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ELK1 inhibition alleviates amyloid pathology and memory
decline by promoting the SYVN1-mediated ubiquitination and
degradation of PS1 in Alzheimer’s disease
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ELK1 is a member of the E-twenty-six transcription factor family and is usually activated by phosphorylation at Ser383 and Ser389
by extracellular signal-regulated kinase 1/2 (ERK1/2). Dysregulation of ERK1/2 is involved in Alzheimer's disease (AD)-related
neuropathogenesis and cognitive impairments. However, the role of ELK1 in AD pathogenesis remains unclear. Here we report that
the expression of ELK1 was significantly increased in the brain tissues of patients with AD and AD model mice. The genetic
knockdown of ELK1 or inhibition of its phosphorylation by an interfering peptide (TAT-DEF-ELK1 (TDE)) reduced amyloidogenic
processing of APP by targeting PS1, consequently inhibiting AB generation and alleviating synaptic and memory impairments in
APP23/PS45 double-transgenic AD model mice. In addition, we further found that ELK1 regulated the expression of PS1 by
competitively inhibiting the interaction between PS1 and its E3 ubiquitin ligase synoviolin (SYVN1), thereby inhibiting the SYVN1-
mediated ubiquitination and degradation of PS1. Our results demonstrate that ELK1 aberrantly increases in AD and genetic or
pharmacological inhibition of ELK1 can alleviate AD-related pathology and memory impairments by enhancing the SYVN1-
mediated PS1 ubiquitination and degradation, indicating that ELK1 may be a novel target for AD treatment.

Experimental & Molecular Medicine (2025) 57:1032-1046; https://doi.org/10.1038/s12276-025-01455-8

INTRODUCTION
Alzheimer’s disease (AD) is the foremost cause of dementia among
the elderly'. It is marked by the presence of extracellular senile
plagues formed through the accumulation of amyloid-B (AR)
peptides, intracellular neurofibrillary tangles composed of abnor-
mally hyperphosphorylated tau protein, alongside the loss of
synapses and neurons®. AB peptides, the primary constituents of
senile plaques, are generated through the sequential cleavage of
amyloid precursor protein (APP) by [-secretase (BACE1) and
y-secretase®”®. Initially, BACE1 cleaves APP to produce 89- or 99-
residue transmembrane C-terminal fragments (3-CTFs, C89 or
C99), which are subsequently processed by y-secretase to yield AR
peptides along with the APP intracellular domain’~'°. The
y-secretase complex comprises four subunits: presenilin 1 or 2
(PS1 or PS2), nicastrin (NCT), presenilin enhancer 2 (PEN2) and
anterior pharynx-defective phenotype 1 (APH1), with presenilin
playing a crucial role in catalyzing the cleavage of substrates to
generate AP peptides'' '3,

Extracellular signal-regulated kinase 1/2 (ERK1/2), a vital
component of the mitogen-activated protein kinase (MAPK)
signaling cascade, functions as a serine/threonine protein kinase

with significant implications in both physiological and pathologi-
cal processes. Under physiological conditions, ERK1/2 activation
plays an essential role in the development of the central nervous
system'*'¢, maintenance of synaptic plasticity'’ ', as well as the
processes underlying learning and memory'®*>™%’. However,
ERK1/2 is aberrantly overactivated in the brains of patients with
AD and mouse models, which contributes to tau hyperpho-
sphorylation, Af accumulation and subsequent synaptic and
cognitive dysfunctions**=". Conversely, inhibiting this overactiva-
tion with U0126, a specific inhibitor of ERK1/2, has been shown to
reduce AP generation and improve synaptic function in AD
models***3, Collectively, these research advances show that ERK1/
2 hyperactivation occurs and aggravates the progress of AD.
However, the downstream molecular mechanism of ERK1/2 in the
process of AD remains largely elusive.

E-twenty-six (ETS)-like protein 1 (ELK1), a member of the ternary
complex factor subfamily of ETS-domain transcription factors?, is
one of the most thoroughly studied targets of ERK1/2 and is
typically activated via phosphorylation at Ser383 and Ser389%>3¢,
Numerous studies have established ELK1's involvement in cancer
progression by regulating cellular proliferation, differentiation and
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survival®*3”. However, despite its widespread expression across
various brain regions such as the hippocampus, cortex, striatum
and cerebellum*®, the specific neurological functions of ELK1 within
the central nervous system have not been extensively understood.
As a transcription factor, ELK1 is present not only in the nucleus but
also in neuronal soma, dendrites and axon terminals*®3?, which
indicates that ELK1 may have broader biological roles beyond its
nuclear activity. Indeed, overexpression of ELK1 has been shown to
reduce cell viability and promote apoptosis via interaction with
mitochondrial permeability transition pore complex, whereas its
genetic knockdown enhances cell viability in primary rat hippo-
campal neurons*. Moreover, ELK1 expression markedly increases in
primary cortical neurons exposed to oxygen—glucose deprivation,
and its inhibition confers notable neuroprotective effects against
oxygen-glucose deprivation-induced neuronal damage®'. More
importantly, both ELK1 and its phosphorylated form (p-ELK1) might
be linked to several human neurodegenerative diseases, including
Parkinson’s disease, Huntington’s disease and AD*?. However, the
exact roles and molecular mechanisms of ELK1 in neurodegenera-
tive diseases, especially in AD, remain unclear.

In this study, we observe a notable elevation in ELK1 protein
levels in AD patients, model mice and model cells. Both genetic
knockdown and pharmacological inhibition of ELK1 were found to
reduce APP amyloidogenic processing by enhancing the SYVN1-
mediated ubiquitination and degradation of PS1, leading to a
reduction in senile plague formation and an improvement in
synaptic and cognitive function in AD model mice.

MATERIALS AND METHODS

Ethics approval and consent to participate

The human study was evaluated and approved by the Ethics Committee of
Zhejiang University (Research Project Ethics approval document no. 2018-
009). All animal experiments were performed in accordance with the
Chonggqing Science and Technology Commission guidelines and approved
by the Animal Ethics Committee of Children’s Hospital of Chongging
Medical University (approval no. CHCMU-IACUC20210114017).

Human samples

Human brain tissues were sourced from the Chinese Human Brain Bank of
Zhejiang University, with detailed information provided in Supplementary
Table 1.

Animals

APP23/PS45 double-transgenic mice and their wild-type (WT) littermates
(C57BL/6J) were bred and reared in a temperature and humidity controlled
specific pathogen-free room at the Children’s Hospital of Chongqing Medical
University. The mice were kept under a 12-hour light-dark cycle (lights on
from 7:00 to 19:00) with free access to food and water. The genotypes of the
mice were identified via PCR using DNA extracted from clipped tails.

Antibodies

Anti-C20 (1:1,000) antibody used to detect APP and its 3-CTFs was kindly
provided by the lab of Professor Weihong Song. Anti-PS1 (1:1,000, ab76083)
antibody used to detect PS1 holoprotein (PS1-FL) and PS1 C-terminal
fragments(PS1-CTF) was purchased from Abcam. Anti-PS1 (1:500, R382308)
antibody used to detect PS1 N-terminal fragments (PS1-NTF) was obtained
from ZEN BIO. Anti-ELK1 (1:500, ab32106), anti-NCT (1:1,000, ab3444) and
anti-SYVN1 (1:500, ab170901) antibodies were purchased from Abcam.
Anti-BACE1 (1:1000, #5606), anti-PEN2 (1:1000, #8598), anti-HA-Tag (1:1000,
#3724) and anti-LC3 (1:1,000, #12741) antibodies were sourced from Cell
Signaling Technology. Anti-APHTA (1:1,000, NB100-74360) antibody was
purchased from Novus Biologicals. Anti-p-ELK1 Ser383 (1:500, AF3212)
antibody was obtained from Affinity Biosciences. Anti-ubiquitin (1:1,000,
#10201-2-AP) and anti-NEDDA4L (1:1,000, #13690-1-AP) antibodies were
purchased from Proteintech. Anti-p62 (1:1000, H00008878-M01) antibody
was purchased from Abnova. Anti-Flag-Tag (1:1,000, #3900002) antibody
was obtained from ZEN BIO. Anti-B-actin (1:3,000, A5411) antibody was
purchased from Sigma. Anti-B-amyloid antibody (clone 4G8) (1:500,
#800705) was obtained from BioLegend.
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Plasmids

The plasmids utilized for mouse ELK1 overexpression and interference with
ELK1 expression via small hairpin RNA were synthesized by Youze
Biotechnology, while those employed for human ELK1 overexpression
and interference with ELK1 expression were constructed by Genechem.
Youze Biotechnology also provided plasmids for mouse Flag-tagged PS1
(PS1-Flag), HA-tagged ELK1 (ELK1-HA), HA-tagged SYVN1 (SYVN1-HA), HA-
tagged WT ubiquitin (Ub-HA) and HA-tagged mutant ubiquitin (UbR-HA),
in which all lysine (K) residues were replaced by arginine (R) residues and
Flag-tagged PST mutants K311, K314, K380, K395, K429 and K430, where
only the numbered K residue was retained, while the other K residues were
mutated into R residues. HA-tagged ubiquitin mutants K6R, K11R, K27R,
K29R, K33R, K48R and K63R, in which only the numbered K residue was
mutated into R residue, while the other six K residues in ubiquitin were
retained, were constructed by homologous recombination using Ub-HA as
the template. HA-tagged ubiquitin mutants K27, K48 and K63, where only
the numbered K residue was retained, while the other six K residues in
ubiquitin were mutated into R residues, were generated by homologous
recombination using UbR-HA as the template. A phosphorylation mimic
plasmid of ELK1 Ser383/389 (p-ELK1) was created by homologous
recombination using ELK1-HA as the template, mutating Ser383 and
Ser389 to aspartic acid. The sequences of the primers used to construct
mutant plasmids are provided in Supplementary Table 2.

Cell culture and transfection

Mouse neuroblastoma N2A cells were grown in 47% Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco) and 47% Opti-MEM (Gibco) supplemented
with 5% fetal bovine serum (FBS) (Gibco) and 1% penicillin-streptomycin
(Gibco). The N2A*"? cells were grown in DMEM supplemented with 10%
FBS, 1% penicillin-streptomycin and 50 ug ml~'G418 (Gibco). The human
embryonic kidney (HEK293) cells were grown in DMEM supplemented with
10% FBS and 1% penicillin-streptomycin. The 2EB2 cells were grown in
DMEM containing 10% FBS, 1% penicillin-streptomycin, 25 ug ml~'G418
and 100 pug ml~"zeocin (Invitrogen). All cell lines were maintained at 37 °C
in a humidified atmosphere containing 5% CO,. Transfection experiments
were performed using Lipofectamine 3000 Transfection Reagent (Invitro-
gen) following the manufacturer's protocol. Briefly, when the cell
confluence reached approximately 70%, the complete medium was
substituted with serum-free medium. The plasmids and P3000 reagent
were diluted in Opti-MEM and Lipofectamine 3000 was also diluted in
Opti-MEM. Then, the diluted plasmids and the diluted Lipofectamine 3000
were thoroughly mixed. Following 15-min incubation, the mixtures were
added to wells, with cells subsequently cultured for another 24-48 h.

To block the proteasomal or lysosomal pathways, the N2AAPP cells were
exposed to 10 uM MG132 (MCE) or 50 uM chloroquine (CQ) (Sigma) for
24 h*®. To assess AB-induced ELK1 and p-ELK1 expression, the N2A and
HEK293 cells were treated with varying concentrations of Af3;4, peptide
(GL Biochem) for 24 h. To examine the effect of SYVN1 inhibition on PS1
expression, the N2A*"" cells were incubated with different concentrations
of SYVN1-specific inhibitor LS-102 (MCE) for 48 h.

For experiments assessing PS1 degradation, the cells were transfected
with plasmids overexpressing ELK1 or SYVN1 for 4-6 h. Following this, the
cells were exposed to 100 ug ml’lcycloheximide (CHX) (CST) for different
time points®?,

Adeno-associated virus and microinjection

To knock down ELK1 in vivo, adeno-associated virus carrying ELK1 small
hairpin RNA (AAV,e 1) with a titer of 3 x 10" TU ml~'was created by OBiO
Technology. The mice were anesthetized by intraperitoneal (i.p.) injection
of sodium pentobarbital (60 mgkg™') and then fixed on a stereotaxic
device. After the coordinates were determined, 1yl AAVg i was
microinjected into the hippocampal CA1 region through a drilled opening
(—2.5mm posterior, £2.0 mm lateral and —2.5mm ventral relative to
bregma). The mice received AAV microinjections at 2 months of age and
were subjected to behavioral assessments at 5 months.

Peptide synthesis and administration

The TAT-DEF-ELK1 (TDE) peptide (GRKKRRQRRRPPSPAKLSFQFPSSGSAQVHI)
and its scramble (GRKKRRQRRRPPQSKPSGSQHPIFSLAFVAS)** were synthe-
sized by GL Biochem. For in vivo administration, the peptides were
dissolved in sterile saline. The mice were daily injected (i.p., 8 mgkg™")
with either TDE or scramble peptide from the age of 2 months to the end
of the behavioral tests. The behavioral tests were conducted at the age of
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5 months in mice. For in vitro assays, the cells were exposed to 20 uM TDE
or scramble peptide to inhibit ELK1 phosphorylation.

Barnes maze test

The Barnes maze test was conducted on an elevated (120 cm in height)
white circular platform (75 cm in diameter). There were 18 evenly spaced
holes (5 cm in diameter) along its edge, with one leading to an escape box.
The platform was surrounded by light blue curtains decorated with three
spatial cues of distinct geometrical configurations. A CCD camera
positioned above the platform captured the tracking data, which was
analyzed using the ANY-maze video tracking system (Stoelting). To
familiarize the mice with the maze, 1day before spatial training, we
placed the mice at the platform center and enabled them to explore freely
for 3min. Over the following 5days, each mouse underwent spatial
learning task twice a day. During each trial, the mice started from the
platform center and had up to 3 min to locate the escape box. If they were
unable to locate the box, they would be gently guided to it and remain
there for 1 min. 1day following the last learning task, a probe test was
conducted with the escape box removed. In this test, mice were again
placed at the platform center and permitted a 3-min free exploration.

Morris water maze test

The Morris water maze test was performed in a circular pool (150 cm in
diameter, 50 cm in height). The pool was filled with water clouded by
nontoxic white paint. The water was kept at 23-25 °C to make it suitable
for the mice to swim and explore. Surrounding the pool were light blue
curtains featuring three uniquely shaped spatial cues. A CCD camera
positioned above the pool captured the tracking data, which was analyzed
using the ANY-maze video tracking system. To familiarize the mice with
the maze, 1 day before spatial training, the mice were permitted to swim
freely in the pool for 2 min. During the acquisition training, a hidden
platform (also called island, 7.5 cm in diameter) was positioned 1 cm below
the water surface. Over the 5days of acquisition training, each mouse
underwent spatial learning task four trials a day. Each trial began with
themice being put into the water from one of four starting points
(northeast [NE], northwest [NW], southwest [SW], andsoutheast [SE]) while
they faced the pool wall. Each mouse was given up to 2 min to locate the
platform. If they were unable to locate the platform, they would be guided
to it and remain there for 20s. 1day following the last learning task, a
probe test was performed with the hidden platform removed. In this test,
the mice were placed in the pool at the SW starting point and permitted a
2-min free exploration.

Immunohistochemistry and immunofluorescence

After behavioral tests, the mice were deeply anesthetized with urethane
(1.5gkg ™', i.p.) and subsequently transcardially perfused with phosphate-
buffered saline until the liver turned white. The mouse brains were
dissected and postfixed in freshly prepared 4% paraformaldehyde for 48 h
followed by dehydration in 30% sucrose until the tissue sank. Subse-
quently, the coronal brain sections (30 um thick) were prepared by
embedding the tissue in optimal cutting temperature compound and
sectioning with a cryostat.

For immunohistochemical assay, the brain coronal frozen sections were
first treated with 88% formic acid for 15-30 min. Subsequently, the sections
underwent a 30-min incubation in 30% hydrogen peroxide (H,O,). After
blocking with 10% bovine serum albumin for 1 h at room temperature, the
sections were incubated overnight at 4°C with 4G8 antibody (1:500,
BioLegend). The plaques were detected using the ABC-DAB method, and all
the stained slides were scanned with a whole-slide scanner (Olympus). The
number of plaques was quantified as previously described*”.

For immunofluorescent assay, the brain sections were mounted on slides
and dried at 60 °C for 45 min. Subsequently, the brain sections were blocked
with 10% bovine serum albumin for 1 h, followed by overnight incubation
with primary antibody at 4°C. On the following day, the sections were
incubated for 2h with DAPI (1:1,000) and the appropriate fluorescent
secondary antibody (1:1,000). After mounting with antifade medium, the
sections were examined and imaged using a confocal microscope (Nikon).

Western blot

The cells or brain tissues were lysed in lysis buffer supplemented with
protease inhibitors and phosphatase inhibitors for 15-30 min. After
thorough lysis, the lysates were centrifuged at 12,000 rpm for 15 min at
4°C to collect the supernatants. The protein concentrations were
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measured using a BCA Protein Assay Kit (Thermo Fisher Scientific). Equal
amounts of protein were denatured by boiling with 5x sample buffer at
95 °C for 5 min. Subsequently, the samples were separated by SDS-sulfate
polyacrylamide gel electrophoresis and transferred onto an immobilon-
PTM polyvinylidene difluoride membrane (Millipore). Following a 1.5-h
blocking with 5% nonfat milk, the membranes were incubated overnight at
4 °C with primary antibodies. On the next day, the membranes underwent
a 1.5-h incubation with the corresponding HRP-labeled secondary
antibody (1:3,000, Perkin-Elmer). The protein bands were visualized using
ECL substrate (Bio-Rad) and imaged with a Bio-Rad Imager (Bio-Rad). The
relative expression levels of target proteins were calculated using Quantity
One software (Bio-Rad) and normalized to B-actin.

Ap ELISA

The mouse hippocampal tissues were homogenized in lysis buffer
supplemented with protease inhibitors for 15-30 min. After thorough
lysis, the homogenates were centrifuged at 12,000 rpm for 15 min at 4 °C
to collect the supernatants. The resulting samples were standardized to
equal protein concentrations and subsequently diluted 40-fold for AP
detection. AB4o and APy, levels were quantitatively determined using the
corresponding commercially available enzyme-linked immunosorbent
assay (ELISA) kits (R&D) following the manufacturer’s guidelines. Briefly,
samples or standards were added to a 96-well polystyrene microplate
precoated with a monoclonal antibody specific for either human Af,, or
AB4, and incubated for 2 h at 4 °C. The plate was then washed three to four
times, followed by the addition of human A, or AB,, conjugate and a
second 2-h incubation at 4 °C. After a subsequent wash cycle, substrate
solution was added, and the plate was incubated for 30 min at room
temperature away from light. The reaction was terminated with stop
solution, and the absorbance at 450 nm was measured within 30 min. To
ensure accuracy and precision, each sample was tested in duplicate wells.

Coimmunoprecipitation

The cells were lysed in the lysis buffer designed for IP (Beyotime
Biotechnology), which included protease inhibitors and phosphatase
inhibitors. Following extensive lysis, the lysates were centrifuged at
12,000 rpm for 15 min at 4 °C to obtain the supernatants. After determina-
tion of protein concentrations using the BCA assay, 500-1,000 ug of
protein was incubated overnight at 4°C with primary antibodies or
nonspecific IgG on a rotator. Following this, protein A/G magnetic beads
for IP (Bimake) were added and incubated for another 2-3h. The
precipitates were washed three to five times with phosphate-buffered
saline to remove nonspecific binding. The bound proteins were eluted
from the precipitates by boiling in 1x SDS-sulfate polyacrylamide gel
electrophoresis loading buffer at 95°C for 5min and subsequently
prepared for western blot analysis.

Electrophysiological recording

The mice were deeply anesthetized with urethane (1.5gkg™", ip.) and
then underwent transcardial perfusion with artificial cerebral spinal fluid
(ACSF). The mouse brains were isolated and soaked in ice-cold ACSF
oxygenated with 95% O, and 5% CO,. Coronal hippocampal sections, each
400 um thick, were prepared using a vibratome (VT1200S, Leica). These
sections were immersed in ACSF with 95% O, and 5% CO, for 2 h at 35°C.
Field excitatory postsynaptic potential (fEPSP) in the hippocampal
CA1 stratum radiatum was recorded by stimulating the Schaffer
collateral-commissural pathway. After establishing a stable baseline, a
theta burst stimulation was applied to induce long-term potentiation (LTP).
The data acquisition was performed with the PatchMaster v2.73 software
(HEKA Electronic, Lambrecht/Pfalz).

Statistics

Statistical analysis is conducted with SPSS 22.0 software. The results are
presented as mean *standard error of the mean, with appropriate
analyses conducted via one-way analysis of variance (ANOVA), repeated
measures two-way ANOVA or two-tailed Student’s t-tests. P<0.05 is
considered statistically significant.

RESULTS

The expression of ELK1 is increased in AD

To assess changes in ELK1 expression associated with AD, brain
tissue from patients with AD and control individuals was
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Fig. 1

ELK1 was increased in AD. a Western blot (WB) of ELK1 in hippocampus of patients with AD and controls (CTR) (n = 6 in each group).

*P < 0.05, determined by an unpaired Student’s t-test. b WB of ELK1 in hippocampus of WT and AD mice at 6 months (n =8 in each group).
***¥P < 0.001, determined by an unpaired Student’s t-test. ¢ Imnmunofluorescence of ELK1 in different hippocampal regions of WT and AD mice
at 6 months. Scale bars, 500 um for hippocampus and 100 pm for DG, CA1 and CA3 (n =4 in each group). d WB of ELK1 in N2A and N2AAPP
cells (n=4 in each group). ***P < 0.001, determined by an unpaired Student’s t-test. @ WB of ELK1 in HEK293 and 2EB2 cells (n =3 in each
group). ***P < 0.001, determined by an unpaired Student’s t-test. f WB of ELK1 in N2A cells treated with different concentrations of Af4>
peptide (n =5 in each group). **P < 0.01 and ***P < 0.001, determined by one-way ANOVA. g WB of ELK1 in HEK293 cells treated with different

concentrations of APq.4, peptide (n=4 in each group). *P<0.05, **P
significant.

examined. Our findings revealed a significant elevation in ELK1
protein levels within the hippocampus of patients with AD
when compared with age-matched controls (Fig. 1a). Subse-
quently, we detected ELK1 expression in the APP23/PS45
double-transgenic mouse model of AD. Similar to the findings
in human patients, ELK1 protein levels were notably elevated in
the hippocampus of 6-month-old AD model mice relative to WT
littermates (Fig. 1b). Immunofluorescence staining further
demonstrated a significant rise in ELK1 expression within the
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<0.01 and ***P<0.001, determined by one-way ANOVA. ns, not

hippocampal regions (DG, CA1 and CA3) of AD model mice
relative to WT mice (Fig. 1¢). In addition, we evaluated ELK1
expression in AD model cells, specifically N2A cells stably
expressing human Swedish mutant APP695 (N2A*"") and
HEK293 cells stably transfected with the same mutant APP695
along with BACE1 (2EB2). The results indicated a marked
increase in ELK1 protein levels in both N2A*PP and 2EB2 cells
relative to their respective controls, N2A and HEK293 cells (Fig.
1d, e). Meanwhile, we analyzed ELK1 expression in acute cellular
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models of AD induced by the AB;.4, peptide treatment. The ELK1 promotes APP amyloidogenic processing by inhibiting
results showed a concentration-dependent increase in ELK1 the ubiquitination and degradation of PS1
expression with AP exposure in both N2A and HEK293 cells (Fig. To investigate the role of ELK1 in APP processing, N2A*" cells
1f, g). Taken together, these results indicate a clear upregula- were transfected with ELK1 or ELK1 small hairpin RNA (shg kq)
tion of ELK1 protein in various contexts of AD, encompassing plasmid to induce overexpression or knockdown of ELK1,
patients, model mice and model cells. respectively (Fig. 2a, b). Neither knockdown nor overexpression
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Fig.2 ELK1 promoted APP amyloidogenic processing by inhibiting the ubiquitination and degradation of PS1. a ELK1 or ELK1 small
hairpin RNA (shg kq) plasmid was transfected to N2A*FP cells. a—j ELK1 (a, b), APP (a, c), BACET1 (a, d), PS1 (a, e-g), NCT (a, h), APH1A (a, i)
and PEN2 (a, j) were determined by western blot (WB) 48 h later (n = 3-7 in each group). *P < 0.05 and ***P < 0.001, determined by one-
way ANOVA. k ELK1 or shg 1 plasmid was transfected to 2EB2 cells. PS1 was determined by WB 48 h later (n =5 in each group). *P < 0.05
and **P < 0.01, determined by one-way ANOVA. | The N2A*"P cells were exposed to MG132 (10 uM) or CQ (50 pM). PS1 was determined by
WB 24 h later (n =7 in each group). ***P <0.001, determined by one-way ANOVA. m The HEK293 cells were treated with or without
MG132. PS1-Flag together with or without Ub-HA plasmid was transfected to these cells 6 h later. PS1 ubiquitination was evaluated 24 h
later by immunoprecipitation (IP) with antibodies to Flag or negative control antibodies (IgG) and immunoblotting (IB) with antibodies
to HA (n =3 in each group). n PS1-Flag together with Ub-HA or HA-tagged ubiquitin mutants (K6R, K11R, K27R, K29R, K33R, K48R and
K63R) was transfected to HEK293 cells. PS1 ubiquitination was evaluated by coimmunoprecipitation (Co-IP) as described above (n =2 in
each group). o-q PS1-Flag together with Ub-HA or HA-tagged ubiquitin mutants K27 (o), K48 (p) and K63 (q) was transfected to HEK293
cells. PS1 ubiquitination was evaluated by Co-IP as described above (n=2-3 in each group). r PS1-Flag or Flag-tagged PS1 mutants
(K311, K314, K380, K395, K429 and K430) was transfected to HEK293 cells. The ubiquitination of PS1 and PS1 mutants were evaluated
24 h later by IP with antibodies to Flag or IgG and IB with antibodies to ubiquitin (n =4 in each group). s The N2A*" cells were
transfected with or without ELK1, followed by exposure to CHX (100 ug ml™") for the indicated time. PS1 was determined by WB to
evaluate its degradation (n =28 in each group). ***P < 0.001, determined by two-way ANOVA. t PS1-Flag and Ub-HA, along with or
without ELK1, were transfected to HEK293 cells. PS1 ubiquitination was evaluated by Co-IP as described above (n = 3 in each group). ns,
not significant.

SPRINGER NATURE Experimental & Molecular Medicine (2025) 57:1032 - 1046



of ELK1 affected the expression of APP (Fig. 2a, c) and BACE1
(Fig. 2a, d). Notably, knockdown of ELK1 led to a significant
reduction in the y-secretase component PS1, including PS1
holoprotein (PS1-FL), PS1 N-terminal fragments (PS1-NTF) and
PS1 C-terminal fragments (PS1-CTF) (Fig. 2a, e-g), while leaving
other components such as NCT, APH1A and PEN2 unaffected
(Fig. 2a, h-j). Conversely, overexpression of ELK1 had no effect on
the expression of all y-secretase complex proteins (Fig. 2a, e-j). It
has been well documented that PS1 undergoes endoproteolytic
cleavage, generating N-terminal and C-terminal fragments (PS1-
NTF and PS1-CTF, respectively) that assemble into functional PS1
heterodimers, which are essential for y-secretase activation®®?’.
Our study revealed that ELK1 interacted specifically with PS1-CTF
but not with PS1-NTF (Supplementary Fig. 1). Therefore, we next
focused on the relationship between ELK1 and PS1-CTF. Unless
otherwise specified, PS1 detected in the present study refers to
PS1-CTF. In agreement with the results in N2A*"F cells, PS1 levels
were notably elevated in 2EB2 cells compared with HEK293 cells
(Fig. 2k). ELK1 knockdown significantly lowered PS1 levels, while
ELK1 overexpression did not change PS1 levels in 2EB2 cells
(Fig. 2k and Supplementary Fig. 2). Collectively, these data suggest
that ELKT may affect APP processing by regulating PS1.

ELK1 usually functions as a transcription factor, influencing the
expression of specific target genes®*. Therefore, we sought to
investigate whether ELK1 modulates PS1 gene transcription in AD.
Our analysis indicated that neither knockdown nor overexpression
of ELK1 affected PS1 messenger RNA (mRNA) levels in 2EB2 cells
(Supplementary Fig. 3c), indicating that ELK1 does not regulate
PS1 gene transcription. Since ELK1 did not affect the synthesis of
PS1, we then aimed to examine whether ELK1 affects the
degradation of PS1 protein. It is well established that the
ubiquitin-proteasome system and the autophagy-lysosome
system are the primary mechanisms for protein degradation in
eukaryotic cells*®. To clarify the degradation route of PS1, we
examined PS1 expression in N2A* cells subjected to treatment
with proteasome inhibitor MG132 (10 uM for 24 h) or autophagy
inhibitor CQ (50 uM for 24 h) (Supplementary Fig. 4). The data
revealed a notable increase in PS1 levels in N2A*™" cells treated
with MG132 rather than CQ, compared with untreated controls
(Fig. 2I), indicating that PS1 was predominantly degraded by the
ubiquitin-proteasome pathway. To further validate this, the
HEK293 cells were cotransfected with flag-tagged PS1 (PS1-Flag)
and HA-tagged ubiquitin (Ub-HA) plasmids followed by treatment
with or without MG132. Immunoprecipitation and subsequent
western blot analysis confirmed that PS1 was indeed poly-
ubiquitinated, with both total and ubiquitinated PS1 levels
markedly elevated following MG132 treatment (Fig. 2m).

Ubiquitin contains seven lysine (K) residues, namely K6, K11,
K27, K29, K33, K48 and K63, each capable of forming internal
conjugations to generate polyubiquitination chains on substrates.
To discern which polyubiquitination chain is associated with PST,
we cotransfected HEK293 cells with PS1-Flag and either Ub-HA or
HA-tagged ubiquitin mutants (K6R, K11R, K27R, K29R, K33R, K48R
and K63R), where only the specified K residue was substituted
with an arginine (R), rendering it functionally inactive, while the
remaining six K residues were preserved. Our results indicated
that, in comparison to Ub, only the expression of K27R diminished
the polyubiquitination of PS1. Conversely, other ubiquitin mutants
did not exhibit a similar effect, suggesting that PS1 primarily
undergoes ubiquitination through K27-linked polyubiquitination
chains (Fig. 2n). Given that K48 is the most common ubiquitination
chain, and K63 has previously been identified to be associated
with PS1%°, we further evaluated the effects of K27, K48 and K63
chains on PS1 ubiquitination. We cotransfected the HEK293 cells
with PS1-Flag and Ub-HA or HA-tagged ubiquitin mutants (K27,
K48 and K63), where only the specified K residue was retained,
while the other six K residues were replaced with R residues. The
results further confirmed that PS1 is predominantly ubiquitinated
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by K27-linked polyubiquitination chains (Fig. 20—q). To pinpoint
the ubiquitination sites on PS1, we generated a series of Flag-
tagged PS1 lysine mutants, including K311, K314, K380, K395,
K429 and K430. In these mutants, only the designated K residue
was preserved, while the remaining K residues were mutated to R
residues. Upon transfecting PS1-Flag or these mutants into
HEK293 cells, we identified K314 as the primary ubiquitination
site for PS1 (Fig. 2r).

Furthermore, we observed obviously delayed degradation of
PS1 in N2AAPP cells transfected with ELK1 plasmid compared with
its control, when CHX was administered to inhibit protein
synthesis (Fig. 2s and Supplementary Fig. 5a). Moreover, ELK1
overexpression led to decreased levels of ubiquitinated PS1
alongside an accumulation of total PS1 in HEK293 cells
cotransfected with PS1-Flag, Ub-HA and ELK1 plasmids (Fig. 2t
and Supplementary Fig. 5b), indicating that ELK1 inhibited the
ubiquitination and subsequent degradation of PS1.

ELK1 inhibits the SYVN1-mediated ubiquitination and
degradation of PS1

Next, we wanted to determine the potential E3 ubiquitin ligase
responsible for the ubiquitination and degradation of PST.
According to UbiBrowser predictions, SYVN1 is the most likely
E3 ubiquitin ligase of PS1, followed by NEDDAL. To confirm the
prediction, we detected the interactions between PS1 and either
SYVN1 or NEDDAL. The results showed that only SYVN1 (Fig. 3a)
but not NEDDAL (Supplementary Fig. 6) could interact with PS1 in
N2A*PP cells. To further substantiate the interaction between PS1
and SYVN1, we transfected HEK293 cells with PS1-Flag and HA-
tagged SYVN1 (SYVN1-HA) plasmids, which also demonstrated a
clear interaction (Fig. 3b). More importantly, we found that SYVN1
overexpression significantly accelerated the degradation of PS1
(Fig. 3c and Supplementary Fig. 7a) through increasing the level of
ubiquitinated PS1 (Fig. 3d and Supplementary Fig. 7b). In addition,
LS-102, a selective SYVN1 inhibitor’®!, which was reported to
inhibit polg/ubiquitination and degradation of SYVN1 target
proteins®>>, led to a significant increase in the protein levels of
PS1 (Fig. 3e). These results suggest that the SYVN1-mediated PS1
ubiquitination is critical to PS1 degradation.

The above results showed that SYVN1 is the E3 ubiquitin
ligase of PS1, and ELK1 could inhibit PS1 ubiquitination.
Subsequently, we sought to explore the involvement of SYVN1
in ELK1-mediated inhibition of PS1 ubiquitination. Our analysis
revealed that neither knockdown nor overexpression of ELK1
influenced the levels of SYVN1, though SYVN1 was significantly
increased in 2EB2 cells compared with HEK293 cells (Fig. 3f and
Supplementary Fig. 2). However, it is unclear whether ELK1
regulates the interaction between PS1 and SYVN1 and thus
affecting the SYVN1-mediated PS1 degradation. We observed
the interaction between PS1 and ELK1 in HEK293 cells
transfected with PS1-Flag and HA-tagged ELK1 (ELK1-HA)
plasmids by coimmunoprecipitation (Fig. 3g). Notably, ELK1
overexpression significantly weakened the interaction between
PS1 and SYVN1 in HEK293 cells (Fig. 3h). Moreover, over-
expression of ELK1 markedly attenuated the SYVN1-mediated
PS1 ubiquitination (Fig. 3i and Supplementary Fig. 7c). To further
confirm the role of SYVN1 in shg ;-mediated PS1 ubiquitination
and degradation, LS-102 was added to N2A*"" cells transfected
with shg k. As expected, LS-102 reversed the shg gi-induced
reduction in PS1 expression (Fig. 3j). Collectively, these results
suggest that ELK1 inhibits the interaction between PS1 and
SYVNT1, consequently reducing the SYVN1-mediated ubiquitina-
tion and degradation of PS1 in AD.

Knockdown of ELK1 ameliorates synaptic and cognitive
impairments in APP23/PS45 mice

Since knockdown of ELK1 reduced APP amyloidogenic processing
in vitro (Fig. 2a-k), we aimed to investigate whether knockdown of
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Fig. 3 ELK1 inhibited the SYVN1-mediated ubiquitination and degradation of PS1. a Coimmunoprecipitation (Co-IP) of endogenous PS1
and SYVN1 in N2A*PP cells was performed using antibodies to PS1 and SYVN1 (n = 3 in each group). b Co-IP of exogenous PS1 and SYVN1 in
HEK293 cells cotransfected with PS1-Flag and SYVN1-HA was performed using antibodies to Flag and HA (n =3-4 in each group). c The
HEK293 cells were transfected with or without SYVN1, followed by exposure to CHX (100 ug ml™") for the indicated time. PS1 was determined
by western blot (WB) to evaluate its degradation (n =4 in each group). *P < 0.05, determined by two-way ANOVA. d PS1-Flag and Ub-HA,
along with or without SYVN1, were transfected to HEK293 cells. PS1 ubiquitination was evaluated by Co-IP as described above (n =3 in each
group). @ WB of PS1 in N2A"" cells treated with different concentrations of LS-102 (n=7 in each group). *P<0.05 and ***P<0.001,
determined by one-way ANOVA. f ELK1 or shg k; plasmid was transfected to 2EB2 cells. SYVN1 was determined by WB 48 h later (n =4 in each
group). *P < 0.05, determined by one-way ANOVA. g Co-IP of exogenous PS1 and ELK1 in HEK293 cells cotransfected with PS1-Flag and ELK1-
HA was performed using antibodies to Flag and HA (n =3 in each group). h PS1-Flag and SYVN1-HA, along with or without ELK1, were
transfected to the HEK293 cells. Co-IP of exogenous PS1 and SYVN1 was performed as described above (n = 3-4 in each group). i PS1-Flag, Ub-
HA and SYVNT1, along with or without ELK1, were transfected to HEK293 cells. PS1 ubiquitination was evaluated by Co-IP as described above
(n=3 in each group). j WB of ELK1 and PS1 in N2A”PP cells transfected with shg kq, along with or without LS-102 treatment (1 uM for 48 h)
(n=4 in each group). **P <0.01 and ***P < 0.001, determined by one-way ANOVA. ns, not significant.

ELK1 by adeno-associated virus carrying ELK1 shRNA (AAVheik1)
could alleviate amyloid pathology and cognitive deficits in APP23/
PS45 double-transgenic model mice of AD. The mice received
AAV ek microinjection at 2 months of age, and spatial memory
and amyloid pathology were measured at 5months of age.
Consistent with in vitro findings, levels of ELK1 and AD-associated
proteins including APP, BACE1, PS1 and B-CTFs, were markedly
increased in the hippocampus of AD model mice relative to WT
controls (Fig. 4a-f). Importantly, AAV g «;-mediated knockdown
of ELK1 reversed the increases in BACE1 and PS1 but did not
impact APP or B-CTFs levels in AD model mice (Fig. 4a-f). Since
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senile plaques resulting from A peptide aggregation represent a
major pathological hallmark of AD, we further evaluated the
impact of ELK1 knockdown on AP generation and plaque
formation. Consistent with expectations, both AB40 and Ap42
levels, along with senile plaque counts, were markedly increased
in the hippocampus of AD model mice relative to WT littermates
(Fig. 4g-j). However, ELK1 knockdown led to a substantial
decrease in AB40 and AP42 levels and the number of senile
plaques (Fig. 4g-j).

The aforementioned results have revealed that knockdown of
ELK1 could alleviate neuropathology in AD model mice. We then
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evaluated the influence of ELK1 knockdown on cognitive function
through Barnes maze and Morris water maze tests. In the Barnes
maze test, the AD model mice showed obvious spatial learning
deficits compared with WT controls, characterized by prolonged
escape latency to locate the escape box (Fig. 4l). The knockdown
of ELK1 by AAV e ;1 significantly shortened the escape latency in
AD model mice (Fig. 4l). In the subsequent probe test, the AD mice
displayed impaired spatial memory retrieval, evidenced by a
reduction in both the number (Fig. 4m) and accuracy (Fig. 4n) in
exploring escape box. However, knockdown of ELK1 restored
memory retrieval performance to control levels (Fig. 4m, n).
Similarly, in the Morris water maze, the AD mice exhibited notable
impairments in spatial learning, as AD mice took much longer to
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reach the hidden platform relative to WT controls (Fig. 4p).
AAV e ki-mediated ELKT knockdown dramatically shortened the
time required for AD mice to locate the hidden platform (Fig. 4p).
In the probe test with the platform removed, the AD mice
displayed impaired spatial memory retrieval, reflected by fewer
platform crossings (Fig. 4g) and increased latency for initial entry
into platform area (Fig. 4r) compared with WT mice. Remarkably,
ELK1 knockdown restored both the number of platform crossings
(Fig. 49) and the latency for initial entry (Fig. 4r) to control levels in
AD mice.

Given that LTP in the hippocampus is recognized as a
fundamental mechanism for learning and memory, we
detected the effect of ELK1 knockdown on LTP in the CA1
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Fig. 4 Knockdown of ELK1 alleviated synaptic and cognitive deficits in APP23/PS45 mice. a The mice were treated with different AAV
microinjections at 2 months: WT mice administrated with AAVegrp (WT -+ AAVegrp), APP23/PS45 mice administrated with AAVegep
(AD + AAVgrp) and APP23/PS45 mice administrated with AAVsne k1 (AD 4+ AAVghe kq). After a month of behavioral experiments which started
at the age of 5 months, the mice were subjected to electrophysiological recordings or killed for molecular biological testing. a-f Western blot
of ELK1 (a, b), APP (a, ), BACE1 (a, d), PS1 (a, e) and p-CTFs (a, f) in hippocampus of mice (n =5-8 in each group). *P < 0.05, **P < 0.01 and
**¥P < 0.001, determined by one-way ANOVA. g, h Amounts of AP (g) and AB,; (h) measured by ELISA in hippocampus of mice (n =6-8 in
each group). *P<0.05 and ***P<0.001, determined by one-way ANOVA. i, j Senile plaques detected by immunohistochemistry in
hippocampus of mice. Scale bars, T mm (n = 68-149 slices from 7-12 mice in each group). **P < 0.01, determined by one-way ANOVA. k The
average heat map during memory retrieval in the Barnes maze test. | The latency to locate the escape box during spatial learning in the Barnes
maze test (n = 8-12 in each group). ***P < 0.001, determined by a repeated measures ANOVA. m The number of finding the escape box during
memory retrieval (n=8-12 in each group). ***P <0.001, determined by one-way ANOVA. n The accuracy of finding the escape box during
memory retrieval (n=8-12 in each group). **P<0.01 and ***P < 0.001, determined by one-way ANOVA. o The average heat map during
memory retrieval in the Morris maze test. p The latency for finding the island during spatial learning in the Morris maze test (n = 16-18 in each
group). ***P < 0.001, determined by a repeated measures ANOVA. q The number of entries into the platform zone during memory retrieval
(n=16-18 in each group). ***P < 0.001, determined by one-way ANOVA. r The latency to first entry to platform area during memory retrieval
(n=16-18 in each group). ***P <0.001, determined by one-way ANOVA. s The representative fEPSP traces and normalized slope plots
(n=28-10 slices from three to four mice in each group). t The bar graphs display the average percentage changes in fEPSP slope

(n =8-10 slices from three to four mice in each group). *P < 0.05 and **P < 0.01, determined by one-way ANOVA. ns, not significant.

region of the hippocampus in AD model mice. We found that
hippocampal LTP was markedly decreased in AD model mice
relative to WT mice (Fig. 4s, t), whereas knockdown of ELK1 by
AAV e i reversed the impairment of LTP (Fig. 4s, t). Collec-
tively, these data demonstrate that ELK1 knockdown mitigates
neuropathology and alleviates synaptic and memory impair-
ments in AD mice.

ELK1 phosphorylation is involved in SYVN1-mediated
ubiquitination and degradation of PS1

ELK1 activation is well established to occur through ERK-mediated
phosphorylation at Ser383 and Ser389°>3¢, Therefore, we inves-
tigated the potential role of phosphorylated ELK1 (p-ELK1) in the
SYVN1-mediated ubiquitination and degradation of PS1 in AD. Our
findings revealed a significant elevation in p-ELK1 expression in
the hippocampus of 6-month-old AD mice (Fig. 5a) and in N2A*"P
cells (Fig. 5b). In addition, AB,4> peptide upregulated p-ELK1
expression in a concentration-dependent manner in N2A cells (Fig.
5¢). To test whether p-ELK1 affects PS1 levels, N2A*"P cells were
treated with ELK1 phosphorylation inhibitor TAT-DEF-ELK1 (TDE)
peptide or its scrambled variant (Fig. 5d). Treatment with TDE
resulted in a significant reduction in PS1 expression compared
with the scramble control (Fig. 5d). To explore the effect of ELK1
phosphorylation on its interaction with PS1, the HEK293 cells were
cotransfected with PS1-Flag and either ELK1-HA or HA-tagged p-
ELK1 (p-ELK1-HA). The results showed that the interaction
between p-ELK1 and PS1 was much stronger than that between
ELK1 and PS1 (Fig. 5e). Further experiments aimed at elucidating
p-ELK1’s effect on PS1 ubiquitination involved cotransfecting
HEK293 cells with PS1-Flag and Ub-HA, alongside either ELK1 or p-
ELK1, followed by treatment with TDE or its scramble (Supple-
mentary Fig. 8a, b). The cells expressing p-ELK1 showed a
significant reduction in ubiquitinated PS1 levels relative to those
expressing ELK1 (Fig. 5f). By contrast, the inhibition of ELK1
phosphorylation by TDE significantly increased the levels of
ubiquitinated PS1 (Fig. 5f). To further explore the potential
inhibitory effect of p-ELK1 on SYVN1-mediated ubiquitination of
PS1, the HEK293 cells were cotransfected with PS1-Flag, Ub-HA
and SYVN1 plasmids alongside either ELK1 or p-ELK1 plasmid,
followed by TDE or scramble treatment (Supplementary Fig. 8c, d).
Consistent with the previous results (Fig. 3d, i), SYVN1 over-
expression significantly elevated ubiquitinated PS1 levels, while
ELK1 overexpression inhibited this effect (Fig. 5g). Notably, the
overexpression of p-ELK1 further decreased the levels of
ubiquitinated PS1 compared with overexpression of ELK1 (Fig.
5g). Conversely, the inhibition of ELK1 phosphorylation by TDE
completely restored the levels of ubiquitinated PS1 (Fig. 59).
Taken together, these results suggest that ELK1, especially its
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phosphorylated form, is critical for the SYVN1-mediated ubiqui-
tination and subsequent degradation of PS1.

Inhibition of ELK1 phosphorylation ameliorates synaptic and
cognitive impairments in APP23/PS45 mice

Since TDE-mediated inhibition of ELK1 phosphorylation could
promote the ubiquitination and degradation of PS1, we sought to
assess whether TDE could alleviate amyloid pathology and
cognitive deficits in APP23/PS45 model mice of AD. The mice
received intraperitoneal injections of TDE (i.p., 8 mgkg™' per day)
starting at 2 months of age, and spatial memory and amyloid
pathology were measured at 5 months of age. TDE treatment
resulted in a marked decrease in PS1 expression in the
hippocampus of AD model mice, without affecting APP, BACE1
or B-CTFs levels (Fig. 6a—e). Notably, TDE treatment had no effect
on the expression of all these proteins in WT mice (Fig. 6a-e). As
expected, TDE treatment led to substantial decreases in AB40 and
AR42 levels, along with a reduction in senile plaque counts in the
hippocampus of AD model mice (Fig. 6f-i).

We also evaluated the effects of TDE on cognitive function in
AD model mice by using the Barnes maze and Morris water
maze assessments. Compared with the scramble peptide, TDE
treatment significantly enhanced spatial learning in AD mice,
evidenced by a marked decrease in escape latency during
Barnes maze training (Fig. 6k). Furthermore, TDE administration
increased the frequency (Fig. 6l) and accuracy (Fig. 6m) of
probing escape box during probe test, indicating enhanced
memory retrieval by TDE in AD mice. Similar to the results in the
Barnes maze test, TDE administration ameliorated spatial
learning (Fig. 60) and memory retrieval (Fig. 6p, q) in the Morris
water maze test in AD model mice. Notably, TDE did not affect
spatial learning or memory performance in WT mice in both
behavioral tests (Fig. 6j-q).

Similarly, we also measured the effects of TDE on hippocampal
CA1 LTP. Consistent with our expectations, TDE restored the
impaired LTP to control levels in AD model mice (Fig. 6r, s). Overall,
these results demonstrate that inhibiting ELK1 phosphorylation
with TDE could ameliorate neuropathology and alleviates synaptic
and memory impairments in AD mice.

DISCUSSION

Our recent study found that ERK1/2 is excessively activated in AD,
and inhibiting this activation using U0126 effectively lowers the
levels of APP and BACE1, subsequently reducing AB generation®?,
However, the downstream signals of ERK1/2 involved in APP
processing are still unclear. ELK1, a principal target of ERK1/2,
undergoes rapid phosphorylation at Ser383 and Ser389 upon
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ERK1/2 activation. Increasing evidence supports a strong associa- and neurofibrillary tangles in the brains of patients with AD*%
tion between elevated ELK1 or p-ELK1 levels and neurodegen- Meanwhile, downregulation of ELK1 has been shown to restore
erative diseases including AD, and that inhibiting ELKT may offer Ap-induced synaptic dysfunction in rat hippocampal neurons>*.
neuroprotective functions. For example, T417*ELK1, a phospho- Consistent with these reports, our data reveal a significant
form of ELK1, has been found to colocalize with neuritic plaques increase in ELK1 expression in AD patients and models (Fig. 1).
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Fig. 5 ELK1 phosphorylation inhibited the SYVN1-mediated ubiquitination and degradation of PS1. a Western blot (WB) of p-ELK1 in
hippocampus of WT and AD mice at 6 months (n =4 in each group). ***P < 0.001, determined by an unpaired Student’s t-test. b WB of p-ELK1
in N2A and N2A*P cells (n = 6 in each group). ***P < 0.001, determined by an unpaired Student’s t-test. ¢ WB of p-ELK1 in N2A cells treated
with different concentrations of Ap;_4> peptide (n =5 in each group). *P < 0.05 and **P < 0.01, determined by one-way ANOVA. d WB of p-ELK1,
ELK1 and PS1 in N2A*" cells treated with TDE or scramble peptide (20 uM for 24 h) (n=6 in each group). *P <0.05 and ***P <0.001,
determined by one-way ANOVA. e PS1-Flag and ELK1-HA or p-ELK1-HA, were transfected to HEK293 cells. Coimmunoprecipitation (Co-IP) of
exogenous PS1 and ELK1 or p-ELK1 was performed as described above (n =3 in each group). f The HEK293 cells were transfected with PS1-
Flag and Ub-HA, along with or without ELK1 or p-ELK1, followed by treatment with or without TDE. PS1 ubiquitination was evaluated by Co-IP
as described above (n =3 in each group). g The HEK293 cells were transfected with PS1-Flag, Ub-HA and SYVN1, along with or without ELK1
or p-ELK1, followed by treatment with or without TDE. PS1 ubiquitination was evaluated by Co-IP as described above (n = 3 in each group). ns,

not significant.

Genetically knocking down ELK1 by shRNA or pharmacologically
inhibiting ELK1 by TDE reduces amyloidogenic cleavage of APP,
thereby inhibiting senile plaque formation and improving synaptic
and cognitive deficits in APP23/PS45 double-transgenic AD model
mice (Figs. 4 and 6).

ELK1 primarily functions as a transcription factor, regulating
gene expression through its interaction with a serum response
factor dimer>>>%, Meanwhile, our recent report indicates ERK1/2,
which acts upstream of ELK1, is implicated in AD pathogenesis via
transcriptional regulation of APP and BACE1*2. Consequently, we
hypothesized that the elevated ELK1 expression in AD might also
affect the transcription of crucial proteins like APP, BACET and
PS1, contributing to AR production. However, experiments reveal
that neither overexpressing nor knocking down ELK1 affects the
mMRNA levels of APP, BACE1 or PS1 in AD model cells because
ELK1 could not bind to their promoters (Supplementary Fig. 3).
Notably, these findings contradict previous reports suggesting
that ELK1 represses PS1 transcription by specifically interacting
with the -10 region of the PS1 promoter in yeast>’>%. The
contradictions between these previous reports and our present
results warrant further investigation, potentially arising from
differences in species or experimental methodologies employed
in those studies.

Nevertheless, we found that knocking down ELK1 effectively
reduces APP amyloidogenic processing by decreasing PS1
protein levels, whereas ELK1 overexpression does not alter PS1
levels in AD (Figs. 2 and 4). One possibility is that the already
elevated ELK1 levels in AD are sufficient to maintain high PS1
expression, making additional ELK1 overexpression ineffective in
further increasing PS1 levels. Since ELK1 does not affect PS1
transcription, it probably regulates PS1 degradation, which is
typically modulated by either the ubiquitin-proteasome system
or the autophagy-lysosome pathway®®. Notably, our results
indicate that ELK1 is not involved in autophagy-mediated PS1
degradation but rather inhibits PS1 ubiquitination and subse-
quent degradation (Fig. 2). Ubiquitin contains seven lysine (K)
residues (K6, K11, K27, K29, K33, K48 and K63), each capable of
forming polyubiquitination chains on substrates. Structural
studies have shown that K27 is the least solvent-exposed lysine
residue in ubiquitin molecules®®, suggesting it may be less
accessible for enzymatic modification, which could explain its
lower abundance in cells. In additon, the enzymes that
specifically catalyze K27-linked ubiquitination, including ubiqui-
tin ligases and deubiquitinating enzymes, remain largely
uncharacterized. While K48-linked ubiquitination is traditionally
associated with proteasomal degradation, the functional role of
K27-linked ubiquitination is still under investigation. Studies
have implicated K27-linked ubiquitination in DNA damage
repair®®, immune responses®'®? and antiviral activity®>%*. Inter-
estingly, tumor necrosis factor receptor-associated factor 6
(TRAF6)-mediated K27-linked ubiquitination has been shown to
modify proteins such as a-synuclein and DJ-1 in Parkinson’s
disease and huntingtin in Huntington’s disease®>°®, suggesting a
role in neurodegenerative diseases. Our findings align with these
observations, as PS1 is predominantly modified by K27-linked

SPRINGER NATURE

ubiquitination, indicating that this modification may play a role
in AD-related mechanisms (Fig. 2). However, the precise function
of K27-linked ubiquitination in PS1 degradation remains unclear
and warrants further investigation.

Previous studies have identified TRAF6 and SEL-10 as E3
ubiquitin ligases for PS1. TRAF6 mediates K63-linked ubiquiti-
nation of PS1, which increases PS1 protein levels without
affecting y-secretase activity or Ap production®’. This suggests
that TRAF6-mediated ubiquitination does not regulate PS1
degradation. Similarly, while SEL-10 interacts with PS1 and
promotes its ubiquitination and degradation, it has also been
shown to enhance APP amyloidogenic processing and AP
generation®®, This effect may stem from SEL-10 not only
ubiquitinating PS1 but also increasing BACE1 activity, thereby
promoting A production. Since SEL-10 may not specifically
target PS1 in APP metabolism, we sought to identify novel E3
ligases for PS1. Based on predictions from the UbiBrowser E3
ligase database and our experimental results, we propose that
SYVN1 functions as an E3 ligase for PS1. Furthermore, ELK1
inhibits SYVN1-mediated PS1 ubiquitination and degradation,
leading to increased y-secretase activity and AP production,
highlighting the potential regulatory role of SYVN1 in AD
pathogenesis (Fig. 3).

As ELK1 has been excluded as a transcription factor influen-
cing PS1 expression and AB generation, we propose that post-
translational modifications of extranuclear ELK1, particularly
phosphorylation, may facilitate AB generation by modulating
its interactions with PS1. Indeed, we report that p-ELK1 levels are
apparently increased in AD, whereas genetically knocking down
ELK1 or pharmacologically inhibiting ELK1 phosphorylation
enhances SYVN1-mediated ubiquitination and degradation of
PS1, resulting in decreased AP generation and improved
synaptic and cognitive function in AD model mice (Figs. 3-6).
These data suggest that strategies targeting ELK1 inhibition,
such as TDE, which specifically interferes with DEF docking
domain of ELK1 to inhibit its phosphorylation and nuclear
translocation**, may enhance learning and memory capabilities,
potentially offering therapeutic benefits for cognitive disorders
such as AD. However, ELK1 plays critical roles in various cellular
processes, including proliferation, apoptosis, thymocyte devel-
opment, glucose homeostasis and brain function®. To minimize
the potential impact of ELK1 inhibition on normal physiological
functions, we monitored several parameters to assess the
potential side effects of TDE treatment. Specifically, we
measured body weight, mortality rate and conducted behavioral
assays, including the open field test and elevated plus maze test,
to evaluate the effects of TDE on spontaneous activity and
anxiety/depressive-like behaviors. Our results indicated that TDE
treatment at currently used doses did not cause any adverse
effects on these parameters (Supplementary Fig. 9). Never-
theless, we acknowledge that other potential side effects cannot
be entirely ruled out, and further studies are needed to
comprehensively assess the long-term safety profile of TDE
treatment. Although we here reveal that TDE improves the
pathology of AD, it may also inhibit the normal physiological
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function of ELK1. Therefore, a key avenue for future research will
be to pinpoint the ELK1 recognition sites on PS1, facilitating
further structural investigations into the ELK1-PS1 interaction
and enabling the rational design of small molecule drugs or
peptides that can disrupt this interaction without compromising
ELK1's physiological roles.

In summary, our research highlights that ELK1, especially its
phosphorylated form p-ELK1, is aberrantly elevated and plays
critical roles in the pathogenesis of AD (Fig. 7). Both genetic

Experimental & Molecular Medicine (2025) 57:1032 - 1046

knockdown and pharmacological inhibition of ELK1 reduce APP
amyloidogenic processing by promoting the SYVN1-mediated
ubiquitination and degradation of PS1, thereby inhibiting AR
generation and alleviating synaptic and cognitive impairments in
a mouse model of AD. These findings reveal new insights into the
involvement of ELK1 in AD pathogenesis and provide scientific
basis for the development of ELK1 inhibitors aimed at addressing
learning and memory disorders in individuals with AD as well as in
the aging population.
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Fig. 6 TDE alleviated synaptic and cognitive deficits in APP23/PS45 mice. a The mice were subjected to different peptides starting at
2 months: WT mice receiving the scramble peptide (WT + scramble), WT mice receiving TDE (WT + TDE), APP23/PS45 mice receiving the
scramble peptide (AD + scramble) and APP23/PS45 mice receiving TDE (AD + TDE). After a month of behavioral experiments which started at
the age of 5 months, the mice were subjected to electrophysiological recordings or killed for molecular biological testing. a—e Western blot of
APP (a, b), BACE1 (a, ), PS1 (a, d) and B-CTFs (a, e) in hippocampus of mice (n =5-7 in each group). *P < 0.05, **P < 0.01 and ***P < 0.001,
determined by one-way ANOVA. f, g Amounts of AP4o (f) and AB,4, (g) measured by ELISA in hippocampus of mice (n =5-7 in each group).
***P < 0.001, determined by one-way ANOVA. h-i Senile plaques detected by immunohistochemistry in hippocampus of mice. Scale bars,
1 mm (n =48-92 slices from four to ten mice in each group). ***P < 0.001, determined by one-way ANOVA. j The average heat map during
memory retrieval in the Barnes maze test. k The latency to locate the escape box during spatial learning in the Barnes maze test (n=11-12in
each group). ***P < 0.001, determined by a repeated measures ANOVA. | The number of finding the escape box during memory retrieval
(n=11-12 in each group). **P <0.01, determined by one-way ANOVA. m The accuracy of finding the escape box during memory retrieval
(n=11-12in each group). *P < 0.05 and **P < 0.01, determined by a one-way ANOVA. n The average heat map during memory retrieval in the
Morris maze test. o The latency for finding the island during spatial learning in the Morris maze test (n =8-11 in each group). ***P < 0.001,
determined by a repeated measures ANOVA. p The number of entries into the platform zone during memory retrieval (n=8-11 in each
group). *P < 0.05, determined by one-way ANOVA. q The latency to first entry to platform area during memory retrieval (n=8-11 in each
group). ***P < 0.001, determined by one-way ANOVA. r The representative fEPSP traces and normalized slope plots (n = 5-9 slices from three
to four mice in each group). s The bar graphs display the average percentage changes in the fEPSP slope (n = 5-9 slices from three to four
mice in each group). *P < 0.05 and **P < 0.01, determined by one-way ANOVA. ns, not significiant.
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PS1 degradation PS1 degradation ‘
ela]s) 00

Fig. 7 Schematic illustration presumed the mechanism of ELK1 in AD. ELK1, especially its phosphorylated form p-ELK1, is significantly
increased in AD, facilitating the amyloidogenic processing of APP. This occurs through the inhibition of SYVN1-mediated ubiquitination and
degradation of PS1, ultimately resulting in the accumulation of senile plaques and subsequent deficits in synaptic and cognitive functions.
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