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Abstract

INTRODUCTION: Proteins interacting with amyloid beta (Aβ) fibrils could be key to

plaque formation in Alzheimer’s disease (AD) and represent potential biomarkers and

therapeutic targets. Previous proteomic studies using microdissected plaques might

have captured non-specific components rather than true Aβ interactors.
METHODS: Biotinylated Aβ40 or Aβ42 peptides were induced to form fibrils, with

Scrambled peptides as controls, and incubated with protein extracts from AD and

control prefrontal cortex tissue. Pull-down assays coupled with label-free proteomics

identified fibril interactors. Dysregulation and localization were assessed by Western

blot, immunofluorescence, immunocytochemistry, immunohistochemistry, and in silico

analyses.

RESULTS:We identified 185Aβ40- and 874Aβ42-associated proteins, with 78 shared.
Sixteen proteins, including protein kinase C gamma type (PRKCG), displaying altered
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expression in AD, were validated as actual interactors and plaque components ex vivo.

Remarkably, modulation of PRKCG influenced fibril formation.

DISCUSSION:This study expands theAβ plaque-associated proteome, identifies novel

interactors, and highlights PRKCG as a drug-targetable regulator of AD amyloidogen-

esis.
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Highlights

∙ A comprehensive proteomic profiling allowed identifying proteins interacting with

Aβ40 and Aβ42 fibrils, includingmany novel interactors.

∙ Sixteen proteins were validated in vitro and ex vivo as bona fide Aβ plaque

constituents.

∙ Dysregulated expression of key interactors was confirmed in AD brain and cell

models.

∙ Modulation of PRKCG activity altered Aβ fibril formation and progression.

∙ Findings expand the Aβ-associated proteome and highlight novel targets for AD

biomarker and therapeutic development.

1 BACKGROUND

Alzheimer’s disease (AD) is themost common form of dementia world-

wide,with a risingprevalenceandamajor social andeconomicburden.1

Histopathologically, AD is defined by extracellular amyloid plaques,

formed by insoluble amyloid beta (Aβ) aggregates and intracellular

neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau

protein.2–5

Aβ peptides self-assemble into soluble dimers, trimers, oligomers,

and insolubleproto-fibrils,whicharepresent indiffuseamyloidplaques

and in Aβ halos surrounding dense-core plaques. Over time, they com-

pact into insoluble fibers forming the core of dense-core amyloid

plaques (Figure S1a). Deposition follows a sequential pattern, start-

ing in the cortex and spreading to the hippocampus, basal ganglia,

thalamus, and basal forebrain, eventually reaching the brainstem and

cerebellum.6

Amyloid plaques exhibit a heterogeneous composition.7 The pri-

mary constituents of plaques are insoluble forms of the Aβ peptide,

resulting from abnormal processing of the amyloid precursor pro-

tein (APP), defining key pathological aspects of AD.7–10 However,

plaques also contain other components as extracellular proteins from

plasma or cerebrospinal fluid (CSF) – apolipoprotein E (APOE), alpha-

1 antitrypsin (SERPINA1), complement factors, or immunoglobulins,

intracellular protein components Secernin-1 (SCRN1) or Myelin P2

protein (PMP2), non-protein elements like nucleic acids or lipids, and

cellular components.8,11,12 Cellular components within plaques com-

prise neurites, reactive microglia, and astrocytes.13 The characteristic

neuritic plaque found in AD patients exhibits a dense core of Aβ
fibrils and a less compact ring consisting of tau-positive dystrophic

neurites, microglia, and astrogliosis at the periphery, whereas non-

compact plaques not associated to glial responses or synaptic loss and

composed of aggregates of Aβ proto-fibrils are commonly found in

cognitively normal elderly people (Figure S1b).13

Importantly, Aβ peptides exhibit variable lengths due to the diverse
proteolytic processing of APP. Among the various Aβ peptide species,
the most prevalent forms include the 40-amino-acid peptide Aβ(1-40),
Aβ40, which represents the most abundant Aβ species in both normal

and AD brains, and the 42-amino-acid peptide Aβ(1-42) Aβ42.14 Both
Aβ40 and Aβ42 peptides can form non-fibrillar aggregates, known as

Aβ oligomers, and other several aggregate shapes, leading to the devel-

opment of Aβ amyloid fibrils and plaques.15–20 Despite being major

components of Aβ plaques, it remains unclear which Aβ state is more

responsible for AD-associated effects or which peptide is more closely

associated with a specific AD subtype. Therefore, understanding not

only the structures andbiochemical properties ofAβbut also theAβ40-
and Aβ42 plaque-associated proteome is crucial for advances in our

comprehension of AD at themolecular level.

Historically, immunohistochemistry (IHC) has been used to

identify amyloid plaque-associated proteins. More recently, mass

spectrometry-based proteomics has been applied to identify the asso-

ciated proteome of Aβ plaques through laser capture microdissection

(LCM).21–24 These studies reported roughly 100 enriched proteins but

did not reveal clear differences between Aβ40 and Aβ42 plaques.21

Moreover, plaque heterogeneity and the presence of cellular elements
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may confound identification of genuine fibril interactors. Technical

limitations also arise from using formalin-fixed paraffin-embedded

(FFPE) tissue, which restricts proteome coverage compared to fresh or

frozen tissue.25–28

In this study, we sought to specifically dissect the proteome asso-

ciated with Aβ40 and Aβ42 fibrils, avoiding confounding cellular

components. We generated biotinylated Aβ40 and Aβ42 fibrils, with

Scrambled peptides as controls, and incubated them with protein

extracts fromprefrontal cortex tissue ofADpatients and controls. Pull-

down assays followed by in-depth data-dependent acquisition (DDA)

label-free quantitative (LFQ) proteomics enabled identifying fibril-

binding proteins. Candidate interactors were validated in silico and

by WB. Their colocalization with Aβ plaques was assessed ex vivo by

immunofluorescence (IF) and proximity ligation assay (PLA) on FFPE

tissue. Additionally, their dysregulation was further orthogonally eval-

uated in AD brain tissue and hNS1 neural stem cells and in silico

analyses of published proteomics datasets. Among validated interac-

tors, protein kinase C gamma type (PRKCG) was notably downregu-

lated in AD, and functional assays revealed that PRKCG modulation

influenced Aβ fibril formation, supporting its role as a regulator of

amyloidogenesis.

2 METHODS

2.1 Tissue samples

The Institutional Ethical Review Board of the Spanish Research Cen-

ter for Neurological Diseases Foundation (CIEN) and the Instituto

de Salud Carlos III approved this study on proteomics analysis and

biomarker discovery of Alzheimer’s disease (CEI PI 74_2023). Tissue

samples with indicated pathological conditions were obtained from

the CIEN Foundation’s Tissue Bank (BT-CIEN). AD pathology was con-

firmed after death in all patients.29 According to the brain bank’s

protocols, neuropathological diagnosis and classification of cases was

performed based on international consensus criteria.30–32 In all cases,

post mortem examination was limited to the cranial cavity, according

to the brain bank protocol.29 After fixation, a full neuropathologi-

cal study was performed in the left half brain by obtaining 25 tissue

blocks from cortical and subcortical brain regions.33 Neuropathologi-

cal classification of caseswas based on the examination of hematoxylin

and eosin-stained paraffin sections and immunostaining with a panel

of antibodies (Aβ, tau, AT100, α-synuclein, ubiquitin, and transactive

response DNA-binding protein 43) and myelin staining. Consensus

criteria were used for disease diagnosis and Braak, Thal, and Consor-

tium to Establish a Registry for Alzheimer’s Disease staging of AD

patients and controls (Table S1 and Table S2). For comparison purposes

and stratification of AD patients, Braak stages were used. Alzheimer’s

histopathological changes were assessed following the National Insti-

tute on Aging-Alzheimer’s Association (NIA-AA) guidelines.31 The

BT-CIEN developed a brain donation programbased on standard oper-

ating procedures (SOPs), meeting the ethical and legal requirements

established by the current legislation regarding the protection of per-

RESEARCH INCONTEXT

1. Systematic review: Previous proteomic studies of amy-

loid plaques relied mainly on laser capture microdis-

section of post mortem brain tissue, which may capture

non-specific proteins from cellular components rather

than true Aβ interactors. No study to date has system-

atically distinguished between proteins binding to Aβ40
versus Aβ42 fibrils.

2. Interpretation: We profiled the fibril interactome of

Aβ40 and Aβ42 using biotinylated fibrils and quantitative
proteomics, identifying between 185 and 874 interac-

tors, respectively, with 78 shared. Sixteen proteins were

validated ex vivo as plaque constituents. Among them,

PRKCG emerged as a druggable regulator of amyloidoge-

nesis, since its modulation altered Aβ fibril formation.

3. Future directions: Our work expands the catalogue of

bona fide Aβ fibril-associated proteins and identifies

novel candidate biomarkers and targets. Therapeutic

strategies aimed at modulating PRKCG or related inter-

actors may help prevent or attenuate amyloid plaque

development in AD.

sonal data procedures and the use of samples of human origin for

biomedical research. Written informed consent was obtained from all

patients.

For the pull-down assays, a total of 18 frozen tissue samples from

the left prefrontal cortex of AD patients at Braak V (n = 6) and Braak

VI (n = 6) and from healthy individuals (n = 6) were used (Table S1 and

Table S2). As the vastmajority of proteins identified inADbrain are also

found in healthy brains, differing mainly in their relative abundance

and post-translational modifications rather than in their presence or

absence, the three tissue samples – particularly the two AD cases rep-

resenting distinct Braak stages – were considered biological replicates

for comparative purposes. For the Western blot, a total of 12 frozen

tissue samples from the left prefrontal cortex of patientswithmild cog-

nitive impairment (MCI, Braak IV [n = 3]), from AD patients at Braak V

(n = 3) and Braak VI (n = 3), and from healthy individuals (n = 3) were

used (Table S1 and Table S2). For IF and PLA, FFPE tissue samples from

an AD patient at Braak V (n = 1) and from a healthy individual (n = 1)

were used (Table S1 and Table S2).

2.2 Cells and immunocytochemistry (ICC)

Immortalized, non-transformed, human fetal forebrain-derived, and

multipotent neural stem cells, hNS1 cells were used as a model of AD

whenAPP695 (amyloid precursor protein) was overexpressed. In addi-

tion, hNS1 cells without APP overexpressionwere used as control.34,35

For APP overexpression, hNS1 cells were infected with lentiviral, and
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two different transduced hNS1 subclones were generated: control Φ-
eGFP hNS1 cells overexpressing the green fluorescence protein (GFP)

and L.APP-IRES-eGFP hNS1 cells overexpressing both human isoform

APP695 and GFP proteins. hNS1 cells were grown in a chemically

defined human stem cell (HSC) medium (DMEM:F12 containing Glu-

taMAX [Gibco], 0.6% d-glucose [Merck], 1×N2 supplement [Gibco],

0.26% AlbuMAX [Gibco], 5 mM HEPES [Gibco], 1×nonessential

amino acids [NEAA; Gibco], 1× penicillin–streptomycin [Lonza]) sup-

plemented with 20 ng/mL epidermal growth factor (EGF; PeproTech)

and 20 ng/mL basic fibroblast growth factor (FGF2; PeproTech). Cells

were proliferated on poly-L-lysine (10 µg/mL; Sigma)-coated plastic at

37◦C and 5% CO2. Cells were differentiated by withdrawal of growth

factors (EGF and FGF2) and addition of 0.5% heat-inactivated fetal

bovine serum (FBS; Gibco) at indicated times.34

For ICC, proliferative or differentiated hNS1 cells were rinsed with

PBS and fixed for 10 min with 4% paraformaldehyde (PFA, Sigma).

Cultures were then blocked for 30 min in 5% normal horse serum

(NHS; Gibco) with 0.25% Triton X-100 in PBS (blocking buffer) and

incubated O/N at 4◦C with the corresponding antibodies (Table S3)

diluted in the blocking buffer. Then cells were incubated with an

Alexa 555-conjugated donkey anti-rabbit antibody (Invitrogen) for 1 h

at RT, and the cell nuclei were counterstained with Hoechst 33,258

(Molecular Probes) at 0.5 µg/mL in PBS for 10 min at room temper-

ature (RT). As negative control, cells were incubated with the Alexa

555-conjugated donkey anti-rabbit IgG, which confirmed the absence

of background signal. Fluorescent-immunostained cultures were ana-

lyzed in an inverted DMi8 microscope (Leica, Nussloch, Germany).

Subsequent fluorescence image analysis was performed using ImageJ

after randomly capturing at least seven separate fields per well, with

a minimum of three wells per experimental group. The images were

converted to 8-bit to quantify the number of positive cells for each

antibody in comparison to the total number of cells (Hoechst). A Stu-

dent’s t-test was performed, and p ≤ 0.05 was considered statistically

significant.

For PRKCG activation or inhibition, hNS1 CT cells at 4 days of dif-

ferentiation were incubated either with 1 µM TPPB (Neo Biotech;

NB-64-08096) or 50 nM PKC-IN-1 (Neo Biotech; NB-54-03907) for

1hat 37◦Cand5%CO2.As control, cellswere incubatedwith anequiv-

alent volume of DMSO. Then cells were harvested with 1 mL of lysis

buffer (RIPA) supplemented with protease and phosphatase inhibitors

to obtain their protein content.

2.3 Protein extraction

Approximately 100 mg of each frozen left prefrontal tissue sample

were cut into small pieces on dry ice and lysed by mechanical disag-

gregation in 500 µL of lysis buffer (RIPA, Sigma-Aldrich) supplemented

with 1× protease and phosphatase inhibitors (MedChemExpress)

1:100 diluted using the TissueLyser II (Qiagen) (two cycles of 30 s at

30 Hz). Then samples were centrifuged at 10,000 × g and 4◦C for

10 min and protein extracts (supernatants) collected and stored at

−80◦C until use. Cell pellets from hNS1 CT or APP cells were lysed in

1mLofRIPAbuffer supplementedwith the proteases and phosphatase

inhibitors. Pellets were homogenized by repeated passage through 16

and 18 G needles until homogenization were observed, and super-

natants with the protein extracts were collected after centrifugation

at 10,000× g and 4◦C for 10min.

Protein concentration was determined with the Trp quantification

method and confirmed by Coomassie blue staining after 10% sodium

dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) under

reducing conditions (Figure S2a,cb).36

2.4 Aβ fiber formation

Formation of Aβ fibrils in vitro was induced from

biotinylated-Amyloidβ40 (1-40, Anaspec, AS-23512, Aβ40),
biotinylated-Amyloidβ42 (1-42, Anaspec, AS-23524, Aβ42),
Scrambled-β-Amyloid40 (1-40, Anaspec, AS-24626), and Scrambled-

β-Amyloid42 (1-42, Anaspec, AS-25382). First, 0.48 mM

Scramble-Amyloid peptides were incubated with 10 mM EZ-Link

NHS-Biotin (Thermo Fisher Scientific, 20217) for 30 min at RT and

in rotation for biotinylation. Then, for the formation of Aβ fibers,

10 µM of each biotinylated peptide (Scrambled-β-Amyloid40 and

Scrambled-β-Amyloid42 as control and Aβ40 and Aβ42 peptides) were
incubated separately in PBS 1× in a final volume of 100 µL, at 37◦C and

400 rpm for 7 days. Finally, tube contents were fixed with 1% PFA for

30min at 37◦C and stored at−20◦C until use.

For the formation of Aβ fibrils after PRKCG activation or inhibition,

10 µM of Aβ40 peptides were incubated with 2 mg of the correspond-

ing protein extract in a final volume of 600 µL with RIPA for 24 h at

37◦C and 400 rpm. Aliquots of 60 µL were stored at initial time, 6 h,

and 24 h, which were fixed with 1% PFA for 30 min at 37◦C and stored

at−20◦C until use.

Prior to Aβ fiber formation, peptide quality was analyzed by

Coomassie blue staining and Western blot after 15% SDS-PAGE, and

2 µg of each biotinylated peptide were analyzed per lane. Transmission

electron microscopy (TEM) and confocal microscopy were used for Aβ
fiber formation verification.

2.5 Pull-down assays

Prior to pull-down assays, protein extracts from the left prefrontal cor-

tex brain tissue samples from AD patients at Braak V, Braak VI, and

healthy individuals (Table S1 and Table S2) were pooled separately into

three groups (n = 6). Then 2 mg of each pool were separately preincu-

batedwith 20 µL of StreptavidinMag Sepharosemagnetic beads (MBs,

Merck, Cytiva 28-9857-38) for 1 h at RT and25 rpm in a final volumeof

300 µL with binding buffer (50mMTris, 30mMNaCl, pH 7.5) to clarify

and remove proteins bound non-specifically toMBs.

For the pull-down assays with Aβ fibers, streptavidin MBs were

incubated twice with 500 µL of binding buffer for 5 min at RT and

25 rpm for equilibration. Then 0.32 nmol (32 µL) of biotinylated-

Aβ40orbiotinylated-Aβ42 fibersorbiotinylated-Scrambled-β-Amyloid
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(treated as biotinylated-Aβ40 or biotinylated-Aβ42 for fibers forma-

tion, but unable to form them) were incubated with 10 µL of MBs per

protein extract in separate tubes for 30 min at RT and 25 rpm in a

final volume of 300 µL with binding buffer to allow for streptavidin–

biotin interaction. Then beads were washed three times with 500 µL

of binding buffer for 5 min at RT in rotation and subsequently incu-

bated separately with the previously clarified protein extracts for 2 h

at RT and 25 rpm. Finally,MBswerewashed three timeswith 500 µL of

binding buffer for 5min at RT in rotation, and interacting proteinswere

eluted twicewith50µLof elutionbuffer (188mMTris pH6.8, 30%glyc-

erol, 3% SDS, 0.01% bromophenol blue, and 1.5% β-Mercaptoethanol)

for 5 min at 95◦C and 600 rpm. Finally, 5 µL of eluted proteins were

separated using 10% to 15% SDS-PAGE gels for silver staining or to

perform WB analysis using appropriate optimized antibody dilutions

(Table S3).

2.6 Transmission electron microscopy

Induced Aβ fibers were analyzed by TEM. To that end, 10 µL of each

sample were incubated over glow-discharged carbon-coated grids for

5 min and negatively stained with 2% aqueous uranyl acetate. Then an

FEI Tecnai 12 electronmicroscope equippedwith a Lab6 filament oper-

ated at 120kVwas used for sample analysis, and imageswere recorded

with the FEI Ceta digital camera.

2.7 Confocal microscopy

CRANAD-2 staining was performed for visualization of Aβ40 fibers,

as previously described.37 First, glass coverslips (#1.5, Thermo Fisher

Scientific) were cleaned by 15-min sonication steps in spectroscopic-

grade acetone (PanReac), alkaline detergent (Hellmanex), 0.5MNaOH

solution, and H2Omq and dried with N2 prior to incubation with Aβ40
fibers. Then coverslips were incubated with 300 µL of 0.01% poly-L-

Lysine (w/v) (Sigma-Aldrich) for 60 min at RT, washed with H2Omq,

driedwithN2, and incubatedwith 10 µL of Aβ40 fibers in a final volume

of 300 µL in PBS 1x for 30 min at RT. Finally, coverslips were washed

with H2Omq and dried with N2.

Then fibers were incubated with 1:250 dilution in PBS 1× of

CRANAD-2 dye (Abcam, 2.5 µg/µL in DMSO) just before image acqui-

sition with an HCX PL APO 100× oil immersion objective (N.A. 1.4) in

a Leica Stellaris 8 (STED-Falcon) confocal microscope (LeicaMicrosys-

tems). For acquisition, a pulse white light laser (Leica Microsystems)

was used for excitation at 630 nm and a pulsed laser at 775 nm

(40% to 50% laser power) for depletion. A hybrid detector (HyD, Leica

Microsystems) with a detection window set to 645 to 730 nm was

used with a gate of 0.4 ns with respect to the excitation pulse. Pixel

size was set to 16 to 19 nm and the pinhole to 1.0 airy units. Confocal

light scanning microscopy (CLSM) and stimulated emission depletion

(STED)microscopy imageswere recordedwith unidirectional exposure

at 400 Hz using 3× frame average and 1× and 10× line accumulation,

respectively. For photobleaching experiments, cumulative STED imag-

ing frames were acquired using 100% depletion laser power every 20 s

with a pixel dwell time of 1 µs.

2.8 LC-MS/MS analysis

25 µL of eluted proteins from the pull-down assays were analyzed

by liquid chromatography-tandem mass spectrometry (LC-MS/MS).

For trypsin digestion, samples were dried and resuspended in 40 µL

of 5% SDS (w/v), reduced with 5 mM Tris (2-carboxyethil) phos-

phine (TCEP, Thermo Fisher Scientific), and alkylated with 10 mM

2-chloroacetamide (Sigma-Aldrich) for 30 min at 60◦C. Then 1:10

diluted 12% phosphoric acid (Sigma-Aldrich, v/v) and 7-fold volumes

of binding buffer (90% methanol 100 mM triethylamine bicarbon-

ate [TEAB, Thermo Fisher Scientific]) were added per sample, mixed,

and loaded onto an S-Trap filter (Protifi) in two subsequent consec-

utive steps, separated by a 2-min centrifugation at 3000 × g. Then

the filter was washed three times with 150 µL of binding buffer

and samples digested. Twenty micrograms of trypsin were diluted

in 20 µL of 100 mM TEAB, added to each sample in a relation

1:15 (trypsin:sample), and spun through the S-Trap prior to digestion.

Then flow-through was reloaded in the S-Trap column and incubated

overnight (O/N) at 37◦C in a wet chamber. To avoid leakages from

the S-Trap column, a customized yellow tip with 12 Empore 3 M C18

disks (Sigma-Aldrich)was placed at the bottom tip of the S-Trap column

during digestion. Peptides were finally eluted by incubating the S-Trap

with 40 µL of 25 mM TEAB and with 40 µL of 80% acetonitrile (ACN,

Thermo Fisher Scientific) and 0.2% formic acid (FA) for 15 min at RT,

separated by a 2 min centrifugation at 3000 × g after each incubation.

Eluted peptides were pooled together, dried under vacuum centrifuge,

and purified and desalted using OMIX C18 100 µL columns (Agilent

Technologies) according to the manufacturer’s instructions and dried

under vacuum. For analysis by nanosystem LC-MS/MS (nLC–MS/MS),

samples were reconstituted in 0.1% FA.

Peptide separation was carried out on an Easy-nLC 1000 nano sys-

tem (Thermo Fisher Scientific). For the analysis, samples were loaded

into a precolumn Acclaim PepMap 100 (Thermo Fisher Scientific) and

eluted on an RSLCPepMapC18, 50 cm long, 75 µm inner diameter, and

2 µm particle size (Thermo Fisher Scientific). The mobile phase flow

rate was 300 nL/min using 0.1% FA in water (solvent A) and 0.1% FA

and 100% ACN (solvent B). The gradient profile was set as follows: 3%

to 7% solvent B for 5min, 7% to 25% solvent B for 95min, 25% to 60%

solvent B for 14 min, 60% to 95% solvent for 1 min, and 95% solvent

B for 5 min. Samples were analyzed in triplicate, and 1 µg of each sam-

plewas injected per run.MS analysiswas performed using aQExactive

mass spectrometer (Thermo Fisher Scientific).

For ionization, 1900 V of liquid junction voltage and 300◦C capil-

lary temperature was used. The full scan method employed a m/z 300

to 1800 mass selection, an Orbitrap resolution of 70,000 (at m/z 200),

a target automatic gain control (AGC) value of 3 × 106, and maximum

injection time (IT) of 100ms. After the survey scan, the 15most intense

precursor ions were selected for MS/MS fragmentation. Fragmenta-

tionwas performedwith a normalized collision energy (NCE) of 27 and
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MS/MS scans acquired with a starting mass of m/z 200, AGC target

of 1 × 105, resolution of 35,000 (at m/z 200), intensity threshold of

2 × 104, isolation window of 1.6 m/z units, and IT of 100 ms. Charge

state screening was enabled to reject unassigned, singly charged, and

equal ormore than seven protonated ions. A dynamic exclusion time of

30 s was used to discriminate against previously selected ions.

2.9 MS data analysis

MS data were analyzed with MaxQuant (version 1.6.6.0) using

standardized workflows. Mass spectra *.raw files were searched

against Uniprot UP000005640_9606.fasta Homo sapiens (human)

2021 database (20360 protein entries, downloaded: April 2021) using

Reporter ion MS2 type. Trypsin/P was specified as cleavage enzyme,

allowing amass tolerance of 20 ppm (Orbitrap). Precursor and reporter

mass tolerance were set to 4.5 ppm and 0.003 Da, respectively, allow-

ing two missed tryptic cleavages. Carbamidomethylation of cysteines

was set as a fixed modification, and methionine oxidation, N-terminal

acetylation, and Ser, Thr, and Tyr phosphorylation were set as variable

modifications. Reporter ion intensities were bias corrected. Unique

and Razor peptides were considered for quantification. Minimal pep-

tide length and maximal peptide mass were fixed to seven amino acids

and 4600 Da, respectively. Identified peptides were filtered by their

precursor intensity fraction with a false discovery rate (FDR) thresh-

old of 0.01. Proteins identified with at least one peptide and an ion

score above 99% were considered for evaluation, whereas proteins

identified as potential contaminants were excluded from the analy-

sis. The protein sequence coverage was estimated for specific proteins

by the percentage of matching amino acids from the identified pep-

tides having confidence greater than or equal to 95% divided by the

total number of amino acids in the sequence. Data normalization based

on sample loading (SL) was performed with RStudio (version 4.1.1)

prior to statistical analysis according to established protocol (https://

github.com/pwilmart), using the tidyverse, psych, gridExtra, scales, and

ggplot2 packages to equal the total sum of protein intensities per

sample (Figure S3a).

For the identification of dysregulated proteins inAβ40orAβ42 sam-

ples, Students’ t-test analysis was performed with RStudio (version

4.1.1) using the dplyr, tidyverse, stats, rstatix, and ggplot2 packages

after removal of reverse and contaminant proteins, data filtering (pro-

teins identified in at least 50% samples per group were considered

for the analysis), and missing-value imputation by random draws from

a gaussian, using the imputeLCMD R package. Adjusted p value was

obtained applying the Benjamini–Hochberg correction. A FDR ≤ 0.05

was considered statistically significant. Proteins identified with one

or more unique peptides, an Aβ/Scrambled ratio ≥ 1.5, and adjusted

p value ≤ 0.05 were selected as statistically significant dysregulated

proteins and, thus, potential interactors of Aβ fibers.
In addition, proteins identified in at least two replicates of the corre-

spondingAβ samples and identified in nomore thanone replicate of the

corresponding Scrambled samples were considered as specific Aβ40-
or Aβ42-interacting proteins in healthy, Braak V, or Braak VI samples.

2.10 Bioinformatic analysis

Heatmap of the relative abundance of selected proteinswere obtained

with the pheatmap R package (version 4.4.1) by normalizing to protein

intensity. Gene Ontology and Reactome analyses of significantly dys-

regulated proteins were performed with RStudio (version 4.1.1) using

the ReactomePA and biomaRt packages and the Reactome Pathway

Database (https://reactome.org/PathwayBrowser, accessed Septem-

ber 21, 2024) to study protein enrichment and to identify the networks

and pathways in which Aβ fibers interactors were involved.38–40 The

STRING database was used to elucidate protein–protein interactions

previously describedamongcandidateAβ-interactingproteins (https://
string-db.org/cgi/input.pl?sessionId=, accessed September 21, 2024).

In addition, the SynapticGeneOntologies (synGo1.1) datasetwas used

to define the role of dysregulated proteins in the synapse.

2.11 Western blot

For validation of selected proteins as Aβ fiber interactors, eluted pro-

teins from a second pull-down assay were investigated by WB. Five

microliters of each eluted protein sample or 10 µg of each brain protein

extract were alternatively separated on 10% or 15% SDS-PAGE under

reducing conditions and transferred to nitrocellulose membranes at

100V for 90min. Then, membraneswere blockedwith 0.1% Tween-20

PBS 1× supplemented with 3% bovine serum albumin (BSA) (block-

ing buffer) for 1 h at RT and incubated with primary antibodies at

optimizeddilutions (Table S3) in blocking bufferO/Nat 4◦Cand in rota-

tion. Then membranes were washed three times with 0.1% Tween-20

PBS 1× and incubated with the appropriate indicated HRP-conjugated

secondary antibodies (Table S3) diluted in blocking buffer for 1 h at

RT and in rotation. Next, membranes were washed three times with

0.1% Tween-20 PBS, and, finally, signal was developed using the ECL

Pico Plus chemiluminescent reagent (Thermo Fisher Scientific) and

detected on an Amersham ImageQuant 800 (Cytiva). Protein band

intensities were quantified using ImageJ Software. For brain protein

extracts, GAPDH was used as a loading control and for normalization.

For pull-down eluted proteins, 4G8 antibody immunostainingwas used

as a loading control.

2.12 Immunohistochemistry

The differential expression of potential Aβ interactors was analyzed by
IHC using a brain tissue microarray (TMA) containing 37 cores from

AD patients at Braak stages IV–VI and healthy individuals as controls

with FFPE brain sections of 4 µm. Slides were deparaffinized by incu-

bation at 60◦C. Biopsies were cut and incubated with PT-Link (Dako)

for 20min at 95◦C in a high pH buffered solution. To block endogenous

peroxidase, holders were incubated with peroxidase blocking reagent

(Dako). Biopsies were stained for 20 min with the corresponding anti-

body at optimized dilution (Table S3), followed by incubation with

the correspondingHRP-conjugated secondary antibody. Sectionswere

https://github.com/pwilmart
https://github.com/pwilmart
https://reactome.org/PathwayBrowser
https://string-db.org/cgi/input.pl?sessionId
https://string-db.org/cgi/input.pl?sessionId
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then visualized with 3,3′-diaminobenzidine for 5 min and counter-

stained with hematoxylin. Immunoreactivity was graded as 0, absent;

1, mild staining; 2, moderate staining; or 3, intense staining. Cases

were classified according to total staining (intensity of the staining

per percentage of areas showing reaction). In all cases, an external

negative control was included. In addition, TMA incubation with the

HRP-conjugated secondary antibody was performed as negative con-

trol, which confirmed the absence of background signal. Images at 80×
were obtained with the NanoZoomer scanner (Hamamatsu photonics)

and processedwith NDP.view software.

2.13 Proximity ligation assay

IF staining was performed using 4-µm FFPE brain tissue sections from

an AD patient at Braak stage V (n = 1) and a healthy individual (n = 1)

(Table S1 and Table S2). First, slides were deparaffinized in an oven at

60◦C for 30 min and washed for 5 min per wash at RT twice in xylene,

twice in 100% ethanol, twice in 96% ethanol, once in 75% ethanol, and

once in MilliQ water (H2Omq). Then slices were incubated with Anti-

gen Retrieval solution (10mM citrate, pH 6.0) andwarmed for 5min at

120◦C and 5min at 90◦C. Slices were then washed for 5 min with Tris-

buffered saline, pH 7.6 (TBS 1×), and permeabilized by incubation for

15 min and in rotation with 0.2% Triton X-100 in TBS 1×. Then tissues
were washed twice with 0.05% Tween-20 TBS 1× (TBST) for 2min and

in rotation.

Deparaffinized and permeabilized tissues were then immunos-

tained using the tissue protocol of the MolBoolean Mouse/Rabbit kit

(Catalog No.: MolB00001) following the manufacturer’s instructions.

Primary antibodies were diluted in Complete Diluent buffer at cor-

responding dilutions (Table S3). For immunofluorescence detection,

reporters ATTO565 and ATTO647N were used for the detection of

Mouse and Rabbit IgGs, respectively. After PLA immunostaining, tis-

sues were incubated with the TrueBlack Lipofuscin autofluorescence

quencher (Biotium, ref: 23007) to quench the autofluorescence of lipo-

fusin and tissue sections. Finally, tissues were washed three times

with TBS 0.2×, and staining was preserved with Prolong Golf Antifade
Mountant (Thermo Fisher Scientific). Images were acquired with an

HCXPLAPO63x oil immersion objective (N.A. 1.4) in a Leica Stellaris 8

(STED-Falcon) confocal microscope (LeicaMicrosystems).

Imageswere processedwith the LeicaConfocal software (LasX) and

ImageJ. To ensure comparison among images, acquisitions were per-

formed with the same settings (pixel size, excitation laser power, and

detector sensitivity). Zoom was adjusted according to the size of the

plaques.

2.14 In silico analysis

The dysregulation of validated Aβ interactors in AD brain tissue

samples in comparison with healthy tissue samples was investi-

gated using data from Bai et al. 2020 (PRIDE accession number:

PXD007985) and from Montero-Calle et al. 2023 (PRIDE accession

number: PXD030751) proteomics experiments.41,42 Bai et al. analyzed

by TMTs LC-MS/MS the protein content from the frontal cortical tis-

sue of large-stage AD patients (AD, n= 18) andMCI patients with high

Aβ pathology and a slight defect in cognition (MCI, n = 18) in compari-

son with individuals with a low pathology of plaques and tangles (LPC,

n= 18) and individualswith highAβ pathology but no detectable cogni-
tive defects (HPC, n= 18). Sampleswere divided into 10 pools (two per

pathology) of nine samples per pool. In addition, the researchers ana-

lyzed the CSF protein content from LCP (n= 5) and AD (n= 8) patients.

Montero-Calle et al. analyzed the protein content from the left pre-

frontal cortex tissue samples of AD patients (n = 12) in comparison to

healthy individuals (n= 2) by TMT LC-MS/MS.

For the re-analysis, TMT relative abundance of each pool was

averaged, and Students’ t-test was used for statistical analysis using

Microsoft Excel 2019. For the re-analysis of CSF data, signal intensi-

ties were averaged for statistical analysis based on a Student’s t-test

two-by-two comparison. Proteinswith anAD/Healthy ratio≥ 1.2 and p

value≤ 0.05were selected as dysregulated in AD patients.

2.15 Operetta

Aβ40 aggregates induced in response to PRKCG activation or inhibi-

tion were analyzed by fluorescence microscopy using CRANAD-2 dye.

First, wells froma384-well platewere coatedwith 100µL of 1:20Poly-

L-Lysine for 1 h at RT. Then, 2 µL of the different Aβ40 aggregates

were incubated in 100 µL PBS 1× for 30 min at RT, in duplicate. After

incubation, wells were washed twice with 100 µL of H2Omq and, sub-

sequently, with 100 µL of CRANAD-2 dye diluted 1:250 in PBS 1×, just
before image acquisition. Plateswere analyzed using theOperetta CLS

High-Content Analysis System (Revvity) equipped with a 63× water

immersion objective (N.A. 1.5). Images were acquired using an excita-

tion wavelength of 615 to 645 nm and an emission range of 655 to

760 nm. A total of 30 images were captured per well. Image analysis

was performedwithHarmony software (version 5.2, Revvity) using the

PhenoLOGICmachine learning tool, following standard protocols.

2.16 Statistical analysis

Plots, mean, and standard error of the mean (SEM) of ICC, WBs, and

IHCwereperformedwithMicrosoft Excel 2019. Student’s t-test values

were calculated with Microsoft Excel 2019. The statistical analysis of

proteomics data was performed with R (version 4.1.1). P values ≤ 0.05

were considered statistically significant. A Venn diagramwas obtained

at the jvennwebsite (http://bioinfo.genotoul.fr/jvenn).43

3 RESULTS

3.1 Identification of Aβ-interacting proteins

For the identification of Aβ interactors, commercial biotinylated

Aβ40, biotinylated Aβ42, Scrambled-β-Amyloid40 (Sc-β-A40), and

Scrambled-β-Amyloid42 (Sc-β-A42) were used. Scrambled commercial

http://bioinfo.genotoul.fr/jvenn
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peptides were biotinylated and the quality of Aβ and Scrambled pep-

tides analyzed by Coomassie blue staining and WB prior to further

use (Figure S1c). Then, 10 µM of each biotinylated peptide was sep-

arately incubated for 7 days at 37◦C in PBS and 400 rpm to induce

the aggregation and formation of fibrils. Prior to pull-down assays,

samples were analyzed to confirm the formation of Aβ fibers by TEM
(Figure S1d). As expected, only Aβ40 and Aβ42 peptides were able

to form Aβ fibers, in contrast to Scrambled peptides. Moreover, due

to the higher trend to aggregate Aβ42 peptides, Aβ42 fibrils formed

more dense fiber accumulations than Aβ40 fibers. Finally, the forma-

tion of Aβ40 fibers was confirmed by CLSM and STED microscopy

after incubation with CRANAD-2 dye, which specifically bind to Aβ40
fibers (Figure S1e). These results, together with the observation that

the overall appearance of the biotinylated fibrils (helical twist, conti-

nuity, and bundle formation) was consistent with previously reported

TEM images of non-biotinlyated Aβ fibrils,44 suggest that biotinylation
did not induce any abnormal conformation in the fibrils.

Next, samples of Aβ40 and Aβ42 fibrils were used for pull-down

assays. The Aβ40 and Aβ42 fibrils were immobilized on streptavidin

MBs and separately incubated with pooled protein extracts from left

prefrontal cortex tissue samples of Braak V (n = 6) and Braak VI

(n = 6) AD patients, as well as healthy individuals (n = 6), aimed at

the enrichment of the samples on proteins interacting with the Aβ fib-
rils. The rationale for selecting these samples for the pull-down assays

was two-fold. First, Braak V–VI stages represent the most advanced

AD neuropathological phase, with fully developed amyloid and tau

pathology, thereby increasing the likelihood of capturing stable and

disease-relevant Aβ fibril interactors. Second, we included a group of

healthy individuals to identify baseline interactions that may occur in

the absence of AD pathology. While we hypothesize that at earlier

stages – such as Braak I–II (prodromal) or Braak III–IV (MCI) – and con-

trol group Aβ interactors might be more transient or present at lower

abundance, making their biochemical detection more challenging, the

combination of late-stage and control samples would maximize the

detection of disease-relevant fibril-associated proteins from baseline

interactions (control samples) and those that are enriched in late-stage

AD.

Moreover, Sc-β-A40 and Sc-β-A42 samples, obtained from the incu-

bation of Scrambled peptides in PBS, served as negative controls to

identify non-specific interacting proteins. Finally, Aβ fiber-interacting
proteins were eluted and analyzed prior to LC-MS/MS analysis by sil-

ver staining after 10% SDS-PAGE to confirm the isolation of potential

Aβ40 or Aβ42 interactors, respectively (Figure S2b).
For the identification of Aβ40 fibril protein interactors, 2126 pro-

teins were identified by LFQ proteomics analyses, with 1948 proteins

identified and quantified with one or more unique peptides in more

than 50% of the analyzed samples (Table S4). For the LFQ analysis of

Aβ42 fibrils, 3265 proteins were identified and 1411 proteins identi-

fied and quantified with at least one unique peptide in more than 50%

of the analyzed samples per group (Table S5). Additionally, a correct

sample clustering was observed in both experiments after principal

component analysis, confirming the quality of the proteomics data for

the study (Figure S3b).

Then two different analyses were performed for the identification

of potential Aβ40 and Aβ42 interactors. First, statistical analysis of Aβ
fiber interactors (including eluted proteins from Braak V, Braak VI, and

healthy individuals) in comparison with proteins eluted from the pull-

down assays with Scrambled peptides (Scrambled analysis) revealed

22 and 69 Aβ40 or Aβ42 potential interacting proteins, respectively,

with an Aβ/Scrambled ratio ≥ 1.5 and an adjusted p value (FDR) ≤ 0.05

(Figure 1A, Table S4 and Table S5), with five of these proteins common

to Aβ40 and Aβ42 (Figure 1B). Interestingly, among these 85 unique

proteins identified as potential Aβ fibril-interacting proteins, APP, and
other blood components associated with AD-related vascular pathol-

ogy were identified, such as fibrinogen gamma chain (FGG) or HBA1/2

(hemoglobin subunits alpha 1/2), pointing to a high quality of the pro-

teomics data obtained. Furthermore, PMP2 was also identified among

Aβ42-interacting proteins, which had been previously described as

associated with Aβ plaques by ex vivo analysis using FFPE brain tissue

samples.42 Second, we focused on the 163 and 806 proteins identified

as specific interactors of Aβ40 or Aβ42, respectively (Figure 2A, Table
S4, and Table S5), which were not present in the Scrambled samples,

with 73 of these proteins being common toAβ40 andAβ42 (Figure 2B).

3.2 Bioinformatic analysis

Next, proteins identified as upregulated in Aβ-induced fibrils (85) or

as Aβ40 (90), Aβ42 (373), or Aβ40 and Aβ42 (73) specific proteins

were further analyzed to elucidate their role in the disease and in

the formation of Aβ plaques using different bioinformatic tools. First,

we investigated the biological pathways in which dysregulated and

specific proteins were involved, separately, to elucidate any biases

related to the nature of the Aβ peptides. Notably, most of these

proteins were described in synapses and signaling and involved in

processes related to secretion, exocytosis, or cellular organization,

transport, and localization (Figures 1C, 2D,E). In addition, Aβ42-
specific proteins were also involved in metabolic processes and in Aβ
clearance, which can be directly related to the formation of Aβ plaques
(Figure 2E). Altogether, these changes resulted in a dysregulation

in metabolic, signaling, and response to stimuli processes induced

by the production of Aβ40 and Aβ42 peptides and the formation of

Aβ plaques (Figure S4a). As most of these proteins were related to

synapses, we further investigated their role in this process with the

SynGo tool. Dysregulated proteins and Aβ40-specific proteins were

mainly presynaptic proteins involved in vesicle cycle and signaling

(Figure 1D, Figure 2F). In contrast, Aβ42-specific proteinswere related
to metabolic, presynaptic, and postsynaptic processes (Figure 2G).

Finally, we also investigated previously described protein–protein

interactions among candidate dysregulated and common Aβ40- and
Aβ42-specific interacting proteins using the STRING tool (Figure S4b).

Interestingly, 14 clusters of direct or indirect interactions among

candidate Aβ fibril interactors were obtained, with significant asso-

ciations (FDR ≤ 0.05) related to microtubule organization, oxidative

phosphorylation, metabolic processes, protein transport, and signaling

pathways. Together, these findings suggest that the dysregulation of
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F IGURE 1 Statistical dysregulation analysis of LFQ proteomics of pull-down assays with Aβ40 and Aβ42 fibers. (A) Volcano plots of proteins
identified as Aβ40 (left) or Aβ42 (right) significant interactors after Scrambled analysis (ratio Aβ/Scrambled). The x-axis is log2 ratio (fold change) of
protein abundance differences between the two groups; the y-axis is FDR value (adjusted p value) based on−log10. The colored dots represent
proteins overrepresented in the Aβ samples (red) and proteins overrepresented in the Scrambled samples (blue) with FDR≤ 0.05 (FDR=0.05
represented by a red dashed horizontal line) and 1.5-fold expression difference (represented by two black dashed vertical lines). (B) Venn diagram
analysis of potential Aβ-interacting proteins identified in the two LFQ proteomics experiments. Five proteins were identified as common Aβ40 and
Aβ42 interactors, whereas 17 and 63 proteins were specifically associated to Aβ40 or Aβ42 fibers, respectively. (C) Enriched biological processes
in which dysregulated Aβ interactors are involved were represented after GO analysis. Bar length is proportional to the number of proteins
associated with the GO annotation. The statistical significance of each pathway (FDR) is represented in a red-blue scale. (D) SynGo analysis of
function (right) and location (right) in synapse of dysregulated proteins. Significant process related to synapse, presynaptic, and postsynaptic
processes where dysregulated proteins were involved are depicted (q<0.01). Aβ, amyloid beta; DDA, data-dependent acquisition; FDR, false
discovery rate; GO, GeneOntology; LFQ, label-free quantitative.

these processes and their associated proteins may contribute to the

aggregation of Aβ peptides into fibrils and the formation of Aβ plaques.
Alternatively, the accumulation of Aβ peptides within cells may dis-

rupt these processes, further contributing to the pathophysiology of

AD.

Following bioinformatics analysis, 16 proteins were selected for in

vitro and ex vivo validation as interacting proteins of Aβ fibers (Table 1).
The selection was based on the following criteria: (1) expression ratio,

(2) identificationas interactors ofAβ40and/orAβ42, (3) their biological
roles and prior associationswithAD, and (4) the availability of reagents

for validation.

3.3 Validation of potential interactors

Among the 16 interactors selected for validation and according to our

proteomics results, two were identified as Aβ40 and Aβ42 interactors,
three as Aβ40-specific interactors, and 11 as Aβ42-specific interac-

tors (Figure 3A, Table 1). Interestingly, all the Aβ42 interactors were

also detected in the Aβ40 samples, albeit with non-significant ratios or

FDR values. Similarly, this pattern was observed for the Aβ40 inter-

actors in the Aβ42 samples. To confirm the association of candidate

interactors with Aβ, we performed a new pull-down assay with newly

synthesized Aβ40, Aβ42, and Scrambled fibrils, and the presence of

the 16 proteins selected was investigated by WB (Figure 3B). Addi-

tionally, 4G8 immunostaining, used as loading control in the pull-down

assays with Aβ40 and Aβ42 fibrils, revealed specific detection of Aβ
peptide, indicating that the 4G8-accessible surface epitope was pre-

served in the biotinylated fibrils. Moreover, together with TEM, CLSM,

and STED analyses of Aβ40 and Aβ42 fibrils, these results supported

the notion that biotinylation did not induce any abnormal conforma-

tion, thereby confirming the validity and specificity of the technique

and of the proteomics and pull-down data. First, DNM1, PSD3, and

PRKCG and PA2G4 and PSMC4 were validated as Aβ40- or Aβ42-
interacting proteins, respectively, and PCCA and PCCB were verified

as Aβ40- and Aβ42-interacting proteins. Additionally, SV2A, FSCN1,

CDC42, cathepsin B (CTSB), CNRIP1, CLDN11, RHOA, NRGN, and

PRNP were found to interact with both Aβ40 and Aβ42 fibrils. These
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F IGURE 2 Bioinformatics analysis of specific Aβ40- and Aβ42-interacting proteins. (A) Venn diagram specific (A) Aβ40- and (B)
Aβ42-interacting proteins identified in healthy, Braak V, and Braak VI samples in comparison to Scrambled samples. (C) Venn diagram analysis of
Aβ40- and Aβ42-specific interacting proteins revealed 73 common proteins, and 90 and 732 proteins specific to Aβ40 or Aβ42 fibers. (D) Enriched
biological processes in which Aβ40 specific proteins are involved were represented after GO analysis. Bar length is proportional to the number of
proteins associated with the GO annotation. The statistical significance of each pathway FDR is represented in a red-blue scale. (E) Enriched
biological processes in which Aβ42-specific proteins are involved were represented after GO analysis. Bar length is proportional to the number of
proteins associated with the GO annotation. The statistical significance of each pathway (FDR) is represented in a red-blue scale. (F) Enriched
biological processes in which Aβ42-specific proteins are involved were represented after GO analysis. Bar length is proportional to the number of
proteins associated with the GO annotation. The statistical significance of each pathway (FDR) is represented in a red-blue scale. (G) SynGo
analysis of function (right) and location (right) in synapse of Aβ42-specific proteins. Significant processes related to synapse, presynaptic, and
postsynaptic processes where dysregulated proteins were involved are depicted (q<0.01). Aβ, amyloid beta; FDR, false discovery rate; GO, Gene
Ontology.

results corroborate the previous proteomics data and suggest that

most Aβ-interacting proteins can be associated with both Aβ40 and

Aβ42peptides.Moreover, a faint PRKCGbandwasdetected in thepull-

downWB of healthy brain tissue extracts incubated with both scAβ40
and Aβ40 fibrils, suggesting a non-specific interaction of PRKCG in

healthy samples with Aβ40 fibrils. In contrast, PRKCG interaction with

Aβ40 fibrils was shown specific in AD patients, suggesting that post-

translational modifications of this protein occurring in AD patients

might promote its interaction with Aβ40 fibrils. Furthermore, these

findings underscore the significance of these interacting proteins for a

better understanding of the disease and their potential as therapeutic

targets bymodulating Aβ plaque formation.
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TABLE 1 Potential amyloid beta (Aβ) 40 and/or Aβ42 interactors selected for validation.

Protein name Protein ID Interactor Ratio Aβ40/Scrambled Ratio Aβ42/Scrambled

CDC42 P60953 Aβ42 0.7 8.61

CLDN11 O75508 Aβ42 1.18 8.14

CNRIP1 Q96F85 Aβ42 0.96 1.54

CSTB P04080 Aβ42 0.76 –

FSCN1 Q16658 Aβ42 1.18 1.82

PA2G4 Q9UQ80 Aβ42 1.18 1.61

PRNP P04156 Aβ42 0.98 1.67

PSMC4 P43686 Aβ42 – –

PSD3 Q9NYI0 Aβ40 1.96 0.86

PCCA P05165 Aβ42/Aβ40 2.23 15.02

NRGN Q92686 Aβ42 1.69 –

PCCB P05166 Aβ42/Aβ40 2.07 20.44

RHOA P61586 Aβ42 1.05 2.76

PRKCG P05129 Aβ40 3.99 1.26

DNM1 Q05193 Aβ40 1.71 0.70

SV2A Q7L0J3 Aβ42 1.06 1.60

3.4 Analysis of dysregulation of candidate Aβ
interactors in AD

To investigate whether these validated Aβ interactors might be asso-

ciated with the progression of AD, we next examined whether these

proteins were dysregulated in the disease by (1) ICC analysis of estab-

lished cellular models of AD, (2) WB and IHC analysis of brain tissue

samples from AD patients and healthy individuals, and (3) in silico

analysis of previous proteomics data using brain tissue samples from

patients and controls.

First, hNS1 cells overexpressing APP were used as a model of

AD in their proliferative or differentiated states (Figure 4). This neu-

ral model, based on APP-stimulated proliferation and differentiation

of neural stem cells,34,35 suggests that proteins dysregulated in this

system might be involved in AD-associated Aβ pathology. Notably,

PSD3, PRKCG, SV2A, PCCA, PCCB, FSCN1, NRGN, CSTB, CNRIP1,

and CLDN11 showed a significant dysregulation during the prolifer-

ation state and PSD3, PRKCG, SV2A, PCCA, PCCB, PA2G4, CDC42,

CSTB, CNRIP1, and CLDN11 during differentiation, suggesting a role

in AD pathology (Figure 4B). In both cases, PRKCG was identified

as being downregulated in the disease, whereas the other dysregu-

lated proteins were found to be upregulated upon APP overexpression

(Figure 4A,B).

To investigate the dysregulation of these proteins in patients, their

protein levels were analyzed by WB in frozen left prefrontal cortex

tissue samples from patients at Braak IV–VI and healthy individuals

as controls (Figure 5A,B). A statistically significant upregulation was

observed for DNM1, PSMC4, PA2G4, PRNP, and CSTB in AD patients,

in contrast to healthy individuals, whereas FSCN1was found to be sig-

nificantly downregulated in the disease (Figure 5A,B). In addition, some

of these proteins were observed to be dysregulated at different stages

of the disease (Figure S5a). DNM1, PSD3, andPRKCGwere found to be

upregulated at Braak IV, whereas their protein levels decreased with

the progression of the disease.Moreover, FSCN1 levels were observed

to be downregulated at Braak IV and V. PCCA, PSMC4, PA2G4, and

PRNP showed a gradual upregulation with the progression of the dis-

ease, with statistically significant higher protein levels at advanced

Braak V or Braak VI AD stages. In contrast, RHOA showed a progres-

sive downregulation in parallel with the progression of the disease,

with significantly lower protein levels at Braak VI. Finally, CSTB was

found to be significantly upregulated across all Braak stages, whereas

PCCB exhibited slightly elevated levels in the disease. In addition, the

downregulation of PRKCG and upregulation of NRGN in AD were

previously demonstrated by proteomics, IF,WB, or IHC.42,45–47

Furthermore, we performed an in silico analysis using previous

proteomics data from AD patients’ and controls’ brain tissue.41,42 In

a previous TMT analysis performed on the same brain region from

AD patients (Braak stages IV–VI) and healthy controls,42 five of the

16 candidate proteins were found to be dysregulated in AD patients

compared to healthy individuals (Figure 5C). Specifically, NRGN and

PA2G4 were found to be upregulated (AD/Healthy ratio ≥ 1.2) at

Braak VI and Braak V, respectively, whereas PSD3, DNM1, and PRKCG

were found to be downregulated (AD/Healthy ratio ≤ 0.6) at Braak V

and VI. Additionally, in a second large-scale TMT proteomics study of

the frontal cortex region, encompassing late-stage AD patients with

high plaque and tangle pathology (AD, n = 18), patients with MCI and

high Aβ pathology but mild cognitive deficits (MCI, n = 18), individuals

with low plaque and tangle pathology (LPC, n = 18), and those with

high Aβ pathology but no detectable cognitive impairment (HPC,

n = 18) were found to have significant upregulation for SV2A in the

MCI stage, compared to LPC individuals, and significant upregulation

of CLDN11 in theMCI stage compared to HPC individuals (Figure 5D).
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F IGURE 3 Validation of Aβ fiber-interacting proteins. (A) Heatmap of candidate interacting proteins selected for validation clustering
according to pathological state and Aβ fibers induced. Log2 of label-free quantitative relative intensity is represented after row data normalization.
(B)Western blot analysis of pull-down replicates with Aβ40 and Aβ42 fibers and protein extracts fromAlzheimer’s disease patients (Braak V-VI)
and healthy individuals confirmed the in vitro interaction of indicated proteins with Aβ peptides. 4G8 immunostaining was used as loading control
in pull-down assays. Aβ, amyloid beta.
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F IGURE 4 In vitro analysis of dysregulation of candidate proteins in hNSI model of AD. (A) Immunofluorescence analysis of PSD3, PRKCG,
SV2A, PCCA, PCCB, FSCN1, PA2G4, NRGN, CDC42, CSTB, CNRIP1, and CLDN11 in control hNS1 cells (control) and (APP) overexpressing hNS1
cells APP at proliferation (left) and differentiation (right) conditions. Scale bar: 100 µm. (B)Mean fluorescence intensity and SEMobtained for APP
and control cells in proliferation is represented. All proteins but PA2G4 and CDC42 showed a statistically significant dysregulation in AD. (C)Mean
fluorescence intensity and SEMobtained for APP and control cells at 4 days of differentiation is represented. All proteins but FSCN1 andNRGN
showed a statistically significant dysregulation in AD. *p<0.05; **p<0.01; ****p<0.0001. AD, Alzheimer’s disease; APP, amyloid precursor
protein; SEM, standard error of themean.

In contrast, CLDN11 protein levels were diminished in AD patients

compared to LPC individuals. These results suggest that the observed

dysregulation may be specific to the brain region analyzed. Finally, we

also investigated whether any of the validated candidate interactors

were differentially secreted into the CSF of AD patients compared to

healthy individuals (Figure 5D). Significantly increased levels of PA2G4

were found in AD patients compared to healthy individuals, whereas

the release of PCCB, PCCA, SV2A, and DNM1 to CSF was diminished

in AD patients, suggesting that the accumulation of Aβ interactors in
amyloid plaques primarily reduces their secretion into the CSF and,

consequently, into the bloodstream.

To further confirm the dysregulation of these proteins in AD, we

performed an IHC analysis using a TMA with FFPE tissue samples

from healthy individuals and AD patients at Braak stages IV to VI,42,45

where neuronal and neuropil staining was investigated. In neurons,

a significant downregulation was observed for PSD3 in AD patients,

whereas PCCA and PRNPwere found to be upregulated in the disease

(Figure 6A,B). Additionally, PSD3 was found to be significantly down-

regulated at Braak IV, V, andVI, whereas higher protein levels of PCCA,

PRNP, and PSMC4 were observed at different Braak stages. Further-

more, PCCB and CDC42 were found to be significantly upregulated

at Braak IV in comparison to healthy individuals (Figure S5b). Regard-

ing neuropil staining, significantly higher protein levels were found for

PCCAandPCCB inADpatients compared to healthy individuals, which

were observed to be upregulated at all Braak stages (Figure 6A,C and

Figure S5C). Interestingly, PA2G4 neuropil levels were also upregu-

lated in AD patients at different Braak stages (Figure S5c).

3.5 Association of Aβ interactors to Aβ
aggregates ex vivo

Finally, to further confirm ex vivo the interaction of candidate pro-

teinswith Aβ plaques, IF through PLA assaywas performed using FFPE

tissue samples (Figure 7).

Accumulations ofPCCB, PRKCG,CSTB, andPRNPproteins could be

observed in Aβ plaques in AD tissue samples (Figure 7A), confirming

the role of these proteins as novel Aβ plaque interactors. Addition-

ally, the presence of PRKCG and PCCB in Aβ plaques from healthy

individuals was also investigated by PLA. Interestingly, a reduced

number of diffuse plaques without accumulation of previously iden-

tified interacting proteins was observed in healthy tissue samples

(Figure 7B).

This finding highlights the specificity of these novel proteins for

plaques associated with AD and underscores the distinct composition

of Aβ plaques depending onwhether they are related to aging or to the
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F IGURE 5 In vitro and in silico analysis of dysregulation of selected proteins in brain tissue samples of AD patients and healthy individuals. (A)
Western blot analysis of frozen left prefrontal cortex brain tissue samples of AD patients at Braak stages IV, V, and VI and healthy individuals (H).
GAPDHwas as a loading control and for normalization. (B)Mean protein band intensity and SEMobtained for the healthy and AD samples byWB
after data normalization is represented. A statistically significant dysregulation was observed for DNM1, FSCN1, PSMC4, PRNP, and CSTB in AD.
Protein band intensities were quantified by densitometry with ImageJ software and normalized according to GAPDH staining. (C) Dysregulation
ratio and significance obtained for validated Aβ interactors from a previous TMT analysis using left prefrontal brain tissue samples fromAD
patients and healthy individuals.42 Relative TMT protein intensity from all AD samples, AD samples at Braak V, and AD samples at Braak VI were
compared to the relative TMT protein intensity from healthy individuals. NRGN, PA2G4, PSD3, DNM1, and PRKCGwere confirmed to be
dysregulated in the disease. (D)Mean relative TMT protein intensity in frontal cortical tissue from LPC, HPC,MCI, and AD individuals and the SEM
is represented. Only SV2A and CLDN11 showed significantly higher protein levels inMCI patients in comparison to controls. In addition, the
dysregulation ratio and significance obtained for the validated Aβ interactors from a previous proteomics analysis of the CSF fromAD patients and
LPC individuals is represented. Release to the CSF of PA2G4, PCCB, PCCA, SV2A, andDNM1was found to be dysregulated in the disease. *p
<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Aβ, amyloid beta; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; MCI, mild cognitive
impairment; LPC, low pathology control; HPC, high pathology control; SEM, standard error of themean; TMT, tandemmass tag;WB, western blot.

disease. Moreover, since PRKCG showed the closest physical proxim-

ity or functional associationwithAβ aggregates, these results, together
with the fact that PRKCG is an enzymatically active kinase previously

associatedwith synaptic plasticity and neurodegeneration,48–50 would

suggest that PRKCGmay exert a modulatory effect on fibril formation,

particularly during early or seeding stages.

3.6 Amyloid fibril formation in response to
PRKCG modulators measured by high-content
confocal imaging

To address this question and evaluate the role of PRKCG in modulat-

ing amyloid fibril formation, we employed high-content fluorescence

microscopy (Operetta) using CRANAD-2 dye to monitor Aβ40 fibril-

lization. Human neural stem cells (hNS1) were incubated with 1 µM

of the PRKCG activator TPPB or 50 nM of the PRKCG inhibitor PKC-

IN-1 (PKCIN1) for 1 h at 37◦C and 5% CO2. An equivalent volume

of DMSO was used in control cells. Following treatment, cells were

lysed with RIPA buffer, and 2 mg of total protein from each condition

were incubated with 10 µM Aβ40 peptide over a time course ranging

from 6 h to 24 h. Then 2 µL of each reaction mixture was immobilized

on poly-L-lysine-coated 384-well plates, and amyloid fibril formation

was quantified through automated image analysis of CRANAD-2 sig-

nal, assessing the area, and the perimeter of the amyloid aggregates

induced by each PRKCG condition (Figure 7C). Strikingly, aggregates

formed when using the PRKCG inhibitor (PKCIN1) were significantly

smaller than the aggregates induced with the PRKCG activator (TPPB)
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F IGURE 6 TMA and IHC of FFPE left prefrontal tissue samples of AD patients and healthy individuals. (A) Representative 80×magnification
images for staining of left prefrontal cortex core of healthy individuals and AD patients with specific antibodies against PSD3, PCCA, PCCB,
PSMC4, PRNP, PA2G4, and CDC42. Scale bar: 25 µm.Mean and standard error of themean (SEM) of total staining intensity (INT*PER) obtained
fromAD patients and healthy individuals’ tissue samples used in TMA and IHC in (B) neurons and in (C) neuropil. The significant dysregulation for
PSD3, PCCA, and PRNP in neurons and the significant dysregulation of PCCA, PCCB, and PA2G4 in the neuropil were confirmed. *p<0.05; **p
<0.01. AD, Alzheimer’s disease; INT, intensity; PER, percentage. AD, Alzheimer’s disease; IHC, immunohistochemistry; TMA, tissuemicroarray.

protein extracts, in terms of area and parameter (Figure 7C,D). Addi-

tionally, the Aβ aggregates formed under control conditions (DMSO)

and with PRKCG inhibition were morphologically more similar to each

other than to those induced by PRKCG activation. Furthermore, we

observed a higher number of small aggregates with the control and

inhibitor, in contrast to the PRKCG activator, whereas a higher num-

ber of large aggregates (>15 µm2 and >25 µm2) were observed when

the PRKCG activator was used (Figure 7E).

These findings support a functional role of PRKCG in regulating

Aβ aggregation, with the PRKCG inhibitor attenuating fibril forma-

tion and the PRKCG activator enhancing it. Collectively, these results

indicate that modulation of PRKCG activity can significantly impact

the kinetics and extent of Aβ fibril formation, suggesting not only a

functional role of PRKCG in modulating the amyloidogenic processes

but also that AD-related post-translational modifications of PRKCG

may promote its selective association with Aβ. Moreover, given the

kinase activity of PRKCG and our results (Figures 3 and 7), we pro-

pose that pathological phosphorylation of PRKCG in AD facilitates

its interaction with Aβ peptides at the membrane surface, promot-

ing early aggregation events and the formation of extracellular Aβ
deposits. As fibrillization progresses, Aβ assemblies would sequester

PRKCG within maturing plaques, leading to conformational inhibi-

tion and a subsequent loss of catalytic activity. This model could

also explain the reduced PRKCG levels observed in AD tissues, as

its incorporation into insoluble Aβ aggregates would likely decrease

its solubility and recovery in biochemical analyses. Altogether, our

findings support a bidirectional relationship between PRKCG dys-

regulation and Aβ aggregation, in which aberrant kinase signaling

both contributes to and is exacerbated by amyloid pathology in

AD.

4 DISCUSSION

The aggregation and deposition of Aβ fibrils into plaques throughout

the brain begins years before the onset of the first cognitive symp-

tomsofAD.Both soluble and insolubleAβ species contribute to disease
progression, triggering blood–brain barrier dysfunction, disrupted sig-

naling, tau hyperphosphorylation, inflammation, and oxidative stress,

ultimately driving neuronal death, neurotransmitter deficits, cognitive

decline, and neurodegeneration.51 Anti-Aβ immunotherapies can tran-

siently reduce plaque burden and delay symptoms, but their efficacy
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F IGURE 7 PLA analysis validated ex vivoAβ interactors. (A) IF staining with an Aβ40 antibody and an antibody against the protein of interest
(POI) confirmed the ex vivo interaction between Aβ plaques and PRKCG, PCCB, CSTB, and PRNP in Alzheimer’s disease (AD) patients Aβ plaques.
Red arrows highlight the presence of autofluorescence due to Lipofuscin aggregates. Scale bar: 10 µm. (B) Immunofluorescence staining with an
Aβ40 antibody and an antibody against PCCB or PRKCG confirmed the absence of these proteins in Aβ plaques non-related to AD but to the
natural aging of individuals. Scale bar: 10 µm. Signal intensities for Aβ40, PRKCG, and PCCB channels were enhanced in healthy samples in
comparison to AD samples, as a lower signal was obtained in the healthy ones. (C–E) High-content fluorescence imaging of Aβ fibril formation in
response to PRKCGmodulators. (C) Two representative images of indicated conditions after 6 and 24 h of incubation with Aβ40 peptide and
protein extracts from hNS1 cells incubatedwith DMSO (control), TPPB (PRKCG activator), or PKCIN1 (PRKCG inhibitor) are shown. Scale bar:
20 µm. d)Bar plot of themean± SEMof area and perimeter of control aggregates and aggregates inducedwith hNS1 cells incubatedwith PRKCG
activator or inhibitor after 6 and 24 h of incubation. (E) Frequency plot of area and perimeter distribution of Aβ40 aggregates induced by different
PRKCGmodulators. Inset: zoomed-in image of higher area range (15 to 45 µm2) and perimeter range (25 to 75 µm). The PRKCG inhibitor induced
the formation of a higher number of small aggregates, whereas PRKCG activation induced larger aggregates. Aβ, amyloid beta; PLA, proximity
ligation assay.

diminishes over time, likely due to plaque heterogeneity and broader

neuropathological context.52

Two predominant Aβ plaques have been identified in the brain of

ADpatients, largely composedof protofibrils and typically not linked to

neuronal damage and dense-core plaques with a compact fibrillar cen-

ter surrounded by dystrophic neurites, astrocytes, and microglia.53,54

In addition to Aβ peptides, plaques contain proteins and cellular com-

ponents that shape their structure and toxicity.12 Microglia promote

plaque compaction by recruiting toxic oligomers, and Aβ-binding pro-
teins can accelerate fibril aggregation. Since diffuse plaques also occur

in aged but cognitively normal individuals, the protein composition of

plaques in AD may hold specific pathogenic clues. Thus, proteins iden-

tified as Aβ interactors in AD patients may be specifically associated

with AD pathology.

Recent proteomics studies focused on characterizing Aβ plaque-

associated proteomes in AD patients. These analyses, conducted on

LCMplaques and non-plaque FFPE brain tissue sections, have revealed

over 100 Aβ plaque-associated proteins,55 including ARL8B, SMOC1,

EZR, MSN, GFAP, and MDK.21–24 However, LCM and FFPE limit res-

olution due to protein crosslinking and contamination from adjacent

tissue, hindering precise identification of Aβ-specific interactors and

reducing the depth of proteome analysis.

To overcome these limitations, we focused on identifying proteins

interacting with Aβ40 and Aβ42 fibrils using in vitro synthesized fib-

rils and protein extracts from the left prefrontal cortex of AD patients

and healthy individuals. This was achieved through pull-down assays

followed by DDA-LFQ proteomics. The pull-down assays selectively

enriched for Aβ-interacting proteins, while proteins not directly asso-
ciated with Aβ peptides were excluded from the analysis. We also

differentiated between proteins interactingwith Aβ40 or Aβ42 orwith
both Aβ species, which may be potentially informed about targeted

immunotherapy based on the predominant Aβ plaque composition.

Here, we utilized tissue samples rather than cellular models to ensure

that the entire brainmicroenvironment involved in Aβ pathology in AD
patients was represented.12 Tissue samples from Braak stages V and

VI AD patients were utilized to maximize detection of Aβ-associated
proteins. In parallel, protein extracts from healthy individuals were

included to identify Aβ-interacting proteins potentially downregulated
in AD patients, while providing a baseline for identifying AD-specific

dysregulation. Additionally, pooled tissue samples were used to iden-
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tify dominant Aβ-interacting proteins that may drive Aβ pathology in

AD,while individual sampleswere employed for ex vivo validation of Aβ
interactors.

To identify candidate interactors, we first performed a dysregula-

tion analysis in which proteins with a fold change ≥1.5 and a FDR

≤0.05 in Aβ samples (healthy, Braak V, Braak VI) versus Scrambled

controls were selected (Scrambled analysis). This approach identi-

fied 85 potential interactors: five common to both Aβ40 and Aβ42,
17 specific to Aβ40, and 63 specific to Aβ42. To expand coverage,

we conducted a complementary specificity analysis, selecting proteins

uniquely detected in Aβ samples but absent in Scrambled controls. This

dual strategy addressed the limitations of proteomics studies: Dys-

regulation analysis highlighted proteins with quantitative abundance

differences, including thosepresent at lower levels in controls,whereas

specificity analysis captured proteins with strong exclusive Aβ interac-
tions, even if notmeeting strict fold-change/FDRcriteria. By combining

both analyses, we broadened the net of potential interactors, increas-

ing the likelihood of detecting novel Aβ-binding proteins and building

a more complete map of the Aβ interactome. Importantly, Aβ sam-

ples from healthy individuals were not considered true controls, given

the>90%correlation inbrainprotein content betweenADandnon-AD

tissue, as most Aβ interactors are present in both cohorts. Neverthe-

less, we confirmed that some proteins identified here, while detectable

in healthy tissue, did not accumulate in Aβ plaques lacking AD pathol-

ogy. This distinction underscores their disease relevance, suggesting

that specific Aβ interactors may contribute directly to plaque matu-

ration and pathogenicity in AD. Thus, to further assess their role, the

contributionof these interactors toAβplaquematuration at prodromal

(Braak I and II) andMCI (Braak III and IV) stages should be examined to

determine their involvement in plaque formation.

Remarkably, several proteins identified here were previously

reported as Aβ interactors in other proteomics studies, including APP,

PMP2, FGG, and CSTB. Notably, tau (MAPT) was not strongly enriched

as an Aβ-associated protein (enrichment ratio 1.2 to 1.3), but it was

still significantly upregulated among both Aβ40 and Aβ42 interac-

tors. Other proteins previously described as Aβ-associated were not

detected in our analysis, possibly due todifferences in thebrain regions

studied and Aβ plaque distribution and composition.

Bioinformatics revealed enrichment in metabolic pathways, consis-

tent with oxidative stress and mitochondrial dysfunction in AD, and

in synaptic proteins, suggesting links to disrupted cell communica-

tion and AD progression.56,57 Additionally, several synaptic proteins

were identified as Aβ interactors, suggesting a potential role of those
proteins in cell communication and AD progression. 16 candidate pro-

teins were prioritized for validation, favoring Aβ42 interactors, given

its predominance in plaques. These included DNM1, SV2A, PRKCG,

PA2G4, PSMC4, PSD3, PCCA, PCCB, NRGN, FSCN1, CDC42, CTSB,

CNRIP1, CLDN11, RHOA, and PRNP. Validation by WB, immunofluo-

rescence, and PLA confirmed all selected interacting proteins except

DNM1, PRKCG, and PA2G4 to interact with both Aβ40 and Aβ42
peptides in Aβ plaques. While our proteomics analysis primarily iden-

tified these proteins as Aβ40 or Aβ42 interactors, this observation

may be attributed to their enhanced adhesive properties. Ex vivo find-

ings provide compelling evidence that novel Aβ interactors specifically
accumulate in Aβ plaques associatedwith AD, but not in those found in
healthy individuals, highlighting disease specificity.

This specificity suggests that Aβ plaques in AD differ molecularly

from age-related plaques, with interactors potentially contributing to

plaque maturation and toxicity. Their selective recruitment points to

functional involvement rather than passive deposition, emerging as

promising targets to potentially disrupt plaque formation or mitigate

its toxic effects.

Interestingly, most of the Aβ-interacting proteins were observed to
be dysregulated in AD brain tissue byWB, in silico, and/or IHC and ICC

analyses. PCCA, PCCB, PA2G4, CSTB, PSMC4, andNRGNwere upreg-

ulated, whereas proteins PSD3 andPRKCGwere downregulated in the

left prefrontal cortex brain tissue of AD patients. This suggests that

the recruitment of interacting proteins to plaques byAβ peptides could
either contribute to or result from cellular dysfunction in AD. Addi-

tionally, the altered CSF secretion of PA2G4, PCCB, PCCA, SV2A, and

DNM1 in ADmay reflect plasma biomarker potential.

Among notable interactors previously implicated in neurodegener-

ation or other diseases, PRNP, which is related to Creutzfeldt–Jakob

disease, is involved in neuronal development and synaptic plasticity58

and known as a cell surface receptor for Aβ oligomers.59 PSD3, an

oncogene linked to thyroid cancer,60 is highly enriched in the brain,

as reported by the Human Protein Atlas, and downregulated at the

mRNA level in AD but poorly studied in neurodegeneration.61 More-

over, PSD3 interaction and expression patterns in AD and control

tissues resemble those of PRKCG, suggesting it as another Aβ inter-

actor of interest in AD. DNM1, involved in vesicular transport and

endocytosis,62 hasnotbeenpreviously linked toAD.CTSB is implicated

in cancer and lysosomal dysfunction.63 NRGN, a post-synaptic protein

kinase, has been repeatedly shown to be altered in AD.42,64 PCCB, a

mitochondrial enzyme,65 has emerged as a novel AD interactor.

Finally, PRKCG, a neuron-specific kinase involved in synaptic

plasticity, learning, and memory, deserves special attention. Exclu-

sively expressed in the brain and spinal cord, PRKCG is localized to

neurons,48 where its activity sustains long-term potentiation (LTP), a

process essential for memory formation.49,50 PRKCG downregulation

has been linked to psychiatric disorders and neurodegeneration, and

our data confirm its reduction in AD brain tissue and colocalization

with plaques. Functional assays showed that PRKCG activity modu-

lated Aβ fibril morphology: Activation promoted larger fibrils, while

inhibition favored smaller aggregates. This dual behavior suggests

that chronic PRKCG downregulation could impair LTP and synap-

tic plasticity, contributing to cognitive decline, while also influencing

amyloid aggregation. Thus, PRKCG may act as both a biomarker and

a mechanistic link between Aβ pathology and synaptic dysfunction.

Importantly, an aberrant PRKCG phosphorylation would not imply

a protective role but rather indicate that PRKCG becomes progres-

sively inactivated due to aggregation into Aβ plaques. Indeed, although
chronic modulation may inadvertently exacerbate AD risk, our results

could allow the hypothesis that PRKCG inhibitors would represent

an interesting approach to improving AD symptoms or delaying its

progression.
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5 CONCLUSIONS

This study expands the Aβ interactome by identifying and validating

novel fibril-binding proteins with diagnostic and therapeutic poten-

tial. Many of the proteins identified are dysregulated in AD, and their

selective accumulation in pathological plaques highlights their likely

functional roles. PRKCG stands out as a key candidate linking amy-

loidogenesis with synaptic dysfunction, while PCCB, PSD3, and others

represent unexplored avenues. These findings reinforce the concept

that Aβ plaques in AD are molecularly distinct from age-related

plaques and that their interactors could serve as both biomarkers and

therapeutic targets.
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