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NEUROSCIENCE

Disruption of BAG3-mediated BACE1 stabilization
alleviates neuropathology and memory deficits in a
mouse model of Alzheimer’s disease

Lei Xia', Junjie Li', Yayan Pang', Chunfang Dai'?, Mingliang Xu', Yehong Du’, Qiuyun Tian',
Lilin Yi’, Bin Wu1, Mulan Chen1, Yigiong Qiu3, Chongjie Cheng", Yu Tian Wangs,

Weihong Song®’, Zhifang Dong*

p-Site amyloid precursor protein (APP)-cleaving enzyme 1 (BACE1) is the rate-limiting enzyme for amyloid-f (Af)
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generation and is considered promising drug target for Alzheimer’s disease (AD). The co-chaperone BAG3 (Bcl-2-
associated athanogene 3) plays an important role in maintaining intracellular protein homeostasis by regulating heat
shock protein 70 (HSP70). Here, we reported that BAG3 expression was significantly elevated in AD. It interacted
with and stabilized BACE1 by delaying its degradation through ubiquitin-proteasome and autophagy-lysosomal
pathways. BAG345** and BAG3"*8°* mutations reduced their interaction with BACE1. SPOT peptide arrays revealed
that BACE1 carboxyl-terminal peptide fragments bound to the RQ domain of BAG3. This interaction can be dis-
rupted by BACE1-derived peptide (Tat-BACE14g0.494), leading to decreased BACET1 stability. In APP23/PS45 double
transgenic mice, Tat-BACE 1450404 reduced BACET1 levels, decreased A production, and improved synaptic and cog-
nitive deficits. These findings indicate that BAG3 forms complex with HSP70 and BACE1 to stabilize BACE1, suggest-
ing that Tat-BACE 1450494, may represent an ideal class of neuroprotective therapeutics against AD.

INTRODUCTION
Alzheimer’s disease (AD) is one of the most common neurodegen-
erative disorders causing progressive dementia. Its pathological
hallmarks include extracellular amyloid plaque depositions, intra-
cellular tau neurofibrillary tangles, and synaptic abnormalities (I).
Under physiological conditions, amyloid precursor protein (APP) is
mainly cleaved by a disintegrin and metalloproteinase 10 (ADAM10)
and y-secretase in a non-amyloidogenic pathway (2). In AD, APP is
mainly cleaved by the p-site of APP-cleaving enzyme 1 (BACE1) and
y-secretase to produce amyloid-p (Ap) peptides. During this amy-
loidogenic process, BACEI serves as the initial and rate-limiting en-
zyme in AP generation (3). Therefore, inhibiting BACEI has emerged
as a potential therapeutic strategy for AD. However, genetic deletion
of BACEL is not an ideal choice due to its physiological role in regu-
lating energy metabolism and synaptic homeostasis through cleav-
age of various substrates (4). Despite numerous clinical trials, nearly
all BACE1 inhibitors have failed in later phases due to efficacy or
safety concerns (5-7), underscoring the ongoing need for safe and
effective therapies targeting BACE1 in AD.

Bcl-2-associated athanogene 3 (BAG3) is a 575-amino acid protein
that is widely expressed, with prominent expression in the brain, cardiac
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muscle, skeletal muscle, and many cancers (8-10). BAG3 modulates di-
verse biological processes such as apoptosis, development, cytoskele-
ton organization, and autophagy, through its multiple protein-protein
binding domains (11-15). As a scaffold protein, BAG3 binds to heat
shock protein 70 (HSP70) via its BAG domain and to heat shock
protein beta 8 (HSPB8) through two Ile-Pro-Val (IPV) motifs, form-
ing a HSP70-BAG3-HSPB8 ternary complex. This complex inhibits the
ubiquitin-proteasome degradation but promotes autophagy-lysosomal
degradation (16-18). It has been reported that BAG3-mediated se-
lective macroautophagy is crucial for the clearance of aggregated
proteins associated with AD and other neurodegenerative disorders
(16, 17, 19, 20). However, accumulating evidence has shown that the
expression of BAG3 is significantly elevated (21-25), but AD-related
pathological proteins such as APP, Tau, and BACEI are markedly
increased because of impaired autophagy function in AD (26-28).
One possible reason is that BAG3 not only mediates protein degra-
dation through autophagy but also acts as a nucleotide exchange fac-
tor to promote the aggregation of ubiquitinated proteins by directly
binding and inhibiting the HSP70-mediated ubiquitin-proteasome
system, thereby increasing protein stability (29). For example, BAG3
can stabilize HSPB8 by forming a BAG3-HSP70-HSPB8 ternary com-
plex and reduce the apoptosis of cardiomyocytes induced by hypox-
ia (29, 30). BAG3 can also stabilize signal transducer and activator of
transcription 3 and the anti-apoptotic protein myeloid cell leukemia-1
(Mcl-1) to enhance the anti-apoptotic effect of tumor cells (31, 32). Fur-
thermore, BAG3 can directly bind to glutaminase (GLS) and occupies
its ubiquitination site, thereby stabilizing GLS in the form of BAG3-
GLS binary complex (33). Meanwhile, a recent report has shown that
oxygen-regulated protein 150, as a chaperone, interacts with and stabi-
lizes BACEL at posttranslational level, while its down-regulation reverses
this chaperone function, leading to BACE1 degradation (34). There-
fore, given its high expression, co-chaperone BAG3 may similarly sta-
bilize BACEL.

In this study, we detected the expression of BAG3 and its interac-
tion with BACE1 to determine its effect on the stability of BACE1 in

10f15


mailto:zfdong@​cqmu.​edu.​cn

SCIENCE ADVANCES | RESEARCH ARTICLE

AD. Furthermore, we developed an interfering peptide derived
from endogenous BACE] to disrupt the interaction between BAG3
and BACEL1 and investigated whether it could promote BACE1 deg-
radation and ameliorate AD-related pathology and memory decline
in AD model mice.

RESULTS

Expressions of BAG3 and BACE1 are increased in AD

To investigate the role of BAG3 in AD, we introduced APP23/PS45
double transgenic mice in our study. The results showed that the
expressions of APP (Fig. 1, A and B), presenilin 1 (PS1) (Fig. 1, A
and C), BACEI (Fig. 1, A and D), and APP carboxyl terminal hydro-
lytic fragment p (CTF-p) (Fig. 1, A and E) were significantly in-
creased in the hippocampus of 3-month-old AD model mice compared
to that of age-matched wild-type (WT) mice. According to Gene
Expression Omnibus (GEO) analysis, BAG3 is highly expressed in
the hippocampus of patients with AD and aging mice, but not in
peripheral blood of patients (fig. S1, A to F). Similarly, we observed
a significant elevation in the expression of BAG3 in the hippocam-
pus of AD model mice compared to that of WT controls (Fig. 1, A
and I). Given that BAG3 plays a crucial role in macroautophagy regu-
lation through forming a BAG3-HSP70-HSPB8 ternary complex, we
further examined the expression of HSP70, HSPB8 and autophagy-
related proteins. The results showed that HSP70 remained unchanged
(Fig. 1, A and J), whereas HSPB8 (Fig. 1, A and F) was significantly
decreased in the hippocampus of AD model mice compared to that of
WT mice. Furthermore, autophagy-related protein P62 markedly el-
evated, while the ratio of microtubule-associated protein1 light chain
3-1I (LC3-1I) to LC3-I (LC3-II/1) significantly decreased in the hippo-
campus of AD model mice compared to that of WT mice (Fig. 1, G
and H), suggesting impaired autophagy function in AD.

Consistent with our findings in AD model mice, the expressions
of APP, BACE1, and BAG3 were significantly increased, whereas
HSPB8 was reduced in N2A*F" (Fig. 1, K to N; Fig. 1P) and 20E2
and 2EB2 cells (Fig. 1, S to V; Fig. 1X) compared to that in N2A and
human embryonic kidney (HEK) 293 cells, respectively. HSP70 ex-
pression was markedly decreased in N2A*F" cells (Fig. 10), but it
was significantly increased in 20E2 and 2EB2 cells (Fig. 1W). To-
gether, these results suggest that BAG3 expression is significantly
elevated in AD, but its role in mediating macroautophagy appears to
be compromised, as evidenced by reduced HSPBS8 levels and impaired
autophagy function.

BAGS3 increases the stability of BACE1

Next, we wanted to determine the effects of BAG3 on BACE1 expres-
sion. The results showed that overexpression of BAG3 increased the
levels of BACE1 in HEK293 (Fig. 2, A to C) and 20E2 cells (Fig. 2, G
to I), respectively. In contrast, down-regulation of BAG3 decreased
BACEI in HEK293 (Fig. 2, A to C) and 20E2 cells (Fig. 2, G to I). To
examine the effect of BACE1 on BAG3 expression, HEK293B2
(HEK293 cells stably expressing BACE1) was introduced (fig. S2, A
and B). The results showed that BAG3 was significantly reduced in
HEK293B2 compared to that in HEK293 cells (fig. S2, A and C).
Given the elevated levels of BAG3 and P62 and the decreased levels
of LC3-1I/I observed in AD model mice, we next examined the ef-
fects of BAG3 on LC3-II/I and P62 in HEK293 and 20E2 cells. We
found that overexpression of BAG3 increased LC3-11/I, whereas its
knockdown decreased LC3-II/I in HEK293 (Fig. 2, A and F) and
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20E2 cells (Fig. 2, G and L). However, unlike the increased expres-
sion of P62 in the hippocampus of AD mice (Fig. 1, A and G), it was
decreased or unchanged in HEK293 (Fig. 2, A and E) and 20E2 cells
(Fig. 2, G and K) overexpressing BAG3, respectively. Notably, HSPB8
was significantly decreased in 20E2 cells (Fig. 2, G and J) overex-
pressing BAG3, but not in HEK293 cells (Fig. 2, A and D). In addi-
tion, HSPB8 was also significantly decreased in HEK293B2 cells (fig.
S2, A and D), indicating that overexpression of BACE1 alone reduces
HSPB8 expression.

Ithas been reported that BACE1 can undergo degradation through
the ubiquitin-proteasome and autophagy-lysosomal pathways (35, 36).
Consistently, we found that the proteasome inhibitor MG132 and au-
tophagy inhibitor chloroquine (CQ) effectively blocked BACE1 deg-
radation in HEK293 cells (Fig. 2, M and O). BAG3 overexpression
enhanced the inhibitory effects of MG132 and CQ on BACE1 deg-
radation (Fig. 2, M to O). BAG3 knockdown significantly reduced
BACEI levels, an effect that could be partially reversed by the pro-
teasome inhibitor MG132, but not by the autophagy inhibitor CQ
(Fig. 2, P and R). Co-immunoprecipitation results further demon-
strated that BAG3 knockdown promoted BACE1 polyubiquitina-
tion, while BAG3 overexpression inhibited it (fig. S12). Moreover,
cycloheximide (CHX) was chosen to inhibit protein synthesis, reveal-
ing that endogenous BACE1 protein levels significantly decreased after
48 hours of CHX exposure, while BAG3 overexpression delayed this
process in HEK293 cells (Fig. 2, S to U). Together, these results indi-
cate that BAG3 increases BACE1 level by inhibiting the ubiquitin-
proteasome and autophagy-lysosomal pathways.

BAGS3 stabilizes BACE1 by forming

HSP70-BAG3-BACE1 complex

In addition to its role in mediating macroautophagy, BAG3 can also
bind to HSP70 and inhibit its mediated ubiquitination proteasome
pathway (37). Therefore, we next wanted to determine whether
BAGS3 interacts with BACEI to stabilize it. We first examined the
interaction between BAG3 and BACEI and found that BAG3 could
interact with BACEL1 (Fig. 3, A to C). In addition, we also found that
the interaction between BAG3 and BACE1 was markedly increased
in AD model cells including N2A*"" and 20E2 and 2EB2, compared
to their respective controls, N2A and HEK293 cells (Fig. 3, A and B).
Knockdown of BAG3 decreased its interaction with BACE1, where-
as overexpression of BAG3 increased their interactions in HEK293
cells (Fig. 3C).

Although BAG3 can stabilize proteins like GLS by forming a
“BAG3-GLS” binary complex (33), it commonly stabilizes other
proteins through complexes like “HSP70-BAG3-X,” such as HSP70-
BAG3-HSPB8 and HSP70-BAG3-Mcl-1 (29, 30, 32). In addition,
BAG3 binds to HSP70 through its BAG domain, and mutations such
as E455K in this region can disrupt the HSP70-BAG3 interaction,
affecting the stability of the HSP70-BAG3-X complex. Considering
the ability of BAG3 to interact with and increase BACEL levels, it is
reasonable to speculate that BAG3 may have a critical role in mediating
BACETI stabilization in AD. To determine whether BAG3 stabilizes
BACE1 through forming BAG3-BACE1 or HSP70-BAG3-BACE1 com-
plex, we analyzed the three-dimensional configuration of the BAG
domain and reported point mutations (Fig. 3, D and E). We con-
structed plasmids (Flag-BAG3**°°X and Flag-BAG3"****) with point
mutation in the BAG domain to assess whether these mutations can
block the interaction between HSP70 and BAG3. The results indi-
cated that mutations E455K and R480A, located in the a2 and o3
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Fig. 1. Expression of BAG3 is increased in AD model mice and cells. (A to J) Protein levels of APP, PS1, BACE1, CTF-f, HSPB8, P62, LC3-II/l, BAG3, and HSP70 in the hip-
pocampus of APP23/PS45 double transgenic aged 3 months (n = 3 in each group). (K to R) Protein levels of APP, BACE1, BAG3, HSP70, HSPBS, P62, and LC3-II/l in N2A and
N2A*PP cells (n = 3 in each group). (S to Z) Protein levels of APP, BACE1, BAG3, HSP70, HSPB8, P62, and LC3-II/I in HEK293, 20E2, and 2EB2 cells (n = 3 in each group). All
data are expressed as means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; not significant (NS). Statistical analyses were performed using a two-tailed unpaired Student’s t
test (B to J and L to R) or one-way analysis of variance (ANOVA) followed by least significant difference (LSD) multiple comparisons test for homogeneous variance or
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Fig. 2. Overexpression of BAG3 increases BACE1 levels. (A to F) Protein levels of BAG3, BACE1, HSPB8, P62, and LC3-II/l in HEK293 after BAG3 overexpression or knock-
down (n=3to 6ineach group). (G to L) Protein levels of BAG3, BACE1, HSPB8, P62, and LC3-1I/1in 20E2 after BAG3 overexpression or knockdown (n = 3 to 4 in each group).
(M to O) The effect of MG132 or CQ treatment on BAG3 and BACE1 expression in HEK293 cells overexpressing BAG3 (n = 7 in each group). (P to R) The effect of MG132 or
CQ treatment on BAG3 and BACE1 expression in HEK293 cells with BAG3 knockdown (n = 4 in each group). (S to U) The effect of CHX treatment on BAG3 and BACE1 ex-
pression in HEK293 cells overexpressing BAG3 (n = 4 in each group). All data are expressed as means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; not significant (NS). Sta-
tistical analyses were performed using one-way ANOVA followed by LSD multiple comparisons test for homogeneous variance or Dunnett’s multiple comparisons test for

heterogeneous variance.

Xiaetal., Sci. Adv. 11, eadt7981 (2025)

23 May 2025

40f15



SCIENCE ADVANCES | RESEARCH ARTICLE

A IP: BAG3

Input N2A N2AAPP

N2A N2AAPP 1gG 1P IgG IP

Input IP: BACE1

N2A N2AAPP  JgG  N2A  N2AAPP

m—m kDa  BAG3 | S e

GAPDH | W— — .

BAG3 | - !
BACE1
HSPBS | o — - |
GAPDH E—so kDa
B IP: BAG3
Input HEK293  20E2 2EB2

HEK293 20E2 2EB2 IgG IP IgG

P
BAG3 | M s s !_ —-

IgG 1P

Input IP: BACE1

HEK293 20E2 2EB2 IgG HEK293 20E2 2EB2

!—70 kDa BAG3 ‘—Em----vo KkDa

BACEI [l 70 kDa BACEI - y 70 kDa
25 kD
e i S N ey
IP: BAG3
C
Input NC shBAG3 BAG3 Input IP: BACE1
NC shBAG3 BAG3 IgG IP IgG IP IgG IP NC shBAG3 BAG3 IgG NC shBAG3 BAG3
BAG3 I ‘. .|‘70 kDa BAG3 | ™% s . -70 kDa
BACEIL I . - 70 kDa 4 :;‘
BACE1 ;
- — -70 kDa
HSPBS I- — -~ p— | 25 kDa
GAPDH El'” ‘Da carpH | S WD W ;) .p.
D E F Input IP: Flag
BAG3 mutation BAG domain of BAG3 (P420~1499) — —_—
R7IW 31X WT E455K R480A IgG WT E455K R480A
R9OX E455K/4

HIO9R | E4564 Flag

RI23X | L458
P209L T459
R218G | K460
R218W | E461
H243T | L462P
5249X | L463
E25IR | 4464
4262T | L465
R309X | D4664
0353R V468M
G3794 _P470S
s3850 [ R477H
R395G | R478
R4804
R481
V484
V487
04884
T489
1490 0l helix: G421~D440
1491 02 helix: K449~5467
E492 3 helix: A474~A498
E495

BACE1

HSP70

HSPBS

GAPDH

Flag

BACE1

GAPDH

-

=70 kDa

-70 kDa

=25 kDa

Input IP: BACE1

WT E455K R480A IgG WT E455K R480A

[y e

Fig. 3. BAG3 stabilizes BACE1 by forming HSP70-BAG3-BACE1 complex. (A and B) The interaction between BAG3 and BACE1 in N2A, N2A*P" HEK293, 20E2, and 2EB2
cells. (C) The interaction between BAG3 and BACE1 in HEK293 cells overexpressing or knocking down BAGS3. IP,immunoprecipitation. (D) The main mutation sites of BAG3.
(E) Three-dimensional structure of the BAG domain in BAG3. (F) The interaction between BAG3 and BACE1, HSP70, and HSPB8 in HEK293 cells transfecting FIag-BAG3WT,

Flag-BAG3*, or Flag-BAG3™8% plasmid.

Xiaetal, Sci. Adv. 11, eadt7981 (2025) 23 May 2025

50f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

helices of the BAG domain of BAG3, reduced interactions between
HSP70 and BAG3, as well as between BAG3 and BACEL1 (Fig. 3F).
Combined with the earlier findings that reduced interaction between
BAG3 and BACEI correlates with decreased BACEL levels (Fig. 3C),
it suggests that BAG3 stabilizes BACE1 by forming an HSP70-BAG3-
BACE1 complex.

Furthermore, to explore the direct interaction site between BAG3
and BACEI, we conducted peptide array analysis and identified the
previously unknown E101-H112 region of human BAG3 as capable
of directly binding purified human BACE]1 protein (fig. S3, A and
B). Given that BAG3 proteins in various species generally contain
RQ sequences in this region (table S1), we termed this region (E101-
H112 region) the “RQ domain” of the BAG3 protein. This RQ do-
main is adjacent to and overlaps with an amino acid sequence of a
known IPV motif (P87-E101) that directly binds HSPB8 (fig. S3, A and
B), suggesting a potential competition between BACE1 and HSPBS for
BAGS3 binding. While the interaction between BAG3 and BACE1
was enhanced, the interaction between BAG3 and HSPB8 was nota-
bly reduced in HEK293 cells overexpressing BAG3 (Fig. 3C). There-
fore, BACE] may disrupt the stability of the HSP70-BAG3-HSPBS
complex, thereby inhibiting BAG3-mediated macroautophagy.

To further validate the interaction between BAG3 and BACEI],
we used synthetic human BACEI peptide arrays to bind purified
human BAGS3 protein. The results showed that 1465-A494 region of
human BACEL1 can directly bind to purified human BAG3 protein
(fig. S4, A and B). Molecular docking simulations of BAG3 and BACE1
further supported this interaction, revealing a favorable binding pose
and low binding free energy of —1915.42 kcal/mol (fig. S5E). In ad-
dition, it has been reported that BACE1 directly binds to reticulon-3
(RTN3), leading to a decrease in BACE1 stability (38, 39). The region
where BACE1 binds to BAG3 overlaps with the region where it bound
to RTN3 (fig. S4, A and B), indicating that BAG3 may compete with
RTN3 for the binding site of BACEL. Given that RTN3 is reduced
(40) and that BAG3 is increased in the brains of patients with AD,
BAG3 may have an advantage in competition with RTN3 for the
BACE]1 binding site, thereby further contributing to BACE1 stabili-
zation through an alternate mechanism.

Tat-BACE1,35¢.494 peptide alleviates memory deficits in AD
model mice

On the basis of the identified binding sites of BACE1 and BAGS3,
we developed three interfering peptides Tat-BACE1465.494, Tat-
BACE1465.479, and Tat-BACE14g9.494 (table 2). The peptides were ren-
dered membrane permeable by fusing the cell-membrane transduction
domain of the HIV-1 Tat protein. The results showed that Tat-
BACE1465.494 Was able to significantly reduce BACE1 at 40 pM con-
centration, without affecting BAG3 levels (fig. S7, A to C) compared
to its scrambled peptide sTat-BACE14¢5.494 (table S2). Unfortunate-
ly, Tat-BACE1465.479 was found to be insoluble in cell culture medi-
um due to its sequence containing at least 10 nonpolar hydrophobic
amino acids (table S2). Notably, Tat-BACE14g0.494, at a concentra-
tion of 40 M, significantly reduced BACE1 levels in both N2A*F?
and 20E2 cells (fig. S7, E and H) but did not affect APP (fig. S7, F and
I) compared to its scrambled peptide sTat-BACE14g_494. Therefore,
we next focused on investigating the effect of Tat-BACE14g0.494 On
the interaction between BACE1 and BAG3. According to the prin-
ciple of competitive inhibition, Tat-BACE1l4g0.494 was expected to
bind with BAG3 and competitively inhibit the interaction between
BACE1 and BAG3. Molecular docking simulations indicated that
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both Tat-BACE14g9.4904 and BACE14¢5.494 bound to the RQ domain
of BAG3 with low binding free energy (fig. S5, F and G). On the
other hand, treatment with Tat-BACE14g9.494 at 40 pM reduced the
interaction between BAG3 and BACEI in 20E2 and N2A*? cells
(fig. S8, A and B), while the interaction between BAG3 and HSPB8
remained unaffected (fig. S8, A and B). These results suggest that
Tat-BACE14g0-494 specifically disrupts the BAG3-BACEL interaction
without affecting other interactions involving BAG3.

Given that Tat-BACE1l4g0.494 competitively inhibits the binding
of BACE1 to BAG3, we next wanted to assess its therapeutic poten-
tial in AD. Two-month-old APP23/PS45 mice were treated with
Tat-BACE1lg0.494 [10 mg/kg per day, intraperitoneally (ip)] or its
scramble sTat-BACE14g9.494 for 3 months, followed by evaluation of
spatial learning and memory (fig. S6). The results showed that daily
treatment with Tat-BACE14g0.494 did not affect the growth rate and
spontaneous locomotion of AD model mice (fig. S10G; Fig. 4, A and B).
However, the recognition index (RI) was significantly increased in
AD model mice treated with Tat-BACE14g¢.494 (Fig. 4, C and D),
indicating enhanced short-term memory. To further evaluate the ef-
fect of Tat-BACE14g0.494 on long-term spatial learning and memory;,
the Morris water maze and Barnes maze tests were conducted. In the
Morris water maze test, AD model mice treated with Tat-BACE14g0.494
showed significantly shorter escape latency to find the hidden plat-
form during spatial learning period (Fig. 4E), indicating improved
spatial learning function. Furthermore, Tat-BACE1,g_494 treatment
also markedly reduced the latency to first entry into platform zone
(Fig. 4F) and increased the entries into the platform zone (Fig. 4G)
during the spatial memory probe test in AD model mice, indicating
improved spatial memory retrieval. Similar results were observed in
the Barnes maze test. AD model mice treated with Tat-BACE14g9.494
showed significantly shorter latency to find the escape box (Fig. 4H),
indicating improved spatial learning function. During the spatial
memory probe test, Tat-BACE14g0.494 treatment also markedly short-
ened the latency to find the escape box (Fig. 41) and increased the
number to find the escape box (Fig. 4]) in AD model mice, indicat-
ing improved spatial memory retrieval.

Given that synaptic plasticity, particularly hippocampal CA1 long-
term potentiation (LTP), is considered as a cellular mechanism un-
derlying spatial learning and memory, we next examined the effect
of Tat-BACE14g0.494 on hippocampal CA1 LTP. The results showed
that LTP in the hippocampal CA1 region was significantly decreased
in AD model mice compared with that in WT mice (Fig. 4, Kand L).
Tat-BACE14g0.494 restored the hippocampal CA1 LTP to control lev-
els in AD model mice (Fig. 4, K and L). Together, these results indi-
cate that treatment with Tat-BACE14g0.494 alleviates the impairments
of hippocampal CA1 LTP and spatial learning and memory in AD
model mice.

Tat-BACE1,450-404 peptide alleviates Ap pathology in AD
model mice

To correlate behavioral changes with AD-related neuropathology,
we performed biochemical assays on brain tissues immediately after
the behavioral tests in these animals. The results showed that Tat-
BACE14g9.494 significantly reduced the levels of APy in the hippo-
campus and cortex of AD model mice (Fig. 5, A and B). Although
the level of A4, remained unchanged in the hippocampus (Fig. 5B), it
markedly reduced in the cortex of AD model mice treated with Tat-
BACE14g0.494 (fig. S9B). Furthermore, treatment with Tat-BACE14g0.494
significantly reduced neuritic plaque formation in AD model mice
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Fig. 4. Tat-BACE1,45¢.494 alleviates impairments in spatial memory and hippocampal CA1 LTP in AD model mice. (A and B) Effects of Tat-BACE14g0-494 On the sponta-
neous and anxiety-like behaviors in AD model mice in open-field test (n = 14 in each group). (C and D) Effects of Tat-BACE14g0-494 0N the recognition index (RI) in AD
model mice in novel object recognition test (n = 13 to 14 in each group). h, hours. (E to G) Effects of Tat-BACE14g0-494 O spatial learning and memory in AD model mice in
the Morris water maze test (n = 9 to 14 in each group). (H to J) Effects of Tat-BACE14g0-494 ON spatial learning and memory in AD model mice in the Barnes maze test (n =13
to 14 in each group). (K and L) Effects of Tat-BACE14g0-494 0N hippocampal CA1 LTP in AD model mice (n = 7 to 8 slices from three to four mice in each group). All data are
expressed as means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; not significant (NS). Statistical analyses were performed using two-way ANOVA (E and H) or one-way
ANOVA followed by LSD multiple comparisons test for homogeneous variance or Dunnett’s multiple comparisons test for heterogeneous variance (A, B,D, F, G, |, J, and L).
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Fig. 5. Tat-BACE1,450-494 alleviates Ap pathology in AD model mice. (A and B) Effects of Tat-BACE14g0-494 0N APao and A4 levels in the hippocampus of AD model mice
(n=4in each group). (C and D) Effects of Tat-BACE14g0-494 On the formation of neuritic plaques in the hippocampus of AD model mice (n = 4 in each group). (E to N) Effects
of Tat-BACE1450-494 ON protein levels of APP, PS1, BACE1, CTF-B, BAG3, HSPB8, P62, LC3-II/I, and sAPPa in the hippocampus of AD model mice aged 6 months (n =4 in each
group). All data are expressed as means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; not significant (NS). Statistical analyses were performed using one-way ANOVA fol-
lowed by LSD multiple comparisons test for homogeneous variance or Dunnett’s multiple comparisons test for heterogeneous variance.
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(Fig. 5, C and D). Because AP peptides are generated from APP by
sequential cleavage by BACE1 and PS1, we next examined the ex-
pressions levels of APP and its cleaving enzymes. The results showed
that Tat-BACE1l4g0.494 treatment significantly decreased APP and
CTE-p levels while increasing sAPPa in the hippocampus of AD
model mice (Fig. 5, E, E I, and N). Moreover, BACEI levels apparently
reduced in the hippocampus of AD model mice treated with Tat-
BACEl480.494 (Fig. 5, E and H). Notably, neither Tat-BACE1l4g0.494
nor its scramble sTat-BACE14gy.494 affected PS1 levels in the hippo-
campus of AD model mice (Fig. 5, E and G). BAG3 and HSPB8 levels
were simultaneously decreased in the hippocampus of AD model
mice following treatment with sTat-BACE1 49494 or Tat-BACE1450-494
(Fig. 5, E, ], and K). Treatment with Tat-BACE14g¢.494 resulted in an
increase in LC3II/1 ratio, while P62 levels remained unchanged, sug-
gesting an improvement in autophagy in the hippocampus of AD
mice (Fig. 5, E, L, and M). Together, these results suggest that Tat-
BACEl4g9.494 alleviates AP pathology through reducing BACEI lev-
els in AD model mice.

BAG3 knockdown alleviates Af pathology

To further validate the stabilizing effect of BAG3 on BACE1, we cul-
tured and extracted primary neurons from AD double-transgenic mice
and modulated BAG3 expression using lentivirus-mediated knock-
down or overexpression. The results showed that APP and PS1 were
highly expressed in the primary neurons of AD double transgenic
mice (Fig. 6, A to C). BAG3 knockdown decreased BACEL, leading to
a corresponding decrease in CTF-p levels. Although BAG3 overex-
pression increased BACEI levels, it did not further elevate CTF-f (Fig.
6, A and F). However, neither BAG3 knockdown nor overexpres-
sion affected sAPPa, the a-cleaved product of APP (Fig. 6, A and G).
In vivo, the CA1 region of the mouse hippocampus was injected with
either a control virus (AAVmscarlet) OF an interfering virus (AAVg,.
Bacs) (Fig. 6H). The results showed that APP and PS1 were highly
expressed in the hippocampus of AD double transgenic mice (Fig. 6,
K to M). BAG3 knockdown did not affect APP and PS1 levels (Fig. 6,
K to M) but significantly reduced BACEL1 expression (Fig. 6, K, N,
and O), leading to corresponding changes in CTF-f (Fig. 6, K and P)
and APy and APy, (Fig. 6, I and J). Consistent with the in vitro find-
ings, BAG3 knockdown did not affect sAPPu levels in the hippocam-
pus of AD mice (Fig. 6, Kand Q).

DISCUSSION

The primary clinical manifestations of AD are impairments in cog-
nition and memory functions, with pathological features typically ap-
pearing earliest and most prominently in the hippocampus. BACE1
serves as a key pathological factor in AD, highly expressed in the
brain, and initiates APP amyloidogenic cleavage. The transmembrane
domain of BACE] is essential for its enzymatic activity and deter-
mines its subsequent Golgi localization and APP cleavage function.
Phosphorylation of BACE1 at Ser*® leads to its recycling from endo-
some vesicles and relocation outside the Golgi apparatus, where it
interacts with Golgi-localized gamma-ear-containing ARF-binding
protein 1 to prevent BACE1 from trafficking to the cell surface and
cleaving APP. Furthermore, phosphorylation at Thr*? significantly
enhances the enzymatic activity of BACE1 (41). BACEL1 can be cat-
egorized on the basis of the extent of N-glycosylation into immature
proBACE1 and mature BACE1 (42). As a long-lived protein, the
half-life of BACEI is variably reported, ranging from 2 hours to possibly
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12 hours, reflecting differing cells, experimental conditions, and con-
texts. Our focus has been on investigating the stability of endoge-
nous BACE], revealing that BAG3 can enhance BACEI stability and
maintain its expression after 48 hours (Fig. 2, S and U). Conditional
knockout of BACEL1 in adult 5xFAD mice can reverse amyloid depo-
sition and improve LTP. However, it also reduces the cleavage of the
neural cell adhesion protein CHL1, leading to axon guidance defects
and structural disorganization of the mossy fiber pyramidal tract in
the hippocampus, with its length reduced by ~30% (43, 44). Now,
most research efforts aimed at AD treatment drugs have been unsuc-
cessful, with only two small-molecule BACEI inhibitors remaining in
clinical trials. Although traditional small-molecule BACE1 inhibitors
effectively reduce AP levels in cerebrospinal fluid, they fail to im-
prove or may even exacerbate cognitive decline. Except for MK8931,
many of these inhibitors, such as AZD3293, LY2811376, AZD3839,
LY2886721, PF-06751979, Inhibitor IV, and E2609, significantly
prolong the half-life of BACE1 protein and lead to varying degrees of
BACE] protein accumulation in neurons (45). This phenomenon
likely contributes to their ultimate lack of success in clinical trials for
AD treatment. Compared to BACE1 knockout, small-molecule in-
hibitors primarily act by inhibiting BACEI activity, exerting relatively
minor effects on its physiological functions. However, their selectiv-
ity is lower than that of peptide-based drugs. Tat-BACE14g.494 com-
petitively disrupts the protein interaction between BAG3 and BACE],
demonstrating high specificity and enabling selective regulation of
BACE] protein levels. This approach may help mitigate or minimize
synaptic disruptions.

BAGS3 can be induced by multiple stress factors, which are sig-
nificantly up-regulated in the prefrontal cortex, temporal cortex,
and hippocampus of patients with AD. More than 60% of BAG3 mu-
tation sites occur within the highly conserved BAG domain but with
a low incidence rate that is unlikely to affect BAG3-HSP70 interac-
tion (46-48). BAG3 stabilizes BACE1 through a ternary complex
involving HSP70, termed the “HSP70-BAG3-BACE1” pattern. In the
present study, we have identified the binding sites of BAG3 and
BACE], which are adjacent to and partially overlap with the IPV mo-
tif bound by HSPBS, potentially competitively inhibiting HSPB8
through BACE] (fig. S3). Notably, the HI09R mutation in the first
IPV motif, where BAG3 binds to BACE1, leads to a dominant form of
myopathy (49). However, its impact on AD pathology and the bind-
ing affinity between BACE1 and BAG3 remains unclear. The binding
sites of BAG3-BACE] rarely involve protein modification sites in
BACEL, such as the N-glycosylation sites Asn'>, Asn'’%, Asn**?*, and
Asn®®* of proBACEL1. Therefore, the interaction between BAG3 and
BACE] generally persists in normal or AD pathological states and is
unlikely to inhibit the maturation of BACE1. Because the BACE11465.494
region of BACE1 bound to BAG3 avoids the Ser*® and Thr*** sites,
although BAG3 directly binds to and stabilizes BACEL, it is unlikely
to affect the subcellular localization and f-secretase activity of
BACE] by interfering with the phosphorylation at Ser*”® and Thr***
sites (fig. S5, A to D). Certainly, given the shared BACE1 binding
sequence in proBACE1, BAG3 is also most likely to stabilize pro-
BACE] as well. Notably, the effects of BAG3 on other proteins re-
lated to AD, such as BACE2, ADAMIO0, and tau, are not involved in
this study and further investigation on them is necessary in the future.

The binding site of human BACEI to BAG3 is a 30—amino acid-
long sequence, and the latter part overlaps partially with the binding
site of BACE1 and RTN3. RTN3-BACE1 interaction reduces the stabil-
ity of BACE1 and the production of A (50), while BAG3 competes
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Fig. 6. BAG3 regulates Af pathology. (A to G) Protein levels of APP, PS1, BAG3, BACE1, CTF-f, and sAPPa in primary neurons from AD mice with BAG3 knockdown or
overexpression (n = 4 in each group). (H to J) Levels of ABsg and A4, in hippocampus of AD mice following BAG3 knockdown via adeno-associated virus (AAV; n = 4 in
each group). (K to Q) Protein levels of APP, PS1, BAG3, BACE1, CTF-f, and sAPPa in the hippocampus of AD mice following BAG3 knockdown via AAV (n = 5 in each group).
All data are expressed as means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; not significant (NS). Statistical analyses were performed using a two-tailed unpaired Student’s

t test (P and Q) or one-way ANOVA followed by LSD multiple comparisons test for homogeneous variance or Dunnett’s multiple comparisons test for heterogeneous vari-
ance (Bto G, 1, J,and L to O).
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with RTN3 for the BACE1 binding site and stabilizes BACE1 through
additional mechanisms. Although overexpression of RTN3 reduces
AP production, it also causes notable neurite dystrophy, thus failing
to improve the AD phenotype. Clearly, the role of RTN3 protein
extends beyond BACEI regulation, and it is not an ideal way to re-
duce BACE1 levels by regulating it. In contrast to proteins, short peptides
offer high specificity and rapid action. On the basis of the BACE1-BAG3
binding site, we designed and synthesized Tat-BACE14¢5.494, 2 46—amino
acid peptide with good water solubility, cell penetration, and effec-
tiveness in competitively inhibiting the BAG3-BACE] interaction.
However, the length of Tat-BACE14g5.494 precludes its use as a pep-
tide drug. Therefore, BACE14g9.494, located within the BACEI binding
region to RTN3 and with a smaller molecular weight, was synthe-
sized. As expected, Tat-BACE14g0.494 effectively reduces the inter-
action between BAG3 and BACEI, thereby decreasing BACE1
levels and improving synaptic plasticity and memory in AD model
mice (fig. S8, A and B; and Figs. 5H and 4, K and L). Thus, we believe
that BACE14g9.494 is an effective fragment derived from BACE1465-494,
potentially serving as a safe and efficacious peptide drug for AD
treatment.

We found that APP overexpression increased BAG3 in 20E2 (Fig.
1, S and V), whereas BACE1 overexpression, in contrast, reduced
BAGS3 levels in HEK293B2 (fig. S2, A and C). This suggests that APP
may play an important role in inducing and even maintaining high
BAGS3 expression. Consequently, sTat-BACE14g9.494 treatment led to a
reduction in APP levels (Fig. 5, E and F), which may, in turn, contribute to
decreased BAG3 expression. Notably, although both sTat-BACE14g0.494
and Tat-BACE14g9.494 reduced BAG3 levels, only Tat-BACE14g¢.494
effectively decreased BACEL. This discrepancy may be due to sTat-
BACE14g¢.494 being unable to disrupt the BAG3-BACE] interaction.
Additionally, we observed that sTat-BACE14g9_494 reduced HSPB8
levels to a similar extent as BAG3. Because the BAG3 binding site for
BACE] partially overlaps with its binding site for HSPB8 (fig. S3),
the decrease in BAG3 levels may preferentially destabilize and down-
regulate HSPB8 (Fig. 2J). Compared with BAG3 genetic knock-
down, the Tat-BACE14g¢.494 peptide offers notable advantages. It not
only inhibits the B-cleavage of APP, reducing CTF-f and AP produc-
tion, but also promotes a-cleavage of APP, thereby lowering the over-
all APP burden. In summary, BAG3 directly binds to and stabilizes
BACEI through the HSP70-BAG3-BACEI] ternary complex. The
peptide Tat-BACEl450.494, developed on the basis of the BACE1-
BAGS3 binding site, effectively disrupts the interaction between BAG3
and BACE] at their binding site. This disruption results in reduced
BACE], decreased AP generation, and, ultimately, improved synaptic
plasticity and memory deficits in AD model mice (Fig. 7). Our findings
provide compelling evidence supporting the development of BACE1-
stabilizing inhibitors such as Tat-BACE14g0.494, as potential therapeu-
tics for alleviating learning and memory impairments in patients with
AD and aged populations. These properties highlight the great poten-
tial of Tat-BACE14g.494 peptide for future clinical applications.

MATERIALS AND METHODS

Animals

APP23/PS45 double transgenic mice and their WT littermates were
reproduced by in vitro fertilization at Cyagen Biosciences (Suzhou,
China) and housed at the animal care center of Children’s Hospital
of Chonggqing Medical University. The mice were maintained under
a 12-hour light/dark cycle (7:00 a.m. to 7:00 p.m.) with free access to
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food and water in a temperature and humidity-controlled specific
pathogen—free room. All animal experiments were performed ac-
cording to Chongqing Science and Technology Commission guide-
lines and approved by the Ethics Committee of Children’s Hospital
of Chongqing Medical University (approval no. CHCMU-IACUC-
20220323012).

Chemical reagents and antibodies

Anti-BAG3 (no. 10599-1-AP), anti-HSP70 (no. 10995-1-AP), anti-
HSPBS8 (no. 15287-1-AP), and anti-P62 (no. 18420-1-AP) antibodies
were obtained from Proteintech Group Inc. (Wuhan, China). Anti-
APP, anti-BACE1 (no. ab108394) and anti-PS1 (no. ab76083) anti-
bodies were obtained from Abcam (Cambridge, UK). Anti-Tau an-
tibody (no. AHB0042) was purchased from Invitrogen (San Diego,
CA, USA). Anti—-P-tau (S396; no. AF3148) and anti—P-tau (S404; no.
AF3144) antibodies were obtained from Affinity Biosciences Co.
Ltd. (Jiangsu, China). Anti-LC3A/B (no. CST12741) antibody was
obtained from Cell Signaling Technology, Inc. (CST) (Danvers, MA,
USA). Anti-glyceraldehyde-3-phosphate dehydrogenase antibody
(no. ARG10112) was purchased from Arigo (Zhubei, Taiwan, China).
Purified anti-Af, 17-24 antibody (4G8) (no. 800701) was purchased
from BioLegend (San Diego, CA, USA). Anti-Flag immune mag-
netic beads (no. B26102) were purchased from Bimake (Houston,
TX, USA). Pierce TM BCA Protein Assay Kit (no. 23225) was ordered
from Thermo Fisher Scientific (Waltham, MA, USA). Cell Count-
ing Kit-8 (CCK-8) assay kit (no. CA1210) was ordered from Solarbio
(Beijing, China). Human Af4 (no. DAB140B) and Afs (no.
DAB142) Quantikine ELISA Kits were ordered from R&D Systems
(Minneapolis, MN, USA).

Cell culture

HEK293, 20E2 (HEK293 cells stably transfected with human Swedish
mutant APP695), 2EB2 (HEK293 stably transfected with human
Swedish mutant APP695 and BACE1), HEK293B2 (HEK293 stably
transfected with BACE1), HT22, and N2A**P (N2A stably trans-
fected with human Swedish mutant APP695) cells were cultured with
Dulbeccos modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS). N2A cells were cultured with equivalent DMEM
and Opti-MEM containing 5% FBS at 37°C in a humidified atmo-
sphere containing 5% CO,. 20E2 and N2A*** cells were incubated
with G418. HEK293B2 cells were incubated with Zeocin, and 2EB2
cells were incubated with both G418 and Zeocin.

Cell viability assay

Using a microscope and cell counter, appropriate numbers of HEK293,
N2A, and HT22 cells were seeded into 96-well plates with two to
three replicate wells for each concentration. After allowing the cells
to adhere and stabilize, an equal volume of saline or peptide was
added to achieve final peptide concentrations of 0, 5, 10, 20, 40, 80,
and 160 uM. The cells were then incubated for 24 hours. Following
removal of the cell culture medium, a reaction solution was added to
each well and incubated at 37°C for 1 hour. The optical density value
was measured at a wavelength of 450 nm.

Western blotting

Cultured cells or mice hippocampal tissues were prepared and lysed
on ice with radioimmunoprecipitation assay buffer containing pro-
tease and phosphatase inhibitors for 30 min. The lysates were then cen-
trifuged at 14,000 rpm for 15 min at 4°C to collect the supernatants.
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Fig. 7. The schematic illustrates the mechanism of Tat-BACE14g0-494 in AD. BAG3 directly binds and stabilizes BACE1 through forming the HSP70-BAG3-BACE1 ternary
complex. BACE14g0.404 effectively disrupts the interaction between BAG3 and BACE1, consequently reducing BACE1 levels and A generation in AD.

After determining the total protein concentration, protein samples
were denatured with 5X sample buffer at 95°C for 5 min. Gel electro-
phoresis was performed using an appropriate voltage, and the proteins
were transferred to a polyvinylidene difluoride (PVDF) membrane us-
ing 0.5X transfer buffer (or 1X transfer buffer for CTF-p, containing
10% methanol) at 160 mA for 140 min (or 200 mA for CTF-f for
30 min) at 4°C. Subsequently, the PVDF membranes were blocked
with 10% skim milk for 60 to 90 min at room temperature. Next, the
PVDF membranes were incubated with the primary antibodies overnight
at 4°C. The following day, the membranes were incubated with cor-
responding horseradish peroxidase-labeled goat anti-rabbit immu-
noglobulin G (IgG) or goat anti-mouse IgG antibodies for 60 to 120 min
at room temperature. Last, the immunoblots were visualized by expos-
ing the PVDF membranes to Western Enhanced ChemiLuminescence
(ECL) substrate and imaging using a Bio-Rad Imager. Data collec-
tion was performed using Quantity One software.

Co-immunoprecipitation

The cells were scraped off and lysed on ice for 30 min using Western
and immunoprecipitation lysis buffer supplemented with protease
inhibitors. The lysate was then centrifuged at 12,000 rpm for 20 min
at 4°C to collect the supernatants. After removing background bind-
ing with magnetic beads, the protein concentration was determined
by using a Bicinchoninic Acid (BCA) protein assay kit. Primary an-
tibodies or nonspecific IgG were added to 300 to 1500 pg of protein
samples and mixed overnight at 4°C. The next day, the mixture was
further mixed with 25 to 50 pl of protein A/G beads for an additional
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2 hours at 4°C. The beads were separated using a magnetic frame and
washed four times with ice-cold PBS. The proteins bound on beads
were eluted by boiling in 1X sample buffer for more than 5 min at
95°C and lastly analyzed by Western blotting.

Enzyme-linked immunosorbent assay

The enzyme-linked immunosorbent assay was used to quantify the
levels of AB4y and APy, in the hippocampus. The 96-well plate was
first washed with wash buffer. Subsequently, 100 pl of standards,
controls, and samples were added into the respective wells. The plate
was then sealed and incubated at 2° to 8°C for 2 hours. After incuba-
tion, the wells were washed again with wash buffer. Next, 200 pl of
cold AP conjugate was added to each well the plate was sealed and
incubated at 2° to 8°C for additional 2 hours. Following another
round of washing with wash buffer, 200 pl of substrate solution was
added to each well. The plate was then incubated in the dark at room
temperature for 30 min. Last, 50 pl of stop solution was added to
each well to halt the reaction, and the absorbance of the wells was
measured at a wavelength of 450 nm within 30 min.

Immunohistochemistry

After anesthetizing, the mouse brain was dissected and fixed with
4% paraformaldehyde at 4°C for over 24 hours. Following fixation,
the brains were dehydrated overnight in a 30% sucrose solution at
4°C. Subsequently, the brains were embedded in optimal cutting
temperature (OCT) and cryosectioned at —20°C. The brain sections
were selected and washed with 1x PBST (0.3% Triton X-100 in 1x
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PBS). Then, the sections were incubated with 88% formic acid for 10
to 15 min to enhance antigen retrieval. After another round of wash-
ing with 1x PBST again, the sections were treated with 0.5% H,0,
for 30 min at room temperature to block endogenous peroxidase
activity. Following a wash with 1x PBST, the sections were blocked
with 10% bovine serum albumin for 1 hour to prevent nonspecific
binding. The brain sections were then incubated overnight at 4°C
with 4G8 primary antibody (1:500) to detect Af plaques. After wash-
ing with 1x PBST, the sections were incubated with an Avidin-Biotin
Complex (ABC) solution at 37°C for 1 hour. Subsequently, they were
washed again with 1X PBST and stained with diaminobenzidine (DAB)
for 10 to 15 min at room temperature in a dark environment. Follow-
ing DAB staining, the sections were washed with 1x PBST. Once the
brain sections on slides were slightly dry, they underwent gradient
dehydration with 75%, 85%, and absolute ethanol, followed by trans-
parentizing with OT transparent agent xylene. Last, the sections were
sealed with neutral resin for long-term preservation. The number of
neuritic plaques was quantified using microscopy as previously de-
scribed (51).

Peptide array assay

The BAG3 and BACEI peptide array membranes were designed and
synthesized based on human sequences. Each spot on the membrane
contained a 12-amino acid peptide segment, with each subsequent
spot moving 2 amino acids backward from the previous one. To initiate
the interaction study, the BAG3 or BACEL1 peptide array membrane
was individually exposed to purified human BACE1 or BAG3 protein
(1 pg/ml), respectively. Following protein incubation, the membranes
were subjected to Western blotting using an ECL substrate and subse-
quently imaged using a Bio-Rad Imager. A positive interaction be-
tween BAG3 and BACE] is indicated by the presence of three or more
consecutive positive spots on the peptide array membrane.

Open-field test

After 90 days of peptide administration, an open-field test was car-
ried out to assess the general motor abilities and anxiety-like behav-
ior of mice. Each mouse was placed in an open box measuring 40 cm
by 40 cm by 60 cm, released from the central area, and allowed to
explore freely for 10 min. The data were recorded and analyzed using
ANY-maze video tracking system (Stoelting, USA).

Novel object recognition test

Following the open-field test, the mice were subjected to a novel
object recognition test. The mice were placed in the same open box
(40 cm by 40 cm by 60 cm) facing two identical objects fixed on the
floor and allowed to explore freely for 5 min. Then, the mice were
returned to their home cages, and one of the objects was moved to a
different location after an interval of 1 hour. The mice were reintro-
duced to the box and allowed to freely explore for another 5 min to
test their ability to recognize the novel object. The number and dur-
ing of contact with the new object were recorded and analyzed using
ANY-maze video tracking system (Stoelting, USA). The RI = (the
number or time of head contacts with the novel object/total number
or time of head contacts with both objects) X 100%.

Barnes maze test

The maze consists of a white circular platform with a diameter of 0.75 m,
and 18 holes (5 cm in diameter) evenly distributed along the edge,
with one hole containing an escape box underneath (52). During the
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habituation phase, mice were allowed to freely explore the maze with-
out an escape box for 3 min. During the subsequent 5-day training
stage, mice underwent two spatial learning trials each day. If a mouse
successfully entered the escape box within 3 min, then the trial was
completed. If a mouse failed to find the escape box within 3 min, then
it was gently guided to the escape box, where it remained for 60 s
before being returned to its home cage. On day 7, a probe test was
conducted, during which each mouse was tested for 3 min to assess
its spatial memory and navigation ability. All data were recorded and
analyzed using ANY-maze video tracking system (Stoelting, USA).

Morris water maze test

The maze consists of a circular water tank with a diameter of 150 cm
and a height of 60 cm. The tank is divided into four quadrants: north-
east (NE) (quadrant 1), northwest (NW) (quadrant 2), southwest
(SW) (quadrant 3), and southeast (SE) (quadrant 4). The experimen-
tal protocol was divided into three stages: adaptation, training, and
probe test. During the adaptation phase, the mice were gently placed
in the water from the first quadrant, facing the pool wall, and allowed
to freely explore the pool for 2 min. During the training stage, a
white cylindrical platform (7.5 cm in diameter) was positioned at the
center of the third quadrant of the maze, with its top 1 cm below the
water surface. The mice underwent continuous training for 5 days,
with four trials conducted each day. For each trial, mice were gently
placed into the water from different quadrants, facing the pool wall.
If a mouse found the hidden platform within 60 s and remained on it
for more than 2 s, then the trial was considered successful, and the
time taken to find the platform (escape latency) was recorded. If a
mouse failed to find the platform within 60 s, then it was gently guide
to the platform and allowed to stay there for 20 s. During the probe
test, the mice were placed into water from the first quadrant and al-
lowed to freely explore for 60 s, with the hidden platform removed.
The swim path was recorded and analyzed using ANY-maze video
tracking system (Stoelting, USA).

Electrophysiological recording

As previously described (53), mice were deeply anesthetized with
urethane (1.5 g/kg, ip) and infused with hypertonic artificial cere-
brospinal fluid (ACSF) [3.0 mM KCl, 1.25 mM NaH,PO,.H,0, 26 mM
NaHCOs3, 0.4 mM Na-vitamin C, 2.0 mM pyruvate-Na, 2.0 mM,
10.0 mM p-glucose, 220 mM sucrose, 0.1 mM CaCl,, 2.0 mM MgCl,,
and 4.0 mM MgSO, (pH 7.4)] through the heart, and the brains
were quickly removed after decapitation. Then, coronal hippocam-
pal slices (400 pm) were performed in hypertonic solution with 95%
0O, and 5% CO, using a vibratome (VT1200S, Leica Microsystems,
Germany). Before recording, the hippocampal slices were incu-
bated in normal ACSF containing [124 mM NaCl, 2.8 mM KClI,
1.25 mM NaH,;PO4H,0, 2.0 mM CaCl,, 1.2 mM MgSO4, 0.4 mM Na-
vitamin C, 26 mM NaHCO3, 2.0 mM Na-lactate, 2.0 mM pyruvate-
Na, and 10.0 mM b-glucose (pH 7.4)] bubbled with 95% O, and 5%
CO; at 35°C for 2 hours to facilitate recovery. A concentric bipolar
stimulating electrode was placed in the Schaffer branch of the dorsal
hippocampal CA3 pyramidal neurons, and a glass microelectrode
filled with normal ASCF was placed in the radial striatum of the
hippocampal CA1 area. The excitatory postsynaptic potentials (EPSPs)
were induced at a frequency of 0.05 Hz, and the stimulus intensity was
adjusted to ~50% of the maximum EPSPs slope. After obtaining a
baseline for 30 min. LTP was induced by theta burst stimulation,
which consisted of two trains of stimuli (at 20-s interval), with each
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train composed of five bursts (four pulses at 100 Hz in each burst) at
an inter-burst interval of 200 ms. Data collection was carried out
using PatchMaster v2.73 software (Lambrecht/Pfalz HEKA Elek-
tronik, Germany).

Primary neuron processing

APP and PS1 single-transgenic mice were crossed, and embryos at
16 to 18 days of gestation were collected. The brains were isolated,
the meninges were removed, and primary neurons were obtained
through enzymatic digestion. The remaining brain tissues were used
for genotyping. Primer sequence: APP1082 (5-CTTGACGTTCT-
GCCTCTTCC-3'), PS-1 (5'-ATCACAGCCAAGATGAGC-3), and
ThylE2 (5'-CACCACAGAATCCAAGTCGG-3’). On the sixth day
of culture, WT primary neurons were treated with the control lenti-
virus (LVggpp), while APP23/PS45 primary neurons were treated
with either LVggpp, the interfering lentivirus (LVpags), or the over-
expression lentivirus (LVpag3). After an additional 4 days of culture,
proteins were extracted for analysis.

Adeno-associated virus and stereotaxic injection

AAV a3 (sequence: gaAGGCAAGAAGACTGATAAA) and its con-
trol virus AAV pscaret Were constructed by OBiO Technology (Shanghai,
China) and microinjected into the CA1 region of the mouse hippo-
campus (—2.5 mm posterior, +2.0 mm lateral, and 2.5 mm ventral rela-
tive to bregma) (54).

Statistical analysis

All data were expressed as means + SEM. For comparisons between
two groups, a two-tailed Students f test was used. For comparisons
among more than two groups, analysis of variance (ANOVA) was per-
formed. Data from spatial learning tasks in the Barnes maze and Morris
water maze were analyzed using two-way ANOVA, with group as the
between-subject factor and with training trials as the within-subject
factor. Other data were analyzed using one-way ANOVA. Statistical
significance was defined as follows: *P < 0.05; **P < 0.01; ***P < 0.001;
not significant (NS). All data obtained through biological replicates.
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