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Introduction

Neurodegenerative diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD),
represent one of the most serious health challenges of the 21st century [1]. AD is currently the
leading cause of dementia worldwide, and the number of affected individuals is steadily
increasing [2]. As current treatments only offer symptomatic relief, early diagnosis of AD is
essential to enable intervention before severe central nervous system damage occurs [3]. A key
element in this process is the identification of reliable, preclinical biomarkers.

A common pathological hallmark of AD and other neurodegenerative diseases is the abnormal
accumulation of misfolded, aggregation-prone proteins—such as AP, tau, and a-synuclein [4-
6]. These aggregates cause intracellular damage and propagate from cell to cell in a prion-like
manner [5,7,8]. Endocytosis plays a central role in their propagation, particularly the lipid raft-
dependent, non-canonical pathways that these proteins preferentially utilize for cellular entry

[6,9,10].
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Figure 1. Scanning electron microscopy (SEM) image of toxic protein aggregates that play a major role
in neurodegeneration

One of the major regulators of endocytosis is the cell surface heparan sulfate proteoglycan
(HSPG) family, in particular the transmembrane syndecans (SDC1-4) [6,11,12]. The
glycosaminoglycan (GAG) side chains of these proteins electrostatically interact with
aggregating proteins, promoting their uptake and fibrillation [13-15]. Neuronal SDC3 has been
shown to be particularly effective in delivering AB1-42, a-syn and tau into cells in a lipid raft-
dependent manner [5-7,16]. Furthermore, literature data have demonstrated that SDC3
expression is increased in postmortem AD brain tissues, an observation that has led us to

investigate this phenomenon in detail in our in vitro and in vivo experimental models,



highlighting the potential biomarker role of SDC3, which may open new perspectives in the
early detection of the disease [7,17,18].

Another key player is apolipoprotein E (ApoE), which affects aggregation and uptake by
binding to AP and HSPGs [19-21]. Our study showed that ApoE2 enhances, whereas ApoE4
inhibits syndecan-mediated A uptake. This interaction is also isoform-specific and affects AD
progression.

Our results suggest that syndecans, in particular SDC3, play a key role in the early stages of
neurodegenerative diseases by facilitating the entry, intracellular processing and spreading of
protein aggregates. Their prominent role makes them promising targets for new diagnostic

procedures and therapeutic interventions.
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Figure 2. Structural representation of wild-type SDC proteins

Aims

The primary objective of this study is to investigate the role of syndecans (SDCs), a family of

heparan sulfate proteoglycans, in the pathogenesis of Alzheimer's disease (AD) and Parkinson's

disease (PD). The primary aim of this research was to explore how syndecans mediate the lipid

raft-dependent endocytosis of pathologically conformational proteins such as amyloid beta

(AB), tau and a-synuclein, and how they may contribute to the intracellular processing, prion-

like spreading and neurodegeneration of these aggregates.

Furthermore, we aimed to map the isoform-specific interactions between syndecans and

aggregation-prone proteins, with a particular focus on their differential roles in the processes of

internalisation, intracellular seeding and pathological spreading in the CNS. Our studies have

analysed the structural and functional specificities of SDC1-4 with respect to AP, tau and a-



synuclein uptake, revealed the mechanisms of endocytosis mediated by SDCs and investigated

how ApoE isoforms affect these processes.

Materials and methods

Cell lines and transfections

Human hCMEC/D3 (blood-brain barrier), wild-type K562 (haematopoietic) and SDC
overexpressing cell lines (including the mutant SDC4 cell line) and human SH-SYS5Y
(neuroblastoma) cell lines were used for experiments. Stable expression of the syndecan
isoforms (SDC1-4) was established by lentiviral transduction [5,7,21-23]. Cell expression was
checked by flow cytometry using APC-labelled antibodies specific for the respective SDC
isoforms. The differentiated neuronal phenotype was established in SH-SY5Y cells after 7 days
of treatment with retinoic acid (10uM) and 50ng/ml BDNF [5].

Protein uptake and internalization experiments

Aggregation-prone proteins (AP1-42, tau and a-synuclein), apolipoproteins (ApoE) and
transferrin (Trf) were applied in fluorescent (e.g. FITC-, 5-TAMRA-, or Alexa Fluor 633 and
HiLyte Fluor 647-labeled) format. They were added to cells at concentrations of 5 uM, 500 nM
or 25 ug/ml at different time points (1h, 3h, 6h, 18h) and their uptake was measured by flow
cytometry (FACScan, Becton Dickinson, AMNIS FlowSight) and confocal microscopy
(Olympus FV1000) [5,7,21].

Aggregation studies

Thioflavin T (ThT) binding assays were used to evaluate the formation of amyloid fibrils in
different cell lines. WT K562, SH-SYSY and SDC transfected cells were plated in 96-well
microplates and incubated with AB1-42 (5 uM), a-syn or tau (5 uM) monomers at different
time intervals (1, 3, 6 and 18 h) [5,7,21]. Following incubation, ThT (15 uM) was added to the
cell cultures 10 min before measurement, and fluorescence intensity was measured using a plate
reader (Biotek Cytation 3) at excitation wavelength 440 nm and emission wavelength 480 nm
[24]. The multiple change in fluorescence intensity relative to the background ThT signal was
calculated to determine the extent of fibril formation in AB1-42, a-syn or tau-treated cells. In
separate experiments, AB1-42 fibrils (5 uM) were incubated with SH-SYS5Y and K562 cells,
including SDC transfectants and SDC4 mutants, for up to 18 h. The cell surface binding and
fibril formation of AP1-42 were also analyzed by SEM (scanning electron microscopy)

techniques [5].



Lipid raft-dependent endocytosis study
Lipid raft-associated endocytosis was confirmed by colocalisation studies with flotillin-1 and -
2 antibodies, including confocal microscopy and co-immunoprecipitation studies. Flotillin-1

and 2 proteins were labeled with Alexa Fluor-546 fluorescent antibody.

Inhibition of GAG chains

The function of cell-surface glucosaminoglycans, in particular heparan sulfate (HS) chains, was
inhibited with sodium chlorate (NaClO3) (50 mM, 48 h), which inhibits the sulfation step. The
effect of the treatment was checked by flow cytometer.

Analysis of syndecan-3 expression in APPSWE-Tau transgenic animal model

SDC3 expression was measured by immunohistochemical staining and ELISA in brain tissue
from 12-month-old transgenic APPSWE-Tau and wild-type C57BL6 mouse models [17].
Samples were derived from paraffin-embedded brain slices fixed in 4% paraformaldehyde.
Mouse brain endothelial cells were isolated using the method of Assmann et al. [25]. SDC3
expression of monocytes and primary brain endothelial cells (PBEC) isolated from mice was
analyzed using mouse SDC3 antibody and specific monocyte or endothelial markers (CD11b
or PECAM-1) by flow cytometry imaging [17].

Statistical analysis

Results are expressed as mean values + standard error of the mean (SEM). Differences between
experimental groups were evaluated by one-way analysis of variance (ANOVA). Values of p <
0.05 were accepted as significant. Pearson's correlation coefficient was calculated for the
correlation between SDC3 or HS expression and AB1-42 uptake and fibrillation values of SH-
SYSY cells. For colocalization analyses, Mander's overlap coefficient (MOC) was calculated
as described by Wesen et al. [26]. Pearson's correlation coefficient was used to measure the

strength of the linear relationship between the two variables [17].

Results

We investigated the role of syndecans (SDCs) in the uptake and fibrillation of amyloid-p (AB1-
42). Although heparan sulfate proteoglycans (HSPGs) are known to promote AB1-42 binding
and internalization, the specific involvement of transmembrane SDCs remains unclear [7]. In
order to isolate the contribution of SDCs, we generated transfectants expressing stable SDCs in
K562 cells, a cell line with minimal endogenous HSPGs, no syndecan or glypican expression,

and lacking caveolin-1, thereby limiting other endocytic pathways [5,7,27,28]. Selected



transfectants with similar levels of heparan sulfate (HS) and wild-type (WT) K562 cells were
incubated with FITC-tagged AP1-42 or transferrin (Trf, a clathrin-mediated endocytosis
marker) for 1, 3, 6 and 18 h. Uptake and binding were quantified by flow cytometry, using
trypan blue dye to quench extracellular fluorescence [7,29]. Flow cytometry showed that SDC3
transfectants showed the highest internalization of AB1-42 at all time points, followed by SDC4
(which outperformed WT cells after 6 h), and SDC2 showed increased uptake only after 18 h.
SDC1 showed lower uptake after 18 h. In contrast, uptake of Trf was higher in WT cells than
in most SDC transfectants, suggesting different endocytic pathways for AB1-42 and Trf (Figure
3).
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Figure 3. Kinetics of AB1-42 and Trf uptake. WT K562 cells and SDC transfectants were FITC-labeled
with FITC-labeled AB1-42 or Trffor 1, 3, 6 and 18 h at 37 °C. Cell uptake and attachment were analyzed
by flow cytometry.

Thioflavin T (ThT) fluorescence assays showed that SDC3 and SDC4 significantly promoted
AB1-42 fibrillation (p < 0.05). Our scanning electron microscopy (SEM) studies confirmed
enhanced fibrillar AB1-42 aggregation on SDC3 and SDC4 transfectants after only 1 h of
incubation. Confocal microscopy further confirmed these results, showing increased
intracellular AB1-42 fibrils and colocalization with SDCs, especially SDC3, after 18 h (p <
0.01). The Mander's overlap coefficient (MOC > 0.7) indicated strong intracellular
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colocalization between SDCs and AB1-42, in contrast to reduced Trf internalization in SDC
transfectants, confirming different uptake pathways.

Flotillins, markers of lipid rafts, colocalized intracellularly with SDCs and Ap1-42.
Microscopic data confirmed that SDC-mediated AB1-42 internalization occurs via flotillin-
dependent lipid rafts, independent of clathrin or caveolin pathways. Inhibition of HS sulfation
with sodium chlorate significantly reduced AB1-42 binding and fibrillation, particularly in
SDC3 and SDC4 cells. Using SDC4 structural mutants, we found that the presence of HS chains
was crucial for AB1-42 uptake - mutants lacking HS chains did not increase uptake, while those
retaining HS chains showed uptake similar to WT SDC4.

In neuronal SH-SYS5Y cells, SDC3 overexpression enhanced AB1-42 uptake and fibrillation,
and there was a significant correlation between SDC3 expression and these processes (r = 0.63
and r = 0.80, respectively), highlighting the key role of SDC3 in neurons.

We extended our analysis to a-synuclein (a-syn) and tau fibrils, proteins that also play a key
role in neurodegeneration. Using SDC-overexpressing K562 cells, we found that the
predominantly neuronal SDC3 significantly increased the uptake of both a-syn and tau fibrils,
while SDC4 had minimal effect. Uptake was lipid raft-dependent, but occurred via clathrin-
and caveolin-independent pathways, as shown by flotillin colocalization. Incubation of
monomeric a-syn and tau with SDC transfectants showed that SDC3 (and to a lesser extent
SDC4) promoted their fibrillation over time. After 18 h, our scanning electron microscopy
experiment revealed increased mature fibrils on the surface of cells expressing SDCs,
supporting that SDCs induce fibrillation. Remarkably, fibril formation enhanced SDC-mediated

uptake, suggesting a feedback mechanism promoting the internalization of aggregated proteins.
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Figure 4. Cellular uptake of a-syn and tau fibrils into SDC transfectants. a) Scanning electron
microscopy images of a-syn and tau fibrils and WT K562 cells and SDC transfectants treated with fibrils

after 10 min and 3 h of incubation.

Syndecans (SDCs) enhance cellular internalization of apolipoprotein E (ApoE) isoforms, and
therefore the uptake of ApoE isoforms was investigated in SDC-overexpressing cell lines. The
low expression of heparan sulfate proteoglycan (HSPG) in the K562 cell line and the lack of
caveloae ability to induce caveloae endocytosis make this model ideal for isolated studies of
the effect of SDCs overexpression on ApoE uptake without the influence of other HSPGs or
caveloae-mediated endocytosis. Taking into account the heparan sulfate chains involved in
ApoE binding, SDC transfectants were selected with similar HS expression and treated with
FITC-tagged ApoE2, ApoE3 and ApoE4 isoforms, and wild-type (WT) K562 cells. It is
important to note that SDC overexpression did not affect LRP1 receptor expression, so LRP1
levels in SDC transfectants and WT K562 cells were identical. After 3 h of incubation,
fluorescence of extracellularly bound ApoE was quenched by the addition of trypan blue and
the amount of ApoE internalized into the cells was measured by flow cytometry. Our results
showed that the overexpression of SDCs increased cellular uptake of ApoE in an isoform-
specific manner, with neuronal SDC3 showing the most significant effect. Among the SDCs,
ApoE2 and ApoE3 uptake is enhanced the most, while ApoE4 had a more modest effect. The
overall fluorescence intensity of SDC transfectant cells was significantly increased by ApoE
treatment, indicating a concomitant increase in ApoE binding and internalization.
Colocalization studies measured by Manders' overlap coefficient (MOC) and Pearson's
correlation coefficient (PCC) demonstrated that SDC3 and SDC4 showed the strongest
association with ApoE2 and ApoE3 isoforms (MOC ~0.5; PCC ~0.4), while the association of
SDC1 with ApoE was slightly weaker (MOC ~0.4; PCC ~0.3) and was lowest for SDC2. In
immunoprecipitation assays, ApoE2 showed the strongest binding to SDC3, followed by
ApoE3 and ApoE4, supporting the isoform-specific differences observed in the uptake.

We then further investigated the interaction between ApoE and SDC3 in the SH-SYS5Y cell
line, widely used as a neuronal model, both in the undifferentiated and differentiated state. Here
again, similar colocalization values were measured (MOC ~0.5; PCC ~0.4 for ApoE2 and
ApoE3), confirming our preliminary observations. Overexpression of SDC3 in differentiated
SH-SYSY cells increased the uptake of all ApoE isoforms, most notably ApoE2, while ApoE4
internalization was lowest. The increase in ApoE uptake was proportional to the increase in

SDC3 expression.



Our study also included the aggregation of amyloid- (AB1-42) in SDC3-overexpressing SH-
SYSY cells. Overexpression of SDC3 increased AB1-42 fibrillation after 18 h of incubation,
whereas there was no significant effect at 3 h. ApoE isoforms differentially modulated AB1-42
aggregation: ApoE2 reduced aggregation even in SDC3-overexpressing cells, whereas ApoE4
significantly enhanced it. Our electron microscopy studies confirmed these results. The ApoE
isoforms also affected the cellular uptake of AP1-42 differently: at 3 h, ApoE2 increased,
whereas ApoE4 decreased, the internalization of AB1-42; however, at 18 h, this effect was
reversed, with ApoE4 increasing the uptake of AB1-42, whereas ApoE2 and ApoE3 decreased
it.

ApoE4 was also capable of fibrillation independently, as confirmed by fluorescence and
electron microscopy studies, especially after 18 h of treatment, while this phenomenon was less
pronounced with ApoE3 and no fibril formation was found with ApoE2. Further studies have
shown that overexpression of SDC3 in differentiated SH-SYS5Y cells significantly enhances the
cellular uptake of AP1-42, which is differentially modified by ApoE isoforms. ApoE2
decreased and ApoE4 increased the presence of AB1-42 aggregates after 18 h of incubation as
confirmed by confocal microscopy. The mutual colocalization of ApoE4 and AB1-42 fibrils
was also confirmed by Mander and Pearson coefficients (~0.5 and ~0.45), consistent with the
previous association of AD plaques with ApoE4.

Taken together, the results show that SDCs, in particular SDC3, enhance the internalization of
ApoE isoforms in a cell type- and isoform-dependent manner, and that ApoE isoforms
differentially regulate the aggregation and cellular uptake of AB1-42, shedding new light on the
role of ApoE in amyloid pathology. These findings highlight the potential use of SDC3 as a
therapeutic target to manipulate ApoE-mediated cellular processes in neurodegenerative
diseases.

The role of SDC3 in endothelial cells is also gaining prominence in inflammatory responses,
where SDC3 expression in inflamed vascular endothelial cells plays a role in the binding of
leukocytes and chemokines, contributing to the development of neuroinflammation and
neurodegeneration in Alzheimer's disease [17,30]. In light of this, SDC3 may even be used as a
blood-based biomarker in disease diagnosis and monitoring.

Under inflammatory conditions modeled by TNF-a treatment (7 days, 5 ng/ml), endogenous
SDC3 expression was significantly increased in both SH-SY5Y and hCMEC/D3 cells, further
confirming the key role of SDC3 in the neuroinflammatory processes of AD. In the brains of
APPSWE-Tau transgenic mice, increased AP plaque deposition was accompanied by

significantly elevated TNF-a concentrations, as confirmed by ELISA. TNF-a levels measured
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in whole blood samples from APPSWE-Tau mice were also significantly higher compared to
wild-type (WT) controls. TNF-a levels in the blood and brain showed a strong positive
correlation with a covariance of 0.80, indicating the co-presence of systemic and CNS
inflammation.

Furthermore, our ELISA assays showed that SDC3 levels were elevated not only in the brain
but also in peripheral organs such as the liver, supporting our preliminary in vitro results that
TNF-a induces SDC3 expression and suggesting that the inflammatory cytokine induces
increased SDC3 expression in both central and peripheral tissues.

Considering the increasing importance of the role of endothelial cell SDC3 in inflammatory
processes and our previous in vitro data showing that TNF-o induces SDC3 expression in
endothelial cells of the human blood-brain barrier, we examined SDC3 expression in primary
blood-brain barrier endothelial cells (PBEC) isolated from APPSWE-Tau mice. The SDC3
expression of PBECs from APPSWE-Tau mice was significantly higher than that of cells
isolated from WT controls, suggesting that the inflammatory environment also enhances SDC3
levels in the brain endothelium.

Furthermore, as the role of monocytes in the pathogenesis of AD is becoming increasingly
prominent, we also examined the SDC3 expression of monocytes isolated from the blood of
APPSWE-Tau mice [17,31]. SDC3 expression was significantly increased in monocytes from
APPSWE-Tau mice compared to WT mice. Interestingly, the level of SDC3 expression in
monocytes showed a strong positive correlation with brain AP plaque deposition (r = 0.81),
suggesting that SDC3 levels in monocytes may serve as a potential biomarker for assessing the

severity of amyloid pathology.
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Figure 5. Monocytes isolated from APPSWE-Tau mice show increased SDC3 expression.

Taken together, these results confirm that TNF-a-induced SDC3 expression not only in the nervous
system but also on peripheral immune cells and endothelial cells plays a significant role in the
progression of AD, and that SDC3 as a molecular switch may mediate inflammatory and amyloid

pathological processes between the brain and the peripheral system.

Conclusions and new scientific findings for the future
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Among the neurodegenerative diseases, Alzheimer's disease (AD) represents a major societal
and health challenge, as it severely impairs cognitive function and quality of life [32,33]. In the
present study, we focused on the molecular pathogenesis of AD, with a particular focus on the
role of the syndecan proteoglycan family. Our results provide clear evidence that SDC3 plays
a prominent role in the formation and intracellular spread of abnormal protein aggregations.
SDC3-mediated lipid raft-dependent endocytosis is particularly efficient in the neuronal uptake
of AB1-42 oligomers, a key mechanism of intraneuronal amyloid accumulation and fibrillation.
In addition, SDC3 promotes the intercellular spread of fibrillar tau and a-synuclein forms,
which contributes to the progression of neurodegenerative processes. Furthermore, our study
demonstrated that ApoE isoforms modulate SDC3-mediated AB uptake, with ApoE2 being
protective and ApoE4 being risk-increasing. The increased presence of SDC3 further enhances
ApoE4-induced amyloid fibrillation, thus influencing amyloid pathology in a complex manner.
In terms of inflammatory mechanisms, we show that TNF-a cytokine significantly increases
SDC3 expression in the nervous system and blood-brain barrier, which is strongly associated
with amyloid plaques and systemic inflammation. Increased SDC3 expression in peripheral
monocytes may serve as a potential biomarker for early detection of AD and disease
monitoring. Increased endothelial expression of SDC3 may promote transendothelial migration
of monocytes, linking neuroinflammation to amyloid pathology.

Our future research will aim to elucidate in detail the molecular mechanisms mediated by SDC3
and to investigate the efficacy of potential therapeutic interventions that may slow disease
progression. Overall, our work will enrich the current knowledge of the molecular pathology
of Alzheimer's disease and contribute to the development of innovative diagnostic and
therapeutic strategies for the treatment of this serious neurodegenerative disease.
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