti-APP, and the coprecipi-
tated proteins were analyzed by immunoblotting with anti-TrkB. f APP
colocalizes with TrkB in the rat primary neurons. Immunofluorescent
costaining with anti-APP (Green) and TrkB (Red) were conducted on
primary neurons. The nuclei were stained with DAPI. (Scale bar: 20

um).

IgG failed, indicating that the binding between APP and
TrkB was specific. Notably, APP levels were escalated in
AD brains, and TrkB receptors were inversely declined in
the IP (Fig. le). Immunofluorescent (IF) costaining also
validated that TrkB and APP colocalized on the cell surface
in primary neurons (DIV. 14) (Fig. 1f), supporting that these
two transmembrane proteins associate with each other on
the plasma membrane of neurons.

BDNF triggers APP Y687 phosphorylation via TrkB
receptors

The TrkB receptors are tyrosine kinases and their interac-
tion with APP may phosphorylate the latter. To test this
possibility, we conducted cotransfection with GST-APP in
the presence of YFP-tagged TrkB wild-type (WT) or
kinase-dead mutant (K572R), followed by BDNF treatment.
GST pulldown assay showed that APP tyrosine was phos-
phorylated when cotransfected with TrkB WT, which was
elevated upon BDNF treatment. By contrast, no p-Y signals
on APP were detected in the presence of TrkB KD
regardless of BDNF stimulation. Interestingly, the interac-
tion between TrkB and APP was not influenced by BDNF
(Fig. 2a). These observations indicate that TrkB phosphor-
ylates APP on its tyrosine residues, for which its tyrosine
kinase activity is indispensable. APP ICD contains 3 Y
residues (653, 682, 687) and Y682 is phosphorylated by
TrkA [27]. To assess which Y residue is selectively phos-
phorylated by TrkB, we performed in vitro kinase assay in
the presence of [y->?P]-ATP using synthetic ICD peptide as
a substrate. TrkB WT or KD was stimulated with BDNF in
the presence or absence of its inhibitor K252a. The active
TrkB WT but not KD strongly phosphorylated APP ICD
WT, which was completely abrogated with Y687F mutant.

Moreover, suppression of TrkB with K252a inhibitor also
robustly blunted APP ICD phosphorylation by TrkB WT.
TrkB activation was validated by immunoblotting with its
autophosphorylation p-Y816 antibody (Fig. 2b). Next, we
generated p-APP Y687 rabbit polyclonal antibody, and the
specificity of this antibody was confirmed with immuno-
histochemistry staining (IHC) on mouse forebrain cortex.
Prominent p-APP signals were identified by anti-p-Y687
that was selectively blocked by the antigen peptide but not
the scrambled peptide (Fig. S1A), suggesting that anti-p-
APP Y687 specifically recognizes Y687 phosphorylated
APP. The specificity of this antibody was further validated
on primary neuronal cultures. As a result, BDNF clearly
provoked stronger p-APP Y687 signals than vehicle con-
trol, and both APP and p-APP Y687 preferentially dis-
tributed in the GGA3 (biomarker for the trans-Golgi
network, TGN) versus EEA1 (biomarker for the early
endosomes) positive cellular organelles. Anti-p-Y687 and
anti-APP spatial distribution tightly coupled with each other
(Fig. S1B & C), supporting that p-Y687 antibody selec-
tively recognizes APP in neurons treated with BDNF.

To further assess whether TrkB phosphorylates APP in
intact cells, we cotransfected GST-APP WT or Y687F
mutant with YFP-tagged TrkB WT or KD plasmid into
HEK 293 cells, followed by BDNF stimulation. Immuno-
blotting revealed that basal p-APP Y687 activities were
found in the cells cotransfected with TrkB WT and APP
WT. As expected, p-Y687 activities were strongly aug-
mented upon BDNF stimulation, which were mitigated in
the presence of either APP Y687F or TrkB KD mutant
regardless of BDNF treatment. Again, p-TrkB Y816 auto-
phosphorylation was strongly increased by BDNF, which
was totally blunted with TrkB KD (Fig. 2c). Next, we
extended our interrogation in vivo and found that deletion
of BDNF or TrkB from BDNF f/f mice or TrkB f/f mice
completely eradicated p-APP Y687 activities in the mouse
brains (Fig. 2d), supporting that BDNF/TrkB signaling is
essential for phosphorylation of APP Y687. Since BDNF/
TrkB level are reduced in AD patient brains, accordingly,
we assessed p-APP Y687 activities on both control and AD
patient brain sections. IF costaining showed demonstrable
p-Y687 and prominent TrkB signals in control brains,
which were evidently attenuated in AD brains (Fig. 2e),
indicating that reduced TrkB neurotrophic signaling in AD
is unable to trigger APP Y687 phosphorylation.

APP intracellular trafficking and TGN distribution
are regulated by TrkB tyrosine kinase

APP trafficking is regulated by its phosphorylation status.
To test whether BDNF/TrkB signaling and tyrosine phos-
phorylation on APP mediates its internalization and sub-
cellular organelle distribution, we conducted p-APP Y687
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trafficking assay in primary neurons at 4 °C and 37 °C. Anti-
APP N-terminal antibody was added into the culture med-
ium to label the extracellular APP on the plasma membrane.
If the cultures were kept on ice, internalization did not occur
and APP and TrkB costaining was only observed on the cell
surface, and APP was barely phosphorylated on Y687.
Trivial APP was found in the GGA3 or EEAIl positive
organelles (Fig. 3a, upper panels). After BDNF was intro-
duced and the neurons were switched to 37 °C incubator for
1h, both APP and TrkB surface distribution was
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conspicuously reduced and p-Y687 signal was elevated.
Notably, p-Y687 and APP were both mainly enriched in the
TGN, marked with anti-GGA3. They were scarcely resided
in the early endosomes (Fig. 3a, lower panels). In contrast,
in the presence of PBS control, APP Y687 was barely
phosphorylated, though TrkB and APP tightly colocalized
in the neurons, and distributed in neither EEA1 or GGA3
positive organelles (Fig. S2A). Thus, TrkB receptor phos-
phorylates APP on Y687 residue and triggers its inter-
nalization induced by BDNF, accumulating in the TGN. To
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Fig. 2 TrkB phosphorylates APP on Y687 residue. a APP is
phosphorylated by TrkB tyrosine kinase. SH-SYS5Y cells were
cotransfected with YFP-TrkB Wild-type (WT) or Kinase-dead (KD)
mutant in the presence of GST-APP, stimulated with or without BDNF
(50 ng/ml) for 30 min, GST pulled down complex were monitored by
immunoblotting with YFP and p-Tyrosine antibodies. b APP Y*¥7 is
phosphorylated by TrkB receptors. YFP-TrkB WT and KD plasmids
were transfected in SH-SYSY cells and pretreated with/without K252a
(TrkB inhibitor, 100 nM) for 15 min, followed by BDNF (TrkB acti-
vator, 50 ng/ml) for 30 min. TrkB were pulled down by IP and incu-
bated with Peptide Y7 or Peptide F®*7 in a tube with *P-ATP for 30
min. The 96-well filter plates with negatively charged phosphocellu-
lose were used for the protein kinase assays, the results were shown by
autoradiography (upper panel). Quantification of radioactivity on the
peptide substrates, data represents mean +SEM (n =3, **p<0.01,
two-way ANOVA and Bonferroni’s post hoc test). (Lower left).
Effects of BDNF, K252a and purified TrkB were verified by WB
(Lower right). ¢ APP pY687 is verified by its specific antibody. GST-
tagged APP WT or Y687F plasmids were cotransfected with YFP-
tagged TrkB WT or KD into SH-SYSY cells, which were treated with
BDNF (50 ng/ml) for 30 min. 48 h later, cells were harvested for WB.
d APP pY687 is verified by TrkB/BDNF fI/fl cre mice. Age-matched
TrkB fI/fl mice and BDNF fI/fl mice were injected with cre virus, the
brain lysates were used for verifying the specificity of anti-APP pY687
antibody by WB. e APP pY687 is reduced in AD patient hippo-
campus. Immunofluorescent costaining with anti-APP pY687 (Green)
and anti-TrkB (Red) were conducted with human brain sections from
healthy controls or AD patients. The nuclei were stained with DAPI
(Scale bar: 50 pm).

further examine whether TrkB phosphorylation of APP
Y687 mediates its TGN residency, we cotransfected GFP-
TrkB WT or KD mutant construct with GST-tagged APP
WT or Y687F mutant into neuronal cell line SH-SYS5SY,
followed by BDNF treatment. As compared with vehicle
control, BDNF strongly elicited GST-APP WT but not
Y687F mutant to colocalize with GGA3 but not EEAI in
the presence of TrkB WT, and this effect was repressed in
the presence of TrkB KD or APP Y687F mutant (Figs. 3b,
S2B). Hence, these findings suggest that BDNF activates
TrkB receptors that subsequently phosphorylate APP Y687,
and p-APP Y687 is preferentially enriched in the GGA3-
positive TGN in primary neurons, for which TrkB tyrosine
kinase activity is indispensable.

TrkB receptor is cleaved by 8-secretase at N365 and
N486/489 sites

We have reported that AEP (asparagine endopeptidase,
gene name LGMN) acts as O-secretase, cleaving numerous
effectors implicated in AD, including APP, Tau, and
SRPK2 etc [24, 25, 29]. Since BDNF/TrkB neurotrophic
signaling is involved in AD pathologies, we wondered
whether d-secretase might shred TrkB receptors as well. To
figure out this possibility, we conducted an in vitro cleavage
assay with GST-TrkB with WT or LGMN /'~ brain lysates,
prepared under pH 7.4 or 6.0, respectively. Immunoblotting
showed that GST-TrkB was potently cleaved by active &-

secretase under pH 6.0 but not 7.4. The proteolytic frag-
mentation of TrkB was inhibited in LGMN -/- samples
regardless of pH 7.4 or 6.0, indicating that TrkB receptors
were strongly cleaved by d-secretase under acidic pH 6.0
(Fig. 4a). To validate that this event was directly executed
by &-secretase, we employed enzymatic-dead C189S mutant
or uncleavable mutant N323A (autocleavage of d-secretase
at N323 is required for its activation). As compared with
WT &-secretase, neither C189S nor N323A mutant was able
to cut TrkB (Fig. 4b). Moreover, antagonizing &-secretase
with its peptide inhibitor AENK but not the control peptide
AEQK strongly blockaded TrkB cleavage (Fig. 4c). Fur-
thermore, d-secretase antibody but not control IgG dose-
dependently blunted TrkB fragmentation, supporting that
TrkB proteolytic truncation is specifically conducted by
active d-secretase (Fig. 4d). Endogenous TrkB receptors
were also selectively cut in WT but not LGMN '~ mouse
brains, lysed in buffer of pH 6.0 but not 7.4 (Fig. 4e),
underscoring that d-secretase is activated under acidic
samples and subsequently cleaves TrkB receptors.

To identify the cutting sites on TrkB receptors by o-
secretase, we conducted proteomic analysis to map the
potential cutting sites with truncated samples. LC/MS ana-
lysis showed that human TrkB N486 and N489 were pos-
sible cleavage sites (Fig. 4f). Accordingly, we generated
numerous human TrkB point mutants with N into A. As
expected, N486A or N489A mutation alone decreased TrkB
cleavage but they did not completely block its cleavage at
90 kDa, and N486A/N489A double mutation completely
inhibited this fragment production. Surprisingly, N365A
mutation strongly inhibited 60kDa truncate production,
though N365 site was not identified in proteomic analysis
(Fig. 4g). Presumably, its concentration was not abundant
enough to reach the detection threshold by LC/MS/MS.
Hence, TrkB receptors can be cleaved in vitro by &-
secretase at N365, N486, and N489 sites. TrkB cleavage
assay demonstrated that ~90kDa band was the most
abundant, indicating that N486/N489 location might be the
major cutting site on TrkB. Correspondingly, we prepared
its rabbit polyclonal antibody. The specificity of this anti-
body was validated by immunoblotting with samples con-
taining purified GST-TrkB protein cleaved by recombinant
&-secretase. TrkB N486 but not FL TrkB was selectively
recognized by this antibody (Fig. S3A). Next, the mouse
brains were lysed under pH 7.4 or 6.0, and the endogenous
TrkB receptors were selectively cleaved under pH 6.0. The
truncated fragments were specifically recognized by rabbit
polyclonal anti-N486 and C487 antibodies, respectively,
whereas TrkB FL was not recognized by these antibodies,
underscoring the specificity of the antibodies (Fig. S3B).
We extended our studies into WT and LGMN/~ mice
primary neurons, treated with 20 pM A fibrils, and found
that AP stimulated d-secretase expression and subsequent
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TrkB fragmentation, which was recognized by anti-TrkB
N486 antibody in WT but not LGMN-null neurons, sup-
porting that AP-activated d-secretase strongly cuts TrkB at
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N486 site (Fig. S3C). The antibodies’ specificity was further
validated by pre-incubation with various peptides. Antigen
peptides completely abolished the IHC staining signals of
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Fig. 3 APP Y687 phosphorylation by TrkB receptor regulates
APP TGN residency. a BDNF regulates APP Y687 phosphorylation
and intracellular trafficking. Rat primary neurons (DIV. 14) were
incubated with APP N terminal antibody (3 pg/ml) at 4 °C for 30 min,
and then were treated with BDNF (50 ng/ml) at 37 °C for 1 h. Neurons
were fixed and permeabilized, then were incubated with cell organelle
markers and APP pY687 antibodies. After incubated with 3 secondary
antibodies conjugated with Alexa Fluor ™-488, Alexa Fluor™-594, or
CyS5 for 1h respectively, neurons were analyzed under a confocal
microscope. EEA1 marked the early endosome, GGA3 marked trans-
Golgi network (TGN). The nuclei were stained with DAPI. Arrows
indicate the merged part, respectively (Scale bar: 20 um.). b Phos-
phorylation of APP Y687 mediates its TGN residency. SH-SYSY cells
were cotransfected with TrkB WT or KD construct in the presence of
APP WT or Y687F mutant, then treated with or without BDNF (50 ng/
ml) at 37 °C for 30 min. Cells were fixed and permeabilized, then
incubated with anti-GFP, anti-GST anti-GGA3. After incubated with
3 secondary antibodies conjugated with Alexa Fluor™-488, Alexa
Fluor™-594, or Cy5 for 1 h respectively. Cells were analyzed under a
confocal microscope. Arrows indicate the merged part (Scale bar: 20

um).

both anti-N486 and anti-C487, whereas the scramble non-
specific peptide failed (Fig. S3D), supporting that both
antibodies are specific in recognizing fragmented TrkB
receptors cutting at N486 and consequent C487 truncate.
Notably, employing the specific antibodies, we found that
both TrkB N486 and C487 activities were augmented, albeit
TrkB levels were reduced, in AD brains as compared with
control brains (Fig. S3E).

To explore whether d-secretase also cleaves TrkA or
TrkC receptors, we performed the similar in vitro cleavage
assay. However, only TrkB but not TrkA or TrkC was
selectively cut by &-secretase (Fig. S4A). We also extended
our assay into AD mouse model and found that knockout of
d-secretase abolished TrkB fragmentation in 5XFAD mouse
brain (Fig. S4B). Our previous study shows that d-secretase
is selectively activated in AD brains but not control brains
[25]. As expected, immunoblotting with AD and control
brains validated that TrkB receptors were proteolytically
cleaved in AD but not control brains (Fig. S4C). IF cost-
aining also supported this observation, as O-secretase was
highly augmented in AD brain, colocalized with TrkB
receptors (Fig. S4D).

TrkB receptor is cleaved by active §-secretase in AD
brains

To further explore these biochemical events, we prepared
human neurons, induced from healthy control or AD
patients’ iPSCs. Immunoblotting revealed that TrkB FL was
substantially reduced in AD neurons as compared with
control neurons, accompanied with escalated 60 kDa TrkB
fragment, which was specifically recognized by TrkB N486
antibody. These findings suggest that TrkB receptor was
strongly cleaved at N486 site, yielding a 60kDa band.

Interestingly, p-TrkB Y816 signals were evidently
decreased in AD neurons versus control neurons. In align-
ment with these findings, 5-secretase was strongly cleaved
in the active form, fitting with its reduced p-T322 activities
by Akt. Fitting with TrkB cleavage in AD samples, TrkB
receptor lost its tyrosine kinase activity in phosphorylating
APP Y687. The unphosphorylated APP was strongly
cleaved by active &-secretase at APP N585 site. In align-
ment with our previous report, SRPK2 was activated and
phosphorylated in AD brains, leading to robust phosphor-
ylation of S226 on &-secretase (Fig. 5a). To examine the
TrkB proteolytic effect in-depth in AD brains, we con-
ducted IF costaining with 3 antibodies. Compared to control
brain, 8-secretase was evidently elevated in AD brains and
colocalized with APP, which strongly coupled with anti-
N486 and anti-C487 signals in AD brain sections that were
not detectable in control brains. Moreover, 8-secretase also
colocalized with truncated TrkB N486 or C487 fragments
but not TrkB FL in AD brains (Fig. 5b). Since BDNF is
reduced in AD brains, we assessed whether BDNF depri-
vation could recapitulate these biochemical effects in pri-
mary neuronal cultures. Immunoblotting revealed that anti-
BDNF completely antagonized p-TrkB Y816 signals,
associated with prominent O-secretase activation. Conse-
quently, TrkB N486 was intensely cleaved, so were other
well-characterized §-secretase substrates including APP
N585, Tau N368. It was worth noting that SAPPf from
BACEl was also robustly elevated, when BDNF was
neutralized by its specific antibody (Fig. 5c). In alignment
with these findings, d-secretase was significantly activated
upon BDNF deprivation (Fig. 5d). Quantitative analysis
showed that both AB40 and 42 levels were augmented when
BDNF was antagonized (Fig. 5e). Hence, TrkB receptors
are predominantly cleaved at N486 site by O-secretase in
AD.

Delta-secretase is physiologically sequestered in the
endo-lysosomes, and it is activated only under acidosis. We
have reported that SRPK?2 phosphorylates 5-secretase S226
and elicits its cytoplasmic translocation and activation [30].
To explore whether this post-translational modification
alters d-secretase enzymatic activation profile under differ-
ent pH values, we transfected GST-0-secretase WT or
S$226D mutant (phosphorylation mimetic) or cotransfected
O-secretase WT or unphosphorylate S226A mutant with
SRPK?2. Immunoblotting revealed that GST-5-secretase was
phosphorylated on S226 by SRPK2 (Fig. S5A). The
cotransfected cells were lysed under different pH buffers,
and O-secretase enzymatic assay showed that its activities
gradually declined as the pH values progressively escalated,
and minimalized at pH 7.0. Strikingly, phosphorylation
mimetic S226D mutant or d-secretase WT cotransfected
with SRPK?2 exhibited significantly higher enzymatic
activity at pH 7.5 than other conditions (Fig. S5B & C),
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suggesting that p-S226 modification maintains d-secretase
activity even at pH 7.5. Quantitative analysis demonstrated
that §-secretase S226D revealed higher enzymatic activity
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than WT counterpart, and WT displayed higher activities
than S226A in the presence of SRPK2 under both pH 7.4
and 6.0, though the former were weaker than the latter
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<« Fig. 4 TrkB is truncated by &-secretase at N365 and N486/

489 sites. a TrkB cleaved by d-secretase. Western blot showed the
cleavage of GST-TrkB, GST-TrkB were purified by GST pulldown
from transfected HEK293 cell lysates, then TrkB were incubated with
brain lysates from Lgmn** or Lgmn™~ mice at pH 7.4 or pH 6.0,
respectively. b Western blot showed TrkB was cleaved by WT but not
enzymatic-dead or N323A mutated AEP constructs. ¢ AEP peptide
inhibitor blocks TrkB cleavage by &-secretase. Western blot showed
the competition effect of AENK and AEQK on TrkB cleavage.
d Antibody titration assay showed TrkB cleaved by &-secretase.
Mouse IgG was used as negative control. AEP antibody dose-
dependently neutralized TrkB cleavage in the lysates. e Western blot
showed the cleavage of endogenous TrkB by &-secretase in mouse
brains. f Mass spectrometry analysis of recombinant TrkB fragmented
by d-secretase. The detected tandem mass spectrometry peptide spectra
were listed. g Cleavage of purified human TrkB by recombinant
d-secretase (rAEP). TrkB cleavage was analyzed by Western blot after
purified TrkB WT or mutants were incubated with rAEP. Western blot
data are representative of three independent experiments.

(Fig. S5D & E). To assess the potential subcellular locations
where active d-secretase cleaves TrkB receptor in primary
neurons, we conducted IF costaining with TrkB and
d-secretase in the presence of LE-28, a fluorescent dye that
lights up upon active 8-secretase cleavage of the conjugated
peptide [31]. Consequently, primary neurons were treated
with AP to trigger d-secretase activation, followed by IF
costaining analysis. Active d-secretase, as validated by
fluorescent LE-28, colocalized with TrkB receptor in pri-
mary neurons, and cleaved TrkB N486 fragment was con-
firmed by the costaining with the cleavage specific antibody
(Fig. S5F-I). Hence, these data support that d-secretase
predominantly cleaves TrkB receptors at N486 site.

To further assess the role of BDNF/TtkB signaling in
APP and &-secretase crosstalk, we conducted IF costaining
assay. Under basal control in primary neurons, endogenous
d-secretase was colocalized with APP, justifying that their
enzyme/substrate relationship. Nevertheless, endogenous d-
secretase was clearly reduced and p-APP Y687 robustly
elevated upon BDNF treatment. Markedly, &-secretase was
segregated from APP and p-APP (Fig. S6A). To explore the
subcellular location where TrkB and APP were proteolyti-
cally cleaved by active O-secretase, we conducted sub-
cellular fractionation with 9-month old WT mouse brains or
5xFAD brains. Immunoblotting showed that &-secretase
mainly distributed in WT brain from fraction #6-11,
cofractionated with LAMP1 positive lysosomes, and the
majority of active d-secretase localized in fraction #9 and
#11. Interestingly, TrkB FL was allocated in two parts from
fraction #5-7 and #10-13; and truncated TrkB N486 was
allotted from fraction #9-11, cofractionated with active 6-
secretase. Notably, p-APP Y687 and APP principally resi-
ded in fraction #4-6, cofractionated with GGA3 and
EEAland LAMPI positive organelles. By contrast, d-
secretase expression levels were highly escalated and dis-
tinctly activated in S5XFAD brains. They were allocated from

fraction #3-13 with the active fragments enriched from
fraction #3-5 and #9-13. Strikingly, TrkB FL were palpably
decreased and condensed in fraction from #6-10, whereas
TrkB N486 fragments were dispersed in fraction #5 and
fraction #9-12. Strikingly, p-APP Y687 was barely detect-
able, though APP levels were increased in 5XFAD mouse
brains (Fig. S6B). To investigate the biological functions of
TrkB fragments, we infected AAV virus expressing GFP-
tagged TrkB truncates into primary neurons and treated the
cells with PBS or BDNF. Immunoblotting showed that p-
Y816 signal on endogenous TrkB receptor was totally
inhibited by GFP-TrkB N486 regardless of BDNF or PBS
treatment, whereas p-TrkB Y816 activities remained com-
parable in other groups. The downstream p-Akt S473
oscillated with the upstream p-TrkB activities (Fig. S6C).
To further explore the fragments’ biochemical effects, we
purified GST-tagged recombinant proteins and introduced
them into primary neuronal cultures. IF costaining showed
that GST-TrkB N486 truncate but not other fragments
strongly induced TUNEL-positive neuronal apoptosis (Fig.
S6D & E). Quantification assays of abnormal neuronal
morphology and apoptosis demonstrated that inhibition of
BDNF signaling by TrkB N486 truncate potently elicited
neurotoxicity and neuronal cell death (Fig. SOF).

Delta-secretase-uncleavable TrkB N486/489 A
attenuates AD pathologies in 5XxFAD mice

TrkB receptors are potently cleaved in both 5xFAD and
human AD patient brains, attenuating neurotrophic activ-
ities. To investigate the in vivo effects of blocking TrkB
fragmentation by O-secretase, we injected AAV virus
expressing GFP-tagged TrkB WT or &-secretase-
uncleavable TrkB N486/489 A mutant into the hippo-
campus of 2 months old 5XFAD mice. In 4 months, we
analyzed the expression of infected constructs and found
that exogenously administrated TrkB was potently expres-
sed and TrkB N486 was robustly cleaved in control virus
injected brains, whereas this fragment was barely detectable
in TrkB WT or N486/489 A mutant overexpressed brains.
TrkB N486 fragmentation pattern correlated with &-
secretase activation. In alignment with the upstream
robust p-TrkB Y816 activities, p-APP Y687 was the
strongest in TrkB N486/489 A samples, followed by TrkB
WT brains, but it was not demonstrable in control brains.
Consequently, 5-secretase-cleaved APP N585 levels and f3-
secretase-cleaved sAPPf levels were inversely coupled with
p-APP Y687 signals (Fig. 6a). Thus, protection of TrkB
from O-secretase cleavage elevates TrkB activation, result-
ing in potent p-APP Y687 activities and prevention of APP
N585 and sAPPp proteolytic truncation. Quantitative ana-
lysis showed that O-secretase enzymatic activities were
decreased in TrkB WT and N486/489 A mutant samples as
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compared with control with the latter significantly lower
than the former. In accord with APP N585 fragmentation
concentrations

activities, both AP40 and 42
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substantially reduced in the brains expressing TrkB WT and
N486/489 A mutant (Fig. 6b). IHC and Thioflavin S (ThS)

were  costaining revealed a large number of aggregated AP
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<« Fig. 5 TrkB receptors are cleaved by §-secretase in AD brains,

abolishing APP Y687 phosphorylation. a TrkB and APP are cleaved
by active d-secretase in AD human neurons. The human iPSC-derived
neurons from healthy control and AD patients were harvested for the
WB and detected with various indicated antibodies. b Truncated TrkB
1-486 and 487-822 fragments are increased in AD patient hippo-
campus. Immunofluorescent costaining with anti-TrkB (Gray), APP
(Red), and AEP (Green) were conducted with human brain sections
from healthy control or AD patient. The nuclei were stained with
DAPI. Arrows indicate the merged part (Scale bar: 50 um.). ¢ Depri-
vation of BDNF increases cleavage of TrkB by &-secretase. Immu-
noblotting were conducted from rat primary neurons after incubation
with anti-BDNF or anti-IgG antibodies. Data are representative of
three independent experiments. d BDNF deprivation increases AEP
enzymatic activity. The same samples come from C were used to
perform the AEP activity assay. Data represent mean + SEM (n =3,
**p <0.01, unpaired ¢ test with Welch’s correction). e BDNF depri-
vation stimulates AP production. Quantification of Ap40 and AP42
levels by ELISA represents mean + SEM (n = 3, **p < 0.01, unpaired ¢
test with Welch’s correction).

plaques that were greatly diminished in TrkB WT and
N486/489 A mutant brain sections (Fig. 6¢). The dendritic
spines showed in Golgi staining were increased most in
N486/489 A mutant expressing brains, followed by TrkB
WT, as compared with control (Fig. 6d). Electron micro-
scopy (EM) analysis demonstrated that the synapses were
enhanced in the similar pattern to that of dendritic spines
(Fig. STA & B). These findings support that overexpression
of d-secretase-uncleavable TrkB N486/489 A considerably
escalates the synaptic plasticity. Morris Water Maze
(MWM) cognitive behavioral assays supported the latency
was significantly reduced in TrkB WT and N486/489 A
mutant expressed mice as compared with control SxXFAD
mice in the learning trials. After the submerged platform
was removed, TrkB N486/489 A mice spent most of time in
the target quadrant, followed by TrkB WT mice, compared
with control mice in the memory test (Fig. 6e). The swim
speed and AUC latency remained comparable among the
groups, indicating that the motor functions for these mice
were similar (Fig. S7C). Fear conditioning test revealed that
TrkB N486/489 A mice displayed the best memory, fol-
lowed by TrkB WT, as compared with control mice in both
Contexual fear freezing and cued fear freezing assays
(Fig. 6f). Hence, these findings support that blockade of
TrkB from &-secretase cleavage strongly mitigates APP
cleavage and reduces AP production and aggregation,
leading to restoration of cognitive functions.

Delta-secretase-truncated TrkB fragment facilitates
AD pathologies in APP/PS1 mice

The above biochemical studies demonstrate that TrkB N-
terminal 1-486 fragment from O-secretase cleavage blocks
BDNF signaling and induces neuronal cell death. To dig out
the pathological role of this event in vivo, we employed

APP/PS1 mice that display AD pathologies and cognitive
dysfunction at age of 12 months or older. We injected AAV
virus expressing GFP-tagged TrkB 1-486 or FL into the
hippocampus of 2 months old APP/PS1 mice, and con-
ducted immunoblotting assay 4 months later. TrkB WT and
1-486 fragment were highly expressed in the brains. Inter-
estingly, TrkB WT mice exhibited higher p-TrkB 816 sig-
nals than control mice, which were completely blunted by
1-486 truncate. Fitting with these findings, p-APP Y687
was greatly elevated in TrkB WT brains. Noticeably, d-
secretase cleavage and activation were stronger in 1-486
brains than control; in contrast, d-secretase cleavage/acti-
vation was evidently suppressed in TrkB WT brains. In
consequence, APP N585 fragmentation and [-secretase-
cleaved sAPPp levels correlated with 8-secretase activation
status, which were inversely coupled with p-APP
Y687 signals (Fig. 7a). Quantitative assays showed that -
secretase enzymatic activities were highly augmented in 1-
486 brains and significantly repressed in TrkB WT brain as
compared with the control. AB40 and 42 concentrations
exhibited the similar pattern (Fig. 7b). IHC and ThS cost-
aining showed that AP signals and ThS positive plaques
were abundantly increased in TrkB 1-486 expressed APP/
PS1 brains, which were attenuated in TrkB WT brains as
compared with control (Fig. 7c¢). In alignment with these
amyloid pathologies, Golgi staining and EM analysis
demonstrated that the dendritic spines and synapses were
more copious in TrkB WT brains than controls, whereas the
1-486 brains exhibited the fewest (Figs. 7d; S8A & B).
MWM cognitive tests revealed that TrkB WT mice revealed
significantly better learning and memory capabilities than
control mice, while 1-486 mice displayed the poorest per-
formance (Fig. 7e), though these rodents exhibited com-
parable swim speeds and escape latency, indicating their
locomotive functions remain intact (Fig. S8C). Fear con-
ditioning tests demonstrated the same learning and memory
manner as MWM cognitive behaviors (Fig. 7f). Therefore,
TrkB 1-486 overexpression antagonizes BDNF/TrkB neu-
rotrophic signaling and activates d-secretase, resulting in p-
APP Y687 attenuation and APP N585 fragmentation aug-
mentation, which in turn accelerate amyloid pathologies and
cognitive disorders in APP/PS1 mice.

Discussion

In this study, we show that TrkB robustly binds to APP and
subsequently phosphorylates Y687 residue, which regulates
its TGN residency and diminishes the proteolytic cleavage,
leading to attenuation of AP production. Currently, it
remains unclear whether other kinases besides TrkB could
also phosphorylate APP Y687. Remarkably, &-secretase
cleaves TrkB receptor on both extracellular domain and

SPRINGER NATURE
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ICD at N365 and N486/489 sites, respectively, abolishing
BDNF/TrkB neurotrophic signaling. Recently, we have
reported that O-secretase cuts APP on the extracellular
domain at N373 and N585 residues, yielding a better sub-
strate (APP 586-695, C110 fragment) to allow BACEI to
produce AP more efficiently. We show that d-secretase
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distributes in the endo-lysosomes, cofractionated with APP
in AD brains, truncating the endocytosed APP in the acidic
endo-lysosomal organelles [24]. Here we show that TrkB
receptors are evidently reduced in 5xXFAD mouse brains as
compared with WT mice, and active d-secretase cofractio-
nated with truncated TrkB N486. Noticeably, p-APP Y687
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<« Fig. 6 §-secretase-resistant TrkB N486/489 A mutant attenuates

AD pathologies in SXFAD mice. a Uncleavable TrkB N486/489 A
inhibits &-secretase activation. Western blot analysis of TrkB, APP, &-
secretase cleavage in 6-month old 5XxXFAD mice CAl infected with
lentivirus expressing TrkB FL or §-secretase-uncleavable TrkB mutant
(N486/489 A) for 3 months. Blocking of TrkB cleavage by &-secretase
reduced &-secretase itself cleavage. b Uncleavable TrkB N486/489 A
decrease AEP activity and AP production. d-secretase activity was
decreased in uncleavable TrkB-expressed SXFAD mice. Data repre-
sent mean + SEM. (n =4, **p <0.01, compared with control, one-way
ANOVA and Bonferroni’s multiple comparison test). Ap level was
decreased in TrkB N486/489A-expressed SXFAD mice. Quantifica-
tion of AP40 and AP42 levels by ELISA represents mean + SEM (n =
4, *p<0.05, **p<0.01, compared with control, one-way ANOVA
and Bonferroni’s multiple comparison test). ¢ Af plaques in the hip-
pocampus were decreased with overexpression of TrkB N486/489 A.
Immunohistochemistry (IHC) staining of AP (left) and Thioflavin S
staining (right) showed the Af plaques in the hippocampus (Scale bar:
100 pm), arrows showed the AP plaques. Quantification of Af plaques
showed amyloid plaques were decreased in TrkB N486/489A-
expressed SXFAD mice. (mean + SEM; n =35, **p <0.01, compared
with control, one-way ANOVA and Bonferroni’s multiple comparison
test). d Blocking TrkB cleavage by d-secretase rescues the loss of
dendritic spine density. Left, Golgi staining was conducted on brain
sections from TrkB WT or N486/489 A expressed apical dendritic
layer of the CA1 region (Scale bar: 10 um). Right, quantification of
spine density and mushroom type spins density, represents mean =+
SEM of 9-12 sections from 5 mice in each group. (*p <0.05, **p <
0.01, compared with control, one-way ANOVA and Bonferroni’s
multiple comparison test). e Morris Water Maze analysis of cognitive
functions. Uncleavable TrkB expression in the CAl reversed the
learning and memory dysfunctions in 5XFAD mice (mean + SEM.; n
=8 mice per group; *p <0.05, **p <0.01, compared with control,
one-way ANOVA and Bonferroni’s multiple comparison test). f Fear
condition tests. Contextual and cued fear memory was rescued in
uncleavable TrkB expressed mice (mean+SEM; n=8 mice per
group; **p<0.01, compared with control, one-way ANOVA and
Bonferroni’s multiple comparison test).

activities were prominent in WT mouse brains, but they
were barely detectable in age-matched SxFAD mice (Fig.
S6B), fitting with impaired BDNF/TrkB signaling in
AD brain.

The &-secretase enzymatic activity is pH-dependent and
mediated by acidosis [32]. To explore whether cytosolic
leaked &-secretase is still active and cutting its substrates,
we have examined its enzymatic activity in primary neurons
treated with AP, with a specific fluorescent dye LE-28 that
lights up upon cleavage by active &-secretase [31] (Fig.
SS5F-I). This finding suggests that d-secretase is still enzy-
matically active even outside of the acidic endo-lysosome
organelles. We validated that 3-secretase actively cleaved
TrkB receptors in primary neurons, colocalizing with trun-
cated TrkB N486 (Fig. S5H). On the other hand, it could
also shred TrkB receptors at N365, after they are endocy-
tosed in the endo-lysosomes, as revealed in the cofractio-
nation from the AD brains (Fig. S6B). We have previously
reported that SRPK2 and Akt phosphorylate 8-secretase on
S226 and T322 residues, respectively, and regulate its
subcellular residency and enzymatic activities [26, 30].

SRPK?2 phosphorylation of S226 on d-secretase elicits its
cytoplasmic translocation from the lysosomes, and active d-
secretase may cleave TrkB N486/489 residues on the
intracellular domain, abrogating BDNF neurotrophic sig-
naling. Surprisingly, SRPK2-phosphorylated §-secretase is
active even under neutral pH 7.5 (Fig. S5). This observation
is in alignment with our previous findings. For instance, we
have previously reported O&-secretase’s numerous cyto-
plasmic substrates including Tau, o-Syn and SRPK2
[24, 25, 33]. Furthermore, d-secretase is a secreted protease
[34] and it also colocalizes with TrkB receptors in primary
neurons and AD brains (Figs. S5 & S6). Conceivably, d-
secretase might cut both N365 site on TrkB receptor and
N373 and N585 sites on APP extracellularly after secretion.
Our previous studies with O-secretase inhibitor show that
compound 11 is orally bioactive and exhibits negligible
toxicities after chronic oral administration [33]. Imaginably,
d-secretase inhibitors may possess tremendous therapeutic
potential for treating AD. They not only directly block APP
and Tau fragmentation and display the disease-modifying
effects but also protect BDNF/TrkB neurotrophic activities
via inhibiting TrkB truncation from active d-secretase. The
latter will subsequently result in promoting neuronal sur-
vival and augmentation of synaptic plasticity.

The intracellular region of APP harbors eight putative
phosphorylation sites and is functionally important. Of
these, seven (Y653, S655, T668, S675, Y682, T686, and
Y687) are phosphorylated in the brains of AD patients [35].
Numerous proteins bind this region of APP and regulate its
proteolytic processing and functions [36]. Most interactions
involve the YENPTY sequence (amino acids 682—687) on
APP. For example, APP Y682 phosphorylation mediates
development [37] and APP processing [38]. Furthermore,
some proteins interact with APP is dependent on p-Y682
status [39, 40]. However, we found that the interaction
between TrkB and APP is independent of APP tyrosine
phosphorylation, as both WT or kinase-dead TrkB display
comparable binding activities toward APP regardless of
BDNF treatment, though the APP p-Y signals are strongly
escalated upon BDNF treatment (Fig. 2a). These observa-
tions suggest that BDNF strongly stimulates TrkB to
phosphorylate APP Y687. It remains elusive whether the
association of TrkB with APP detected by co-IP is indirect
or direct. However, the finding that TrkB can directly
phosphorylate APP in vitro and in vivo (Fig. 2), supporting
that their association might be direct.

Previous reports show that overexpression of the TrkA
triggers phosphorylation of APP on Y682 and alters its
processing, suggesting that tyrosine phosphorylation of
APP may functionally link APP processing and neuro-
trophic signaling to intracellular pathways associated with
cellular differentiation and survival [41]. In alignment with
these results, we find that p-APP Y687 by TrkB tyrosine
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kinase strongly represses APP proteolytic processing,
resulting in AP production reduction. Accordingly, when
TrkB receptors are shredded in AD brains by active -
secretase, p-APP Y687 signals are evidently mitigated
(Fig. 5), which is tightly correlated with escalated APP
N585 cleavage by d-secretase and augmented A produc-
tion in AD brains (Figs. 6 & 7). Employing viral adminis-
tration to express O-secretase-uncleavable TrkB N486/489
A in acute SXFAD model, we provide the loss-of-function
evidence that blockade of TrkB proteolytic cleavage by d-
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secretase elevates p-APP Y687 and p-TrkB Y816 and
represses O-secretase activation, leading to inhibition of
APP cleavage and A production. Compared with control
or TrkB WT overexpressed SXFAD mice, TrkB N486/489
A significantly alleviates AD pathologies and restores
cognitive functions (Figs. 6 & S7). While reduction of A is
one potential contributor to these effects, increased TrkB
activity could also be contributing to these effects through
non-Af mechanisms. For example, BDNF stimulation
increases synaptic spine density by the mechanisms
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Fig. 7 TrkB 1-486 fragment from §-secretase cleavage accelerates
AD pathologies in APP/PS1 mice. a TrkB 1-486 expression induces
d-secretase activation and APP cleavage. Western blot analysis of
TrkB, APP and AEP cleavage by §-secretase in 6-month old APP/PS1
mice CAl infected with lentivirus expressing TrkB WT or fragment
for 3 months. &-secretase-cleaved TrkB fragment stimulated &-
secretase cleavage in the brains. b AEP enzymatic and A ELISA
assays. O-secretase activity was increased in TrkB 1-486-expressed
APP/PS1 mice CAl. Truncated TrkB escalated &-secretase activities.
Data represent mean+ SEM of 4 mice in each group (¥*p<0.01,
compared with control, one-way ANOVA and Bonferroni’s multiple
comparison test). Truncated TrkB escalated Ap level. Quantification of
AP40 and AP42 levels by ELISA represents mean + SEM (n =4, *p <
0.05, **p<0.01, compared with control, one-way ANOVA and
Bonferroni’s multiple comparison test). ¢ Immunohistochemistry
(IHC) staining of Ap (left) and Thioflavin S staining (right) showed the
AP plaques in the hippocampus (Scale bar: 100 pm.), arrows showed
the Ap plaques. Quantification of AP plaques showed amyloid plaques
were increased in TrkB 1-486-expressed APP/PS1 mice. (mean=+
SEM; n=35, **p<0.01, compared with control, one-way ANOVA
and Bonferroni’s multiple comparison test). d TrkB cleavage by &-
secretase decreases the dendritic spine density. Left, Golgi staining
was conducted on brain sections from TrkB WT or 1-486 expressed
apical dendritic layer of the CAl region (Scale bar: 10 um). Right,
quantification of spine density and mushroom type spins density,
represents mean + SEM of 9-12 sections from 5 mice in each group.
(*p<0.05, **p <0.01, compared with control, one-way ANOVA and
Bonferroni’s multiple comparison test). e Morris Water Maze analysis
of cognitive functions. TrkB 1-486 overexpression in the CAl exa-
cerbated the learning and memory dysfunctions in APP/PS1 mice
(mean + SEM; n = 8 mice per group; *p <0.05, **p <0.01, compared
with control, one-way ANOVA and Bonferroni’s multiple comparison
test). f Fear condition tests. Contextual and cued fear memory was
reduced in AEP-truncated TrkB expressed mice (mean+ SEM; n=28
mice per group; **p <0.01, compared with control, one-way ANOVA
and Bonferroni’s multiple comparison test).

dependent on the Ras/ERK pathway [42] and TRPC3 [43].
Moreover, BDNF regulates p21-activated kinase and ADF
(actin-depolymerizing factor)/cofilin, mediates the theta
burst stimulation-induced increase in actin polymerization
in dendritic spines [44]. On the other hand, we also provide
the gain-of-function by viral expression of TrkB 1-486
fragment in the relatively slow APP/PS1 mouse model. In
alignment with TrkB 1-486’s neurotoxicity by neutralizing
BDNF (Fig. S6), we show that TrkB 1-486 overexpression
completely abolishes p-APP Y687 and strongly activates 8-
secretase, which stimulates robust APP cleavage and Af
production escalation, resulting in acceleration of AD
pathologies and exacerbation of cognitive dysfunction
(Fig. 7). Moreover, increased AP activates d-secretase [24]
and subsequently triggers the &-secretase-TrkB-APP-Ap-6
secretase loop, which further increases the risk of AD.

In addition to Y682, previous studies show that NGF
also regulates APP phosphorylation at T668, a key mod-
ification that control APP trafficking. NGF withdrawal
results in the increase of p-T668 levels in PC12-derived
neurons while exposure to NGF reduces p-T668 levels in
primary neurons [45]. NGF promotes TrkA binding to APP

and APP trafficking to the Golgi, where APP-BACE
interaction is hindered, resulting in reduced generation of
sAPPB, CTFpB, and AP42. These results demonstrate that
NGF signaling directly controls basal APP phosphorylation,
subcellular localization and BACE cleavage in AD therapy
[45]. In alignment with these results, we demonstrate that
BDNF-triggered p-APP Y687 is principally resided in the
TGN (Fig. 3). These findings are consistent with previous
report. For instance, phosphorylation mimetic APP Y687E-
GFP is targeted to the membrane but cannot be detected in
transferrin containing vesicular structures, and exhibits a
concomitant and dramatic decrease in Af production. In
contrast, unphosphorylated APP Y687F-GFP is endocy-
tosed similarly to WT APP, but is relatively favored for
BACE cleavage. Therefore, Y687 is a critical residue
determining APP targeting and processing via different
pathways, including endocytosis and retrograde transport
[46]. Interestingly, APP Y687F mutant possesses shorter
half-life and exits from the TGN, when compared with APP
WT or Y687E mutant, which is significantly retained both
in the ER and TGN. In addition, this mutant is not incor-
porated into visible vesicular structures, with a concomitant
dramatic decrease in AP production [47]. Hence, phos-
phorylation of APP on Y687 by TrkB is an important
regulatory mechanism in terms of determining the sub-
cellular localization of APP and modulating its processing
via different proteolytic pathways. This observation fits
with previous notion that the endocytic trafficking of APP
facilitates amyloidogenesis, while at the cell surface, APP is
predominantly processed in a non-amyloidogenic manner
[48]. Though both NGF/TrkA and BDNF/TrkB pathways
mediate AP production via phosphorylating APP and dic-
tating its subcellular trafficking, it remains obscure where in
the brain and at what stage do neurotrophine deficiency
contributes to AD pathology onset. The crosstalk between
TrkA and TrkB receptors with APP and their intracellular
trafficking and proteolytic cleavage by O&-secretase are
depicted in the schematic model of Fig. S9. Nonetheless,
BDNF/TrkB distribution is much broader than NGF/TrkA
in the CNS and the former pathway tightly regulates o-
secretase via direct phosphorylation by its downstream
signaling. Moreover, d-secretase selectively cleaves TrkB
but not TrkA, in addition to truncation of both and APP and
Tau. Conceivably, BDNF/TrkB signaling plays a more
important role in AD pathogenesis.

In the current research, we provide compelling evidence
showing that TrkB robustly binds APP and phosphorylates its
Y687 residue, triggering its TGN accumulation and reduction
of amyloidogenic cleavage. Noticeably, p-Y687 is strongly
reduced in human AD brains and 5XxFAD mice (Figs. 2e,
S6B), fitting with the deficiency of BDNF/TtkB signaling in
AD. Together, out study provides an innovative mechanism
of how BDNF/TrkB neurotrophic signaling mediates APP
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metabolism and amyloid pathologies in AD pathologies. In
addition to promoting neuronal survival and synaptic plasti-
city as a neurotrophic factor, BDNF/TrkB pathway directly
associates with APP and phosphorylate Y687 residue on its
ICD, which regulates its intracellular trafficking and dis-
tribution and protects APP from amyloidogenic cleavage by
o-secretase and BACEI, suppressing AD pathogenesis.
Clearly, targeting BDNF/TrkB pathway, which is crippled in
AD, via small receptor agonists will provide a disease-
modifying pharmacologic intervention approach  for
treating AD.
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