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Introduction: Tauopathies are a group of neurodegenerative diseases
characterized by the pathological accumulation of tau protein. The
hippocampus, a brain region crucial for learning and memory, is particularly
susceptible to tau-induced damage. However, the molecular mechanisms
underlying this vulnerability remain poorly understood. Here, we identified a
novel TGFB1-HS3ST2-tau signaling axis involved in tau pathology and synaptic
impairment.

Methods: We used primary hippocampal neurons from a transgenic mouse
model of tauopathy to investigate the relevance of TGFB1 signaling on Hs3st
expression and tau pathology. Loss-of-function (LOF) experiments targeting the
neural Hs3st2 were conducted and cells were analyzed using transcriptomics,
immunoblotting, and immunohistochemistry.

Results: TGFB1 signaling enhanced Hs3st gene expression, linking
neuroinflammation to altered HS biosynthesis. TGFB1 was shown to regulate
tau hyperphosphorylation and oligomerization through the accumulation of
3-O-sulfated heparan sulfate (3S-HS) made by Hs3st2. Hs3st2 LOF significantly
reduced 3S-HS levels, tau pathology, and synaptic alterations in hippocampal
neurons.

Discussion: These findings define a new TGFBl-Hs3st2-tau axis in the
hippocampus and highlight 3S-HS as a key modulator of tau pathology
and synaptic dysfunction. Targeting this pathway may offer new therapeutic
opportunities in tauopathies and related neurodegenerative disorders.

KEYWORDS

AD-related tauopathy, Hs3st2, neurodegeneration, synapse, tau, TGFg1

01 frontiersin.org


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2025.1726022
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2025.1726022&domain=pdf&date_stamp=2026-02-23
mailto:papy@u-pec.fr
mailto:mohand.ouidja@u-pec.fr
https://doi.org/10.3389/fnins.2025.1726022
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnins.2025.1726022/full
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Castillo-Negrete et al.

Introduction

During neurodegeneration, the progressive loss of neuronal
structure or function is driven by the deposition of abnormal
proteins like the microtubule-associated protein tau. This protein
plays a central role in the development of tauopathies such as
Alzheimer’s disease (AD) (Ballatore et al., 2007; Blair et al., 2013;
Wang and Mandelkow, 2016). In neurodegenerative diseases, tau
abnormal phosphorylation and aggregation contributes to tau
deposition and synaptic loss which leads to neuronal dysfunction
and memory impairment (Cummings, 2004; Robbins et al., 2021).
Although tau pathology correlates strongly with cognitive decline,
particularly due to its disruptive effects on synaptic integrity and
neuronal communication (Arriagada et al., 1992; Igbal et al., 2005),
other molecular players involved in these processes remain poorly
known. Heparan sulfate proteoglycans (HSPG) are glycosylated
core proteins bearing heparan sulfates (HS) chains, which play a
critical role in regulating synaptic signaling, trafficking, stability
and plasticity (Zhang P. et al., 2018). They can modulate the
interactions of growth factors and cytokines with their receptors
and extracellular matrix (ECM) components (Van Horssen et al.,
2003). HS are typically located on the cell surface and in the ECM
(Li and Kusche-Gullberg, 2016). Interestingly, in AD they also
colocalize intracellularly with tau in intracellular neurofibrillary
tangles (NFTs) (Goedert et al., 1996; Hasegawa et al., 1997),
suggesting a more direct role in tau pathology (Su et al., 1992;
Snow et al, 2021). Among the different structural features,
the 3-O-sulfated glucosamine residue have been linked to the
HS intracellular accumulation observed in AD, as reproduced
in cellular and animal models of tau pathology (Sepulveda-
Diaz et al, 2015; Maiza et al., 2018; Huynh et al., 2022). In
Human cells, 3-O-sulfation is catalyzed by the family of enzymes
known as 3-O-sulfotransferases (HS3STs) with each producing
distinct structural motifs with unique functional properties (Ouidja
et al., 2024). Despite the growing evidence of HS involvement
in neurodegeneration, the precise contribution of 3-O-sulfated
heparan sulfates (3S-HS) to tau pathology and their relationship
with other disease players remain poorly understood. There is also
emerging evidence implicating inflammatory and stress-related
signaling pathways in modulating both HS biosynthesis (Parish,
2006; Thacker et al., 2014) and neurodegeneration (Van Horssen
et al, 2003). In particular, transforming growth factor beta 1
(TGFB1) plays a role in both processes (Parish, 2006). TGFB1
is a pleiotropic cytokine known to orchestrate transcriptional
regulation through the activation of Smad-dependent signaling
(Nakao et al., 1997) and whose levels are increased in AD brains
(Wyss-Coray et al., 1997; Tominaga and Suzuki, 2019). Whereas
TGEFp1 signaling has been associated with glial activation, ECM
remodeling and neuronal dysfunction (Lesné et al., 2002), HS3ST2
expression has been associated with tau pathology development
(Sepulveda-Diaz et al., 2015; Huynh et al., 2022). This opens to the
question whether TGFP1 can impact tauopathy through HS3ST2
expression modulation. Answering this yet unexplored question
could help to increase our knowledge of the cellular mechanisms
leading to tau pathology in neurons. Here, we used primary
hippocampal neurons (PHN) from the rTg4510 mouse model
(Ramsden et al., 2005; Han et al., 2012) to investigate whether
alterations in the expression of HS and/or 3S-HS biosynthetic
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enzymes can be regulated by TGFP1 signaling and whether
this contributes to the pathological mechanisms leading to tau
pathology. Moreover, we examined the molecular events by which
the intracellular 3S-HS and their biosynthetic Hs3st’s can promote
tau aggregation and affect synaptic integrity. Finally, we showed the
contribution of specific Hs3st’s to the mechanisms leading to tau
pathology and to assess their potential as a novel therapeutic target.

Materials and methods

All products references are listed in Key resources table
(Supplementary Table).

Mouse model

The rTg4510 mice express a repressible form of human tau
containing the P301L mutation under the control of a tetracycline-
responsive element (TRE), to an activator line expressing a
tetracycline-controlled transactivator (tTA) with the CaMKIla
promoter. rTg4510 mice were generated by crossing male C57BL/6
mice expressing the tetracycline-controlled transactivator protein
under control of the forebrain-specific calcium-calmodulin-
dependent kinase IT (CaMKIIa) promoter (CaMKIIa mice) with
female FVB mice carrying the responder tetO MAPT*P301L
transgene under the control of the Tet-responsive element
(tetO) (FVB-Fgf148(tetO-MAPT«P301L)4510Kha /]y also known
as FVBTetO-MAPT*P301L). Mice hemizygous for the tetO-
MAPT*P301L transgene (£) and for the tetracycline controlled
transactivator protein (%) are considered rTg4510 (Ramsden et al.,
2005; Han et al., 2012). The non-carrier littermate animals for
the tetOe- MAPT*P301L transgene (-/-) and the tetracycline
controlled transactivator protein (-/-) were considered as Controls.
For all studies, both male and female mice were used and
they were allocated randomly between experimental groups.
Experimenters were blinded to the genotype of each mouse
during data collection and identities were decoded later after
analysis.

Conditioned medium from primary cell
culture of rat cortical glial cells

Primary glial cells were prepared from PND5 Sprague-Dawley
rats (Janvier Labs). The cortices were dissected and processed
as previously described (Maiza et al,, 2020). Briefly, the head
of PND5 Sprague-Dawly rats was cut to remove the brain.
Both hemispheres were recovered and, after removal of the
meninges, the hippocampus was removed and both occipital
hemispheres were dissected out. The occipital hemispheres
were collected, washed twice with HBSS and incubated for
12 min in 2.5% trypsin (Sigma-Aldrich/Merck), and 2.5%
DNase (Sigma-Aldrich/Merck) in HBSS at 37°C. Trypsin was
inactivated with 10% FBS (Gibco). Cells were plated in 75 ¢cm?
flasks in Dulbecco’s Modified Eagle’s Medium (DMEM high
glucose GlutaMAX TM-I, Gibco) supplemented with 10% FBS
(Gibco) and 0.1% Penicillin-Streptomycin (Life Technologies).
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Cells were maintained at 37°C in a humidified 5%
When 80%
passaged at 1:2. Passages 1 and 2 were used to obtain the

CO,

incubator. confluence was reached, cells were
conditioned medium by replacing the DMEM supplemented
medium by pre-warmed Neurobasal medium supplemented with

2% B27.

Primary cell culture of murine
hippocampal neurons

Female FVBTetO-MAPT*P301L mice were crossed with a male
CaMKIIa-tTA mouse both maintained at the Gly-CRRET animal
house. Primary hippocampal cell cultures were prepared from
double transgenic E16 embryonic rTg4510 mice. Briefly, the head
of embryos was cut to remove the brain. Both hemispheres were
recovered and after removal of the meninges, the hippocampus
was dissected out in dissection medium (HBSS; Gibco), 0.1%
HEPES (Gibco) supplemented with Penicillin-Streptomycin (Life
technologies). The hippocampus was collected, washed twice
with HBSS, and incubated for 12 min in 2.5% trypsin (Sigma-
Aldrich/Merck) and 2.5% DNase (Sigma-Aldrich/Merck) in HBSS
at 37°C. Trypsin was inactivated with 10% FBS (Gibco). Cells
were dissociated and seeded in 12 well plates coated with poly-D-
lysine (Sigma-Aldrich/Merck) or 12 well IBIDI chambers (IBIDI)
at a density of 200,000 cells or 35 000 cells, respectively. Cells
were seeded in neurobasal medium supplemented with 2% B27
(Life Technologies), GlutaMAX TM-I (Gibco) and 0.1% Penicillin-
Streptomycin. Primary cultures were maintained at 37°C in a
humidified 5% CO; incubator. After 2 h, the medium was replaced
by the glial cell-conditioned medium.

Transduction of PHN

To transduce primary hippocampal neurons (PHN) in culture
with lentivirus we used the Mission Lentiviral Transduction
Particles (Sigma-Aldrich/Merck) issued from a library of sequence-
verified lentiviral plasmid vectors for shHs3st2, shHs3st4, and a
shNT (Key resources table). The lentiviral transduction particles
were titred via a p24 antigen ELISA assay and pg/mL of p24 were
then converted to transducing units per mL using a conversion
factor. At day in vitro 15 (DIV15), 5 viral particles per cell
were added to the PHN and were kept under culture for a
further 5 days (DIV20).

Pharmacological treatment of PHN

To induce or block the activation of the TGFf1 pathway
in PHN we used recombinant human TGFB1 (Peprotech) at 20
ng/mL or the ALK4, 5 and 7 inhibitor SB431542 (10 wM, Sigma-
Aldrich/Merck), which blocks TGFf signaling, at day in vitro 15
(DIV15). DMSO was added as a control using the same volume
in which the compounds were solubilized. PHN were kept under
culture to DIV20.
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Immunoblotting of RIPA-extracted
proteins

The samples were harvested in RIPA buffer (50 mM Tris, pH
8.0, 150 mM NaCl, 0.1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS) supplemented with 1% protease inhibitor mixture
(Sigma-Aldrich/Merck) and 1% phosphatase inhibitor cocktail I
& II (Sigma-Aldrich/Merck). Cell lysates were centrifugated at
15,000 g for 20 min and protein content in supernatants were
determined with the BCA Protein Assay kit (Thermo Fisher
Scientific) using bovine serum albumin (BSA) as a standard
provided in the kit. Cell lysate supernatants containing 1-10 pg of
protein were suspended in Laemmli buffer (0.125 M Tris HCI, pH
6.8, 4% SDS, 20% glycerol, 0.004% 9-bromophenol blue; Biorad)
supplemented with 10% B-mercaptoethanol and heated for 5 min
at 95°C. The proteins were separated on a 8% acrylamide gel
and transferred to a PVDF membrane with a Transblot Turbo
device (BioRad) for 15 min. The membrane was blocked with a
blocking buffer, 5% non-fat milk PBST to prevent non-specific
binding. The membranes were incubated with their respective
antibodies specific for the target protein overnight at 4°C with
gentle agitation. After washing, blots were incubated for 1 h at
room temperature with the corresponding secondary antibodies
in the blocking buffer. Revelation was performed with Clarity
Max ECL Western Blotting Substrates (Bio-Rad) following the
manufacturer’s instructions.

Immunoblotting of high salt sarkosyl
oligomers

To isolate tau oligomers, the samples were harvested as
previously described (Huynh et al., 2022) in salt-rich sarkosyl
buffer (50 mM HEPES pH 7.0, 250 mM sucrose, 1 mM EDTA,
0.5 M NaCl, 1% sarkosyl) supplemented with 1% protease
inhibitor mixture (Sigma-Aldrich/Merck) and 1% phosphatase
inhibitor cocktail T and II (Sigma-Aldrich/Merck). Lysates were
centrifugated at 180,000 g for 30 min and protein content
in supernatants was determined using the BCA Protein
Assay Kit (Thermo Fisher Scientific). Cell lysate supernatants
containing 1-10 pg protein were treated or not (as indicated) in
Laemmli buffer (Biorad) supplemented with B-mercaptoethanol.
Samples treated with Laemmli buffer were heated for 5 min
at 95°C to denature the tau oligomers. The proteins were
separated by electrophoresis as described above. Immunoblotting
was performed as described above with the antibody T22.
Blots were incubated for 1 h at room temperature with
the corresponding secondary antibodies in blocking buffer.
Revelation was performed with Clarity Max ECL Western
Blotting Substrates (Bio-Rad) following the manufacturer’s
instructions.

Immunofluorescence of PHN

Primary neurons maintained in culture for 20 days in vitro
were rinsed with cold PBS and then fixed at 4°C in cold methanol
for 5 min. Cells were rinsed with cold PBS (three times). For
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immunofluorescence staining, cells were washed with PBS or
alternatively with PBS containing 0.01% Triton-x100 (PBS-T) for
permeabilization during 15 min at room temperature. Unspecific
sites were blocked with PBS (or PBS-T) containing 3% BSA for
60 min at room temperature prior to incubation with primary
antibodies (Key resources table). Cells were incubated with the
first antibody in blocking solution (3% FBS, PBS-T) overnight at
4°C. Cells were then washed with PBS (or PBST) and incubated
with the secondary antibody for 60 min at room temperature.
After washing with PBS, nuclei were stained with DAPI (1 pg/mL
in PBS) for 5 min and washed with PBS before mounting with
Prolong Gold antifade reagent. Stack images were obtained with
the software CellSens from a spinning disk inverted confocal
microscope (IX81 DSU Olympus, 60 x N.A.1.35) coupled to an
Orca Hamamatsu RCCD camera.

RNA isolation from HPN

RNA was extracted using NucleoSpin RNA XS, Micro kit for
RNA purification (Macherey- Nagel) following the manufacturer’s
instructions. RNA was eluted in a volume of 15 jLL of H,O (RNase
free) and centrifuged at 1,100 g for 30 s. RNA was either stored at
—80°C or directly quantified.

RNA isolation from hippocampal
formation

RNA was extracted using Trizol (Qiazol) followed by the
RNeasy mini kit (Qiagen). Hippocampal formation tissue was lysed
with a rotor-station homogenizer by addition of Trizol and the
tissue was homogenized. Chloroform was added and mixed until
a homogeneous solution was formed. Sample were centrifuged
at 12,000 g for 10 min. The aqueous phase was transferred to
a new microcentrifuge tube. Then, 100% ethanol was added to
the super aqueous phase and mixed by pipetting. Samples were
then transferred to a RNeasy spin column placed in a 2 mL
collection tube following the manufacturer’s instructions. A RNase
spin column was placed in a new microcentrifuge tube and 15 pL of
RNase free water was added directly to the column and which was
centrifuged for 1 min at 8,000 g. RNA was either stored at —80°C
or directly quantified.

RNA expression analysis

RNA (200 ng per sample) was converted to cDNA using the
AffinityScript Multiple Temperature cDNA synthesis kit according
to the manufacturer’s instructions with the reaction proceeding at
25°C for 10 min, 50°C for 60 min and then 70°C for 15 min.
All buffers and solutions used were provided in the kit. Reactions
were prepared using 250 nM of upstream primer and 250 nM of
downstream primer. Nuclease-free PCR-grade water was added to
adjust the final volume to 20 wL. Gene expression was analyzed
using the template cDNA by quantitative real time polymerase
chain reaction (qPCR) using the Brilliant III Ultra-fast SYBR*
kit (Agilent Technologies) in an Agilent AriaMx thermocycler.
Analysis was performed with the Agilent AriaMx 1.0 software.
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Histopathological analysis of mice brain
with the chromogen DAB

Fixed mouse brain tissue was prepared from free-floating
tissue. The brain sections were collected in a washing buffer
(PBS) containing 25% Triton X-100. To quench endogenous
peroxidase activity, slides were incubated for 10 min in 3%
hydrogen peroxide in 20% methanol. After rinsing the slides
two times with MilliQ water for 5 min, slides were washed two
times more in PBS containing 0.25% Triton X-100 for 10 min
and then they were incubated with 5% goat serum (Thermo
Fisher Scientific) in PBS for 30 min at room temperature and
washed. Slides were then incubated with AT8 primary antibody
(Thermo Fisher Scientific, 1:500) in 0.1 M PBS containing 0.25%
Triton X-100 overnight. After washing 3 times (5 min each) in
PBS containing 0.25% Triton X-100, samples were incubated for
60 min in a secondary goat anti-mouse biotinylated IgG1 in PBS
0.25% Triton X-100. Then, after washing 3 times for 5 min in
PBS 0.25% Triton X-100, slides were treated with the Elite ABC
kit following the manufacturer’s instructions, rinsed for 10 min
with PBS 0.25% Triton X-100 and then 50 mM Tris buffer
containing 150 mM NaCl (pH 7.4) twice (10 min each). Slides were
developed by a short incubation in 0.1% 3,3'-diaminobenzidine
(DAB) peroxidase substrate solution containing 0.05% hydrogen
peroxide diluted in Tris buffered-saline and the reaction was
stopped by dilution. Slides were mounted in Superfrost Plus slides
in 0.3% gelatin diluted in PBS. The day after, slides were rehydrated
and dehydrated with increasing ethanol concentrations 30, 70,
90, 100%, and finally with xylene. Sections were scanned with a
NanoZoomer (Hamamatsu).

RNA sequencing and data analysis

Total RNA and library integrity were verified on LabChip
Gx Touch 24. Between 197.97-276.9 ng of total RNA were
used as input for SMARTer Stranded Total RNA Sample Prep
Kit-HI Mammalian (Clontech). Sequencing was performed on
the Novaseq 6000 Illumina with S1 cartridge (200 cycles) of
1,600 million reads in Paired ends. Raw reads were visualized
by FastQC to determine the quality of the sequencing.
Trimming was performed using Trimmomatic with the following
parameters LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15
HEADCROP:4, MINLEN:4. High-quality reads were quantified
with Salmon. Briefly, a transcriptome index was constructed
using a reference genome (GRCm39). Salmon uses an indexing
method that allows for rapid alignment-free quantification.
For quantification, the processed reads were aligned to the
transcriptome index and the software estimated the abundance
of transcripts or isoforms. The output of Salmon provides
estimated counts or normalized values of transcript abundance.
Differential gene expression was done with DESeq2. DESeq2,
which normalizes the raw read counts, estimates dispersion to
model variability and employs a negative binomial distribution
to statistically assess differential expression. It computes p-values
and fold changes, adjusted for multiple testing using methods
like FDR. For Gene ontology (GO) enrichment analysis we
used EnrichGO, which takes a list of genes and assessed their
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enrichments in specific biological processes, molecular functions
and cellular components. The tool utilizes statistical methods
to compare the input gene list with the GO annotations
in a reference database. EnrichGO calculates p-values and
applies multiple testing corrections to identify significantly
enriched GO terms.

Transcription factor binding site
prediction

Transcription factor binding sites (TFBS) for Smad4 were
predicted in the promoter regions of mouse Hs3sts genes
using the TFinder web tool (Schultheis et al., 2022). The
analysis was performed to investigate potential regulatory
mechanisms controlling the expression of genes involved in HS
biosynthesis. For sequence retrieval and analysis parameters,
target genes included three mouse HS sulfotransferase genes:
Hs3st1, Hs3st2, and Hs3st4. Promoter sequences were extracted
from the mouse genome assembly GRCm39 using the TFinder
platform’s integrated NCBI API functionality. The analysis window
was set to £ 2,000 bp from the transcription start site (TSS),
encompassing a total region of 4,000 bp per gene to capture
core regulatory elements typically found in promoter regions.
For motif analysis Smad4 binding sites were predicted using
two JASPAR database motifs: MA0925.2 (sma-4): Consensus
sequence TGTCTGG MA1153.2 (Smad4): Consensus sequence
TGTCTAG. Each motif was analyzed both individually and
in combination with each target gene to comprehensively
identify potential binding sites. The analysis utilized Position
Weight Matrices (PWMs) derived from experimentally validated
binding data to model transcription factor-DNA interactions.
For statistical parameters the relative score threshold was set
to 0.85 to ensure high-confidence binding site predictions.
This threshold represents the similarity between candidate
sequences and the consensus motif, calculated as the normalized
PWM score. Experimental p-value calculation was enabled
to assess the statistical significance of predicted binding
sites, accounting for background nucleotide composition
and motif complexity. For data analysis and visualization,
results were generated in tabular format containing genomic
coordinates, sequence information, scoring metrics and
significance PWM
automatically generated for each motif, displaying nucleotide

statistical values. visualizations ~ were
preferences and information content at each position within the

binding site.

Statistical analyses

Statistical analyses performed using GraphPad
Prism software version 10. Values are expressed as the

were

standard error of the mean (SEM). Statistical significance was
assessed using the Welch's t-test, which accounts for unequal
variances when comparing two groups, or one-way ANOVA
with Benjamini, Krieger and Yekutieli post hoc analyses for
multiple comparisons between a same group of variables or
standard deviation (SD), as indicated, considering biological and
technical replicates.
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Results

HS biosynthetic machinery is altered
during tau pathology

To investigate the relationship between expression of the HS
biosynthetic machinery genes and tau pathology, we used the
rTg4510 (Tg) mouse model carrying a transgene that expresses
the human tau protein with the P301L mutation (Ramsden et al.,
2005). This transgenic model exhibits many key features of human
tauopathies, including the development of NFTs, neuronal loss and
gliosis (Han et al., 2012). As in humans, these pathological changes
are observed at early disease stages in the hippocampus, a region
of the brain critically involved in cognitive function (Bellenguez
et al., 2022). These mice also show behavioral and cognitive deficits
that mimic those seen in human tauopathies (Bellenguez et al,
2022). We first validated the presence of tau pathology in this
model at 4 months by immunohistochemistry in Tg brain slices
using the anti-phosphorylated tau antibody AT8, which recognizes
abnormally phosphorylated tau at epitopes Ser202/Thr205. As
expected, we confirmed the presence of tau pathology in the
forebrain (Figures la,a.i) (p = 0.0020). Then, evaluated the presence
of tau oligomers, which are detectable with the T22 antibody
(Lasagna-Reeves et al., 2012) and are characteristically present
from the early stages of the disease evolution. With this aim, we
recovered brains from Tg and WT mice at 2 and 4 months and
dissected the hippocampal formation (HPCF). High salt sarkosyl-
fractionation of HPCF homogenates enabled the separation of
the soluble oligomers from insoluble advanced aggregates (Huynh
et al., 2022). As expected, immunoblotting with T22 did not show
any soluble oligomer at 2 and 4 months in HPCF homogenates
from the WT animals (Figures 1b,b.i) (p = 0.2329 for T22 WT 2 vs.
4 months), whereas comparison of the Tg HPCF homogenates at
same ages showed high levels of tau oligomers at 2 months followed
by a decrease at 4 months (Figures 1b,b.i) (p < 0.0001 for T22 Tg
2 vs. 4 months). This decrease could be due to the evolution of
tau to more advanced fibrillation stages, as shown by the increase
of phosphorylated tau at Ser396/404 (PHF1) at the molecular
weight characteristic of NFTs (Adams et al., 2009) (Figures 1b,b.ii)
(p = 0.0004 for PHF1 Tg 2 vs. 4 months). Then, to explore whether
the expression of the HSPG biosynthetic machinery genes was
altered during the progression of AD-related tau pathology, we
performed RNA-sequencing from HPC formation of 2- and 4-
months old WT and Tg mice. We found an increased expression
of 37 out of 45 genes involved in HSPG biosynthesis (Ouidja et al.,
2024), including ExtI, Hs6st2, Hs6st3, Hs3st1, Hs3st2, and Hs3st4
(Figure 1c), in agreement with previous reports (Sepulveda-Diaz
et al,, 2015; Huynh et al,, 2019; Wang et al,, 2023). Interestingly,
the highly significant increase in the expression of several genes
of the HSPG biosynthetic machinery observed at 2 months was
followed by a decrease at 4 months (Figure 1d) (p < 0.0001). We
confirmed this dynamic expression of Hs3st1 and Hs3st2 between
2 and 4 months old Tg mice by performing qPCR of Hs3st1
(Figure le.i) (p = 0.0026) and Hs3st2 (Figure le.i) (p < 0.0001),
with Hs3st4 kept stable (Figure le.iii) (p = 0.4134). These 3 genes
have been involved in 3S-HS biosynthesis in the brain and reported
to play a role in tau aggregation (Sepulveda-Diaz et al., 2015;
Huynh et al,, 2019; Wang et al,, 2023). Interestingly, this dynamic
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phosphorylated tau (AT8) in free floating sections of Tg and WT mice at 4 months of age. Tg shows a higher AT8 positive area compared with the
WT. Nuclei were counterstained with cresyl violet (blue). Scale bar 2 mm. (a.i) Quantitative analysis of the AT8-immunoreactive area shows a higher
AT8 positive staining area of Tg mice compared with control WT. Error bars represent SEM from 3 mice tissue slides with three fields analyzed by
mouse. (b) Representative immunoblots of sarkosyl-extracted fraction from hippocampal formation showing elevated levels of soluble tau
oligomers (T22) in 2-month-old Tg mice; these levels declined in 4 months-old mice whereas phosphorylation of tau at s396/404 (PHF1) increased
with age. (b.i) (T22) and (b.ii) (PHF1) relative quantification of tau oligomers and tau abnormal phosphorylation normalized with the loading control
GAPDH. Error bars represent SEM from 3 mice with two technical replicates. (c) Heatmap from RNA-sequencing analysis of hippocampal formation
showing upregulation at 2 months of 37 out of 45 genes involved in the HSPG biosynthetic pathway comparing the Log2 FC of Tg vs. WT at 2 and

4 months (3 mice by group). (d) Group comparison of differential expressed genes at 2 and 4 months revealing a general decrease in HSPG
biosynthesis at 4 months. Error bars represent SEM from 3 mice by group. (e.i—iii) gPCR validation of Hs3st1, Hs3st2 and Hs3st4 gene expression in
WT and Tg hippocampal formation at 2 and 4 months. Relative normalized expression with RplpO.Error bars represent SEM from 3 mice transcript
extracts; each tested three times. Statistical significance for simple comparison was assessed using Welch's two-tailed t-test for two groups
comparisons and one-way ANOVA with Benjamini, Krieger, and Yekutieli post hoc analysis for multiple comparisons.
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pattern of Hs3st expression levels correlated with the increased
and subsequent decreased tau oligomerization in 2- and 4-months
mice and suggested a relationship between the 3-O-sulfation of HS
chains of HSPGs and the early stages of tau pathology in the HPCEF,
an area primary affected during neurodegeneration. Notably, when
comparing the levels of 3S-HS by IHC in the 2- vs. 4-month-old
mice hippocampus, any significant difference was observed (not
show) regardless of a reducing gene expression. This is possibly due
to the HS accumulation along the disease evolution, as previously
reported for HS in human (Su et al,, 1992; Goedert et al., 1996;
Snow et al.,, 2021) and for 3S-HS in cell models of tau pathology
(Sepulveda-Diaz et al., 2015; Huynh et al., 2022), although future
research is required to confirm this eventuality in the mouse model,
we thought to focus this study at the neuronal cell level.

Degenerating primary hippocampal
neurons accumulate both 3S-HS and tau

To investigate whether the 3S-HS accumulation correlated with
tau deposition in cultured hippocampal neurons, we developed an
in vitro neuronal model of tau pathology. Primary hippocampal
neurons (PHN) cultures are a widely used experimental model,
offering several advantages for studying neuronal processes
and neurodegenerative diseases (Tomassoni-Ardori et al., 2020;
Tourville et al., 2022). Thus, we dissected PHN from embryonic

10.3389/fnins.2025.1726022

day 16 (E16) WT and Tg HPC formation as previously described
(Maiza et al, 2020). Then, we performed RNA sequencing
of WT and Tg PHN, followed by gene ontology (GO) and
KEGG pathway analyses of the differentially expressed genes
(DEG) using EnrichGO. As expected, the enrichment analysis
revealed pathways related to neurodegeneration, with AD and
Parkinson’s Disease emerging among the most significantly
enriched (Figure 2a). Subsequently, to confirm that cultured
neurons from Tg mice express Hs3st2 and develop tau pathology,
we performed immunostaining using an anti-HS3ST2 antibody
and the anti-phosphorylated tau antibody AT8 (Supplementary
Figures la,a.ia.ii) (p = 0.0160 for AT8 WT vs. Tg, p = 0.0020
for Hs3st2 WT vs. Tg). Tau pathology was confirmed by
immunoblotting using antibodies against three distinct domains
of the pathological tau protein. Specifically, we targeted the
residues 312-322aa (MCl1) in the third microtubule binding
domain, the phosphorylated residues Ser202/Thr205 (ATS8) in
the tau proline rich domain, and residues Ser396/404 (PHF1)
within the C-terminus domain. The results showed an increase
in all three of these tau phosphorylated residues (Supplementary
Figures 1b). Immunofluorescence analysis of neurons co-stained
with AT8 and synaptophysin, a marker of synaptic density and
function (Song and Augustine, 2015), confirmed the abnormal
increase in the phosphorylation of tau (AT8) and reduced
synaptophysin protein levels (Figures 2b,b.i,b.ii) (p = 0.0100 for
ATS, p = 0.0002 for % synaptophysin) with fewer synaptic boutons
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FIGURE 2

Tg primary hippocampal neurons recapitulate key features of tau-related neurodegeneration. (a) Gene ontology (GO) with EnrichGO and KEGG
pathway analysis from RNA sequencing comparing PHN from Tg vs. WT (n = 3 mice by group) reveals significant enrichment of pathways related to
neurodegeneration, including AD, Parkinson disease, Prion diseases and Huntington disease. (b) Immunofluorescence staining shows increased tau
phosphorylation (AT8-green) in Tg PHN compared to WT. Co-staining with anti-synaptophysin (red) demonstrates reduced synaptophysin levels and
decreased synaptic bouton density in Tg PHN. Scale bar represents 50 wm. (b.i—iii) Quantification of normalized fluorescence intensity confirms
increased AT8 immunoreactivity, decreased synaptophysin protein levels and synapse number. Error bars represent SEM from 3 independent
cultures with three analyzed fields by culture. (c) Immunofluorescence analysis using HS4C3 (red) antibody, which recognizes 3S-HS, reveals
elevated levels of 3S-HS in Tg PHN. Scale bar represents 25 wm. (c.i) Quantification of normalized fluorescence intensity confirms elevated 3S-HS in
Tg vs. WT PHN (n = 3 different cultures each analyzed three times). Statistical significance was assessed using Welch's two-tailed t-test; p-values are
indicated in the plots. Statistical significance was assessed using Welch's two-tailed t-test.
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(Figure 2b.iii). (p = 0.0038), which exhibited a normal distribution
Immunofluorescence using the anti 3S-HS antibody (HS4C3),
which predominantly recognizes 3S-carrying sequences in HS (3S-
HS) (Sepulveda-Diaz et al., 2015; Huynh et al.,, 2022), showed
an increase in the 3-O-sulfated polysaccharide in the Tg PHN
compared to WT (Figures 2c,ci) (p = 0.0007). These findings
confirm that Tg PHN exhibit the accumulation of 3S-HS together
with the deposition of abnormally phosphorylated tau and synaptic
loss, key features of AD. Interestingly, the increase in 3S-HS in the
diseased cells is in agreement with previous literature suggesting
their involvement in the neurodegenerative process (Sepulveda-
Diaz et al., 2015; Huynh et al., 2022). However, the molecular
players responsible for this increase in cells that develop tau
pathology remained unclear.

TGFB1 controls Hs3sts expression and
affects tau pathology

The regulation of HS3ST's/Hs3sts coding genes has been poorly
studied, with some studies suggesting regulation by methylation
or by master transcription factors (Dankova et al., 2018; Zhang
Z. et al,, 2018). TGFB1 and its transcription factor Smad4 are
commonly found at elevated levels in AD patient brains, (Nativio
et al., 2020) suggesting their involvement in the transcription
regulation of other genes involved in neurodegenerative processes,
such as Hs3sts. To explore this possibility, we performed qPCR
analysis of WT and Tg PHN transcripts. The results showed
increased expression of Tgfbl and Tgfbrl in the presence of the
disease (Figure 3a) (p = 0.0222 for Tgfbl, p = 0.0150 for Tgfbrl).
The activation of the TGFf1 signaling pathway was confirmed
by fluorescence of phosphorylated Smad2/3 (pSmad2/3), a marker
of TGFB1 pathway activation (Nakao et al., 1997; Figures 3b,b.i)
(p=0.0011). Accordingly, pSmad2/3 immunofluorescence revealed
a nuclear localization pattern in Tg PHN, suggesting a role in
the regulation of gene expression (Figures 3b,b.i). Accordingly,
immunoblotting showed increased pSmad2/3 in the Tg cells
(Figures 3c,c.i) (p = 0.0099). To determine whether selective
modulation of the TGFp1 signaling influenced the expression of
Hs3st coding genes, we manipulated the pathway using either
recombinant TGFP1 protein as a stimulus or an ALK5 inhibitor
to block TGFBRI1. Notably, our results indicate that Hs3st gene
expression was regulated by TGFB1: the activation of the pathway
increased Hs3st expression (Figure 3d.i). (p = 0.0001 for TGFp1
effect on Hs3st1, p < 0.0001 for TGFp1 effect on Hs3st2, p < 0.0001
for TGFP1 effect on Hs3st4), while its inhibition resulted in
decreased expression (Figure 3d.ii) (p < 0.0001 for TGFB1 inhibitor
effect on Hs3stl, p < 0.0001 for TGFP inhibitor effect on
Hs3st2, p < 0.0001 for TGFf inhibitor effect on Hs3st4). These
results were supported by in silico prediction of (Minniti et al.,
2025) Smad4 transcription factor binding sites in the promoter
region of Hs3stl, Hs3st2, and Hs3st4 (Supplementary Figure 2).
These results suggest that TGFB1 induces upregulation of Hs3st2.
Notably, the TGFB1 used here was exogenous, whereas under
pathophysiologic conditions it can be produced by endogenous
sources, including astrocytes. Because it has been previously
shown that the modulation of Hs3st2 expression affects tau
pathology (Sepulveda-Diaz et al.,, 2015; Huynh et al., 2022), we

Frontiers in Neuroscience

10.3389/fnins.2025.1726022

investigated whether inhibition of the TGFP1 pathway affected
the extent of tau pathology in the cultured PHN. Immunoblotting
of tau phosphorylated (PHF1) in Tg PHN treated with ALK5
inhibitor compared to DMSO (control) showed a significant
decrease in abnormal tau phosphorylation (PHF1) (Figures 3e,e.i)
(p =0.0008). This was confirmed by immunofluorescence showing
a decrease in pSmad2/3 (Figures 3f,f.i) (p = 0.0008) as well as
a remarkable reduction in abnormal tau phosphorylation (AT8)
(Figures 3f,f.ii) (p = 0.0007). Accordingly, immunolabeling with the
anti-oligomeric tau antibody T22 showed a decrease in the level
of tau oligomers in ALKS5 inhibitor-treated PHN (Figures 3f,f.iii)
(p = 0.0136). Based on these results, we hypothesized that the
reduction in tau pathology observed in ALKS5 inhibitor-treated
neurons could be due to a downstream decrease of Hs3sts
expression, as suggested for Hs3st2 in previous reports (Sepulveda-
Diaz et al., 2015). However, it remained unclear whether all neural
Hs3sts are associated with this effect.

Hs3st2 loss of function decreases 3S-HS
and tau pathology

HS carrying 3-O-sulfation (3S-HS) are a specialized subset of
HS implicated in several biological processes (Huynh et al., 2019)
and involved in the development of tau pathology (Maiza et al,
2018). In humans, seven HS 3-O-sulfotransferases are encoded
by HS3ST1, HS3ST2, HS38T3a, HS3ST3b, HS3ST4, HS3ST5, and
HS3ST6 (Maiza et al., 2018). Each one exhibits unique substrate
specificity and shows specific expression in different tissues (Maiza
et al,, 2018; Ouidja et al., 2024). Here, we first investigated their
expression in the human HPC by analyzing publicly available
data from the Genotype-Tissue Expression (GTEx) project. We
found that HS3ST2 and HS3ST4 were the HS3ST genes with the
highest expression in hippocampal tissue from healthy individuals
(Figure 4a.i). We then performed RNAseq analysis in our murine
WT and Tg PHN. Of the Hs3st family members, Hs3st1, Hs3st2,
and Hs3st4 were the most highly expressed in WT PHN. Only
Hs3st2 and Hs3st4 were found to be upregulated in Tg PHN
(Figure 4a.ii). These findings suggested a specific role for Hs3st2
and Hs3st4 in hippocampal function, supporting their involvement
in processes leading to AD-related tau pathology (Sepulveda-Diaz
et al., 2015; Huynh et al., 2022). Thus, to investigate whether these
two genes, Hs3st2 and Hs3st4 or possibly only one of them, are
involved in the process leading to tau pathology, we performed loss
of function (LOF) experiments on each of the two enzymes. We
transduced lentivirus containing a shRNA for Hs3st2 and Hs3st4,
a combination of both, or a non-target control. qPCR analysis
showed high efficiency of both lentiviral transduction and gene
silencing for the shHs3st2 and shHs3st4 constructs (Figure 4b)
(p =0.0013 for shHs3st2, p = 0.0008 for shHs3st4). Immunoblotting
analysis using the PHF1 antibody in Tg PHN showed that the LOF
of Hs3st4 did not decrease the levels of abnormally phosphorylated
tau (Figures 4c,c.i) (p = 0.1955). However, Hs3st2 LOF either alone
or in combination with Hs3st4 LOF resulted in a highly significant
decrease in abnormal tau hyperphosphorylation (Figures 4c,c.i)
(p < 0.0001 for shHs3st2, p < 0.0001 for shHs3st2/4). Furthermore,
immunoblotting of the high salt sarkosyl-fractionation (Huynh
et al., 2022) of protein extracts containing tau oligomers revealed
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FIGURE 3

TGFB1 signaling regulates Hs3st gene expression and modulates tau pathology. (a) gPCR analysis of PHN from WT and Tg shows increased
expression of Tgfbl and its receptor Tgfbrl in Tg neurons. Relative normalized expression with Rplp0. Error bars represent SEM from 3 independent
cultures with three replicates by culture. (b) Immunofluorescence showing increase phosphorylation of Smad2/3 (pSmad2/3-red) in Tg. pSmad2/3
exhibits nuclear localization in Tg, suggesting active transcription. (b.i) Quantification of normalized fluorescence intensity confirms increased
pSmad2/3 immunoreactivity in Tg. Error bars represent SEM from 3 independent cultures with three fields analyzed by culture. (c) Western blot
analysis showing an increase of pSmad?2/3 in Tg. (c.i) pSmad2/3 quantification of c. normalized with the loading control GAPDH. Error bars represent
SEM from 2 independent cultures with two blots analyzed by culture. (d.i,ii) Pharmacological modulation of the TGFB1 pathway reveals that
activation with recombinant TGFB1 increases expression of Hs3stl, Hs3st2, and Hs3st4, while inhibition using an ALKS5 (TGFBR1) inhibitor reduces
their expression, as shown by qPCR analysis. Relative normalized expression with housekeeping gene RplpO. Error bars represent SEM from 3
independent cultures with three replicates by culture. (e) Western blot of tau phosphorylated (PHF1) shows a reduction in tau phosphorylation in Tg
treated with the ALK5 inhibitor compared to DMSO controls. (e.i) PHF1 quantification normalized with the loading control GAPDH. Error bars
represent SEM from 2 independent cultures with two blots analyzed by culture. (f) Representative immunofluorescence analysis confirms these
findings, showing reduced pSmad2/3 (red) levels and decreased tau phosphorylation (AT8-green) following ALK5 inhibition. Co-staining with the
oligomer-specific tau antibody T22 (red) also demonstrates a reduction in tau oligomerization. (f.i—iii) Quantification of normalized
immunofluorescence shows a significant decreased in pSmad2/3 activation, reduced phosphorylated tau, and diminished tau oligomers in ALK5
inhibitor condition. Error bars represent SEM from 3 independent cultures with three fields analyzed by culture. Statistical significance for simple

comparison was assessed using Welch's two-tailed t-test for two groups comparisons and one-way ANOVA with Benjamini, Krieger and Yekutieli
post hoc analysis for multiple comparisons
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Selective knockdown of Hs3st2 reduces tau abnormal phosphorylation and oligomerization via 3S-HS. (a.i) Heatmap analysis of publicly available
human hippocampal transcriptomic data (GTEx) reveals Hs3st2 and Hs3st4 as the most highly expressed Hs3st genes in healthy individuals. Error
bars represents SD from 3 independent cultures. (a.ii) Heatmap analysis from RNA-sequencing of WT and Tg PHN shows that Hs3st1, Hs3st2, and
Hs3st4 are the most expressed isoforms in WT PHN, with Hs3st2 and Hs3st4 significantly upregulated in Tg PHN (n =
knockdown (shRNA) of Hs3st2 and Hs3st4 in Tg PHN results in robust gene silencing, as confirmed by qPCR. Relative normalized expression with
RplpO. Error bars represent SEM from 3 independent cultures with three replicates by culture. (c) Western blot analysis reveals that knockdown of
Hs3st2, either alone or in combination with Hs3st4, significantly reduces tau abnormal phosphorylation (PHF1), whereas Hs3st4 knockdown alone
has no effect. (c.i) PHF1 quantification normalized with the loading control GAPDH. Error bars represent SEM from 3 independent cultures and two
technical replicates. (d) Representative immunoblotting of Sarkosyl-fractionated soluble protein extracts show decreased tau oligomers (T22)
following Hs3st2 knockdown, indicating reduction in tau soluble oligomers in Tg PHN. (d.i) T22 signal quantification normalized by equal protein
load. Error bars represent SEM from 3 independent cultures and two technical replicates. (€) Immunofluorescence confirms the reduction in
phosphorylated tau (AT8-green) and of 3S-HS (HS4C3-red) in Hs3st2-LOF PHN. (e.i,ii) Quantification of normalized fluorescence intensity confirms
a significant reduction in AT8 and HS4C3 immunoreactivity in Tg. Error bars represent SEM from 3 independent cultures with three fields analyzed by
culture. Statistical significance for simple comparison was assessed using Welch's two-tailed t-test for two groups comparisons and one-way
ANOVA with Benjamini, Krieger and Yekutieli post hoc analysis for multiple comparisons.

3). (b) Lentiviral-mediated

a decrease in tau oligomerization, as detected by the T22 antibody
after Hs3st2 LOF (Figures 4d,d.i) (p = 0.0089 for shHs3st2).
Immunostaining using the AT8 antibody confirmed the effect of
Hs3st2 LOF on decreasing the abnormal hyperphosphorylation of
tau (Figures 4e,e.i) (p = 0.0024 for shHs3st2). Moreover, Hs3st2 LOF
in Tg PHN reduced 3S-HS levels (Figures 4e,e.ii) (p = 0.0005 for
shHs3st2), indicating that the Hs3st2 enzyme is active and generates
the 3S-HS product within the context of tau pathology. Because
these phenotypes were obtained using a single shRNA against
Hs3st2, off-target effects cannot be fully excluded; therefor using
an independent shRNA and/or orthogonal biochemical/protein-
level readouts will be important in future work. Altogether, these
findings support the involvement of Hs3st2 in AD-related tau
pathology in murine neurons. However, it remained unknown
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whether Hs3st2 LOF can mitigate defects in synaptic homeostasis
induced by tau pathology (Ballatore et al., 2007).

Hs3st2 loss of function reduces synaptic
alterations

The presence of pathological tau at synapses correlates with
synaptic impairment in AD (Robbins et al., 2021). Having
shown that Hs3st2 is involved in the process leading to tau
pathology in PHN we decided to investigate its role at the
synapse. Transcriptomic analysis using EnrichGO after the Hs3st2
LOF in Tg PHN revealed a cluster of upregulated genes for
which enrichment analysis showed, at the top of the “Biological
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FIGURE 5
Hs3st2 knockdown enhances synapse and reverses tau induced synaptic impairment. (a) Differential expression and GO enrichment analysis after
DGE between Tg control and Tg Hs3st2 LOF PHN (n = 3 by group) revealed a cluster of upregulated genes in the "Biological process” term, genes are
associated with cognition, learning, and memory processes. (b) Enrichment in “Cellular Component” term also suggests improvement of synaptic
components, including postsynaptic specialization and postsynaptic density (n = 3 by group). (c) Representative co-immunostaining with AT8
(green) and Syn (red), showing a reduction in abnormally phosphorylated tau (AT8) and an increase in synaptic size and number (Syn) after Hs3st2
LOF. (c.i,ii) Quantification of normalized fluorescence intensity shows a significant decrease in AT8 immunoreactivity, increase in synaptophysin
protein levels and synapse number in Tg Hs3st2 LOF in PHN compared to Tg4510 Non-Target (control). Error bars represent SEM from 3
independent cultures with three fields analyzed by culture. (d) Co-labeling with the presynaptic marker Vglut-1 and the postsynaptic marker PSD95
revealed increased synaptic size, density and colocalization in Tg Hs3st2 LOF. (d.i,.ii) Quantification of co-labeled fluorescent puncta shows a
significant increase in synaptic size in Tg4510 Hs3st2 LOF PHN compared to rTg4510 control. Error bars represent SEM from 3 independent cultures
with three fields analyzed by culture. Statistical significance was assessed using Welch's two-tailed t-test

process,” genes associated with cognition and learning or memory
(Figure 5a). Furthermore, analysis of the genes involved in
“Cellular component,” revealed that most of these processes were
associated with synapses, especially with postsynaptic specialization
and postsynaptic density (Figure 5b). Therefore, we decided to
investigate the effect of Hs3st2 LOF on synapses in the Tg PHN.

Co-immunostaining using the AT8 and Syn antibodies showed that
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Hs3st2 LOF resulted in an increase in synapse size and number
correlating with a decrease in the abnormal phosphorylation of
tau (Figures 5¢,ci) (p = 0.0301) (Figure 5c.ii) (p < 0.0001).
Furthermore, co-staining with the presynaptic marker Vesicular
glutamate transporter 1 (Vglutl) and with the postsynaptic marker
postsynaptic density protein 95 (PSD95) revealed that Hs3st2 LOF
in Tg PHN led to a significant recovery of synaptic size as indicated
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by colocalization of both markers, suggesting the presence of active
synapses (Figures 5d,d.i) (p = 0.1643) (Figure 5d.ii) (p < 0.0001
for size). Together, these results demonstrated that Hs3s2 LOF can
restore synaptic homeostasis and enhance synaptic connectivity in
this Tg AD-related model of tau pathology.

Discussion

This work sheds new light on the mechanisms by which
3S-HS chains in HSPGs may contribute in the development
and evolution of tau pathology in the hippocampus, a region
that is critically affected in neurodegeneration (Huynh et al,
2019). While the role of HSPGs in facilitating tau aggregation
is well recognized, our study reveals an upregulation of specific
HSPG/HS biosynthetic genes at the early stage of the disease,
preceding the accumulation of insoluble tau aggregates in the
HPCF (Goedert et al., 1996; Sepulveda-Diaz et al., 2015; Huynh
et al., 2022). After first confirming the presence of tau pathology
in the hippocampus of the Tg mice, we identified a peak in
tau oligomerization at 2 months—an early stage of pathology—
followed by a decrease at 4 months. This early rise in tau oligomers
was found to correlate with significant upregulation of HSPG
biosynthetic genes, remarkably including those involved in the
synthesis of 3S-HS: Hs3st1, Hs3st2, and Hs3st4, suggesting that
these genes may contribute to the formation or stabilization of
early tau oligomers.Interestingly, these genes have been associated
with neurodegenerative diseases such as AD (Sepulveda-Diaz
et al, 2015; Huynh et al., 2019; Wang et al., 2023). Because tau
oligomers appear at early stages of the disease and evolve into
aggregates as the disease advances (Lasagna-Reeves et al., 2012),
we wondered whether the expression of 3S-HS biosynthetic genes
dynamically evolves following either tau oligomerization or tau
aggregation. Thus, we developed a controlled in vitro setting using
cultured PHN derived from Tg mice. We showed that this model
offers a unique in vitro platform capable of retaining the tau
pathology phenotype characteristic of this in vivo disease model.
Our transcriptomic analysis further supported the relevance of
this model for studying AD-related neurodegeneration, as shown
by the Gene ontology (GO) and KEGG (EnrichGO) analyses,
which reveal a significant enrichment of pathways involved in
neurodegenerative processes (Arima et al., 1999; Rawat et al., 2022;
Lepinay and Cicchetti, 2023). These results reinforce the relevance
of this Tg model for dissecting key mechanisms of tau-driven
neurodegeneration, as supported by our results that confirm the
high levels of abnormal tau phosphorylation at multiple disease-
relevant epitopes (Ser202/Thr205, Ser396/404, and 312-322aa) and
by the pronounced reduction in synaptophysin levels and synaptic
bouton density in Tg PHN, indicative of synaptic dysfunction—a
key feature of early AD (Robbins et al., 2021).

Our new PHN platform allowed us to study the implication of
3S-HS in the AD-related tau pathology in mammalian neurons.
The cell-autonomous changes in 3S-HS levels during early tau
pathology have previously been poorly defined. In addressing this
question, we showed an increase in 3S-HS levels in Tg PHN
compared to their WT controls. This indicates that elevated 3S-
HS in a genetically driven tau pathology model directly correlates
with abnormal tau phosphorylation and synaptic dysfunction at
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the cellular level. However, since the precise molecular players
driving the upregulation of 3S-HS in AD-related tau pathology
remained unclear, we turned our attention to exploring specific
signaling pathways that could be involved. With this aim,
we considered previous reports proposing the involvement of
epigenetic mechanisms or transcription factors in these processes
(Dankova et al., 2018; Zhang Z. et al., 2018). We identified the
TGFp1 signaling pathway as a dynamic regulator of neuronal
Hs3st genes expression. Using PHN from the Tg mice, we
demonstrate that components of the TGFp1 pathway—including
Tgfbl, Tgfbrl, and phosphorylated Smad2/3—are upregulated
under tau pathology conditions, which is consistent with the
inflammatory responses previously reported in AD brains (Lesné
et al, 2002; Tominaga and Suzuki, 2019; Nativio et al., 2020).
Importantly, the selective modulation of the TGFS1 pathway
revealed a functional link between this signaling axis and Hs3st
expression: treating neurons with exogenous TGFpP1 increased
Hs3sts transcription, while pharmacological inhibition via ALK5
blockade reduced it. This regulatory relationship provides an
insight into the causal connection between TGFB1 activity and
Hs3st gene expression in humans, whatever the source of TGFf1
is, neurons, microglia astrocytes or other glial cells. However,
while our in vivo data are consistent with early engagement
of an HS remodeling program during tau oligomerization,
the full TGFp1-pSmad2/3-Hs3st2-3S-HS axis is mechanistically
established in vitro and inferred (but not directly proven) in vivo
at similar stage. Future work in vivo should explicitly test tissue-
level activation of this pathway to connect signaling, enzyme
induction, and HS structural outcomes. Concerning tau pathology,
inhibition of the TGFpB1 receptor resulted in a marked decrease
in tau phosphorylation at disease-relevant epitopes (Ser396/404),
as well as a reduction in tau oligomerization. These effects
are likely to be mediated, at least in part, by the downstream
downregulation of Hs3st enzymes (Sepulveda-Diaz et al.,, 2015).
These findings uncover a new TGFB1-Hs3st-tau axis, positioning
TGFB1 signaling as a potential upstream driver or enhancer of 3S-
HS-mediated tau pathology. However, although our data showed
that TGFB1 signaling can promote tau pathology through the
upregulation of Hs3st and their 3S-HS product, it remained to be
determined whether this is a specific Hs3st regulatory mechanism
or a broader consequence of reduced sulfation across multiple
Hs3st. Indeed, 3S-HS are produced through the enzymatic activity
of multiple Hs3st, and the relative contribution of each enzyme
to the generation of 3S-HS species that lead to tau pathology in
neurodegeneration or in our PHN is unclear. In humans, the seven
HS3ST genes (HS3ST1-6) that encode 3S-HS biosynthetic enzymes
show distinct and sometimes overlapping pattern of expression in
different cell types and tissues (Maiza et al., 2018). This suggests
the existence of specific 3S-HS structures with as yet unknown
sulfation patterns and biological functions that are difficult to
study (Ouidja et al., 2024). The analysis of GTEx transcriptomic
data revealed that HS3ST2 and HS3ST4 are the predominant
HS3S8Ts expressed in the human hippocampus, suggesting a central
role in 3S-HS biosynthesis in this brain region. Supporting this,
Hs3st2 and Hs3st4 were also found to be expressed in WT PHN
and upregulated in the Tg PHN. This upregulation supports the
involvement of these specific enzymes in the mechanism leading
to AD-related tau pathology. In our Tg PHN model, Hs3st2 LOF,
but not Hs3st4 LOF, was associated with reduced abnormal tau
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phosphorylation and decreased tau oligomeric species, together
with reduced 3S-HS immunoreactivity. These observations are
consistent with a functional link between Hs3st2-dependent 3S-
HS biosynthesis and tau-related phenotypes in hippocampal
neurons. Additionally, the absence of significant tau modulation
following Hs3st4 LOF suggests that Hs3st4 upregulation may
be compensatory but not functional in this model. However,
because our LOF experiments relied on a single shRNA targeting
experiment supporting Hs3st2 as a promising regulator of tau
pathology, confirming these findings using independent shRNAs
and complementary readouts will be important to strengthen
causality. Our findings are the first to demonstrate in mammalian
neurons that Hs3st2 is a critical regulator of AD-related tau
pathology and to propose a mechanistic link between 3S-HS
biosynthesis, the TGFp1, and the process of tau aggregation in
hippocampal neurons. Moreover, this indicates that in the tau-
related pathology, the modulation of the TGFB1-Hs3st2-tau axis
might mitigate these effects without directly targeting tau, despite
the presence of the pathologic mutation. Thus, while Hs3st2 LOF
clearly reduced pathological tau species, we aimed to explore
whether this molecular effect could be translated into the benefits
for synaptic features.

The accumulation of pathological tau species at synapses
is a hallmark of AD and is strongly correlated with synaptic
dysfunction and cognitive decline (Robbins et al., 2021). Having
established the direct role of Hs3st2 in modulating abnormal
tau phosphorylation and aggregation in hippocampal neurons,
we next investigated whether this enzyme also contributes to
synaptic dysfunction. LOF of Hs3st2 in the Tg PHN led to
significant transcriptional changes, notably the upregulation
of gene clusters involved in learning, memory and cognitive
function. This agrees with a rescuing effect at the synaptic
level. Gene ontology analysis supported this, revealing that
among the genes upregulated following Hs3st2 LOEF, those
associated with key synaptic structures and processes, including
the postsynaptic density, postsynaptic specialization,
neuron-to-neuron synaptic connections, were highly enriched.

and

Complementing these findings, immunohistochemical analysis
revealed an increase in synapse number following Hs3st2 LOF,
as indicated by elevated synaptophysin levels. Moreover, the
recovery of functional synaptic architecture was confirmed by
increased expression and colocalization of Vglutl (a presynaptic
marker) and PSD95 (a postsynaptic marker), in agreement
with previous reports on enhanced synaptic connectivity
and active neurotransmission (Siano et al, 2019; Bulovaite
2022).
with a concomitant reduction in tau pathology, implying a
causal link between 3S-HS biosynthesis, tau accumulation,

et al, Importantly, this synaptic rescue occurred

and synaptic integrity. The ability of Hs3st2 LOF to reverse
synaptic pathology is remarkable, given that synaptic loss is
the strongest pathological correlate of cognitive decline in
AD (Arriagada et al., 1992). By rescuing synaptic size and
connectivity, HS3ST2 inhibition may hold therapeutic potential
beyond simply halting disease progression, as it may enable the
functional recovery of neuronal circuits. These results point
to 3S-HS as possible modulators of synaptic function (Maiza
et al., 2020) and raises the possibility that Hs3st2-specific 3S-
HS sequences are involved in synaptic signaling, plasticity or
structural maintenance in cultured neurons from the rTg4510
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mouse. However, while rTg4510 has been highly informative
for studying

and generalizability require caution. The model relies on

tau-driven neurodegeneration, interpretation
high expression of mutant human tau (P301L) driven by a
tetracycline-responsive system, and tau overexpression itself
can amplify phenotypes related to human sporadic disease. In
addition, this model is affected by well-described transgene
insertion/deletion (“TgINDEL’) effects, including a tau transgene
insertion associated with a large deletion at the Fgfl4 locus
and additional tTA transgene-related insertional effects that
can influence phenotypes independent of tau. Moreover, tTA
expression can itself produce strain-dependent hippocampal
alterations in some contexts (Ramsden et al., 2005). Accordingly,
we interpret our findings as mechanistic insights within a tau
overexpression-based experimental platform and emphasize the
importance of future validation across complementary models and
human datasets.
Fundamentally, although HS is
predominantly extracellular, HSPGs/HS species can be internalized
(Schultheis et al., 2022), creating intracellular HS pools that
traffic through endosomal/lysosomal pathways. Given that

classically viewed as

endolysosomal trafficking is frequently perturbed in tauopathy,
we proposed a mechanism in which a shift in 3S-HS distribution
toward intracellular compartments favors encounters between 3S-
HS and tau, promoting tau phosphorylation/oligomerization. In
line with this interpretation, Sepulveda-Diaz et al. (2015) reported
that 3S-HS can be internalized and interact with tau inside cells,
and that 3S-HS binds tau rather than key kinases/phosphatases
(e.g., GSK3B, PKA, PP2A), supporting a mechanism primarily
driven by direct 3S-HS-tau interaction. Here, we give evidence
that TGFB1-can induce the expression of Hs3st2, which product
engages tau and promotes tau pathology.

In summary, our study revealed a novel TGFp1-Hs3st2—
tau axis, supporting the hypothesis that 3S-HS synthetized by
the enzyme Hs3st2 are key mediators of tau pathology and
synaptic dysfunction in a cellular model of AD-related tau
pathology. Moreover, our data suggest that, within this TGFB1-
Hs3st2-tau axis, neuroinflammatory signaling can promote tau
pathology via upregulation of 3S-HS biosynthesis with downstream
consequences for synaptic integrity. This represents a shift from
viewing TGFP1 solely as a marker of neuroinflammation to
a modifiable driver of tau pathology through HSPG biology.
Targeting the upstream TGFp1-Hs3st2-tau axis may therefore
represent a complementary strategy to mitigate tau-driven synaptic
dysfunction without directly targeting tau itself, opening new
avenues for targeting upstream mechanisms in neurodegenerative
diseases, such as AD.
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SUPPLEMENTARY FIGURE 1

Primary hippocampal neurons exhibit aberrant tau phosphorylation at
multiple residues and increased Hs3st2 protein expression. (a)
Co-Immunofluorescence staining show increased Hs3st2 protein levels
(green) and increased abnormal phosphorylation of tau (AT8) in Tg PHN
compared to WT. (a.i,a.ii) Quantification of normalized fluorescence
intensity confirms a significant increase in Hs3st2 and AT8
immunoreactivity. Error bars represent SEM from 3 independent cultures
with 3 fields analyzed by culture. (b) Western blot analysis shows an
increased abnormal phosphorylation of tau (MCI, AT8, and PHF1) in Tg PHN
compared with WT. (b.i—b.iii) MCI, AT8 and PHF1 quantification of tau
abnormal phosphorylation normalized with the loading control GAPDH.
Error bars represent SEM from 3 independent cultures analyzed twice.
Statistical significance was assessed using Welch's two-tailed t-test.

SUPPLEMENTARY FIGURE 2

Transcription factor binding site prediction of Smad4 in the promoter
region of Hs3stl, Hs3st2, and Hs3st4. (a) Transcription factor binding sites
(TFBS) for Smad4 were predicted in the promoter regions of mouse Hs3st1,
Hs3st2 and Hs3st4 genes using the TFinder web tool. Position weight
matrices (PWMs) for Smad-binding elements (SBEs) were retrieved from the
JASPAR database, reconstructed and subsequently employed to scan the
promoter regions of Hs3st1, Hs3st2, and Hs3st4 for putative Smad4
transcription factor binding sites. (b) Sequence Retrieval and Analysis
Parameters Target genes included three mouse HS sulfotransferase genes:
Hs3st1, Hs3st2, and Hs3st4. The relative score threshold was set to 0.85 to
ensure high-confidence binding site predictions. (c) Integrative genome
viewer and TFBSPred Analysis. Genomic view of chromosome 16 (hg38)
showing the Hs3stl, Hs3st2, Hs3st4 gene loci, transcription start sites (TSS),
and annotated SBEs.

SUPPLEMENTARY TABLE 1
Key resources table.
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