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Etude des héparanes sulfates 3-O-sulfatés sur le développement de la tauopathie dans la maladie d'Alzheimer : approche neuropathologique et cellulaire La maladie d'Alzheimer (MA), démence la plus fréquente, est caractérisée dans le cerveau par le dépôt extracellulaire de plaques amyloïdes, constituées de peptides Aβ, et de dégénérations neurofibrillaires (DNF) intra-neuronales, composées de la protéine tau anormalement phosphorylée. Cependant, une anormalité additionnelle dans la MA est l'accumulation intracellulaire d'héparanes sulfates (HS) dans les neurones (M Goedert et al. 1996; Alan David Snow, Cummings, and Lake 2021; Su, Cummings, and Cotman 1992). De façon intéressante, l'accumulation intracellulaire des HS peut apparaitre des décennies avant la formation de plaques et de DNF dans le cerveau des patients atteints de trisomie 21 (A. D. Snow et al. 1990), supposant que ces sucres pourraient être impliqués dans le développement de la tauopathie. Les HS sont une famille de polysaccharides sulfatés et présents à la surface des cellules ou dans la matrice extracellulaire, et jusqu'à maintenant, il n'existe pas de mécanisme qui explique l'accumulation intracellulaire d'HS et leur lien avec les autres caractéristiques de la maladie. Notre équipe a précédemment démontré i) que parmi les HS, seuls ceux possédant une 3-O-sulfatation (3S-HS) sont internalisés dans des modèles cellulaires et murin de tauopathie (Sepulveda-Diaz et al. 2015; Maiza et al. 2022), ii) que les 3S-HS synthétisés par la 3-O-sulfotransférase 2 (HS3ST2) agit comme une chaperonne qui induit par une interaction avec la protéine tau, sa phosphorylation pathologique et son agrégation (Sepulveda-Diaz et al. 2015), iii) et que l'inhibition de l'expression d'Hs3st2, dans deux modèles animaux de tauopathie (poisson zèbre et murin), induit l'arrêt de la pathologie (Sepulveda-Diaz et al. 2015; Maiza et al. 2022). Malgré que HS3ST2 soit surexprimée dans l'hippocampe malade (Sepulveda-Diaz et al. 2015; Huynh et al. 2019; 2012), aucune étude n'a caractérisé les 3S-HS qui pourraient être colocalisés avec les DNF. Les objectifs de cette thèse étaient de : (1) caractériser les HS intra-neuronaux qui dans la MA s'accumulent avec les DNFs, (2) d'établir si la HS3ST2 induit une vulnérabilité pour certaines régions du cerveau à développer la MA, (3) d'étudier l'implication de HS3ST2 sur le développement autonome de la tauopathie, et (4) de développer et caractériser des outils pour étudier les HS3STs et leur produits (3S-HS). Dans cette thèse sur article, nous avons démontré pour la première fois l'accumulation et la colocalisation des 3S-HS avec les dépôts de tau dans des cerveaux humains atteints de la MA. Nous avons démontré que la vulnérabilité de développer une tauopathie dans des régions spécifiques du cerveau peut être associée avec l'expression sélective de HS3T2. Nous avons montré l'implication des 3S-HS sur l'initiation autonome de la tauopathie dans des cellules induites par la phosphorylation et l'agrégation anormale de la tau WT et P301S. Ce travail ouvre la voie à la compréhension du rôle des 3S-HS dans le déclenchement autonome de la tauopathie dans la MA et ouvre de nouvelles perspectives de recherche dans laquelle HS3ST2 et les 3S-HS peuvent être des cibles thérapeutiques intéressantes pour la MA.
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PREAMBLE

After graduating from Sup'Biotech, an engineering school of biotechnologies, I integrated in 2017 the Gly-CRRET research unit from UPEC. For two years, I was involved as an engineer, in the development of assays for a French pharmaceutical company wanting to characterize the effect of some drugs on the oxidative stress using primary cell cultures of macrophages.

During that time, I got also involved in the study of Heparan Sulfate (HS) which is the expertise of our laboratory. Mainly, I participated to the first experiments aiming to overexpress the sulfotransferase HS3ST2, one of the enzymes responsible of the synthesis of 3-O-sulfated HS in brain and found to be involved in Alzheimer's Disease (AD)-related tauopathy. Indeed, in 2015, our group established a link between HS3ST2 and the abnormal phosphorylation of tau in zebrafish and cells expressing the human tau carrying the P301L mutation (Sepulveda-Diaz et al. 2015). However, it was unknown if this enzyme, and the 3-Osulfated HS that it produces, has a link with tauopathy development in the human brain. This thesis manuscript is an article-based report of our results including some additional data and observations. First, in the state of the art part, I gathered a review giving evolving evidence on the implication of HS intraneuronal accumulation in the development of tauopathy with a focus on AD. A short description of the HS biosynthesis is presented.

However, a more complete description is included in the MedRxiv preprint to which I participated. Concerning Aβ pathology, although of central importance in AD, it was only briefly mentioned, as my work was principally directed to the neuronal development of tauopathy, which occurs in diseases in which Aβ is not accumulated. The chapter 1 ends with the specific objectives of the thesis, that I resume here: (1) to characterize the intraneuronal HS that in AD accumulate within NFTs, (2) to investigate whether HS3ST2 is involved in the vulnerability of specific brain regions to develop tauopathy in AD, (3) to study

STATE OF THE ART 1. Introduction

Neurodegenerative diseases are characterized by the deposition of insoluble proteins in brain cells. Microtubule-associated protein tau (MAPT), or tau, accumulates in abnormally phosphorylated and aggregated forms in several neurodegenerative diseases collectively known as tauopathies. Among more than 20 different clinicopathological entities classified as tauopathies (Höglinger, Respondek, and Kovacs 2018; Arendt, Stieler, and Holzer 2016), the most common is Alzheimer's disease (AD). Other less common diseases include progressive supranuclear palsy (PSP), Pick's disease (PD), corticobasal degeneration (CBD), frontotemporal dementia with Parkinsonism in chromosome 17 (FTDP17), chronic traumatic encephalopathy, and traumatic brain injury (Ali and Josephs 2019) (Table 1). The important clinical, pathological, biochemical, and genetic similarities in these diseases have helped to advance in the understanding of factors that initiate the accumulation of the abnormally phosphorylated and aggregated tau. However, some factors remain scarcely studied, as is the case of the intracellular accumulation of heparan sulfates (HS). HS are the glycanic moieties of HS proteoglycans (HSPG), which are a family of complex macromolecules typically present in both cell surfaces and extracellular matrices (J. P. Li and Kusche-Gullberg 2016; Mohand Ouidja et al. 2022). Pathological analysis of the AD-brain has shown that HS strongly accumulate inside disease neurons, where they colocalize with NFT (M Goedert et al. 1996; A. D. Snow et al. 1990; Hernández et al. 2002). Interestingly, the aberrant intracellular accumulation of HS appears several decades before the detection of tau burden in brain of Down syndrome patients, which evolves to AD (A. D. Snow et al. 1990). In this state of the art, we first mention the HS interactions with Aβ in AD. Then, we summarize tau physiological and pathological properties, followed by a time-lined state of the art of how HS intracellular accumulation has been related to different tauopathies, with a main attention to AD, and a description of the interaction between HS and tau. Finally, a brief introduction to HS biosynthesis is included. The chapter ends with a resume of the work that has been reported by our group, questions that remain open, and my thesis objectives. 

HS interactions with Aβ in AD

AD is characteristically defined by two hallmarks which are the intracellular formation of tau deposits and the extracellular generation of amyloid plaques composed of beta-amyloid Aβ peptides. Although Aβ is centrally involved in the physiopathology of AD and is known to interact with HS in the extracellular space, in where HS are classically located, we mainly focused our work on the interaction between HS and tau. This is principally because the tau-HS interaction has been detected in the intracellular space, where HS are not classically located, and which occurs before tau fibrils deposition. Moreover, the Aβ-HS (extracellular) relationship has already been thoroughly reviewed (Jin Ping Li and Zhang 2020; Van Horssen et al. 2003; Alan David Snow, Cummings, and Lake 2021; Alan D. Snow and Wight 1989; Patey 2006; Ariga, Miyatake, and Yu 2010; Nishitsuji 2018; Kisilevsky et al. 2007; X. Zhang and Li 2010; G. L. Zhang et al. 2014) (compared with tau, notably human brain). Indeed, HS have shown to play a central role in all amyloidosis by their capacity to accelerate fibrillization of specific proteins and peptides (X. Zhang and Li 2010). In AD, glycosaminoglycans and more specifically HS have been associated with the extracellular deposition of Aβ from using dyes such as Congo red and Alcian blue (Alan D. Snow et al. 1994; A. D. Snow et al. 1990; A. D. Snow, S. Lara, D. Nochlin 1989; Alan D. Snow, Willmer, and Kisilevsky 1987; A. D. Snow et al. 1988) during the late 1980s. Several HSPGs including syndecans 1-3, glypican 1, agrin (Horssen et al. 2001; Verbeek et al. 1999) and recently syndecan 4 and serglycin (Lorente-Gea et al. 2020) were immunolocalized in the Aβ deposits of plaques and vasculature. The use of phage display antibodies targeting specific sulfation patterns of HS allowed to discriminate neuritic from diffuse plaques. Plaques containing dense cores (neuritic) stained by anti-Aβ40 colocalized with HS. However, diffuse plaques stained by anti-Aβ42 were harboring less HS immunosignals (O'Callaghan et al. 2008).

Moreover, the identification of sulfation epitope specifically associated to plaques shed light on highly N-sulfated HS staining both fibrillar and non-fibrillar Aβ plaques. HS presenting lower N-sulfation levels were predominantly associated to fibrillar plaques (Bruinsma et al. 2010).

In addition, many in vivo and in vitro studies reported that HS interact with Aβ peptides and induce their aggregation. Also, Aβ toxicity and internalization are HS dependent. For instance, transgenic mice overexpressing heparanase, showed a decreased capacity to form Aβ plaques, while their Aβ40 and Aβ42 levels were not altered (Jendresen et al. 2015). Also, HS and some analogues showed neuroprotective effect towards Aβ oligomers toxicity in neuronal cell cultures (Woods et al. 1995; Bravo et al. 2008; Bergamaschini et al. 2004).

Recently, the Aβ residues 12-18 (VHHQKLV) have been identified as the HS interaction site (Nguyen and Rabenstein 2016). Moreover, Aβ42 and Aβ40 seems to interact differently with HS. Thus, it might explain the different aggregation kinetics of the two peptides (Roberto A Rodriguez et al. 2018). Also, on the HS chain the N-, 2-O and 6-O-sulfate groups are essential for the interaction with Aβ monomers (Birgitta Lindahl et al. 1999). Globally, HS interaction with Aβ seems to depend on the content and position of the sulfate groups, as well as the length of the sulfated sequences in the HS chain (Jin Ping Li et al. 2005). Thus, Aβ40 and Aβ42 could interact with different HS depending on their characteristics.

Tau protein a. Structure of tau

The human microtubule associated protein tau (MAPT) or tau, is encoded by the MAPT gene composed of 16 exons located on chromosome 17 at band position 17q21.31 (Y. Wang and Mandelkow 2016). In the adult central nervous system, six distinct isoforms are generated through alternative splicing and contains from 352 to 441 amino acids. The distinct tau forms have in common 4 main domains. The first domain consists in the N-terminal projection domain that interacts with the cytoskeleton, determining the space between microtubules in axons. The composition of this N-terminal domain leads to additional forms of tau called 0, 1 (N1) or 2 (N2) depending on which of two possible inserts are present in the protein. The presence of these inserts results from the alternative splicing of exon 2 and 3. The second domain consists of a proline rich region (PRR). The third domain contains the microtubulebinding motif in tau, which by regulating the tubulin polymerization rate, is responsible of the microtubule stability. This third domain can be composed of 3 (3R) or 4 (4R) repeats resulting from the alternative splicing of exon 10 (Figure 1Erreur ! Source du renvoi introuvable.). Finally, the C-terminal domain that possesses a filament-forming ability and may be related to the formation of the helical structure by providing a powerful filamentforming driving force. Thus, depending on the combination of these domains, six different tau isoforms can be present in brain. These forms are the longer 2N4R (also named tau-441), and the forms 1N4R, 0N4R, 2N3R, 1N3R, and 0N3R, derived of alternative splicing. All these six forms are expressed in the human adult brain and their levels are different across 

b. Physiological tau

Physiologically, tau localizes to axons where it stabilizes microtubules, promote tubulin polymerization, and participates to axonal transport (Figure 1). Natively, tau is a disordered protein with high flexibility and low content of secondary and tertiary structure. As a consequence, tau is highly soluble and does not show tendency to aggregate. Tau physiological functions are regulated by several post translational modifications including phosphorylation, acetylation, and methylation, which directly modulate its interaction with microtubules. By binding to other cell components, tau can be involved in the regulation of multiple processes such as neuronal activity, neurogenesis, iron homeostasis, long-term depression, myelination, glucose metabolism, motor function, learning and memory (Kent, Spires-Jones, and Durrant 2020; Y. Wang and Mandelkow 2016), and protection of genomic DNA integrity (intra-nuclear tau (Diez and Wegmann 2020; Maina, Al-Hilaly, and Serpell 2016)).

c. Pathological tau and brain lesions i.

Tau phosphorylation

Tau can be phosphorylated on serine (S), threonines (T), and tyrosine (Y) residues on 85 different sites (Y. Wang and Mandelkow 2016). Some of these residues are physiological sites of phosphorylation found in normal brain. Some others are pathological sites only present in diseased brains. Finally, some are physiologically phosphorylated and can become hyperphosphorylated in AD (Figure 2). During development, tau is highly phosphorylated and do not aggregate, this 'developmental' tau phosphorylation decreases with age (Y.

Wang and Mandelkow 2016; Kent, Spires-Jones, and Durrant 2020). Tau phosphorylation is indicated in red when it occurs in case of pathology, in green when present in both pathologic and normal brains, in blue when phosphorylation occurs in normal brain. Black sites have not been yet clearly defined. Anti-tau antibodies in pink (top of the figure) have non-phosphorylated tau epitopes whereas antibodies indicated in purple (bottom of the figure) have identified specific phospho-tau dependent epitopes (Simi et al. 2016).

Physiological tau phosphorylation states result from the balance of the activity of several specific kinases and phosphatases including Mitogen-Activated Protein Kinase (MAPK), Glycogen Synthase Kinase 3 (GSK3), cyclin-dependent kinases (cdk), Tau-Tubulin Kinase (TTBK), Microtubule Affinity-Regulating Kinases (MARK), Protein Phosphatase-2A (PP2A) etc.

Although it has been proposed that the balance between kinases and phosphatases is central in tau phosphorylation state (Y. Wang and Mandelkow 2016), it has not been demonstrated that modifying the activity of these proteins have an effect on disease (Martin et al. 2013; Braithwaite et al. 2012)(https://www.alzforum.org/therapeutics/tideglusib, https://www.alzforum.org/therapeutics/sar110894d), and it is not proved that the disbalance of kinases and phosphatases activities that in neurodegenerative diseases leads to an abnormal hyperphosphorylated state of tau. However, we and others have shown that upon interaction with HS, tau acquires a conformation that allows the access of the different kinases and that prompts its aggregation. Intracellular HS can then act as triggers of tau abnormal phosphorylation and aggregation, characteristic of AD-related tauopathy (Sepulveda-Diaz et al. 2015).

ii.

Tau aggregation

After microtubules dissociation, soluble tau tends to aggregate probably catalyzed by its interaction with intracellular HS (M Goedert et al. 1996), as we have recently shown (Sepulveda-Diaz et al. 2015). Tau dimers are formed and associates to generate oligomers.

Then, the aggregation process evolves to generate the subunits of filaments, that will evolve to paired-helical filaments (PHFs) (Martin, Latypova, and Terro 2011). Assembly of PHFs produces the neurofibrillary tangles (NFTs) characteristic of tauopathies. NFT are localized in cell bodies and apical dendrites, while in distal dendrites they are termed as neuropil threads (NTs) (Figure 3). This mechanism of Tau nucleation-elongation, so called 'Cascade Tau', ultimately damages neurons, synapses, and glial cells, leading to their dysfunction and to their degeneration on a long-term scale, as shown by the decades during which NFTs can survive (Chung et al. 2021). In AD, NFTs are composed of the six tau isoforms found at similar proportions than in normal brain. These isoforms appear on immunoblots as three major bands of 60, 64 and 68 kDa and a minor band of 72 kDa. Interestingly, PHFs are not degraded by the ubiquitin-proteasome system (UPS), suggesting that they may be part of the cellular mediators of cell toxicity, which dysregulation has been proposed to lead to AD (Luc Buée et al. 2010). An orderly spatio-temporal pattern of the different aggregated form of tau has been associated with tau pathology progression in neurons of the AD brain. iii.

Braak classification

First defined by Braak & Braak in 1991 (Braak and Braak 1991), tau lesions characterized by deposition of NFTs and NT were described to be first localized in the transentorhinal cortex (Braak stage 1). Then, disease progression affects the entorhinal cortex (Braak 2), lesions density increases to the CA1 region of the hippocampus (Braak 3), and limbic regions are then affected (Braak 4). Finally, the neocortex is impacted (Braak 5) with the destruction of isocortical areas (Braak 6). This classification is now used as standard by neuropathologist to characterize post-mortem tau pathology state and is combined with other observations to conclude on a diagnostic. Knowing that tau lesions are closely related to patients clinical states (Tanner and Rabinovici 2021), in vivo imaging of tau pathology by tau-PET observations is becoming of importance to diagnose early AD in patients (Tanner and Rabinovici 2021; Joie et al. 2020) (Figure 4). F-AV-1451 tau PET allows to establish in vivo Braak staging (SUVR: standardized uptake value ratio). From (Schöll et al. 2016).

iv. Tauopathies and related brain lesions

Tauopathies are a group of neurodegenerative diseases that have in common the progressive formation and accumulation of tau lesions (NFTs and NTs). We can distinguish primary from secondary tauopathies (Chung et al. 2021). Primary tauopathies includes the several Fronto-Temporal Dementia (FTD) with Pick's disease (PD), corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), globular glial tauopathy (GGT), frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17), and rare unclassifiable tauopathies. Also, primary age-related tauopathy (PART) and aging-related tau astrogliopathy (ARTAG) are part of this first group. Secondary tauopathies result from the presence of additional proteopathic hallmarks beyond tau inclusions. AD is a secondary tauopathy because of the additional presence of senile plaques composed of Aβ peptide.

Some tauopathies with environmental exposure (chronic traumatic encephalopathy (CTE)) or geographically isolated PSP-like tauopathies (Guam Parkinsonism-dementia complex (PDC)

and Guadeloupean parkinsonism) can also be classified in this second group (Chung et al. 2021). However, this demarcation is not absolute, as Frontotemporal Dementia (FTD) can include TDP-43 inclusions (Mah et al. 2021). Moreover, other distinctions can be used to classify tauopathies, such as the affected brain regions and affected cell populations (astrocytes, olygodendrocytes and different sub-population of neurons), or the variation of predominant isoforms composing tau inclusions. For example, in AD tau forms include a mix of 3R and 4R isoforms, whereas Pick's disease (PD) exclusively presents 3R tau lesions.

Depending on this diversity in brain regions, cells, and tau isoforms that aggregate, different ultrastructural tau aggregates can be generated (paired helical and straight filaments), as translated by different morphologies of tau deposits. For example, depending on the disease, tau deposits can form spherical Pick's bodies in neurons, neurofilamentous tangles in neurons (Figure 5) or in tufted astrocytes, which are different of astrocytic plaques (Höglinger, Respondek, and Kovacs 2018; Chung et al. 2021). Recently, thanks to cryogenic electron microscopy (cryo-EM), we now know that tau inclusions characterizing the different diseases harbor different core structures (Scheres et al. 2020). Interestingly, tau lesions can often be found in patients with simultaneous hallmarks of multiple neurodegenerative pathologies like Aβ peptides and/or α-synuclein aggregates and are thus called mixed dementia (Mah et al. 2021). Neurofibrillary tau lesions evolve from pretangle to mature and ultimately to ghost tangle. From (Moloney, Lowe, and Murray 2021)

4. HS intraneuronal accumulation is a key hallmark of tauopathy in Alzheimer's disease and related dementias a. Alzheimer's disease AD, the most prevalent form of dementia, is pathology characterized by cerebral atrophy preceded by an early and constant synaptic loss, which correlates with clinical decline (Gray, Duyckaerts, and De Girolami 2014). Biochemically, AD is characterized by the deposition of hyper-phosphorylated tau monomers that form misfolded oligomers, NT, and PHFs. These tau aggregates intracellularly accumulate in neurons forming NFTs. Also, extracellular amyloid plaques are formed and composed of Aβ peptide residues issued from the cleaving of the membrane protein APP (Amyloid β Protein Precursor). When amyloid deposits stacks around abnormal neurites they form neuritic plaques (NPs). Besides the tau and Aβ inclusions, other inclusions are often detected, as the Lewy bodies that characterizes intracellular inclusions composed of α-synuclein in addition to the aggerated tau. Moreover, Aβ deposits can be found in brain vasculature (primarily in the capillaries, arterioles, small arteries, and meningeal vessels), referred as cerebral amyloid angiopathy (CAA) / or cerebrovascular amyloid / or congophilic angiopathy (CA). HS have largely been described to accumulate with amyloid plaques in the extracellular space, in which these sulfate polysaccharides are classically located. However, they have also being found to intracellularly accumulate at the intracellular levels and to colocalize with tau in NTs, PHFs, and NFTs. HS have also be described to participate to many proteinopathies through their capacity to induce protein aggregation (Maïza et al. 2018). Interestingly, HS were found to accumulate inside neurons, where they don't follow the dogma of their extracellular localization.

b. Tracing the history of evidence on the HS accumulation in AD brain

The accumulation of anionic polysaccharides in AD brain regions affected by tauopathy was described in 1965 when Suzuki et al. described an increase of hexuronic acid in post-mortem AD brains compared to controls (Suzuki, Katzman, and Korey 1965). Hexuronic acid, together with glucosamine, forms the disaccharidic unit of both HS and CS type glycosaminoglycans (GAGs). Lately, in 1985 and then in 1987, Snow et al reported the accumulation of GAGs together with NFTs in neurons and in the A -containing lesions of AD and Down's syndrome (Alan D. Snow, Willmer, and Kisilevsky 1987). Interesting, in that study some non-tangle bearing neurons were found to stain intracellular HS, indicating a possible accumulation of the sulfated polysaccharides before PHF formation. However, staining was not informative enough to know which type of GAGs were detected. However, it was observed that this accumulation in neurons was specific of AD brain, as it was not observed in neurons of PSP, Pick's disease, subacute sclerosing panencephalitis, and postencephalitic parkinsonism (Alan D. Snow, Willmer, and Kisilevsky 1987). Few years later, in 1989, Snow et al. used different cationic dyes (Ruthenium Red and Cuprolinic Blue) to observe sulfated glycosaminoglycans (GAGs) at the ultrastructural level. They observed granules (the interaction between dye and the negatively charged GAG moiety of proteoglycans forms electron-dense granules)

structurally integrated into straight filaments and PHFs at a consistent periodicity of 40-70 nm (A D Snow et al. 1989). This consistent periodicity suggested the occupancy by HSPG of discrete domains in NFTs's filamentous structures, like what was observed in dermatan sulfate proteoglycan interaction with collagen fibrils (consistent 64 nm periodicity along the d-band of collagen fibrils). Moreover, by performing colorations with different concentrations of MgCl 2 , Snow et al could deduce that different proteoglycans or GAGs were associated with filaments in NFTs or with amyloid fibrils in neuritic plaques. This supported their previous result (1988 Snow et al) showing non accumulation of HSPG core proteins from the extracellular matrix in NFTs, despite specific association with the amyloid deposits within NPs and CA. Indeed, they used two antibodies targeting the protein core of a basement membrane derived HSPG (perlecan), HK-102 antibody and an affinity purified polyclonal antibody.

Further evidence on the nature of the GAGs accumulated in AD brains was obtained by Perry et al in 1990. In that work, Perry et al. were the first to demonstrate that HS were the GAGs type that accumulates with AD lesions (G. Perry et al. 1990). By an approach based in the capacity of basic fibroblast growth factor (bFGF, now known as FGF2, heparin binding protein) to bind HS-structures in AD brain, they showed their localization within AD lesions including NFTs, NTs, and more precisely to their PHFs (they showed the HS physiological distribution by immunolocalization of bFGF and few months later they showed HS increased levels in AD and their association with tangles (Stopa et al. 1990)). Treatment with heparitinase abolished the binding of bFGF to tissue sections, validating the nature of the accumulated HS. These results were published later in 1991 in two papers from Perry's team. In the first, in April 1991, the bFGF strong binding to extracellular NFTs (ultrastructurally associated to paired helical filaments but not to straight filaments) was shown to avoid detection of intracellular NFTs, which contain also HSPGs (SIEDLAK et al. 1991).

Interestingly, bFGF and Alz-50 (antibody against intracellular NFTs) stained different NFTs subpopulations, suggesting that the intracellular and extracellular HSPGs that accumulate in AD are different. Indeed, the PHF antiserum staining overlapped both intracellular and extracellular NFTs, whereas the total number of structures stained with bFGF together with Alz-50 was up to 2.4 times greater than the number of structures stained with the anti-PHF serum only, suggesting staining of a complex HS-tau detectable before formation of NFTs. In a second paper in November 1991, Perry et al. characterized the biochemical basis for HSPG interaction with NFT (G. Perry et al. 1991). They showed that bFGF binds to HSPG in NFTs and suggested that the HS interaction with PHFs contribute to render NFTs insoluble.

Moreover, bFGF binding to NFTs was charge dependent, as Ca 2+ or other polycations inhibited its binding, indicating that the cationic region of bFGF was probably involved in the binding to HS. Moreover, the study allowed to confirm the HS nature of the accumulated GAGs within NFTs as bFGF binding to HS was decreased with different HS modifying treatments. Interestingly, HS binding to NFTs was probably also mediated by cationic groups in NFTs but was not altered by treatment of free amino and phosphate groups in NFTs.

Accordingly, tissue treatment with carbodiimide (blockage of free carboxyl groups) blocked HSPG binding, suggesting that free carboxyl groups are used by HSPG to bind to NFTs.

Finally, the authors mentioned that tau antibodies have the capacity to block HSPG binding (S.L. Siedlak and G. Perry, unpublished observations). In summary, HSPG and bFGF-binding sites are present in NFTs. Free carboxyl residues from tau may be involved in HSPG binding.

Also, free anions from the HS trapped in NFTs likely allow bFGF binding.

In November 1990, Snow et al. confirmed that the GAGs that accumulate in AD neurons are HS (A. D. Snow et al. 1990). Using the HS specific antibody HK-249, they detected HS in 10 to 20% NFTs localized to straight and paired helical filaments and to some ghost tangles.

Similarly, staining was observed in some non-tangle bearing neurons of AD patients, and more precisely in lipofuscin granules. Most pyramidal cell and granular cell neurons of the hippocampus and amygdala showed intraneuronal HS inclusions in form of either small discrete granules or as large coalescing granules/fibers completely filling the cytoplasm of the neurons (Figure 6). In neurons, lipofuscin increases with age at the same rate in AD, DS, and age-matched controls, suggesting that localization of HS to these granules is an agerelated phenomenon not associated with AD and should therefore be regarded as a normal process. From (A. D. Snow et al. 1990) This accumulation was already correlated with interference in metabolic activity, loss of dendrites, decrease in total cellular RNA and cell death. Moreover, the authors hypothesized that NFTs may contain proteoglycans that were at that time not been identified yet. Thus, Perry et al established the HS accumulation as a common component of senile plaques and tangles may be related to each other. They hypothesized that intraneuronal HS could be released to accumulate with the extracellular A lesions. They proposed that this process could not only concern HS, but that HS could also accumulate in combination with Aβ in the lipofuscin granules (hypothesis also supported by Spillantini et al. (Spillantini et al. 1990)). This suggests that A , tau, and HS from neurons can be the source of amyloid plaques. Finally, other studies showed that HS can inhibit lysosomal enzyme activity and may then prevent Aβ processing resulting in the accumulation within cells, eventually leading to neuronal death. The triggering role of HS accumulation in A and tau deposition was suggested by the observation in Down's syndrome brains where HS accumulate as early as 1 day after birth in pyramidal neurons of the hippocampus whereas A and tau accumulation appear only several years after. This suggests that the HS accumulation is an initiating event leading to protein aggregations and deposition in DS and possibly also in AD (A. D. Snow et al. 1990).

The involvement of HS in the vulnerability of brain regions to evolve to tauopathy in AD was suggested in 1992 by Su et al. They used an antibody targeting a HS epitope (probably JM403 or 10E4 from Seikagaku) and one antibody specific to the perlecan core protein characteristic of basement membranes (MAB458, Chemicon). With these tools, they studied the distribution and localization of these two targets in AD and control brains (hippocampus, temporal and occipital cortex, cerebellum) (Su, Cummings, and Cotman 1992). Whereas the anti-perlecan core protein antibody did not stain NFTs (confirming Snow observations in 1988), they observed that the number of stained neurons and NFTs, and staining intensity were much more extensive in AD than in control brains. Importantly, in AD neurons, HS were predominantly cytoplasmic and appeared as homogeneous staining with small discrete granules in all layers of the cortex and hippocampus with more prevalence in CA pyramidal fields and deeper layers of cortex. AD neurites, including apical dendrites, basal dendrites, and axons, were strongly stained by HS. The HS immunoreactivity was also strong in both intracellular and extracellular NFTs and co-localized with thioflavin staining in more than 65% of thioflavin-positive NFTs. Moreover, Tau-1 antibody was observed to colocalize with HS only in intracellular NFTs (like Alz-50 staining with bFGF (SIEDLAK et al. 1991)). Moreover, even if the colocalization of tau and HS appeared in many NFTs, few HS positive NFTs were negative for tau staining, suggesting that HS deposition precedes tau aggregation.

Interestingly, HS-positive NFTs harbored several cell morphologies suggesting an evolution of changes. NFTs shape were defined by thick bands consisting of numerous and fine HSpositive fibers, which number and intensity increased leading to the distortion of neurons bodies to finally displace their nucleus. It seems that ultimately, the HS-positive bands were dispersed and less immunoreactive. With an absence of detectable nucleus, these NFTs were extracellular. Interestingly and specifically in AD brains, some nuclei were stained (with variable intensities) with the HS antibody in some neurons known or not to degenerate in AD (as seen in other studies (G. Perry et al. 1991; Rebergue et al., 2022, under submission).

Finally, astrocytes were lightly stained for HS in both AD and controls, mainly in the white matter. Whereas, in microglia surrounding NFTs, and which showed to be in an activated state, HS were stained in cytoplasm and nucleus only in AD. Thus, microglia detection by HS antibody could be the reflect of NFTs phagocytosis. In conclusion, it was suggested that HS accumulation in neurons and NFTs could serve as a marker reflecting early pathological changes in AD. Moreover, for the first time, HS accumulation was described in control patients with a number, extent, and intensity far smaller than in AD, indicating that this can also be an age-related phenomenon. Similarly, for the first-time clear observations have been given about the abnormal HS detection in nuclei of AD neurons, which may regulate some cellular activities in the AD brain possibly leading to neuron dysfunction. The nuclear accumulation of HS in AD was mainly observed at early stages of the disease, before NFTs formation, suggesting involvement in epigenetic alterations. Nuclei staining was not age related.

The involvement of HS in processes leading to AD were considered in further works interested in getting insights in the structure of heparan sulphate from human brain, with special regard to AD. Goedert et al. 1996). In that work, Goerdert et al. showed that the HS staining coexisted with P-tau as early as Braak 1 stage corresponding to the earliest known stages of neurofibrillary pathology. Moreover, this accumulation was described to begin first in neurites of cells that were neither bearing tangles nor positive for P-tau. Consequently, the interaction between the intracellular HS and tau was hypothesized to occur before P-tau formation and before the apparition of neurofibrillary lesions. Hence, sulfated glycosaminoglycans were proposed to act as a key element in the formation of NFTs during AD. Y. Chin et al. 2000). However, they noticed only a weak FRET signal. Later, in 2002, Hernandez et al showed the presence of HS in PHFs isolated from the AD brain and described their role in the PHF solubility and conformation of different types of PHFs (Hernández et al. 2002).

Other anti-HS antibodies started the to be used and allowed to get insights on the structures of the HS that accumulate in the AD brain, as the 10E4 antibody recognized global HS carrying N-sulfation. In 2012, Hosono-Fukao et al. used the antibody RB4CD12 that recognizes highly sulfated HS although with few information of sulfation patterns. They found some granular intracellular staining in pyramidal neurons of the AD hippocampus (Hosono-Fukao et al. 2012). This HS signal was positive in cells stained with the anti-P-tau antibody AT180. The authors suggested that highly sulfated domains of HS might play a role in the formation of neurofibrillary tangles in AD. From that time some other groups worked on the role of HS in A pathology in the AD, but no further work on the role of highly sulfated HS in tauopathy development was reported until 2015 by our group. We demonstrated that some enzymes involved in the biosynthesis of HS were overexpressed in AD hippocampus compared to age matched controls, notably two sulfotransferases responsible of the addition of 3-O-sulfation in brain. At that time, we confirmed that HS were the species that accumulate in AD, and not CS, as measured in AD hippocampus. In 2019, we reported that HS extracted from the AD brain have a significantly higher capacity to bind to tau and their capacities to bind to other HBPs, such as growth factors, was altered (Huynh et al. 2019). All these data suggest that HS might be implicated in the apparition of pathophysiological features of AD due to modifications of the sulfation pattern impacting, particularly 3-O-sulfation, affecting their binding and function of HBP. In 2021, significant alterations in the HS biosynthetic enzymes transcription levels were observed in AD brains (Pérez-López et al. 2021), supporting the HS increase observed in previous studies. In that report, authors analyzed several brain tissues including amygdala, anterior hippocampus, posterior hippocampus, claustrum, calcarine fissure, globus pallidus and cerebellum from patients with mild, moderate, or severe AD, as well as healthy individuals. Several genes, across all stages of HS synthesis, showed altered transcription in different brain regions of AD patients. The number of alterations were greater in moderate versus mild AD patients. In severe patients, there were fewer alterations in genes related to early stages of biosynthesis, and overexpression of genes involved in late stages. However, the alterations were more common in the cerebellum, which is not affected by tauopathy but mainly by A pathology in AD. In conclusion, authors stated that transcriptional alterations in the biosynthetic genes of HS depend on the brain region and the degree of AD pathology. More recently, in 2022, Wang et al. described a new method to analyze 3-O-sulfated HS by LC-MS/MS using isotopically labeled oligosaccharides (Z. Wang et al. 2022). They reported that HS from frontal cortex of AD, compared to controls, show increased levels of the tetra-saccharide ΔUA-GlcNAc6S-GlcA-GlcNS3S6S (tetra-saccharide 1), which contains 3-O-sulfation, and of five non-3-O-sulfated disaccharides. Interestingly, tetra-saccharide 1 is perceived as the product of HS3ST1 sulfotransferase, which expression was not shown to be increased in AD.

Indeed, previous studies by us and other teams, reported increased expression of HS3ST2, HS3ST3 and HS3ST4 (Sepulveda-Diaz et al. 2015; Huynh et al. 2019) in the AD hippocampus, indicating again that alterations in the HS biosynthetic genes depend on the brain region and the degree of AD pathology. Altogether, a number of data in the human AD brain show that HS are accumulated in the AD brain and particularly inside neurons, where they could participate to the events leading to tau pathology. To date, it is still not clear whether a specific sulfation pattern, like 3-O-sulfation in 3S-HS, can be found in AD brain lesions. In order to tackle this question, I performed immunostaining of AD brain slides with a library of anti-HS antibodies including an antibody specific for 3S-HS. We found that 3S-HS specifically accumulate in neurons of the brain regions affected by tauopathy (Rebergue et al., 2022, under submission, see chapter 2). In conclusion, the accumulation of HS in AD neurons that develop tauopathy has been largely demonstrated by several research groups. We further showed that these HS carry 3-O-sulfation. Tauopathy is a common characteristic of several neurodegenerative diseases. We can thus wonder if the HS intraneural accumulation occurs in patients suffering other tauopathies. However, more information on the sulfation patterns of HS that accumulated in AD from very early tauopathy stages are required to understand how these polysaccharides and their biosynthetic enzymes are involved in the process leading to tauopathy in AD. Moreover, many questions remain: Have the extracellular and the intracellular HS accumulation the same origin? Have they distinct sulfation motifs? Are they carried by a unique proteoglycan core protein or by diverse core proteins located in different cells? Are these HS endogenous and normal in brain or are they produced in response to stimuli and which stimuli?

c. Evidence on HSPG core proteins that accumulate in the AD brain

Concerning the core proteins that could carry the HS chains that accumulate in AD, several works have been reported. The first studies considered perlecan, which was not found to accumulate with PHF from AD (Alan D. Snow et al. 1994). Other proteoglycans identified in AD brain lesions included dermatan sulfate proteoglycans (A. D. Snow et al. 1992) and keratan sulfate proteoglycans (Alan D. Snow et al. 1996). However, it appeared that the HSPGs are those that play the most important role in the pathogenesis of AD and other misfolded protein disorders. Among HSPG, several work have questioned the presence of different HSPG core proteins including agrin, glypican-1, glypican-3, and syndecans 1-4 (Verbeek et al. 1999; Watanabe et al. 2004). In 2016, Liu et al. used ELISA to measure the expression of several HSPG core proteins from AD temporal cortex and age-matched controls tissues extracted by either detergent soluble (TBS) and insoluble (GDN) buffers.

They found that the cell membrane associated syndecan 3, syndecan 4, and glypican 3, as well as the extracellular agrin and perlecan were significantly increased in detergent insoluble fractions, suggesting their presence in A and/or tau protein aggregates (Liu et al. 2016). Interestingly, syndecan 3, syndecan 4, and perlecan were also increased in the detergent soluble fraction, suggesting that fractions of these HSPG are also maintained in soluble states. Authors concluded that these modifications in the HSPG homeostasis in AD brain might correlate with the tendency of HS to accumulate with AD lesions. In 1998). They immunostained tissue with the anti-HS antibody 3G10 which recognizes total HS moieties near the protein core after heparinase treatment. By using immunoelectronmicroscopic examinations of diseased regions, they observed that intracellular Pick bodies were weakly stained, whereas extracellular (ghost) Pick bodies were co-stained for HS and tau and presented an aggregated fibrillary structure with a diameter of 10-20 nm.

Nevertheless, 10E4 (HS) and HK-102 (perlecan) antibodies did not allow to detect the ghost Pick bodies. These results suggest that HS may be involved in the process of Pick bodies extinction. Later, in 1999, Spillantini et al. immunostained HS (10E4 ab) as well as tau in several neurodegenerative diseases (Spillantini et al. 1999). Again, abundant neurofibrillary lesions were observed within the hippocampal formations with amount and regional distribution widely variable among tauopathies. They showed that HS staining coexisted with tau in AD, Niemann-Pick disease type C (NPC), argyrophilic grain disease (AgD), myotonic dystrophy (MyoD), and motor neuron disease with NFTs (MND), except for subacute sclerosing panencephalitis (SSPE) where no 10E4 labelling was observed. In MND with NFTs, only a subset of the NFTs were labelled with 10E4. In contrast, in NPC and MyoD most NFTs were HS positive as well as few NTs, pre-tangle neurons and GFTs. In the AgD cases, most AT8-immunoreactive pyramidal cells and a subset of non-pyramidal neurons were strongly stained with 10E4. Moreover, few argyrophilic grains were positive for HS in the soma and dendrites of pyramidal neurons. Generally, in these different tauopathies, HS staining was equivalent to tau staining and in AD and AgD, HS was even more stained than tau. In contrast, in NPC and MyoD the same number of cells were revealed with either antibody.

Finally, no 10E4 positive HS were detected in SSPE NFTs. This study showed that HS and tau co-staining occurs associated in several tauopathies, supporting the involvement of HS in the assembly of tau protein into filaments, as it occurs in vitro when tau interacts with HS or other polyanions. Therefore, other factors such as proteins or RNA (may be with a viral origin) were also proposed to be involved in tau aggregation in diseases that do not accumulate HS. The authors hypothesized also that HS in fibrillary lesions could be originated from leakage of the Golgi complex as abnormal protein metabolism has been reported in several neurodegenerative diseases. Interestingly, in diseases in where tau does not aggregate, HS have not been observed as in the Dutch form of hereditary cerebral hemorrhage with amyloidosis. However, HS accumulate in diseases in which both tau and aβ are pathologic (AD, Down syndrome and dementia pugilistica), and in diseases in which only tau is pathologic (PSP, Gerstmann-Sträussler-Scheinker disease with tangles, amyotrophic lateral sclerosis/parkinsonism-dementia complex of Guam (ALS/PDC) and non-Guamanian motor neuron disease (MND) with NFTs, Pick's disease, corticobasal degeneration (CBD), subacute sclerosing panencephalitis (SSPE), argyrophilic grain disease (AgD), myotonic dystrophy (MyoD), and sporadic and familial cases of dementia. Although different, all these diseases are characterized by tau deposition, and in several of them HS accumulation has been shown (other have not been studied in this aspects). Some of these diseases have links with HS metabolism. The study of HS in some of these pathologies have given interesting information concerning the HS accumulation. For instance, as in AD, in argyrophilic grain disease the HS intracellular accumulation starts in neuron extensions and seems to precede tau accumulation (Tolnay and Clavaguera 2004).

Another pathology giving key information in a possible central role of HS in tau deposition is Down syndrome, which shows, in nearly all patients older than 35 years, similar pathologic changes as those observed in AD. These changes were reported since 1990, when Snow et al. performed a study with the intention to examine Down syndrome brains of various ages in order to evidence the early changes that precede the formation and accumulation of fibrillar lesions occurring in AD (A. D. Snow et al. 1990), long time before the detection of tau and A pathologies. Importantly, intraneuronal HS accumulation was detected within neurons of the hippocampus and amygdala as early as 1 day after birth. The HS intraneuronal accumulation was confirmed with several Down syndrome cases younger than 30 years (including 1 day, 4 months, and 2, 7, 15, 16 ,18 and 24 years). All of them were Hunter's, Hurler's and Sanfilippo syndromes (A. D. Snow et al. 1990). Depending on the variant, some of MPS patients also demonstrated dementia at a young age mimicking multiple AD clinical hallmarks. Possibly due to high lysosomal accumulation with loss of lysosomal permeability, HS accumulate in the cytoplasm of neurons, leading to their massive accumulation in neurons and axons at early ages (Shapiro, Jones, and Escolar 2017; Bigger et al. 2018), but mimicking what occurs at advanced ages in AD (Alan David Snow, Cummings, and Lake 2021). Moreover, HS accumulation in MPS neurons lead to progressive aggregation of Ab, tau, a-synuclein, and prion proteins in brains of young children with HS enzyme deficiencies (i.e., lack of sulfatases to degrade the accumulation of HS GAGs) (Bigger et al. 2018; Ginsberg 1998; Beard et al. 2017).

f. Non neuronal tauopathies are non-associated with HS accumulation

Several tauopathies have shown intraneuronal accumulation of HS. However, in some other rare tauopathies, HS staining, at least with the 10E4 antibody, has not been found. These tauopathies include the subacute sclerosing panencephalitis (Spillantini et al. 1999), and glial tau pathology, both having no intracellular HS. Thus, evaluation of diseases with glial, cytoskeletal, or NFT using immunostaining of many antibodies including tau, CD44, ApoE, HS, and others, allowed to evaluate the different pathology inclusions that can be found in brain diseases such as astrocytic inclusions (tuft-shaped astrocytes and thorn shaped astrocytes), oligodendroglial inclusions (coiled bodies and argyrophilic threads) and neuronal NFTs. Van Horssen et al. 2004). They showed that 3G10, JM13 and JM403 immunostaining did not colocalize with α-synuclein while 3G10 and JM403 overlapped Aβ staining and JM13

and JM403 stained vessels. This suggest that α-synuclein fibrillization is not dependent of HS.

Thus, bFGF binding to some lewy bodies showed previously, might be based on the interaction with different molecules other than HS or that HS catalyze only early stages of Lewy bodies formation (as seen in vitro (Maïza et al. 2018)) maybe not represented in the studied tissues.

g. Structure based classification of tauopathies

Tauopathies are characterized by an ordered assembly of tau protein into filaments. In a series of studies started by Goedert et al. (Fitzpatrick et al. 2017), cryo-electron microscopy has been used to decrypt the structure of tau filaments from different tauopathies including AD, Pick's disease, chronic traumatic encephalopathy, corticobasal degeneration, progressive supranuclear palsy, and others (Figure 8). Paired helical and straight filaments differ in their inter-protofilament packing and have ultrastructural polymorphs. In AD, filament cores are made of 2 identical protofilaments comprising residues 306-378 of tau, which adopts a combined cross-β/β-helix structure and define the seed for tau aggregation.

Filaments from AD are different from those observed in the other diseases, some showed similar architecture as in AD. For instance, in cases of familial British dementia, familial Danish dementia, primary age-related tauopathy, and chronic traumatic encephalopathy (Lövestam et al. 2022). On the other hand, filaments from globular glial tauopathy are similar to those from PSP and different to argyrophilic grain disease, which instead resemble 4layered fold as in corticobasal degeneration and ageing-related tau astrogliopathy.

Moreover, tau protofilament structures from inherited cases of mutations at positions +3 or +16 in intron 10 of MAPT show also 4-layer fold, suggesting that relative overproduction of four-repeat tau can give rise to the 4-layer fold. These findings suggest a hierarchical classification of tauopathies based on their filament folds, which complements clinical diagnosis and neuropathology (Figure 9). Similarity of tau folds between several tauopathies allowed to build this classification. Tau domains are represented with several colors. From (Limorenko and Lashuel 2022).

In vitro evidence of HS/Heparin and polyanions in tau aggregation

A considerably great number of reports, use heparin and other sulfated GAGs, including HS, to induce in vitro the assembly of full-length tau into filaments (M Goedert et al. 1996; Pérez et al. 1996; Hasegawa et al. 1997; Ramachandran and Udgaonkar 2011a). Indeed, in vitro, tau does not aggregate spontaneously and require the presence of polyanion molecules such as HS (Sibille et al. 2006; Paudel and Li 1999a; Zheng-Fischhöfer et al. 1998), RNA (Kampers et al. 1996), polyglutamate (Friedhoff et al. 1998) or fatty acids (Wilson and Binder 1997; Chirita, Necula, and Kuret 2003) etc.. although heparin is the most widely used tau fibrillation inducer. Tau positively charged residues can bind the HS negatively charged sulfo groups via electrostatic interactions resulting in the acquisition of tau conformations allowing its aggregation. Interestingly, the stoichiometry between the amount of tau and the cofactor in the reaction is an important factor. The amount of tau aggregates generated in vitro is maximized at a 1:1 ratio and is limited by the amount of cofactor, suggesting that cofactors as heparin are not liberated after fibrils formation (Zhu et al. 2010; Fichou et al. 2019). Moreover, cofactors removal induces depolymerization of in vitro made fibrils into lower aggregation stages up to monomers (Fichou, Lin, et al. 2018) and in vivo induces loss of PHFs' helical twist thus modifying tau immunodecoration (Hernández et al. 2002). This might explain why HS are found accumulated in neurons that develop tauopathy in AD.

a. Structural evidence of the tau/HS interaction

In the literature, authors agree that heparin interacts with tau to form aggregation competent oligomers that evolve further to fibrils (Fichou et al. 2019; Ramachandran and Udgaonkar 2011b; Shammas et al. 2015; Kjaergaard et al. 2018). Polyanion-induced tau aggregation has been proposed to occur either through a nucleation-dependent polymerization mechanism, or as a downhill polymerization mechanism. This means that some reports consider that the cofactor is not present in final fibril because it only acts as nucleation inducer (nucleation-dependent) (Ramachandran and Udgaonkar 2011b; Carlson et al. 2007; Von Bergen et al. 2006) whereas other reports consider that the cofactor remains and is part of the final aggregate (Sibille et al. 2006; Fichou, Lin, et al. 2018; Dinkel et al. 2015). This second mechanism is consistent with an allosteric regulation model, where heparin/HS/polyanions induces a conformational change in tau that favor phosphorylation (Paudel and Li 1999b) and polymerization by decreasing the energy requirements (Carlson et al. 2007; Ramachandran and Udgaonkar 2011a). Some studies have shown that the specific tau regions affected by the interaction with the chaperon heparin are part of the R2 and R3 microtubule binding repeats that during aggregation change from a random coil to a β-sheet structure. More precisely the 275 VQIINK 280 and 306 VQIVYK 311 hexapeptide motifs (also known as PHF6) have been found involved in the contact between tau and heparin (Sibille et al. 2006) (Figure 10). However, these sites are not unique and, depending on the different parameters used for the experiments, as the nature of tau fragments or the heparin length, other binding interactions have been observed within the MTBR (MicroTubule Binding Region) and their flanking proline-rich (Savastano et al. 2020) and lysine-rich regions (Sibille et al. 2006). Unfortunately, the description of these interactions is still limited due to technical difficulties arising from the fact that tau is mainly an unstructured polypeptide and heparin/HS a heterogenous mixture of different forms of highly sulfated HS in which a wide distribution of molecules with different sizes and sulfation patterns are mixed (Sibille et al. 2006). However, the consensus is that one heparin molecule, which is largely smaller than one HS molecule, can recruit two tau molecules and form dimers that constitute the building blocks for fibril growth. Recent evidence shaded light on short and thin, rod-like protofibrils that can be formed transiently and early during fibril formation and that could remain inert and reversible (Ramachandran and Udgaonkar 2011a). b. The key involvement of HS sulfations in tau/HS interaction Since a long time, in vitro tau aggregation has been shown to be dependent on both a minimal length and a high degree of sulfation in the heparin cofactor (Hasegawa et al. 1997; M Goedert et al. 1996; Montserrat Arrasate et al. 1997). More recently, this concept has been refined by several studies suggesting that HS 6-O-sulfation is critical for tau binding (Fichou et al. 2019; Zhao et al. 2017; Rauch et al. 2018; Stopschinski et al. 2018) (Figure 11).

For example, 6-O-desulfated heparin reduced significantly tau binding by ELISA (Rauch et al. 2018), SPR (Zhao et al. 2017), and NMR (Zhao et al. 2017). Also, a knockout of the 6-Osulfotransferase HS6ST2 significantly reduced tau uptake in HEK293T cells (Stopschinski et al. 2018). Moreover, in vitro 2-O-desulfated heparin altered the induction of tau aggregates and impacted fibrils flexibility, suggesting that 2-O-sulfation is a key element for the reaction (Townsend et al. 2020). Thus, HS/heparin sulfation patterns seems to be involved in their binding to tau and to display an important role in tau aggregation during fibrils formation.

Moreover, it is interesting to notice that 6-O and 2-O-sulfations are mandatory modifications required for the activity of the enzymes that integrate 3-O-sulfation in HS chains. Indeed, during HS biosynthesis 6-O and 2-O-sulfations allow HS3STs to produce 3S-HS. Accordingly, Zhao and colleagues showed recently the involvement of 3-O-sulfation in tau binding (Zhao et al. 2020). In fact, 3-O-sulfation is the last sulfation during HS biosynthesis, and the last requirement identified to be involved in HS binding to tau. This is due to its low abundance in HS and to the current difficulty to analyze 3S-HS because of the lack of detection standards (Dhurandhare et al. 2019), to 3-O-desulfation methods, and to the HS3STs redundancy in mammals (7 HS3STs are known in mammals). However, 3-O-sulfation is likely a more important determinant in tau/HS interaction compared to 6-O-sulfation, this is because of its stronger affinity to tau as determined by glycan array and SPR (Xiao et al. 2019; Zhao et al. 2020). Interestingly, Hs3st1 knockout in a mouse lung endothelial cell line (MLEC) decreased the cell surface tau binding and uptake as result of reduced 3S-HS level.

Similarly, the addition of 3S-HS 12-mer during cell culture prevented tau binding to these cells. The 3S-HS binding sites in tau were located by NMR in the R2 repeat of MTBR and in proline-rich region 2 (PRR2) of tau (Zhao et al. 2020). All these data suggest that specific sulfation patterns might be involved in tau binding to HS chains and that these sulfations might allow to create interaction with different tau fragments producing different fold structures. Finally, it is interesting to notice that most polysaccharides adopt a random coil structure. However, highly sulfated HS, such as some regions of heparin, have an unusually well-defined linear and stiff structure (Sibille et al. 2006). Therefore, involvement of highly sulfated HS in tau aggregates might results from the combination of their numerous negative charges and their linear structure. Heparin is represented in red (PDB 3irj structure) with two 6-O-sulfations highlighted. Tau K18 is represented in blue. From (Zhao et al. 2017).

c. Tau mutations impact tau/HS interaction and aggregation

Frontotemporal dementia and Parkinsonism linked to chromosome 17 (FTDP-17) are associated to mutations in the MAPT gene. These mutations likely reduce tau ability to bind to microtubules (Michel Goedert, Jakes, and Crowther 1999). Moreover, some studies in heparin-induced aggregation experiments showed that the use of mutated htauP301L leads to higher extent of aggregation. In vitro, tau aggregation has been deeply studied during the last 25 years and the over sulfated heparin (which is not representative of physiologic neural HS) has largely been used as cofactor to produce heparin-induced tau filaments, claimed to resemble to those from diseased brain. However, these observations were limited by the low resolution of negative stain electronic microscopy (EM) images available (W. Zhang et al. 2019). With the evolution of cryo-EM (Scheres et al. 2020; Falcon et al. 2018), several studies indicated that the heparin-induced tau aggregates formed in vitro show structural differences compared to the tau fibrils isolated from brain NFTs (W. Zhang et al. 2019; Fichou, Vigers, et al. 2018; Morozova et al. 2013). In vivo, tau aggregation seems to be more complex than heparininduced fibrillation, and tau fold and packing of the final aggregate may be the result of the combination of multiple factors. Indeed, tau post-transcriptional modifications, tau fragmentation, tau mutations or other unknown factors related to tau, can influence the aggregate structures (Limorenko and Lashuel 2022). Similarly, heparin size and sulfation pattern are not representative of those that are expected in neural HS (c.f. Rebergue et al.

under submission, in chapter 2) and in NFTs. This could partially explain the structural differences observed between aggregates produced in vitro and in vivo. Therefore, a closer look to HS sulfation pattern produced by neural sulfotransferases in the context of AD and tauopathies is necessary and represents a key point for further studies. Accordingly, Fichou et al. remarked that small modifications in the polyanionic cofactor, like changes in the charge location, or a single point mutation of tau, could drastically change tau aggregation (Fichou et al. 2019). An in-depth consideration of these elements in a cellular context could explain not only the differences observed in tau aggregate structures between heparininduced fibrils and AD fibrils but also with all fibril structures characterizing the different tauopathies (Shi et al. 2022).

e. Modification of the HS sulfation pattern may be central in AD

Modifications in the sulfation pattern of neuronal HS is possibly a key element driving their abnormal intra-cellular accumulation. Indeed, it has been shown that HS from AD brains have a different capacity to bind proteins such as growth factors compared to age-matched controls (Huynh et al. 2019; G. Perry et al. 1991; George Perry et al. 1992; G. Perry et al. 1990). For example, AD associated changes in HS sulfation induce altered capacities to bind FGF-2, VEGF and BDNF contributing to impaired tissue homeostasis while the strength of HS interactions with the tau protein is increased (Huynh et al. 2019). Moreover, expressions of almost all transcripts of the genes involved in HS biosynthesis are altered during AD (Sepulveda-Diaz et al. 2015; Huynh et al. 2019; Pérez-López et al. 2021; Clarke 2017). Thus, the resulting sulfation pattern of HS should be modified in AD and probably evolve with disease, as suggested by or results in the AD brain showing that 3S-HS sequences get accumulated with time and occupy all the HS space at late stages of tauopathy (ghost tangles showed only 3S-HS sequences and not intermediary NS sequences). We showed that a particular set of transcripts of the specialized HS biosynthetic machinery are present in brain regions and neurons susceptible to develop tauopathy in AD. This agrees the role of 3S-HS accumulation in these brain regions when tauopathy is present. However, more transcripts alterations were observed in moderate AD patients brains compared to mild and severe AD patients' brains. Indeed, the severely affected brains presented fewer alterations in genes involved in early HS biosynthesis and more overexpression of genes that are triggered at the end of the synthesis (Pérez-López et al. 2021), which include those responsible of 3-O-sulfation. Since HS functions are based on fine structures constituted by sulfation and that several HSPG have been found to colocalized in NFTs, a probable secondary importance in the disease can be attributed to HSPG core proteins compared to their GAG chain counterparts. HS from different core proteins can share several common features like sulfation pattern, interaction with the same proteins and proximity to cell membrane (Lorente-Gea et al. 2020; Verbeek et al. 1999).

f. Specialized HS sulfotransferases activity and response to stimuli

During development HS harbor different sulfation pattern compared to adulthood, as shown by the expression of sulfotransferases. HS3ST2 is indeed more expressed during development than later in life (Huynh et al. 2012). Moreover, fetal tau is much more phosphorylated than in adult. We could think that these phenomena would catalyze formation of aggregated tau/NFTs. However, it has been shown that young brains do not present tau abnormalities. This suggests that modification of HS sulfation pattern may be involved in HS internalization in neurons. If this is the case, subsequent tau aggregation is probably an answer to stimuli generated only in the elderly brain. In line with this hypothesis, the expression of some HS3STs have already been linked to several stimuli (Sikora et al. 2016; Kuberan et al. 2004).

The following part of the introduction concerns the HS biosynthesis. This is a short summary of the pre-print article where I am co-author (Mohand Ouidja et al. 2022) (full text with references is in the annexes).

HS biosynthesis

Proteoglycans are a family of macromolecules involved in virtually all aspects of cell biology and physiology1. These complex molecules consist in a core protein carrying one or several glycosaminoglycan (GAG) chains, either chondroitin sulfates (CS), heparan sulfates (HS), keratan sulfates (KS), or combinations of them. In HS proteoglycans (HSPG) and CS proteoglycans (CSPG), the glycanic chain is connected to their core proteins trough a common GAG-core protein linker tetrasaccharide (GAG-CP) (Figure 12)1-3. Both the identity of the core protein and the structure of the glycanic chain confer to proteoglycans a great functional diversity, as reflected by the multiplicity of diseases or syndromes resulting from defects on genes coding for their biosynthetic machinery. Among proteoglycans, HS proteoglycans (HSPG) display the greater structural and functional diversity. This is principally due to the diversity and differential expression of the numerous genes required for their synthesis (Figure 12). Interestingly, whereas some of these genes are essential for normal development and homeostasis, several others are not, suggesting that some, but not all, HSPG play essential biological roles depending on the core protein and associated HS chains generated in each tissue and cell by its HSPG biosynthetic machinery.

The biosynthesis of HSPG starts in the endoplasmic reticulum with the production of the core protein coded by a single gene (for instance HSPG2, AGR, COLXVIIA, GPCs, or SDCs that code for full time HSPG core proteins). At the Golgi, the core protein is glycosylated to first form the GAG-CP linker tetrasaccharide. are indicated when known to be required for enzymatic activity. A) The biosynthesis of the GAG-CP linker tetrasaccharide, which is common in HSPG/CSPG. B) After synthesis of the GAG-CP linker, activity of EXTL3, EXT1/EXT2, NDST1, GLCE, HS2ST, and HS6ST1 leads to the synthesis of ubiquitous heparan sulfate (uHS) chains. C) Tissue restricted heparan sulfates (rHS) chains are formed by enzymes which expression is restricted to some tissues and in response to stimuli likely produce NS domains (either from uHS or directly from A). d) Representative HS disaccharide indicating GlcA, IdoA and GlcN units and sulfation positions (in red).

Objectives of the PhD work

Alzheimer's disease (AD) is a slowly progressing non-linear brain disease in which pathophysiological abnormalities precede overt clinical symptoms by many years to decades. The best-known AD hallmarks are brain deposition of amyloid plaques made of Aβ peptides and of neurofibrillary tangles made essentially of abnormally phosphorylated tau.

However, an established key abnormality that occurs decades before amyloids and NFTs accumulation is the abnormal intracellular accumulation of heparan sulfates (HS) in AD neurons (M Goedert et al. 1996; A. D. Snow et al. 1990; Alan David Snow, Cummings, and Lake 2021). Interestingly, this aberrant intracellular HS accumulation appears decades before the detection of amyloidosis and NFTs in brain of Down syndrome patients, which inexorably evolves to AD (A. D. Snow et al. 1990). Regardless of the importance of these observations, to date, there is no mechanism reported that explain the HS accumulation and its link to the later hallmarks of the disease.

HS are a family of sulfated polysaccharides classically located at the cell surface and in the extracellular matrix; importantly, their intracellular accumulation in AD neurons breaks the dogma of their extracellular location. Recently, we showed that among HS, only those carrying a rare sulfation in the position 3 of their glucosamine and termed 3-O-sulfated heparan sulfates (3S-HS), are translocated to the intracellular space in cell models of ADrelated tauopathy. Inside those cells, 3S-HS act as molecular chaperones able to interact with tau promoting its abnormal phosphorylation and aggregation, characteristics of ADrelated tauopathy (Sepulveda-Diaz et al. 2015). In mice developing brain, 3S-HS are detected at the synapse (Maïza et al. 2020) and are also internalized in neurons and synaptosomes from a tauopathy mice model (Maiza et al. 2022). Heparinase treatment of the cultured cells and synaptosomes arrests the HS internalization and prevents de novo production of pathologic tau. These results are coherent with the in vitro requirement of polyanions, such as HS/heparin, in the abnormal phosphorylation and aggregation of tau because they induce tau conformational states that allow kinases to access to previously inaccessible tau epitopes and that induce aggregation (Paudel and Li 1999b).

In brain, 3-O-sulfation is assured by several neuronal HS 3-O-sulfotransferases including the HS3ST2, 4 and 5 (HS3ST2, 4 and 5). Importantly, the increased expression of HS3ST2 in the AD hippocampus (Sepulveda-Diaz et al. 2015; Huynh et al. 2019; 2012) suggests the importance of this enzyme, or related HS sulfotransferases (HS3ST1, 4, and 5), in the mechanism leading to tauopathy and highlights HS3STs as new targets for AD. However, the information is incomplete and to date, no studies have characterized the 3S-HS colocalization with NFTs and it is unknown whether 3S-HS made by one or by several HS3STs are accumulated in the AD brain. If this is the case, it is also unknow the relation of the accumulated 3S-HS with the abnormally phosphorylated and aggregated forms of tau. Indeed, few tools have been validated to study HS3STs and their products. This thesis has 4 related objectives:

1) To better characterize the HS that intra-neurally accumulate within NFTs in AD. The strategy proposed was to analyze 3S-HS in brain samples from "The Netherlands Brain Bank", particularly brain regions developing tauopathy (entorhinal cortex, subiculum, hippocampus, and cortex) and one region negative for tauopathy (cerebellum).

2) To investigate whether HS3ST2 is involved in the vulnerability of specific cells and brain regions to develop tauopathy in AD. A transcriptomic analysis of HS3ST2 expression in different brain regions from healthy people will be performed from publicly accessible databases.

3) To study the involvement of HS3ST2 in the cell-autonomous development of AD-related tauopathy. The strategy proposed was to use the easily transfectable HEK293 cells to stably express HS3ST2 together with human tau carrying or not the P301S mutation to investigate whether HS3ST2 expression induces the intracellular phosphorylation and aggregation of tau in cells.

4) To create cell models of HS3ST2, 4 and 5 overexpression or knock-out to characterize tools for the study of these sulfotransferases and their 3S-HS products. The strategy proposed was to develop HEK293 cell lines transfected to overexpress the enzymes and to use the CRSIPR Cas9 technology to obtain knock out HS3ST2, 4 and 5 cells (in BE(2)-C and NTERA cells). Moreover, the specificity of commercial anti-HS3STs was verified and new anti-HS-3-O-sulfation antibodies were generated. 

Introduction

Alzheimer's disease (AD), the most common cause of dementia, is a progressive neurodegenerative disorder pathologically characterized by the deposition of the abnormally phosphorylated protein tau (P-tau) in form of neurofibrillary tangles (NFTs) and senile plaques (SPs) made of Aβ oligomers (Braak and Braak 1991). However, a less studied key abnormality in AD is the intraneuronal deposition of heparan sulfates (HS), also found to accumulate with NFTs in the diseased brain (Snow, Mar et al. 1990, Goedert, Jakes et al. 1996, Hernández, Pérez et al. 2002, Snow, Cummings et al. 2021). HS are the glycanic moieties of heparan sulfate proteoglycans (HSPG), which are typically located at cell surfaces and in extracellular matrices (Kreuger and Kjellén 2012, Li and Kusche-Gullberg 2016).

Their intracellular accumulation in neural cells breaks the dogma of their extracellular location. Interestingly, the HS intraneuronal accumulation has been observed at very early ages in Down syndrome neurons vulnerable to develop tauopathy, and several years before it appears in patient's brain (Snow, Mar et al. 1990), suggesting that the intracellular HS may have an early role in neurons vulnerable to develop tauopathy and maybe be involved or necessary for tauopathy induction in AD. However, HS are not simple molecules, as their structures can vary between organs, tissues, and cells, leading to two class of HS: essential ubiquitously expressed and specialized tissue restricted sequences (Ouidja MO 2022). While essential HS sequences are constitutive and produced in all tissues and cells, specialized HS sequences carrying specific structures are produced in a tissue/cell specific manner to likely assure appropriate response to stimuli, particularly to neurological stimuli in brain (Ouidja MO 2022). In brain, specialized HS sequences are generated by the action of a combination of enzymes, among which 3-O-sulfotransferases (HS3STs) give final structural and functional specificity to HS chains (Thacker, Xu et al. 2014). Briefly, the biosynthesis of HSPG starts in the endoplasmic reticulum with the production of a core protein that is glycosylated in the Golgi to form a GAG-CP linker on which EXTL3 and EXT1/EXT2 elongate the unsulfated heparan chain. During chain elongation, epimerization of GlcA into iduronic acid (IdoA) is carried by C5 epimerase (GLCE) whereas sulfation is assured by different sulfotransferases including N-deacetyl-N-sulfotransferases (NDST1-4), and different HS O-sulfotransferase (HSST) including HS2ST, HS6ST1-3, and HS3ST1-6 (Fig. 1A). Whereas some sulfotransferases are widely expressed (NDST1, HS2ST, HS6ST1) to form ubiquitous HS (uHS) sequences, several others are tissue/cell selectively expressed (NDST2-4, HS6ST2-3, HS3ST1-6) to produce tissue/cell specialized HS (sHS) sequences. Among them, NDST3, NDST4, HS6ST2, HS6ST3, HS3ST2, HS3ST4, and HS3ST5 are predominantly expressed in brain (Shworak, Liu et al. 1999, Aikawa, Grobe et al. 2001, Lawrence, Yabe et al. 2007, Lencz, Guha et al. 2013, Thacker, Xu et al. 2014, Ouidja MO 2022). Particularly, HS3STs are known to tailor the last synthetic modification that gives to sHS high structural specificity (Thacker, Xu et al. 2014, Ouidja MO 2022).

Recent in vivo imaging suggests that P-tau deposition correlates with neural loss and AD clinical evolution (La Joie, Visani et al. 2020, Tanner and Rabinovici 2021). In AD, neurons that are selectively lost due to tau pathology are part of specific brain regions, including the entorhinal cortex, the subiculum, the CA1 region of the hippocampus, and the cerebral cortex, whereas neurons in other brain regions are not or very lately affected, as those in cerebellum (Morrison and Hof 2002, Fu, Hardy et al. 2018). Moreover, rostral neurons, which represent a mix of excitatory and inhibitory cells, are more sensitive to degenerate than caudal neurons (predominantly inhibitory), suggesting that cell-autonomous and intrinsic factors may, in part, dictate the pattern of selective regional and cellular vulnerabilities to AD (Muratore, Zhou et al. 2017). The reason why the widespread expressed tau protein only accumulates in one set of cells but not in apparently similar neighboring cells is an essential question for the field (Fu, Hardy et al. 2018). Identifying players involved in the mechanisms that underlie selective neuronal subpopulations and brain region vulnerability to disease will contribute to a better understanding of the disease and afford new possibilities for potential effective treatments.

In previous work, we showed in vitro and in cell models of tauopathy that 3S-HS can interact with tau, tauP301L, or tauP301S, and promote its abnormal phosphorylation and aggregation.

Conversely, inhibition of the neural Hs3st2 expression results in tauopathy arrest (Nehme, Chantepie et al. 2015, Sepulveda-Diaz, Alavi Naini et al. 2015). However, whether 3S-HS intracellularly accumulate in AD brain regions and neurons affected by tauopathy or vulnerable to develop tauopathy is unknown. Here, we used anti-tau and anti-HS antibodies including one that recognizes 3-O-sulfation, to perform immunohistochemical (IHC) analysis of P-tau and HS in different AD brain regions and cells affected (hippocampus, cortex, and entorhinal cortex) or not affected (cerebellum) by tauopathy in AD. To investigate brain region and cell type vulnerability to develop tauopathy, we performed meta-analysis of highquality transcriptomic databases including different brain regions and single cell data. This approach allowed to select HS3ST2 as a robust sHS biosynthetic gene which expression correlates with brain region and cell vulnerability to disease. Our results suggest that intracellular accumulation of 3S-HS is an early hallmark of AD pathology and that 3S-HS produced by a specific neural biosynthetic machinery including HS3ST2 are involved in tissue and cell vulnerability to develop tauopathy in AD.

Results

HS accumulate in AD CA1 hippocampal neurons

Previous studies in AD brains have shown that HS accumulate within neurons, tangles, and ghost tangles in regions affected by tauopathy (Snow, Mar et al. 1990, Goedert, Jakes et al. 1996, Hernández, Pérez et al. 2002, Snow, Cummings et al. 2021). However, few is known concerning the accumulated HS structural features tailored by the HS biosynthetic machinery (Fig. 1a). To get insights on this question, we used post-mortem AD brain slides from formalin fixed and paraffin embedded (FFPE) hippocampus tissue from 15 AD patients with Braak stages between IV to VI (72 to 88 years with a mean of 83.6 ± 5 years; post-mortem intervals averaged 6 h 12 min ± 1 h 54 min) and from 11 non demented aged-matched controls with Braak stages between I to III (77 to 88 years with a mean of 83.6 ± 3.4 years; post-mortem intervals averaged 7 h ± 4 h 48 min) (Table 1).

We first confirmed tauopathy in the AD hippocampus by staining with the AT8 antibody that recognizes phosphorylated Ser202 and Thr205 (pSer202/pThr205) regions stabilized by two Arg209 and Arg211 residues in P-tau (Gandhi, Landrieu et al. 2015). According with brain bank scoring, all the analyzed AD tissue showed several cells with strong AT8 positive signal (scored Braak IV by brain bank), whereas control tissues (scored Braak I by brain bank) showed significantly lower AT8 immunoreactivity (Fig. 1b and1d). In the AD tissue, strong AT8 staining was observed in soma of several neural cells and ghost tangles and as neuropil threats, with some smaller objects also stained in the extracellular space (Fig. 1b). Similar observations were done for P-tau labelled with the Ser199/202 and with the AT100 antibodies (not shown) analyzed on successive slides. Globally, these observations in all the analyzed tissue confirmed the Braak stages attributed by the brain Bank. As control, omission of AT8 leads to no signal in AD slides (Fig. 1e). We then immunolabelled HS by using the 10E4 antibody, which recognizes N-sulfated (NS) glucosamine moieties (Fig. 1a) irrespective to other HS structural features and thus irrespectively staining both ubiquitous and specialized HS sequences (van den Born, Salmivirta et al. 2005). 10E4 staining was observed in both neurites and cell bodies, where it showed 'fiber-like structures' (Fig. 1c). Compared to AT8 staining, the 10E4 antibody showed less diffuse staining in cell bodies and fewer small objects were stained in the extracellular space (Fig. 1c). However, as for AT8, 10E4 showed a significantly higher labelling in AD(+) Braak IV than AD(-) Braak I brains as quantified in Fig. 1d. HS identity was confirmed by loss of 10E4 signal when tissue was pre-treated with a cocktail of heparinases (Fig. 1e), which cleaves HS chain irrespectively of structural features (NS, 2S, 6S, 3S, and C5). From AD and controls, HS were labelled in senile plaques (Fig. 1f).

Moreover, 10E4 stained the HS extracellular matrix rich choroid plexus basal membranes with similar intensities in AD(+) and AD(-) brains (Fig. 1g), confirming that HS deposition in the hippocampal cells is specific of AD.

We showed that HS accumulate in neurons of AD hippocampus but not in neurons of the control AD(-) tissue (Fig. 1c-g), indicating a link with the disease. Out from neurons, HS were also observed in both AD(+) and AD(-) in SPs and in extracellular matrix of the choroid plexus, in where they are compactly present and detected, although with no-link to disease (Fig. 1g). Although the HS extracellular detection in regions rich in extracellular matrix, as the basal lamina under physiological conditions, these sulfated polysaccharides should also be detected on cell membranes, unless they carry sulfation signatures not recognized by our antibody or if detection is affected in post-mortem tissue (becoming observable only when they richly accumulate). To investigate whether membrane associated HS can be detected in brain cells independently of HS sulfation, we used the anti-HS antibody 3G10 that recognizes the unsaturated sugar residue generated after bacterial heparinase HS cleavage from HSPG. This residue remains near the core protein subsequently to the heparinase eliminase activity (mammal heparanase has a hydrolase activity and cannot generate this residue) (David, Bai et al. 1992). Thus, we treated tissue slides with the bacterial heparinase before 3G10 staining.

Again, as for 10E4, 3G10 stained SPs and choroid plexus extracellular matrix (not shown) in AD(+) and AD(-) tissue, and only stained HS that accumulate in neurons of AD(+) but not in neurons of AD(-) tissue (Fig. 1h). As in the 10E4 stained neurons, the 3G10 AD(+) stained neurons showed a fibril-like morphology and no-membrane associated HS could be detected. This suggests that FFPE post-mortem tissue does not allow to observe endogenous cell membrane-associated HS, but only the HS rich in extracellular matrices and those that accumulate in the AD cells. Together, these results indicate that HS specifically accumulate in AD neurons of the CA1 region of the hippocampus, but it is unknown whether they accumulate in others hippocampal regions known to be less affected by tauopathy in AD. 

HS intracellularly accumulate in AD hippocampal neurons

We showed that HS accumulate in the AD hippocampus CA1 region, which is among the brain regions highly vulnerable to develop tauopathy in AD and the most vulnerable hippocampal CA region. To compare HS between the hippocampal CA regions in relation with P-tau accumulation, we stained P-tau (AT8) and HS (10E4) in CA1, CA2, CA3, and CA4 of AD (Braak IV) and Ctr (Braak I) tissues. Fig. 2a shows that compared to AD-CA1, Ptau staining in AD-CA2 presents lower NFTs and NTs, fewer diffuse P-tau staining in soma, and a larger density of small AT8+ extracellular objects. On the other side, HS staining in AD-CA2 showed lower extracellular objects compared to the AT8 ones and a lower number of fibril-like labelling in cells compared to AD-CA1; however, 10E4+ cells with diffuse staining in the soma and NTs-like staining were also observed in the AD-CA2 (Fig. 2a). On the other side, P-tau and HS staining in AD-CA3 and AD-CA4, showed the presence of some extracellular objects and infrequent labelled cells, both absent in Ctr-CA3 and Ctr-CA4 tissues. These observations, confirmed in all analysed patients (7 AD Braak 4, and 5 Ctr), suggest that HS intracellularly accumulates in the same CA regions in where tau is deposed.

To investigate if the HS that accumulate in AD are intracellularly present in neurons and in neurites, where tauopathy is known to start, we analysed FFPE tissue slides by immunofluorescence.. Whereas in cells from Ctr (Braak I) brain we did not observe 10E4 positive neurons (Fig. 2bA), in the AD (Braak IV) neurons we observed both positive intraneuronal and neuritic 10E4 signal (Fig. 2bB-C), indicating that HS intracellularly accumulate in soma and neurites only in the AD tissue. Interestingly, the 10E4 antibody recognizes N-sulfated sequence present in both ubiquitous and specialized HS chains (Ouidja MO 2022) and it is unknown whether the accumulated HS are specialized and thus carry tissue and cell specific structural signatures. Together, these results indicate that HS intracellularly accumulate in AD(+) neurons but not in control AD(-) neurons. As the 10E4 antibody recognizes N-sulfated sequence present in both ubiquitous and specialized HS chains, it is still unknown whether the accumulated HS are specialized and carry tissue and cell specific structural signatures.

3S-HS accumulate in AD brain

To get insights on the type of HS that intracellularly accumulate in AD neurons, we used a battery of antibodies that can recognize HS structural features, including N-sulfation (NS), Nacetyl (NAc), 2-O-sulfation (2S), 6-O-sulfation (6S), 3-O-sulfation (3S), and GlcA epimerization into IdoA at C5 (Ido). As control, we used the 3G10 antibody that recognizes uronate moieties resultant from heparinase digestion of HS chains in all HSPG. Briefly, we used the well-known monoclonal 10E4 antibody and a battery of phage display antibodies including HS4C3, EV3C3, AO4B08, RB4EA12, and HS4E4. 10E4 recognizes NS sequences irrespective to other sulfations (van den Born, Salmivirta et al. 2005). HS4C3 recognizes specialized HS sequences carrying the rare 3S in presence of other sulfations as NS (Ten Dam, Kurup et al. 2006), herein these sequences are termed 3S-HS. EV3C3 recognizes HS sequences carrying NS/Ido/2S, with 6S likely reducing binding (Dennissen, 2002;Smits, 2004;]Thompson, Connell et al. 2011). AO4B08 recognizes HS sequences carrying NS/Ido/2S/6S with 6S likely increasing binding (Lensen, 2005;Kurup, 2007) RB4EA12 stains HS sequences carrying NS/Ido/6S, with 2S likely reducing binding (Dennissen, Jenniskens et al. 2002, Lensen, Rops et al. 2005). Finally, HS4E4 stains HS sequences carrying NS/Ido/2S/NAc, with 6S likely reducing binding (Dennissen, Jenniskens et al. 2002, Lensen, Rops et al. 2005). We used the antibody MBP49 as a negative control phage display antibody non-recognizing any target (Lensen, Rops et al. 2005). Stainings of the AD and control hippocampal tissue slices with the different antibodies showed that 10E4 and HS4C3 stained the AD-accumulated HS with higher signal than any other used anti-HS antibodies (Fig. 3a).

However, HS4C3 signal in the AD neurons better differentiated Braak I vs Braak IV tissue (HS4C3, Braak I vs Braak IV, P<0.0001) than 10E4 (10E4, Braak I vs Braak IV, P=0.0001) (Fig. 3b). At Braak I, no significant differential staining was seen between the two antibodies (Braak I, HS4C3 vs 10E4, P=0.9651) but a better HS4C3 response was observed at Braak IV (Braak IV, HS4C3 vs 10E4, P=0.015). This suggests a stronger effect of the specialized 3S-HS sequences in HS accumulation in AD cells. Non-significant or low immunopositivity was observed in neurons when tissue slides were stained with other antibodies. With exception of the negative control MBP49 antibody, which did not show any staining in any brain structure, all antibodies strongly stained choroid plexus and were heparinase sensitive (not shown), validating their capacity to recognize HS. Based on visual observations, a range of staining intensities could be established: HS4C3 (3S required, other substitutions allowed) > 10E4 (NS required, other substitutions allowed) > EV3C3V (NS/Ido/2S required, 6S reducing binding), AO4B08 (NS/Ido/2S/6S, 6S increasing binding) > RB4EA12 (NS/Ido/6S, 2S reducing binding), HS4E4 (NS/Ido/2S/NAc required, 6S reducing binding). These results suggest that 3S and NS are among the main structural features associated to HS accumulation in the AD brain, particularly 3S, which is a specialized HS modification, whereas NS is ubiquitous.

To further evaluate the importance of HS 3-O-sulfation in the staining of HS accumulated in the AD brain, we used HS synthetic oligosaccharides with known sulfation patterns (Fig. 3d).

Two of these oligosaccharides (oligo 1 and oligo 2) carry a 3-O-sulfation but differ on the presence or not of a 2-O-sulfate group in the uronic acid consecutive to the 3-O-sulfated glucosamine in HS domains (Fig. 3d). 3S-HS carrying a 2-O-sulfation in the iduronic acid subsequent to the 3-O-sulfated GlcN residue is characteristic of sequences that can result from the activity of HS3ST2, HS3ST4, and HS3ST5 (Shworak, Liu et al. 1999, Lawrence, Yabe et al. 2007, Thacker, Xu et al. 2014), whereas 3S-HS lacking the 2-O-sulfation are characteristically made by HS3ST1, HS3ST3A, HS3ST3B, HS3ST5, and likely HS3ST6 (not expressed in brain) (Shworak, Liu et al. 1999, Lawrence, Yabe et al. 2007, Thacker, Xu et al. 2014, Ouidja MO 2022). The two other oligosaccharides (Oligo 3 and Oligo 4) reproduced the structures of the Oligo 1 and Oligo 2 but lacked 3-O-sulfation (Fig. 3d). Pre-incubation of either HS4C3 or 10E4 antibodies with the different oligosaccharides was performed (a ratio of 1 antibody incubated with 50 oligosaccharide molecules was optimized to get the maximum blocked signals with both HS4C3 and 10E4 antibodies) and the mix was used to stain tissue.

Results show that only 3-O-sulfated oligosaccharides Oligo 1 and Oligo 2 blocked staining of the AD (Braak IV) tissue incubated with the HS4C3 antibody (Fig. 3e), indicating that when 3S recognition capacity of the antibody is specifically missing the AD tissue is not stained.

Accordingly, preincubation of the 10E4 antibody, which requires NS sulfation with nonspecific pattern for recognition, showed to be not blocked specifically by any of the 4 oligosaccharides, although a general lower staining intensity could be observed (Fig. 3f). This suggests that NS recognition by the 10E4 antibody is predominant and a common HS modification, and should be present nearby 3S-HS sequences in the same chains that accumulate in AD. However, whether 3S-HS accumulate in neurons of other brain regions affected by tauopathy in the AD brain is unknown. 

3S-HS accumulates in brain regions affected by tauopathy in the AD brain

Neurofibrillary lesions are known to differently affect specific brain regions and cells in the AD brain. Similarly, 3-O-sulfation is a specialized sulfation made by HS3STs, which show differential expression in different tissues and brain regions (Yabe, Hata et al. 2005, Mochizuki, Yoshida et al. 2008). To investigate whether 3S-HS accumulate in neurons of different brain regions affected by tauopathy in the AD brain, we stained the hippocampal formation focusing on entorhinal cortex and subiculum (Fig. 4a-c), and the temporal cortex (Fig. 4d) with the HS4C3 antibody.

In addition, we stained cerebellum which is a brain region free of tauopathy in AD (Fig. 4e).

AT8 staining was used to assess tauopathy in the analyzed tissues. Our results show 3S-HS accumulation in the AD AT8+ brain regions including the entorhinal cortex (Fig. 4a and4b), subiculum (Fig. 4a and4c), and temporal cortex (Fig. 4d), but not in the tauopathy free cerebellum (Fig. 4e). As staining of extracellular senile plaque-like structures was observed in both AD and Ctr tissues, 3S-HS intracellular staining was specific of AD (Fig. 4a-d ),

suggesting that the 3S-HS intracellular accumulation can differentiate AD vs Ctr tissue in all the analyzed brain regions. However, it is unknown whether neurons, astrocytes and microglia are concerned by the intracellular 3S-HS observed in AD. 

3S-HS predominantly accumulate in neural cells and not in astrocytes nor microglia

Accumulation of 3S-HS was observed in brain regions affected by tauopathy in the AD brain and absent from non-affected regions. Interestingly, this accumulation was found to predominately accumulate in neuron-like cells. Thus, to investigate whether 3S-HS predominantly accumulate in neurons, or whether this also affects astrocytes and microglia, we performed co-staining of HS4C3 with cellular markers including IBA1 (microglia), GFAP (astrocytes), and MAP2 (neurons). Because no staining was observed in AD negative tissues (Braak I) (Fig. 3 and Fig. 4b-d), we focused the analysis on the AD tissues (Braak IV). Triple co-staining of HS4C3 with IBA1 and GFAP showed that 3S-HS staining was predominantly located in non IBA1 nor GFAP labelled neuron-like cells (Fig. 5aA, brown arrows). Although microglia and astrocytes appropriately immunoreacted to IBA1 and GFAP, respectively (Fig. 5aA), we confirmed our results by carrying double co-staining first with HS4C3 (violet) and IBA1 (brown) and then with GFAP (brown) (Fig. 5aB-G). As, expected from the above results, staining with IBA1 was confirmed to be predominant in microglia (Fig. 5aB-C, arrows), although some violet could be observed, possibly because of the capacity of microglia to phagocyte aggregated proteins that accumulate with 3S-HS, as shown in Fig. 5aD. Similarly, staining with GFAP (brown) was confirmed to be predominant in astrocytes (Fig. 5aB-C, arrows), as confirmed by the stellar morphology observed in the GFAP labelled cells (Fig. 5aE-G, arrows). Accordingly, cells that intracellularly accumulated 3S-HS all along this study showed neuron-like, and non-astrocyte nor microglia-like morphologies, as shown in Fig. 5aA.

Interestingly, the AD neuron-like cells stained with HS4C3 showed different morphologies going from diffuse to highly fibrillar. To investigate whether 3S-HS accumulate in neurons before or after the cytoskeleton is disrupted, we co-stained AD (Braak IV) CA2 hippocampal tissue with HS4C3 and MAP2, and in parallel, with HS4C3 (3S-HS) and AT8 (P-tau). At Braak IV, CA2 shows less advanced tauopathy than CA1, and thus the probability to find neurons without highly fibrillar NFT is higher. Thus, as expected, we observed MAP2 positive neurons and axons with non-altered cytoskeleton and non 3S-HS labelling (Fig. 5bB). However, we also observed MAP2 positive neurons in which 3S-HS showed diffuse staining (Fig. 5bC-D), and cells in which no more MAP2 was present and fully stained with 3S-HS showing fibrillar morphology (Fig. 5bE). Interestingly, in cells showing diffuse 3S-HS, their signal was found to be mixed with MAP2 signal in some areas of the cells (Fig. 5bA-E).

These results indicate that 3S-HS accumulate within neurons of the AD brain and that they can show diffuse or fibrillar morphology. Then, we co-stained 3S-HS with AT8, which in AD brain labels soluble P-tau and P-tau fibers (Gandhi, Landrieu et al. 2015). Interestingly, we found cells with diffuse and punctiform accumulated 3S-HS staining without AT8 signal (Fig. 5bF-G, arrows). The 3S-HS positive/AT8 negative signal was in soma, along axons, and in neurites (Fig. 5bF-G, arrows). As previously observed, 3S-HS signal was also richly present in NTs and NFTs, where it showed a fibrillar morphology (Fig. 5bH-I). To confirm these observations, we performed another serie of 3S-HS and AT8 staining with different colors (Fig. 5c). Again, a diffuse with punctiform accumulated 3S-HS was observed without, or with few, AT8 signal (Fig. 5cA-B). As in Fig. 5b, we also observed 3S-HS and AT8 colocalization in cells with evolving tauopathy and in cells with fibrillar NFT (Fig. 5cC-D). Together, our results show that 3S-HS accumulation in AD neurons looks progressive, with faint and diffuse staining in MAP2 positive neurons in which cytoskeleton is not yet disrupted and wellpreserved neuronal soma, punctiform signal morphology in neurons with some AT8+ deposits, and fibrillar morphology in strongly immunoreactive AT8+ tau deposits. 

3S-HS gradually accumulate and colocalize with tau in neurons

By using immunohistochemical procedures, we found that intraneuronal 3S-HS signal likely evolves from low and diffuse accumulation to fibrillar deposition in the AD brain. To confirm this observation by a deeper analysis of cells, we used immunofluorescent co-staining of 3S-HS with anti-tau antibodies AT8, PHF1 and K9JA. AT8 recognizes tau phosphorylated at S202/T205/S208 sites that give to tau a turn conformation stabilized by basic residues R209 and R211 (Gandhi, Landrieu et al. 2015, Malia, Teplyakov et al. 2016). PHF1 recognizes tau phosphorylated at S396/S404 sites located at the C terminus, far from domains engulfed in the fibers (Bibow, Ozenne et al. 2011, Mondragón-Rodríguez, Perry et al. 2014). K9JA targets the tau C-terminal domain starting at Q244 and extending to L441 at the C-terminus, regardless its phosphorylation state (Wang, Biernat et al. 2007). We first co-stained AD hippocampal slides with the three anti-tau antibodies and observed, in the neural cells, the presence of the 3 forms of tau (AT8, PHF1, and K9JA) within different morphologies, going from diffuse/punctiform to fibrillar. We then designated cells based on the morphology of the tau staining (Fig. 6a). Cells in which tau was diffuse/punctiform were noted as A; cells in which tau showed mixed diffuse/punctiform and moderate fibrillar staining were noted as B; cells in which tau is fully fibrillar and show a leaving nucleus were noted as C; finally, celllike structures in which tau is fully fibrillar and the cell nucleus is absent (ghost tangles) were noted as D (Fig. 6a). All these cellular tauopathy stages were observed mixed in all patients.

However, a higher level of C and D cells were principally observed at advances Braaks, and more A and B cells in Ctr subjects or in AD brain regions less affected by tauopathy, as CA2.

We then performed 3S-HS staining by immunolabelling tissue slides with each tau antibody together with HS4C3 (3S-HS). Our results show that 3S-HS are present inside the cells and colocalize with the different forms of tau from the early-stage A (Fig. 6c-e). To confirm the 3S-HS staining within cells, we performed confocal microscopy and observed the presence of both, NS-HS and 3S-HS in cells and NFTs (Fig. 6b). In agreement with ICC observation in Fig. 5c, we observed 3S-HS staining in dendrite/axonal prolongations before fibrillation (Fig. 6d, first column). At high aggregation stages 3S-HS staining was strong and well colocalized with PHF1 (Fig. 6e) and K9JA (Fig. 6c) and showed to gradually mask AT8 (Fig. 6d, last column). Together, our results show that 3S-HS sequences are present in neural cells from early phases of tauopathy development and that they progressively accumulate together with tau fibrillation. 

3S-HS are produced by enzymes mainly expressed in tauopathy vulnerable brain regions and neural cells

HS chains are complex macromolecules made by a battery of enzymes which expression levels vary depending on their organs or tissue in which they are expressed. 3-Osulfotransferases are among the tissue restricted enzymes that in brain produce specialized 3S-HS sequences. To investigate changes in the HSPG biosynthetic machinery in AD compared to control brains, we used different open access transcriptomic databases available. However, in all consulted databases we observed that the levels of expression of any HSPG biosynthetic genes was extremely low, around 2 transcripts per million (TPM). This might not be surprising as specialized rHS biosynthetic machinery genes, which includes HS3STs, are expressed at very low TPM under basal conditions (Ouidja MO 2022), making difficult to differentiate AD and Ctl in transcriptomic RNAseq databases. However, it became evident that the level of expression of several HSPG biosynthetic genes are higher in the tauopathy vulnerable cortex and hippocampus compared to tauopathy resistant cerebellum, particularly the three specialized HS3ST2, HS3ST4, and HS3ST5 (Fig. 7, red squares). Interestingly, other specialized enzymes were also increased in the tauopathy vulnerable regions, including HS6ST3 and HS2ST1 in lower extent. In Brain, HS3ST2 and HS3ST4 have been reported to be predominantly expressed by neurons, rather than microglia and astrocytes (Yabe, Hata et al. 2005, Lawrence, Yabe et al. 2007, Mochizuki, Yoshida et al. 2008). Although expression was low, as for all the specialized genes (Ouidja MO 2022), this suggests that these enzymes might be involved in the synthesis of HS that accumulate in neurons, which are the cells vulnerable to develop tauopathy in the AD brain. 

Discussion

AD is a slowly progressing disease which pathophysiological abnormalities precede overt clinical symptoms by many years to decades. Since the early 90's, it was shown that HS accumulate inside neurons of brain regions affected by tauopathy in AD, and that this accumulation can be detected several years before the deposition of NFT and amyloid plaques (Snow, Mar et al. 1990, Su, Cummings et al. 1992, Goedert, Jakes et al. 1996). In a previous work, we showed that 3S-HS intracellularly accumulate and colocalize with tau in the SH-SY5Y human neuroblastoma cells expressing the tauP301L or in cells submitted to oxidative stress (Sepulveda-Diaz, Alavi Naini et al. 2015). Here, based on the staining of HS with the antibodies 10E4 (HS carrying NS cartridges) and HS4C3 (HS carrying both NS and 3S cartridges), and on the staining of tau with K9JA (total tau), AT8, or PHF1 (P-tau), we observed that the HS that intracellularly accumulate in AD neurons from early stages of tau pathology carry both NS and 3S cartridges. 3S-HS are a specialized type of HS which structures can differ depending on the tissues and cells in which they are made (Thacker, Xu et al. 2014, Ouidja MO 2022), and that carry highly sulfated HS sequences (Snow, Lara et al. 1989). The characteristic high sulfation of 3S-HS agrees with the first studies in this research domain in the early 90's, reporting that the HS that accumulate in tauopathy affected brain regions (hippocampus CA1) were highly sulfated HS (Snow, Lara et al. 1989) and thus were possibly 3S-HS chains. Indeed, in 1989, 3S-HS biosynthetic machinery and particularly the enzymes that assure 3-O-sulfation in brain were unknown (they started to be described in 1999 (Shworak, Liu et al. 1999)). Thus, several studies from the early 80's to the late 90's showed a clear link between HS and tauopathy, but no specific structural features could be given to the highly sulfated HS that accumulated in the AD brain (Snow, Mar et al. 1990, Goedert, Jakes et al. 1996, Snow, Cummings et al. 2021). Here, we not only show that 3S-HS accumulate in the hippocampal regions of the AD brain, but also that they only accumulate in regions and cells that develop tauopathy.. Moreover, we show that their accumulation starts before the beginning of tau fibrillation, suggesting a key role of HS in this process.

In the AD brain, the deposition of tau cannot be related to tau expression, since tau is produced by different types of cells in different brain regions affected and non-affected by tauopathy. In AD, tau (3R+4R) accumulates in neurons of cortex and regions of the limbic lobe (notably in the hippocampus CA1, subiculum, and entorhinal cortex), whereas in other tauopathies tau accumulates in other regions or cells (Höglinger, Respondek et al. 2018, Ali and Josephs 2019). For instance, in progressive supranuclear palsy, tau (4R) accumulates in cerebellum, brainstem regions, and basal ganglia. In corticobasal degeneration tau (4R) accumulates in cortex and ganglia; in frontotemporal dementia with Parkinsonism linked to chromosome 17 tau (4R or 3R) accumulates in cortex, basal ganglia, and brainstem; and in Pick's disease tau (3R) accumulates in cortex and limbic lobe (Höglinger, Respondek et al. 2018, Ali and Josephs 2019). To investigate the specificity of the different HS3STs in brain regions and cells vulnerable to develop tauopathy in AD, we performed a meta-analysis of high-quality transcriptomic databases on different brain regions from healthy human adult.

We found that HS3ST2 is expressed in brain regions vulnerable to develop tauopathy in AD (cortex, hippocampus) and not, or less, in regions non or less vulnerable to develop tauopathy in the AD brain (cerebellum). Interestingly, mRNA HS3STs are significantly overexpressed in AD hippocampus compared to age-matched controls by RT-qPCR (Huynh, Villares et al. 2012, Sepulveda-Diaz, Alavi Naini et al. 2015, Lorente-Gea, García et al. 2020, Pérez-López, Martín et al. 2021).

The vulnerability of brain regions and cells to develop tauopathy has been an open question

since several years (Fu, Hardy et al. 2018). Indeed, neurodegenerative diseases have two general characteristics. The first is that the pathology associated with the disease only affects particular neurons ('selective neuronal vulnerability'); the second is that the pathology affects differently brain regions in which pathology advance with different speeds. The mechanisms underpinning selective neuronal and regional vulnerability to develop tauopathy have been difficult to dissect. Because tau protein is accumulated in an abnormal phosphorylated form, one can imagine that the regulation of tau phosphorylation in the neural cells is due to an unbalance between the numerous kinases and the few phosphatases. However, several studies have indicated that kinases, phosphatases, and several other proteins involved in the clearance of protein aggregates are not involved in differential vulnerability.

In a recent review Fu et al gathered information showing that excitatory neurons are those that are vulnerable to accumulate pathological forms of tau and that are lost early in the disease (Fu, Hardy et al. 2018). The excitatory neurons that are vulnerable to develop tauopathy in AD include large pyramidal neurons in layer II of the entorhinal cortex, the subiculum, the CA1 and CA2 regions of the hippocampus (Hyman, Van Hoesen et al. 1984, Morrison, Hof et al. 1998), and noradrenergic neurons in the locus coeruleus (Bondareff, Mountjoy et al. 1982, Greenamyre and Young 1989). Moreover, excitatory neurons that are particularly vulnerable in AD are reelin-immunoreactive excitatory neurons in layer II of the entorhinal cortex (Chin, Massaro et al. 2007, Stranahan and Mattson 2010) and pyramidal neurons immunoreactive to SMI32 (Morrison, Lewis et al. 1987, Bussière, Giannakopoulos et al. 2003). On the other hand, inhibitory neurons are less vulnerable in AD or animal models of AD (Iwamoto and Emson 1991, Hof, Nimchinsky et al. 1993, Fu, Rodriguez et al. 2017). Dentate gyrus granule neurons, deeper parts of layer III and layers V and VI of entorhinal cortex, and cortical interneurons are relatively spared in early AD (Hyman, Van Hoesen et al. 1984, Sarter and Bruno 2002, Mattson and Magnus 2006). Interestingly, a comparison between rostral neurons, which express neuronal markers with forebrain cortical fates that are vulnerable in AD, and caudal neurons, which express classical markers of hindbrain and spinal cord and are relatively spared in AD, derived from induced pluripotent stem cells (iPSCs) of patients harboring an APP mutation revealed that both the generation of Aβ and the responsiveness of tau to Aβ were affected by neuronal cell type. Rostral neurons, which represent a mix of excitatory and inhibitory cells, were more sensitive than caudal (predominantly inhibitory) neurons, suggesting that specific cell-autonomous factors may, in part, dictate the pattern of selective regional vulnerability in human neurons in AD (Muratore, Zhou et al. 2017). Here, we found that HS3ST2 is expressed in brain regions vulnerable to develop tauopathy in AD.

Thus, we postulate that HS3ST2 expression might render cells vulnerable to develop ADrelated tauopathy. We propose that the internalization of specific HS made by the neuronal HS biosynthetic machinery, including HS3ST2, could be the key event triggering the abnormal phosphorylation and aggregation of tau. Indeed, inside neuron, HS accumulation resultant from increased internalization and traffic vesicles breakdown, can act as the factor that induces tau aggregation and abnormal phosphorylation, as it occurs in a tube when tau is in contact with heparin. In this mechanism, the HS/tau interaction is based on close proximity leading to electrostatic interactions implying tau conformational changes, unbounding it from microtubules and allowing an open access to kinases resulting in its abnormal phosphorylation and aggregation.

Materials and Methods

Human post-mortem material

Tissue samples from the hippocampus, temporal cortex and cerebellum were obtained from

The Netherlands Brain Bank, Netherlands Institute for Neuroscience, Amsterdam (open access: www.brainbank.nl). All material has been collected from donors for or from whom a written informed consent for a brain autopsy and the use of the material and clinical information for research purposes had been obtained by the NBB. Table 1 provides an overview of the diagnosis, age, post-mortem interval (PMI), gender, Braak stage, CERAD score, analyzed regions and storage conditions of all samples. No significant differences were observed between the control and AD group about age and PMI. The use of human brain postmortem samples in this study has been approved by the CEDIS ethical committee (UPEC).

Immunohistochemistry and immunofluorescence

FFPE tissue sections from hippocampus, temporal cortex and cerebellum were used for immunohistochemical and immunofluorescence analysis. Briefly, 4 µm thick tissue sections were deparaffinized and treated 5 min with 88% formic acid (VWR). HS identity was confirmed regularly as a control (or before 3G10 staining) with a mix of heparinase I, II and III (Iduron) respectively used at 2, 0.2, and 0.2 U/mL in a buffer (400 mM Sodium acetate, 40 mM CaCl 2 , pH 7) incubated overnight at 37°C on slides. Endogenous peroxydase activity was blocked using 3% H 2 O 2 (in 20% methanol and 77% H 2 O) for 30 min. Then, sections were incubated 30 min with blocking buffer (PBS, 1% BSA, 5% animal serum) containing goat or donkey serum (species determined by secondary antibody host used). Subsequently, immunostainings were performed with the anti-HS, tau, and cell markers antibodies listed in table 2 and 3. All antibody incubations were performed during 1 h at room temperature (RT) or overnight at 4°C in blocking buffer. All phage display antibodies were revealed using an anti-VSV antibody made in rabbit (Sigma, 1:5000). Pre-incubation of oligosaccharides (synthesized by Glycan Therapeutics) with 10E4 or HS4C3 was performed overnight at 4°C in blocking buffer with a ratio of 1 molecule of ab incubated with 50 molecules of oligosaccharides.

For immunohistochemistry, biotinylated secondary antibodies (or tertiary antibodies in case of phage display staining) were used (Vector or Southern Biotech, 1:250) in combination of an ABC kit (Vector, 1:125 in PBS pre-incubated 30 min at RT) incubated on sections 90 min at RT. Between, incubation steps, sections were extensively washed using PBS. 0.5 µg/mL DAB (3,3'-Diaminobenzidine, Sigma) was used as chromogen to generate brown precipitates.

Vector ® VIP and Vector ® SG (Vector, following manufacturer's recommendations) were used as chromogen to promote respectively purple and blue precipitates. For co-stainings, sequentially, each antibody was incubated, revealed with a different chromogen and peroxydase was blocked. After a final washing step, Harris hematoxylin (CARL ROTH) counterstaining was performed. Finally, slides were dehydrated and mounted (Eukitt, VWR).

Colorimetric acquisitions were obtained with a NanoZoomer automatic slide scanner microscope (HAMAMATSU).

For immunofluorescence, no endogenous peroxidase inhibition was applied. Secondary ab coupled to Alexa Fluor fluorophore AF488 adapted to the primary ab host was used (Invitrogen, 1:2000). Nuclei were labelled with 1 µg/mL DAPI (Sigma) for 5 min.

Autofluorescence (from lipofuscin) quenching was performed by 0.1% Sudan Black B (in 70% ethanol) staining for 5 min and extensive PBS washes. Finally, slides were mounted with Prolong (Invitrogen). Fluorescent acquisitions were obtained with the software CellSens from an inverted microscope (IX81 Olympus, 60x N.A. 1.35) coupled to an Orca Hamamatsu RCCD camera. Images were processed with the ImageJ software (W. Rasband, National Institute of Health).

Quantification of immunohistochemical stainings

Semi-quantitative evaluation of immunohistochemical stainings was performed with the Fiji software. For each tissue, six fields covering the entire CA1 region of the hippocampus were analyzed. First, color deconvolution allowed to isolate the brown signal corresponding to precipitates produced by the peroxidase activity. Then, a threshold was applied to select the signal corresponding to HS or tau in cells. Also, specific signal corresponding to SPs and vessels was removed manually. Finally, the percentage of stained area was measured. Mean of all the fields analyzed and standard deviations are represented. Globally, 2 Braak I are compared to 3 Braak IV tissues.

Bioinformatic analysis

Expression of HSPG biosynthetic machinery was retrieved from a diversity of regions from the adult human brain. (Fu, Hardy, and Duff 2018). To investigate whether 3S-HS accumulate in tauopathies other than AD, we stained brain sections from AD with vascular encephalopathy, PSP, and Pick's disease (Figure 13). Representative images of FFPE slides stained with the HS4C3 and AT8 antibodies. AD with vascular encephalopathy (CA1 hippocampus), PSP (entorhinal cortex), Pick's disease (dentate gyrus). Sections were counterstained with hematoxylin. Scale bars 50 µm.

We observed both P-tau (AT8) and 3S-HS (HS4C3) accumulation in the 3 tauopathies, although in different regions, cells and with different staining morphology. For instance, while in AD with vascular encephalopathy, staining was similar than in AD, in Pick's disease, it affected other brain regions, as the dentate gyrus (Figure 13), which is not affected by tauopathy nor by 3S-HS accumulation in AD.

These findings suggest that 3S-HS accumulate in cells and brain regions affected by different tauopathies. Although the structural specificity of 3S-HS that accumulate in the different tauopathies is unknown, our results suggest that they can accumulate with neuroanatomical selectivity, possibly contributing to cellular and molecular changes in the affected cells, as in tauopathy development.

2. Oligomeric tau intracellularly and extracellularly colocalize with 3S-HS in the AD brain.

The importance of tau oligomeric intermediates has been largely recognized in the mechanisms leading to tau toxicity in AD and other tauopathies (Ghag et al. 2018). By using the anti-oligomeric tau antibody T22, tau oligomers have been characterized in the AD brain, which showed 4-fold higher amounts of tau oligomers than in the control brains (Lasagna-

Reeves et al. 2012

). Tau oligomers have also been found to colocalize with pre-tangles, neuritic plaques, and neuropil threads in the AD brains. Because tau oligomers have been proposed as early entities in tauopathy development, we used the T22 antibody and showed that the oligomeric tau signal co-stains with that of 3S-HS (Figure 14). This suggest that 3S-HS accumulate with tau from early phases of the tau aggregation process. Representative images of FFPE hippocampus slides from AD(+) Braak IV stained with the anti-oligomeric tau T22 antibody. Nuclei were stained with Dapi. Scale bar 56 µm.

Glypican 1 intracellularly accumulates in neural cells affected by tauopathy in AD.

Ubiquitous and specialized HS, including 3S-HS, are carried by core proteins, together forming the HSPG. Several HSPG core proteins have been described to colocalize with protein aggregates in AD. For instance perlecan, agrin, and glypican 1 are known to stain with a plaques, whereas some cell membrane associated glypicans and syndecans have been seen accumulating with NFTs (Lorente-Gea et al. 2020; Alan D. Snow et al. 1994; Stranahan and Mattson 2010a; Verbeek et al. 1999). In our study we immunoassayed the brain tissue with all known syndecans (syndecans 1-4) and all glypicans (glypican 1-4). Only glypican 1 was accumulated in neurons in the AD brain (Figure 15). Indicating that this core protein might carry the 3S-HS chains that accumulate in the AD brain. Representative images of FFPE hippocampus slides stained with the glypican 1 antibody (5 µg/mL, PA5-47632, Invitrogen). Sections were counterstained with hematoxylin. Scale bars 50 µm.

C11 and C6 antibodies stain heparinase-resistant molecular species in human brain but not C62

The development and characterization of the anti-3S-HS C11 and C6 antibodies (similarly developed anti-HS C62 antibody) are described in chapter 5.

a. C11 staining in human brain

Antibody C11, which by ELISA (Janssen) specifically recognized 3-O-sulfated heptasaccharides H1 and H2, which are its original antigens, was previously tested in HEK293 cells transfected to express human HS3STs and murine Hs3sts (HEK-HS3ST2, HEK-HS3ST4, HEK-HS3ST5, HEK-Hs3st2, HEK-Hs3st4, and HEK-Hs3st5 cells). Results in those cells showed that C11 can only recognize 3S-HS made by the human HS3ST2 transfected cells (Figure 34 and Figure 35). However, 3S-HS in the HEK-HS3ST2 cells might be highly remains to be investigated. Interestingly, in the HEK-HS3ST2 cells, most of the C11 signal disappeared after the heparinase treatment (Figure 34 and Figure 35), possibly because in the cultured cells the 3-O-sulfated tetrasaccharides could be washed-out. However, this remains to be investigated.

Importantly, no plaques-like staining was observed, as seen with the 10E4, 3G10 and HS4C3 antibodies, suggesting that C11 staining is specific for cells, likely neurons (based in cell morphology). It is known that physiologically normal HS are typically present at the cell membrane and in the extracellular matrix. However, these HS cannot be stained in FFPE-tissue, as only HS deposits (pathologic) are stained, as those observed in neurons (intracellular deposits) and in plaques (extracellular deposits) of the AD brain with the 10E4, 3G10 and HS4C3 antibodies.

Thus, we also stained AD frozen brain tissue to explore if endogenous HS and 3S-HS could be more detectable (data not shown). However, no difference was observed between FFPE and frozen AD hippocampal brain tissue stained with C11 and other antibodies like 10E4 and HS4C3.

These results suggest that C11 cannot be used to differentiate AD+ vs AD-tissues. C11

showed a likely non-specific intraneuronal staining (signal is resistant to heparinase and nitrous acid digestions). Interestingly, plaque-like HS deposits were not stained. Moreover, although in engineered cells C11 stained 3S-HS, it is unclear whether this antibody does stain physiological 3S-HS.

b. C6 staining in human brain

By ELISA, antibody C6 showed to specifically recognize 3-O-sulfated heptasaccharides H1 and H2 (original antigens) (Janssen), as it was also the case of C11. Similarly, C6 was tested in HEK-HS3ST2/4/5 and HEK-Hs3st2/4/5 cells and showed to only recognize 3S-HS made by the human HS3ST2 and by the murine Hs3st2 transfected cells (Figure 36). However, in those cells, heparinase treatment could not completely erase the C6 signal, suggesting either resistance to enzymatic digestion or unspecific staining (as seen with 10E4 and HS4C3 in Figure 32 and Figure 33). In the brain tissue, C6 was used to stain slides from 5 AD-(Ct) and 7

AD+ hippocampal tissue. Representative images (4 AD-and 4 AD+, same than those shown for C11) are presented in (Figure 17). Additionally, images from heparinase or with nitrous acid treated slides (1 AD-and 1 AD+) were used as control of HS staining. As C11, C6 staining of neural cells was heparinase and nitrous acid resistant and failed to differentiate between AD+ and AD-tissue. Although in engineered HEK cells 3S-HS made by HS3ST2 were stained by C6 and C11, it is not clear whether these antibodies can stain 3S-HS in the human brain or whether the observed signal is unspecific. Interestingly, as C11, C6

only stained neurons and not extracellular plaque-like HS deposits.

c. C62 staining in human brain

To assess if the phage display technology used to generate C6 and C11 anti-3S-HS antibodies is reliable to stain HS in human tissue, we further tested C62, an antibody prepared at the same time as C6 and C11 but that can recognize heptasaccharides H1 and H2 (representative of 3S-HS), as well as H3 and H4 (representative of non-3-O-sulfated HS) regardless of 3-Osulfation (ELISA, Janssen). Results show that C62 stained only the AD+ and not the AD-tissue (Figure 18). In AD+, staining was observed in some pyramidal neurons as intracellular fibrelike deposits, and extracellularly as plaque-like deposits, like the observations with 10E4, 3G10 and HS4C3. Heparinase pre-treatment prevented all C62 signal (data not shown). It is to note that nitrous acid prevented both fibre-like intracellular deposits observed in pyramidal neurons and the extracellular 'plaque-like' C62 staining. However, it additionally made appear a non-fibrillar/diffuse staining in most neurons, as observed with C11 and C6

after nitrous acid treatment (Figure 16 and Figure 17). This suggests that the diffuse staining observed after nitrous acid treatment might be a nonspecific signal. However, this remains to be proved. Moreover, as seen with 10E4, 3G10 and HS4C3 (and all the anti-HS antibodies tested), endogenous HS that are not part of deposits (pathologic) cannot be labelled in FFPE tissue (to the exception of the basal membrane of choroid plexus cells and all vessels that can be detected with anti-HS antibodies). Together, these results indicate that the phage display technology used to generate C6, C11, and C62 can effectively be used to prepare antibodies that recognize HS/3S-HS, as shown with the C62 antibody, which HS intracellular and extracellular staining was prevented by nitrous acid treatment. However, after nitrous acid treatment, a diffuse C62 intracellular staining appeared in most neurons, as observed with C6 and C11, indicating generation of uncharacterized nitrous acid-resistant molecular species.

In conclusion, antibodies developed by phage display technology in this project can detect HS. However, C6 and C11 cannot be used to stain the brain tissue as their signal is not prevented by enzymatic digestions of HS, indicating unspecific staining.

HS3ST2 protein staining is similar in AD and control hippocampus

Evaluation in engineered HEK cells of the specificity of anti-HS3ST2 antibodies is describe in Chapter 4 (Figure 21 and Figure 22).

To evaluate whether the HS3ST2 enzyme, which produces 3S-HS recognized by C6 and C11

antibodies in HEK cells, is expressed in the human brain, we used the validated Thermo Fisher antibody PA5-26522. This antibody showed to specifically recognize human HS3ST2 in the transfected HEK-HS3ST2 cells (Figure 21 and Figure 22). The anti-HS3ST2 was used to Additionally, the anti-HS3ST4 described in Chapter 4 (Santa Cruz SC107610 accepted for WB and ICC and R&D AF6085 accepted for WB, Figure 25 and Figure 26) were tested. However, none of them gave positive staining in the human tissue (not shown), possibly because of their low sensitivity, as shown in HEK cells. Nevertheless, the negative HS3ST4 detection suggests that HS3ST2, which high level of expression for positive staining is also required in the HEK cells, is effectively expressed in the human hippocampus.

Detection of HS3ST5 was not attempted, as any of the 5 available antibodies could be validated in HEK cells (Chapter 4).

In conclusion, HS3ST2 was detected in hippocampal neurons, but no difference was observed between AD+ and AD-tissues.

Whether HS3ST4 and HS3ST5 are differently expressed in the AD+ brain is unknown. The available anti-HS3ST4 antibodies showed low sensibility to detect the endogenous enzyme and a specific and sensible anti-HS3ST5 is still lacking.

CHAPTER 2. CELLULAR APPROACH: ARTICLE 2. HS3ST2 EXPRESSION INDUCES THE CELL AUTONOMOUS AGGREGATION OF TAU

Introduction

Accumulation of the abnormally phosphorylated and aggregated microtubule associated protein tau (MAPT, or tau) is a main hallmark of Alzheimer's disease (AD) and other tauopathies [1][2][3] , including frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP17), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), Pick's disease (PiD), and chronic traumatic encephalopathy. In the normal brain, the wild type tau promotes assembly and stability of microtubules 4 and plays crucial roles in axoplasmic transport 5,6 , axonal outgrowth 7 , and synaptic plasticity 8 , centrally participating to the processes involved in learning and memory 9 . In the AD brain, the abnormally phosphorylated wild type tau (P-tau) becomes insoluble, aggregates, and accumulates to form neurofibrillary tangles (NFTs) 10 . A similar process occurs in tauopathies in which tau mutations induce the NFT formation 10,11 . Because NFTs accumulation correlates with neuronal degeneration 11 , haltering the aggregation of tau is currently considered among the main therapeutic strategies for AD and related tauopathies 12 . However, the endogenous players involved in the cell autonomous process leading to the primary self-aggregation of tau are not yet fully identified 13 .

Interestingly, in vitro, tau aggregation can efficiently be promoted by anionic micelles and polyanions, including heparin, suggesting that an anionic micro-environment might play crucial roles in the genesis and maturation of tau aggregates [14][15][16] . Heparin is a commercially available animal sourced prototype of highly sulfated heparan sulfates (HS) 17 . A structural characteristic of heparin is that it carries a high content of 3-O-sulfation in addition to the classic N-, 2-O-, and 6-O-sulfations carried by common HS 18 . In the brain, 3-O-sulfation is assured by different HS 3-O-sulfotransferases (HS3STs), including the predominantly neural 3-O-sulfotransferase-2 (HS3ST2) 19,20,21 . However, whether cellular HS, and particularly 3-O-sulfated heparan sulfates (3S-HS), can participate to the processes leading to tau aggregation in cells remains elusive 22 .

This is possibly because tau primarily aggregates inside cells whereas HS are generally considered to be located at the extracellular space 23,24 , restricting research commitment in this area. However, HS have been found to colocalize with tau helical filaments inside AD neurons, in where they accumulate before NFT formation [25][26][27] . By using cell models of tauopathy, we previously showed that 3S-HS accumulate at the intracellular level, interact with tau, and induce the tau abnormal phosphorylation 28 . However, it is unknown whether 3S-HS can promote the spontaneous self-aggregation of tau in cells.

Here, by simultaneously expressing HS3ST2 with human full length wild type tau (tau)

or tau carrying the P301S mutation (tau P301S ) responsible of FTDP17 11 , we demonstrate that 3S-HS produced by HS3ST2 induce the cell autonomous oligomerisation of tau and increase that of tau P301S . Immunocytochemistry (ICC) and immunoblotting of tau and P-tau after hight salt sarkosyl extraction showed that, in the presence of HS3ST2, the wild type tau self-aggregates at extents near to those observed in the tau P301S , indicating that 3S-HS made by HS3ST2 can efficiently promote the aggregation of human tau in the absence of tau mutations. Finally, we confirmed that 3S-HS intracellularly accumulate and colocalize with tau and showed that the 3S-HS co-stain with tau oligomers in cells expressing HS3ST2 and tau, as in cells expressing tau P301S . The simultaneous and stable expression of HS3ST2 and tau proteins in cultured HEK293 cells allowed the demonstration that 3S-HS participate to the mechanisms triggering the spontaneous cell autonomous aggregation of tau.

Materials & Methods

Plasmids

Plasmids carrying cDNA sequences allowing expression of the full length human tau and tau carrying the mutation P301S (tau P301S ) in bacteria were kindly provided by Professor M. Goedert (University of Cambridge) 29 . Human full length HS3ST2 (NM_006043) was synthetized (Eurofins, France) and cloned in pcDNA TM 3.1 vectors (Invitrogen) for protein expression in bacteria. For simultaneous expressions of HS3ST2 and tau, or tau P301S , the corresponding cDNA sequences were included in replicative pEBV plasmids containing single transcription cartridges for expression under hygromycin (HS3ST2) and puromycin (MAPT or MAPT P301S ) selection 30,31 . Alternatively, a bicistronic vector carrying both the HS3ST2 and MAPT or MAPT P301S sequences were constructed (Supplementary Method 1) 32 , but its use was restricted to few confirmatory studies because of risk of HS3ST2-tau fusion protein expression.

Human cytomegalovirus (CMV) promoter sequence was included to drive transcription 30,31 .

Construct sequences were confirmed by DNA sequencing (Eurofins Genomics, data not shown). were "ATT GAA ATC AGC CAG CAC GC" and "AGG AAC CAC AGT GCC AGA TCC".

Stable transfection of HEK293 cells

Other primers sequences used in this study (other HS3STs) are detailed in Supplementary Table S1. Standard curves were used for calculation of relative RNA quantity B2M and/or RPL37A were was used as housekeeping genes for normalization 34 .

Immunoblotting of RIPA-extracted proteins Cells were harvested in 1 mL of RIPA buffer (50 mM tris, pH 8 .0, 150 mM NaCl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS; Thermo Fisher Scientific) supplemented with 1% protease inhibitor mixture (Sigma) and 1% phosphatase inhibitor cocktail I & II (Sigma). Cells lysates were centrifugated at 13,000 rpm for 10 min and protein contents in supernatants were determined using BCA Protein Assay kit (Thermo Fisher Scientific). Cell lysates supernatants containing 1-10 µg of proteins (as indicated) were suspended in Laemmli buffer (0.125 M Tris HCl, pH 6.8, 4% SDS, 20% glycerol, 0.004% bromophenol blue; Biorad) supplemented with 10% -mercaptoethanol and heated for 5 min at 90°C. Proteins were separated in 8% acrylamide gel and transferred to a PVDF membrane with a Transblot Turbo device (BioRad). Immunoblotting was performed with anti-HS3ST2 (Thermo Fischer Scientific, 1:500), and anti-total tau K9JA (Dako, 1:10,000). Anti-GAPDH (Thermo Fisher Scientific, 1:10,000) or anti--tubulin ( -tub, Sigma, 1:10,000) were used as a loading controls. Blots were incubated for 1 h at room temperature (rt) with the corresponding secondary antibodies diluted in PBS containing 5% BSA. Revelation was performed with the Immobilon Western Chemiluminescent HRP Substrate Luminata Forte (Millipore) following manufacturer's instructions.

High salt Sarkosyl tau oligomers extraction and immunoblotting

To extract tau oligomers 35,36 , cells were harvested in 1 mL of 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) and 1% phosphatase inhibitor cocktail I & II (Sigma). Cells lysates were centrifugated at 180,000 g for 30 min and protein contents in supernatants were determined using BCA Protein Assay kit (Thermo Fisher Scientific). Cell lysates supernatants containing 1-10 µg of proteins (as indicated) were treated or not (as indicated) in Laemmli buffer (Biorad) supplemented with -mercaptoethanol.

Samples treated with Laemmli buffer were heated for 2-5 min at 90°C to denature the tau oligomers. Proteins were separated by electrophoresis as above. Antibodies used for immunostaining were anti-total tau K9JA (Dako, 1:10,000), T22 (Millipore, 1:500), and PHF1

(from Peter Davis, 1:500), as indicated. Anti-GAPDH (Thermo Fisher Scientific, 1:10,000) or anti--tub ( -tub, Sigma, 1:10,000) were used as loading controls, as indicated. Blots were incubated with secondary antibodies and revealed as described above.

Immunocytochemistry

For immunocytochemistry (ICC) experiments, approximately 50,000 cells were cultured on glass cover slips. After transfection and culture as indicated, cells were fixed in 100% methanol at -20°C for 3 min and incubated for 1 h with the corresponding primary antibody at rt, washed, and then incubated with the appropriate secondary antibody for 1 h at rt.

Immunostaining was performed with anti-HS3ST2 (Thermo-Fischer Scientific, 1:500), antitotal tau (K9JA Dako, 1:500), or anti-oligomeric tau (T22 Millipore; 1:700 

Results

HS3ST2 expressing cells produce 3S-HS

Previously, we showed in cell models of tauopathy that HS3ST2 critically participates to the abnormal phosphorylation of tau 28 . However, it is unknown whether HS3ST2 expression can lead to the formation of tau aggregation in cells. To target this question, we chose to simultaneously express HS3ST2 and tau or tau P301S in cells lacking these proteins or expressing them in very low extent. We chose to work with HEK293 cells (further referred as Ctr cells) as the two proteins were reported to be absent, or lowly expressed in these cells (http://www.proteinatlas.org) 38 . By using RT-qPCR, we first confirmed low HS3ST2 and tau expressions levels in the Ctr cells (Fig. 1a). HS3ST2 transcripts were the lowest compared to other HS3STs expressed in the Ctr cells, suggesting that 3S-HS can be produced at some extent by other HS3STs in these cells. Accordingly, ICC and immunoblotting showed no detectable 112 HS3ST2 protein in the Ctr cells (Fig. 1b and Fig. 1c; full blots in Supplementary Fig. S1)

whereas ICC with the anti 3S-HS antibody (HS4C3) 37 showed some 3S-HS staining. As expected, confocal microscopy images confirmed that 3S-HS in the Ctr cells are located at the cell membrane (Fig. 1d). This is in agreement with the well-established membrane location of HS under physiological conditions 23,24 . To validate that HS4C3 can stain 3S-HS produced by HS3ST2, we transfected HEK293 cells with the replicative pEBV plasmid carrying the sequence coding for the full length human HS3ST2 (cells are further referred as HEK+HS3ST2 cells). As expected, HS3ST2 immunostaining and immunoblotting, as well as 3S-HS staining, were stronger in the HEK+HS3ST2 cells compared to the Ctr cells (Fig. 1b, upper and middle panels and Fig. 1c). Again, 3S-HS were observed in the cell membrane of HEK+HS3ST2 cells, although some signal was detected in the intracellular compartment (Fig. 1d). The strong 3S-HS staining in the HEK+HS3ST2 cells indicated that the newly expressed enzyme was active, as confirmed by loss of the HS signal after heparinase treatment of both Ctr and transfected cells (Fig. 1b, lower panel). Together, these results show that enzymatically active HS3ST2 can efficiently be expressed in HEK293 cells and that the produced 3S-HS are predominantly located in the cell membrane. 

HS3ST2 and tau do not induce their reciprocal expression

To investigate whether HS3ST2 expression induces tau and tau P301S expressions, and if tau or tau P301S expression induces HS3ST2 expression, cells expressing the full-length human tau carrying or not the P301S mutation (further referred as HEK+tau or HEK+tau P301S cells) and cells simultaneously expressing both HS3ST2 and tau carrying or not the tau mutation (further referred as HEK+tau+HS3ST2 or HEK+tau P301S +HS3ST2) were generated. RT-qPCR analysis showed that HS3ST2 and tau transcripts were only increased in cells transfected with the corresponding plasmids (Fig. 2a and2b). HS3ST2 expression was only increased in the HS3ST2 transfected cells (HEK+HS3ST2, HEK+tau+HS3ST2, and HEK+tau P301S +HS3ST2),

but not in the tau only expressing cells (HEK+tau or HEK+tau P301S ). Similarly, tau expression was increased only in the tau transfected cells (HEK+tau, HEK+tau P301S , HEK+tau+HS3ST2, and HEK+ tau P301S +HS3ST2), but not in the HS3ST2 only transfected cells (HEK+HS3ST2) (Fig. 2a and2b). After assessing transcript levels, proteins were analysed by ICC and immunoblotting (WB) using anti-HS3ST2 and anti-total tau (K9JA) antibodies. As expected, both proteins were only detected in the corresponding transfected cells (Fig. 2c-e; complete blot are shown in Supplementary Fig. S2), indicating successful protein expression. Together, these results show that, by using pEBV plasmids, cells independently or simultaneously expressing HS3ST2 and/or tau can be generated without inducing their reciprocal expressions. HS3ST2 promotes tau and tau P 301S oligomerisation

After production of cells independently or simultaneously expressing HS3ST2 and/or tau or tau P301S , we investigated whether HS3ST2 expression can lead to the formation of oligomeric tau in these cells. With this aim, we used the T22 antibody, which specifically stains the oligomeric tau (oligo-tau) characteristic of early stages of tau aggregation, although staining decreases when the oligomeric tau reaches higher aggregation stages 39 . In our system, the HS3ST2 capacity to trigger the cell autonomous oligomerisation of non-mutated tau was suggested by T22 staining of tau oligomers, which were only detected when HS3ST2 was expressed with tau (Fig. 3a-d). The HS3ST2 capacity to trigger tau oligomerisation was confirmed with the mutated tau P301S expressing cells, as an increased T22 staining was observed in HEK+tau P301S +HS3ST2 cells compared to the HEK+tau P301S cells (Fig. 3a and3b).

As expected, Ctr cells and HEK+HS3ST2 showed non-significant T22 staining compared to Ctr cells. However, a decreased T22 signal level was observed in HEK+tau P301S +HS3ST2 cells compared to HEK+tau+HS3ST2 cells (Fig. 3b). This is possibly due to a decreased T22 immunoreactivity characteristic of advanced aggregation stages 39 . Accordingly, an increased propensity of HEK+tau P301S -HS3ST2 cells to trigger tau oligomerisation compared to HEK+tau-HS3ST2 cells was confirmed in bicistronic vectors transfected cells (Supplementary Method 1), which can be analysed at earlier times after transfection (Supplementary Fig. S3).

However, the bicistronic vectors were not used in the continuation of the study because of the detection of fused HS3ST2-tau proteins (results not shown). These results suggest that HS3ST2 triggers the formation of oligomeric tau and boosts the oligomerisation of tau P301S in cells.

Thus, tau oligomers were isolated using Sarkosyl salt-rich buffer extraction and analysed by immunoblotting 35,36 . The total tau (t-tau) signal detected by the K9JA antibody in RIPA protein extracts (Fig. 3c upper blot; full blots in Supplementary Fig. S4), was compared to oligo-tau signal detected by the T22 antibody in hight salt Sarkosyl extracts (Fig. 3c; middle blot, full blots in Supplementary Fig. S4). Oligo-tau levels were significantly higher in cells expressing tau and HS3ST2, compared to cells expressing tau but not the enzyme (Fig. 3d), regardless of similar expression of total tau (Fig. 3c-d). Similarly, higher oligo-tau levels were observed in cells expressing tau P301S and HS3ST2 comparing to tau P301S only expressing cells (Fig. 3c-d). As in ICC observations, a decreased T22 staining was observed when HEK+tau P301S +HS3ST2 cells were compared to HEK+tau+HS3ST2 cells (Fig. 3b-d),

suggesting no immunoreactivity of T22 at advanced oligomerisation. These results opened to the question whether the observed decrease of tau oligomers was accompanied by an increase of tau hyperphosphorylation. showing increased molecular weight before or after complete denaturation of Sarkosyl or RIPA extracted proteins 40 (Fig. 4a). Sarkosyl is an ionic detergent which under high salt concentration (NaCl 500 mM) allows recovery of tau oligomers that can be separated from soluble tau and tau fibres, if present 35,36 . These tau oligomers can be detectable by the T22 antibody 39 . On the other side, extraction with RIPA allows soluble protein recovery, including soluble tau (but not fibrous tau aggregates) 40,41 , which together represent the total tau (t-tau)

detectable with K9JA antibody. Accordingly, K9JA immunoblotting of RIPA cell lysates allowed clear detection of soluble t-tau in both tau and tau P301S expressing cells (Fig. 4a, blot A;

full blots in Supplementary Fig. S5) whereas in the high salt Sarkosyl extracted proteins, the K9JA tau signal intensity was dramatically reduced only in the HEK+tau cells (Fig. 4a, blots B-C and B'-C'; full blots in Supplementary Fig. S5 andS6). This confirms observation on Fig. 3a-c showing that the non-mutated tau can efficiently form oligomers in cells expressing tau and HS3ST2 but not in cells expressing the non-mutated tau only. Interestingly, tau was detected predominantly as two main bands, one around 60 kDa and a second at 64-68 kDa.

Indeed, tau purified from the human brain migrates as ~50-60 kDa bands on SDS-gel due to the presence of six isoforms 40,[42][43][44][45] . Here, only full-length tau (60 kDa) is expressed by the transfected cells. On the other side, PHF-tau isolated from AD brain displays characteristic 60-64 and 68 kDa bands on SDS gels. The 64-68 kDa bands have been shown to be hyperphosphorylated and are considered as a pathological marker of AD 40,[42][43][44][45] . Here, the 64-68 kDa (P-tau) band was the only band detected in RIPA extracts from cells expressing tau or tau P301S together with HS3ST2, whereas the 60 kDa band was also present in cells not expressing HS3ST2 (Fig. 4a,blot A). This suggests that HS3ST2 expression enhances the hyperphosphorylation of both tau and tau P301S (Fig. 4a, blot A; full blots are shown in Supplementary Fig. S5). Accordingly, quantification of the hyperphosphorylated tau 64-68 band (Fig. 4b, graph A:P-tau/t-tau/GAPDH) confirms higher P-tau levels in the HS3ST2 expressing cells. Immunoblotting of oligomeric tau extracted by high salt Sarkosyl buffer showed that the 64-68 kDa P-tau is oligomerized in HEK-tau+HS3ST2, HEK-tau P301S , and HEK-tau P301S +HS3ST2 cells, but not, or less, in the tau only expressing HEK-tau cells (Fig. 4a, 3S-HS intracellularly accumulate in cells producing tau and tau P 301S oligomers

Here, we showed that the cell autonomous hyperphosphorylation and oligomerisation of tau and of tau P301S is induced in cells expressing HS3ST2. Previously, we showed in SHSY-5Y cell models of tauopathy that 3S-HS accumulate and colocalize with tau at the intracellular level 28 . To investigate whether 3S-HS intracellularly accumulate and colocalize with tau in our engineered cells producing hyperphosphorylated tau oligomers, we stained cells with total-tau (K9JA), oligo-tau (T22), and 3S-HS (HS4C3) antibodies and analysed cells by ICC and by confocal microscopy. As expected, tau was intracellularly located in all tau expressing cells, whereas 3S-HS were intracellularly detected only in cells expressing either HS3ST2 or the tau mutation, or both, regardless of total tau levels (Fig. 5). Similarly, tau oligomers were only detected in cells accumulating intracellular 3S-HS. Interestingly, t-tau (K9JA) and tau oligomers (T22) signals colocalized with intracellular 3S-HS only in cells expressing HS3ST2, but not in cells expressing tau only (Fig 5a-b), regardless of similar tau protein levels (Fig. 5c).

Although the cells that accumulate the higher 3S-HS levels are those accumulating higher levels of tau oligomers, the effect in tau oligomerisation is likely more related to the extent of intracellular 3S-HS rather than the level of the sugar itself, as suggested by the absence of tau oligomers in cells HEK+tau cells, which accumulate 3S-HS at the cell membrane.

In cells expressing tau P301S , 3S-HS were systematically increased and intracellularly detected regardless of HS3ST2 expression although HS3ST2 expression increased tau oligomers levels compared to tau P301S only expressing cells (Fig. 5b-h). The intracellular accumulation of 3S-HS in the HEK+tau P301S cells supports that tau P301S expression triggers the endogenous accumulation of these sugars without requirement of HS3ST2 overexpression (Fig. 5f-e). Together, these results indicate that 3S-HS intracellular location can be induced by simultaneous expression of both HS3ST2 and tau, by tau P301S expression in cells (which endogenously produce some 3S-HS), or by over production of 3S-HS. 123

Discussion

In a previous report we showed that HS3ST2 is critical for the abnormal phosphorylation of tau in AD-related tauopathy 28 . Here, we show for the first time that HS3ST2 expression promotes tau oligomerisation in cells expressing wild type tau or tau carrying the P301S mutation (tau P301S ). Tau oligomers detection was assessed in the cultured cells and cell lysates by staining with the T22 antibody, which recognises oligomeric but not monomeric tau nor tau in advanced aggregational stages 39 . This agrees a role of intracellular 3S-HS in tau oligomerisation, T22 positive signal was only detected in cells expressing both HS3ST2 and tau (HEK+tau+HS3ST2 and HEK+tau P301S +HS3ST2), or on cells carrying tau P301S only (HEK+tau P301S ). In agreement with the presence of tau oligomers reported to be extractable in high salt (500 mM) Sarkosyl 35,36 , we observed tau multimers in stabilized conformations resistant to SDS 36,47 . However, as previously reported, it cannot be excluded that these multimers may be composed of tau in complex with other protein(s) 47,48 . Interestingly, P-tau oligomers were not only detected in the tau P301S expressing cells (HEK+HS3ST2) but also in cells expressing the non-mutated tau and HS3ST2 (HEK+tau+HS3ST2), thus mimicking the tau aggregation process in both mutational 11,49 and non-mutational tauopathies, which include AD 50 . P-tau signals levels were stronger when HS3ST2 was expressed together with tau and when 3S-HS accumulated inside cells. However, the signal decreased in HEK+tau P301S +HS3ST2 compared to HEK+tau+HS3ST2, suggesting lower T22 immunoreactivity in the last due to higher tau aggregation stages 11,51 , as confirmed by analysis of T22 in cells that could be analysed at earlier times of culture (made possible only by using bicistronic vectors). This agrees with a tau P301S increased propensity to aggregate compared to native tau 51 . These results agree previous observations showing that suppression of HS3ST2 in a zebrafish model of tauopathy expressing human tau P301L leads to tauopathy arrest and animal functional recovery 28 and comfort the hypothesis that HS3ST2 participates to the cell autonomous P-tau oligomerisation and aggregation process in which intracellular 3S-HS might play a central role 22 .

The implication of 3S-HS in tau oligomerisation and aggregation is supported by the extensive use of heparin in the in vitro induction of native tau fibrils 14,16 . As heparin is a commercially available prototype of the endogenous 3S-HS 19 , it is not surprising that cells expressing both 3S-HS and tau are able to produce high levels of aggregated tau. Indeed, although heparin is produced predominantly in mast cells by HS3ST1 52 , other 3S-HS can also be produced by other HS3STs expressed in different tissues 19 , as HS3ST2 in brain 21,53,54 .

Interestingly, regardless of the reported colocalization of HS with tau in the brain of AD in the 90's [25][26][27] , the involvement of neural HS sulfotransferases in the development of tauopathy was until recently disregarded. This is possibly because HS are typically described to be located at the cell surface under physiological conditions 23,24 , and thus their intracellular accumulation in AD [25][26][27]55 breaks the dogma of their extracellular location. Nevertheless, by using cell models of tauopathy, we previously showed that 3S-HS were first located at the cell membrane before internalization, delineating a link with the biology at the cell membrane 28 . Here, we show in the engineered HEK293 cells expressing HS3ST2 and tau, that 3S-HS intracellularly accumulate in cells that produce tau oligomers, whereas 3S-HS are predominantly located at the cell membrane in control wild type cells, in which tau oligomers were not detected (HEK-Ctr cells).

Indeed, by using FRET experiments, we previously showed that 3S-HS can physically interact with tau in cell models of tauopathy 28 , although aggregation was not assessed in that study.

Moreover, the hypothesis of an intracellular 3S-HS induction of aggregation in a cell autonomous manner (without supplementing on tau seeds) is supported by previous proton nuclear magnetic resonance ( 1 H NMR) studies showing that heparin can induce tau -sheet conformations, characteristic of fibrillar protein aggregates 16 .

Accumulation of tau aggregates in neurons is an important pathological signature in multiple neurodegenerative disorders including AD, FTDP17, and other tauopathies 1,9 .

Although great efforts have been made to understand the tau aggregation processes, there is still an imperative need to identify new key molecular players involved in this process, as well as to develop robust cellular systems to test the pertinence of these players in the research of new therapeutic candidates. Here, we show that tau aggregation can occur in a cell autonomous manner, as it happened without addition of exogenous inducers of aggregation in our engineered cells, which represent a new cell model of tauopathy. Indeed, in most cell models of tauopathy tau aggregation is induced by addition of exogenous tau seeds or tau seeds from reborning cells 56,57 , by addition of exogenous aggregation inducing molecules 58,59 , or by expression of tau carrying pathogenic mutations 28,60,61 . We used HEK293 cells since they are easily transfected and because they exhibit some characteristics of neuronal lineage cells 62 , including expression of more than 60 neuron-specific genes 63 . Moreover, these cells give opportunity to investigate the reciprocal effect of HS3ST2 and tau expression, independently of each other, given that they lack or show very low expression levels of HS3ST2 and tau. Thus, HEK293 cells were permanently transfected to express HS3ST2 alone or in association with 125 tau or tau P301S . Interestingly, HS3ST2 protein levels remained indetectable in cells transfected with tau only (tau or tau P301S ), indicating that tau has no effect in HS3ST2 expression, at least in the HEK293 cells. Accordingly, HS-related genes have not been reported in the panel of genes which expression increases after increasing tau expression 64 . As HS3ST2 and tau could be stably and robustly expressed in the HEK293 cell line, we additionally propose this model, or cells transfected with other HS3STs, as a convenient tool to investigate the involvement of 3S-HS in tau protein abnormal phosphorylation and pathologic oligomerisation. Taken together, our results show that 3S-HS produced by HS3ST2 can generate cell autonomous tau aggregation by starting from tau oligomerisation and evolving through tau aggregation in a time dependent manner. However, the mechanism driving the 3S-HS intracellular accumulation remain to be clarified.

Conclusion

Cell autonomous hyperphosphorylation and oligomerisation of tau were induced through simultaneous expression of the neural HS3ST2 and tau in cultured cells, in which 3S-HS colocalized with tau at the intracellular level. This mimics the intracellular accumulation of HS observed in neurons of the AD [25][26][27]55 . As HS3ST2 is an enzyme predominantly expressed in brain regions vulnerable to AD, as cortex and hippocampus 33 , our results suggest the involvement of 3S-HS in the mechanisms leading to tau hyperphosphorylation, oligomerisation, and aggregation in the AD brain. Moreover, the cell autonomous production of tau aggregates in the absence of any tau mutation supports that 3S-HS can drive tau aggregation in cells that express tau and in which HS3ST2 is predominantly expressed, as in neural cells. Indeed, these cells are here mimicked by inducing the expression of tau and HS3ST2 in HEK cells, resulting in an original glycan-derived model of cell autonomous tauopathy. This new cell model offers the possibility to bypass tau aggregation inducers used to promote fibrillization of full-length wild-type tau 65 . Moreover, as HS accumulate in brain of AD at early stages of the disease, we propose that inhibiting the interaction of HS with tau will represent a breakthrough for developing new efficient therapeutic drugs for AD and related tauopathies. We are currently working in this area. bicistronic (containing an E2A sequence) vectors to independently or simultaneously express HS3ST2 with tau or tauP301S. a) Immunostaining of HS3ST2, total tau (t-tau; K9JA antibody) or oligomeric tau (T22 antibody) in green. Cells were counterstained with DAPI to visualize nuclei (blue). Scale bar = 25 µm. b) More than 100 individual cells in at least 3 fields per sample were analysed with ImageJ and GraphPad Prism v5 (GraphPad Software, La Jolla, CA, USA) (mean + /-SEM). These vectors carry the CMV promoter for driving the transcription of HS3ST2 and/or tau. In bicistronic vectors, the HS3ST2 coding sequence (CDS), without its STOP codon, was in phase with a modified self-cleaving E2A peptide and the tau CDS (tau or tau P301S ). Sequences were annotated with the SnapGene software. 

Supplementary Table 1 HS3ST2 EXPRESSION INDUCES THE CELL AUTONOMOUS

AGGREGATION OF TAU

Stable transfection of HEK293 cells

Human embryonic kidney (HEK293) cells (provided by

CHAPTER 3. GENERATION AND VALIDATION OF ASSAYS & TOOLS TO STUDY HS3STS 1. Introduction

The abnormal accumulation of HS in neurons of AD have been thoroughly described in the 1990s (A. D. Snow et al. 1990; M Goedert et al. 1996). HSPGs have been shown to bind aggregated tau fibrils and to subsequently mediate cellular internalization (Holmes et al. 2013). However, the precise contribution of this interaction, as well as the abnormal localization of HSPGs to the etiology of AD, are unknown. In a previous work, our group showed that 3S-HS, made by the enzyme HS3ST2, are critical for the development of tau pathology in a zebrafish model of AD (Sepulveda-Diaz et al. 2015). This positioned HS3STs as new and potential targets for disease-modifying therapeutic intervention in AD and related tauopathies.

In humans, 3-O-sulfation of HS is assured by 7 different HS3STs isoenzymes (HS3ST1/2/3A1/3B1/4/5/6), which are differentially expressed in cells and tissues (Esko and Selleck 2002). HS3ST2, HS3ST4 and HS3ST5 are predominantly expressed in the central nervous system (CNS) (Shworak et al. 1999). Although the importance of HS3ST2 in the development of AD-related tauopathy was shown in zebrafish (Sepulveda-Diaz et al. 2015), it is unknown whether in mammal brain this enzyme, as well as HS3ST4 and HS3ST5, plays a role in the development of tau pathology. Thus, it became necessary to specify whether only HS3ST2, or the other enzymes, alone or combined, are involved in the tauopathy development and evolution processes. However, 3-O-sulfation is a rare HS modification, which physiological function and relevance is still largely unknown and for which tools allowing their study are limited.

The development of tools and assays were required to assess HS3ST expression and activity in order to support the studies of HS 3-O-sulfotransferase modulation. Specifically, our objective was the generation and validation of assays and tools to study 3S-HS sulfation. For that we focused on the production of antibodies recognizing specifically 3S-HS and their characterization (see Chapter 5). We also aimed at creating stable cell lines over-expressing tagged human HS3ST2, HS3ST4 and HS3ST5, and mouse Hs3st2, Hs3st4 and Hs3st5 proteins in order to characterize the anti-HS3STs antibodies commercially available. Finally, we attempted to generate via CRISPR/Cas9, Human HS3ST2, HS3ST4 and HS3ST5 homozygous KO cell lines to further test the specificity (and possible cross-reactivity with other HS3STs due to their high sequence homology) of HS3STs antibodies.

HS 3-O-sulfotransferases overexpressing cell lines

To efficiently engineer human immortalized cell lines, we used replicative pEBV plasmids to express the HS3STs enzymes in HEK293 cells. Stable expressions of each of the human HS3ST2, 4, 5 and mouse Hs3st2, 4, and 5 enzymes were performed by transfecting cells with the corresponding pEBV plasmid carrying a single transcription cartridge with the enzyme CDS +/-YFP (for rapid detection) and driven by the CMV promoter. Histidine-tagged (His-Tag) forms were also produced (Table 2). Concerning antibody selectivity for HS3ST2 vs HS3ST4 and HS3ST5, the PA5-26522 antibody staining on cells that express HS3STs (Figure 21) showed to be selective as it did not recognize HS3ST4 or HS3ST5 neither by WB nor by ICC in cells transfected with HS3ST2/4/5 (Figure 22). A) WB was performed on 10 µg of protein extracts; PA5-26522 was used here at 1 µg/mL (1h rt). B) ICC was performed after blocking cells overnight with PBS/Serum 2%/Tween 0.05% followed by PA5-26522 incubation (0.5 µg/mL, 1h) and then secondary antibody staining (2nd Ab: A31571 Thermo-fisher, 4 µg/mL, 1h).

c. Detection of murine Hs3st2

As for human HS3ST2, antibody PA5-26522 was efficient for detecting murine Hs3st2 both by WB and ICC. Figure 23 shows PA5-26522 staining in the murine Hs3st2 transfected HEK293 cells. In conclusion, anti HS3ST2 from PA5-26522 antibody (Thermo fisher) and the 5D5 antibody (Sigma, WH0009956M1) were validated to recognize HS3ST2 and Hs3st2 specifically and selectively both by WB and ICC. However, high expression is required for detection (at cq>25 protein is not detected).

d. Antibodies for HS3ST4

Commercially available anti-HS3ST4 antibodies were tested in wild type (Control) and HS3ST2/4/5 and Hs3st2/4/5 overexpressing cells. Depending on their WB or ICC signals,

antibodies were accepted or rejected.

List of tested anti-HS3ST4

Accepted:

AF6085, R&D (accepted for WB). SC107610, Santa Cruz (accepted for WB and ICC).

Rejected (did not recognize HS3ST4 and Hs3st4 by WB or ICC).

MAB60851 R&D.

e. Detection of human HS3ST4

The strategy for anti-HS3ST4 and Hs3st4 antibody validation is here presented with the AF6085 antibody (from R&D) by WB and ICC. Globally, we observed that high transcript levels are required for observing signal (at Cq>20 signal was not detected) (Figure 25 and Figure 27). This antibody showed cross reactivity with HS3ST2 and Hs3st2 only by ICC (Figure 26 and Figure 28). A) Immunoblotting with AF6085 used at 0.2 µg/mL for 1 h rt. B) ICC was performed after blocking cells overnight with PBS/Serum 2%/Tween 0.05% followed by AF6085 incubation (1 µg/mL, 1h) and then secondary antibody staining (2nd Ab: A21448 Thermo-fisher, 4 µg/mL, 1 h).

f. Detection of murine Hs3st4

AF6085 was accepted for specific detection of murine Hs3st4 by WB (.). Here also, it is to note that relatively high levels of transcript are required for the protein to be detected (here Cq:13-15). Concerning selectivity, the AF6085 antibody showed to recognize mouse Hs3st4 by WB with very low signal for Hs3st2. However, no selectivity was observed by ICC since AF6085 also recognized Hs3st2, although not Hs3st5 (Figure 28). A) Immunoblotting with AF6085 used at 0.2 µg/mL for 1h rt. B) ICC was performed after blocking cells overnight with PBS/Serum 2%/Tween 0.05% followed by AF6085 incubation (1 µg/mL, 1h) and then secondary antibody staining (2 nd Ab: A21448 Thermo-fisher, 4 µg/mL, 1h).

In conclusion, the anti-HS3ST4 antibodies AF6085 (R&D) and SC-107610 (Santa Cruz) were selected for WB detection (under denaturing conditions) when levels of expression are relatively high (Cq<17 for 50 ng cDNA). However, AF6085 showed cross reactivity in ICC with HS3ST2 (and Hs3st2), but not with HS3ST5 (nor Hs3st5). SC-107610 (Santa Cruz) did not show cross reactivity (but this antibody is no more commercially available). It is important to remark that these antibodies are not very sensitive, as relatively high transcript levels are required for detecting the protein.

g. Antibodies for HS3ST5

Commercially available anti-HS3ST5 antibodies were used to analyze wild type cells (Control)

and cells overexpressing HS3ST5 and Hs3st5 (as assessed by qPCR). Protein analysis was performed by WB and ICC. When WB or ICC gave no signal or non-specific signal, antibodies were rejected for further use.

List of tested anti-HS3ST5

Accepted:

➢ None 

Rejected

Production of HS3STs knock-out cells (KO) a. Cell lines and their HS3STs expression

To confirm that the validated antibodies can be used to specifically detect HS3ST2 and HS3ST4, as shown in overexpressing cells, we aimed to produce knock-out (KO) cells for the corresponding enzymes. With this aim, it was necessary to choose cells in which the corresponding transcripts are detected, to then silence the gene. Thus, we first confirmed HS3ST2 expression in BE( 2)-C cells, and HS3ST4 expression in NTERA cells (Figure 29).

Expressions in HEK293 cells is shown in Figure 20. 17). Concerning NTERA cells, they expressed HS3ST4 (Cq:24.6) while detection in the HS3ST4-transfected HEK cells required generally Cq<20. Thus, only HS3ST2 Cq was satisfactory in BE( 2)-C WT cells to be able to detect its HS3ST2 protein with a validated antibody. We generated therefore the CRISPR/Cas 9 knocked-out BE(2)-C cells for HS3ST2.

b. Production of HS3ST2 knocked-out cells

Knocked-out BE(2)-C cells were generated from the WT cells using CRISPR-Cas9 technology.

Figure 30 shows example PCR after HS3ST2 gene silencing in BE( 2)-C cells. Then, we aimed to detect HS3ST2 with the validated antibodies in WT BE( 2)-C cells.

Regardless of multiple efforts, transcript expression, and validated conditions for WB and ICC, we could not detect any HS3ST2 signal in WT cells. In conclusion, protein levels in KO cells could not be properly analyzed.

The absence of HS3STs protein signal by WB in the BE(2)-C, even at high protein loading, could be due to low sensitivity of the antibody combined to low protein transduction from the endogenous transcripts. Indeed, very high levels of the corresponding transcripts were required in the HEK overexpressing cells. Moreover, HS sulfotransferases are subjected to post-transcriptional regulation by their transcript 5'UTR, and protein might not be expressed even in the presence of high transcripts levels. Today, few is known about the factors that regulate HS3STs proteins translation. Our knockout cells represent a valuable tool to advance in the understanding of the transductional regulation of protein expression.

Conclusion

HEK293 cells overexpressing human HS3ST2, HS3ST4, and HS3ST5, and mice Hs3st2, Hs3st4, and Hs3st5 were successfully generated and used as tools for validating anti-HS3STs.

As several commercially available anti-HS3STs antibodies are available, they were tested in HEK cells expressing human HS3ST2, 4 and 5 and mouse Hs3st2, 4 and 5 (Table 3). We validated 2 different anti-HS3ST2 (Thermo Fisher P15-26522 and Sigma 5D5; among 6 tested) and 1 anti-HS3ST4 (Santa Cruz SC-107610; among 3 tested), but we could not validate any antibody for HS3ST5 (among 5 tested). The validated antibodies recognized both human and murine HS3ST2 and 4. However, high levels of transcript expression (assessed by qPCR) were required for efficient detection.

Subcontracting for new antibody development was not considered as some commercial antibodies were available. Moreover, as more than 50% of the commercially available tested antibodies were not efficient, if new antibodies were produced it was not certain that they could be efficient.

CRISPR/Cas9 technology was applied in the HEK293, BE(2)-C, and NTERA cells to generate KO for HS3ST2/4/5, with successful suppression of gene expression compared to WT cells.

However, effect in protein levels could not be assessed due to low sensitivity of the validated anti-HS3ST2/4 antibodies. Thus, because of the undetectable proteins, the WT cells were here considered as KO-like.

Table 3. Summary of all anti-HS3ST3/4/5 antibodies validated or not in HS3STs overexpressing and KO cells.

CHAPTER 4. DEVELOPMENT AND VALIDATION OF ANTIBODIES AGAINST THE 3S-HS EPITOPE

To date and worldwide, HS4C3 is the only antibody that can identify 3S-HS (Ten Dam et al. 2006). This is a phage display antibody which is not commercially available. Therefore, developing new antibodies able to target the 3S-HS epitope is a mandatory step to pursue the study of the implication of HS3STs and their 3S-HS products in AD.

Development of anti-3S-HS antibodies

Creative Biolabs (CB) is a well-recognized company applying advanced phage display technologies. They offer custom phage display library screening for specific antibody discovery. CB were provided with four target hepta-saccharides (synthetized by Glycan Therapeutics) named HS heptasaccharides H1, H2, H3 and H4.

H1: GlcA-GlcNS6S-IdoA2S-GlcNS6S3S-IdoA2S-GlcNS6S-GlcA-linker-biotin H2: GlcA-GlcNS6S-GlcA-GlcNS6S3S-IdoA2S-GlcNS6S-GlcA-linker-biotin H3: GlcA-GlcNS6S-IdoA2S-GlcNS6S-IdoA2S-GlcNS6S-GlcA-linker-biotin H4: GlcA-GlcNS6S-GlcA-GlcNS6S-IdoA2S-GlcNS6S-GlcA-linker-biotin These heptasaccharides were used to select from phage display human single chain (scFv) library binders which can recognize both oligosaccharides H1 and H2 (representative of 3S-HS) without recognizing oligosaccharides H3 and H4 (representative of common HS). By performing four rounds of biopanning, CB have selected several phage clones (such as C6, and C11) that showed high affinity for H1 and H2 but not for H3 and H4. These clones were scale-up produced. Our partner Janssen (in Belgium), performed ELISA, determined Kd values, controlled specificity with the Glycan Therapeutics glycanic array, and produced highly pure batches of the C6 and C11 antibodies, which showed the best 3S-HS (H1 and H2)

selectivity in vitro (ELISA) against common HS (H3 and H4). Moreover, we tested C6 and C11 in HEK293 cells overexpressing HS3ST2/4/5.

a. HEK293 cell line and its HS3STs expression

To assess 3S-HS detection in HEK293 cells overexpressing HS3ST2/4/5, we first assessed basal expression levels of the different HS3STs in the wild type HEK293 cells. Figure 31 shows that these cells mainly express HS3ST3A transcripts, followed by HS3ST3B and HS3ST1, with very low levels of HS3ST4 and HS3ST5 and no expression of HS3ST2. This confirmed the interest of using these cells on the overexpression experiments (WT could then be even considered as HS3ST2 KO-like). RNA extracts were used to perform RT reaction (1 µg RNA was used for RT). Transcript levels were analyzed on 50 ng of cDNA obtained after RT. Cells were analyzed in duplicate and experiment were repeated twice with similar results.

Characterization of the anti-3S-HS antibodies developed a. HS detection with the 10E4 antibody

To validate the anti 3S-HS specific C6 and C11 antibodies, cells were first analyzed with the already know anti-HS 10E4 antibody, which has not reported preference for specific HS structures. ICC analysis of WT HEK and HEK cells overexpressing human HS3ST2, HS3ST4 and HS3ST5, and mice Hs3st2, Hs3st4 and Hs3st5 showed strong labelling in all the transfected cells compared to WT (Figure 32). This indicates that 3S-HS produced by the human and the murine HS3STs can be detected by the 10E4 antibody and that all the cells produce functional HS3STs (human and murine), as confirmed by all heparinase treatment.

Interestingly, regardless of a repeated heparinase treatment in the human HS3ST2overexpressing cells (twice for these cells), some residual signal could not be suppressed in these cells, suggesting an increased heparinase resistance of 3S-HS produced by the human HS3ST2 enzyme. These results indicate that all HS3STs enzymes produced by the transfected cells (human and murine HS3STs) are functional and produce more HS than WT, which could be efficiently detected by the 10E4 antibody.

b. 3S-HS detection with the HS4C3 antibody

Before staining cells with C11 and C6 antibodies, the production of HS by the different transfected cells was first assessed using the 10E4 antibody (Figure 32), we then analyzed the cells with the HS4C3 antibody, which paratope includes 3-O-sulfation. WT HEK293 cells showed a week HS4C3 staining, suggesting a basal 3S-HS production likely made by the endogenous HS3STs expressed in these cells (Figure 31). HEK293 cells overexpressing human HS3ST2, HS3ST4 and HS3ST5 and mice Hs3st2, Hs3st4 and Hs3st5 showed increased HS4C3 Chapter 4 162 labelling, reflecting 3S-HS production by the overexpressed enzymes in all cells (Figure 33).

The HS4C3 labelling was suppressed by treating cells with heparinase, although in the HS3ST2-expressing cells the signal could not be completely erased, as observed with 10E4, as HS remained particularly at the intracellular level. These results indicate that all HS3STs enzymes produced by the transfected cells (human and murine HS3STs) are functional and produce 3S-HS, which could be efficiently detected by the HS4C3 antibody.

c. 3S-HS detection with the C11 antibody

After confirming that the HEK transfected cells produce the functional HS3STs and Hs3st enzymes, and consequently 3S-HS as stained by 10E4 and HS4C3, the C11 antibody was used for ICC staining (0.5 µg/mL). HEK cells stained with C11 showed different staining patterns.
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Labelling was stronger in HEK cells expressing HS3ST2, compared to all the other transfected cells (HS3ST4, HS3ST5, Hs3st2, Hs3st4, and Hs3st5) (Figure 34). The glycanic identity of the labelled 3S-HS was confirmed by treatment with heparinase, which suppressed signal. This suggest that C11 predominantly recognizes 3S-HS produced by the human HS3ST2. To confirm the induced expression of HS3STs in all cells, as suggested by 10E4 and HS4C3

staining, cells expressing the reported gene YFP in addition to HS3STs (human and mouse)

were generated. As expected, YFP was detected in all cells, confirming expression of the HS3STs and Hs3sts, and C11 staining was still predominantly observed in the HEK-HS3ST2 cells with HEK-Hs3st2 showing slight staining, although higher than that for HS3ST4/5 and Hs3st4/5 (Figure 35). This agrees the results obtained with 10E4 and HS4C3 antibodies indicating the induced 3S-HS production in all engineered cells. Again, this suggest that C11 predominantly recognizes 3S-HS produced by the human HS3ST2. C6 antibody recognizes 3S-HS with strong affinity for HEK cells expressing both the human HS3ST2 and murine Hs3st2.

Conclusion

Two antibodies, C11 and C6, were produced by a subcontractor. By ELISA, C6 and C11

showed to recognize 3S-HS heptasaccharides with high sensitivity (Kd at the picomolar level)

and specificity (HS lacking 3-O-sulfation were not recognized at effective concentrations).

HEK293 cells overexpressing human HS3ST2, HS3ST4, and HS3ST5, and mice Hs3st2, Hs3st4, and Hs3st5 were used to validate anti-HS, and anti-3S-HS antibodies. Strikingly, C11 could only detect 3S-HS made by the human HS3ST2, but not 3S-HS made by other cells (HS3ST4/5

or Hs3st2/4/5) whereas C6 could detect 3S-HS made by the human HS3ST2 and murine Hs3st2, but not 3S-HS made by other cells (HS3ST4/5 or Hs3st4/5).

HS antibodies 10E4 and HS4C3 were able to recognize HS and 3S-HS made by all HS3ST2/4/5 and Hs3st2/4/5 cells.

Finally, our results indicate that the HS3STs enzymes overexpressed in the HEK cells are enzymatically active.

DISCUSSION AND PERSPECTIVES

AD is a slowly progressing disease which pathophysiological abnormalities precede overt clinical symptoms by many years to decades. Since the early 80's, it was shown that HS accumulate inside neurons of brain regions affected by tauopathy in AD, and that this accumulation can be detected several years before the deposition of NFT and amyloid plaques (M Goedert et al. 1996; A. D. Snow et al. 1990; Alan David Snow, Cummings, and Lake 2021; Su, Cummings, and Cotman 1992). In a previous work using SH-SY5Y cultured cells expressing the hTauP301L or submitted to oxidative stress, our laboratory showed that HS intracellularly accumulate and colocalize with tau in these cells and are 3S-HS (Sepulveda-Diaz et al. 2015). This opened the possibility that 3S-HS are those which accumulate with tau in neurons of the AD brain and that inside these cells these HS participate to the process leading to the abnormal phosphorylation and aggregation of tau.

During this work, our laboratory worked to clarify the difference between 3S-HS and common HS. By carrying an analysis of several sets of data issued from systematic reviews of clinical variants, SNP, transcriptomic, and literature databases, we found that a common type of HS are widely expressed, and so-called ubiquitous HS (uHS), while less common types are only expressed in some tissues, as in brain, in where they can play specialized functions.

We found that 3S-HS are a type of specialized tissue restricted HS (rHS) that can be produced by a combination of specialized enzymes differentially expressed in tissues or cells, where they can participate to tissue or cell vulnerability to disease (Mohand Ouidja et al. 2022).

Although this was not the center of my thesis work, I actively participated to all the process of the HS classification since the differentiation of uHS vs specialized rHS is central in the understanding of the role of 3S-HS in AD.

This thesis had 4 main objectives:

The first main objective was to characterize the HS that intra-neurally accumulate in AD and the specificity of brain regions and cells in where they accumulate.

The second objective was to get insights in the HS biosynthetic enzymes which produce the HS that intracellularly accumulate in neurons, and which could be involved in the vulnerability to develop tauopathy in AD.

The third objective was to study the involvement of HS3ST2 in the cell-autonomous development of AD-related tauopathy in cultured cells.

The last objective was to generate tools for the study of HS3STs in AD and their 3S-HS products.

3S-HS accumulates in brain regions and cells affected by tauopathy in AD

For achieving the first objective, we obtained AD and control (age matched) formalin-fixed paraffin-embedded (FFPE) brain tissue from "The Netherlands Brain Bank" (NBB). By using a battery of antibodies including the anti P-tau AT8 and several phage display antibodies recognizing different structural moieties in HS, we stained brain regions that develop tauopathy (hippocampal formation and temporal cortex) and regions that do not develop tauopathy (cerebellum or Hippocampus CA4) in AD. Our results showed that the HS that accumulate in AD regions and cells developing tauopathy are 3S-HS. Based in the staining of HS with the antibodies 10E4 (HS carrying NS cartridges) and HS4C3 (HS carrying both NS and 3S cartridges) and on the staining of tau with K9JA (total tau) and AT8 or PHF1 (P-tau),

we observed that the HS that intracellularly accumulate in AD neurons at early and medium cell degenerating phases (no fiber-like and fibers in cells) carry both NS and 3S carrying cartridges. However, at later stages of cell degeneration (NFTs and ghost tangles), HS4C3

signal increases to become prevalent and 10E4 staining almost disappear. As both antibodies recognize NS, and only HS4C3 is 3S dependent, this suggests that, at early cellular tauopathy, the HS chains that accumulate carry NS and NS-3S cartridges (recognized by 10E4 and HS4C3) while at late stages (NFTs and ghost tangles) NS-3S cartridges increase. Interestingly, at late stages we observed rich extracellular 3S signal co-staining with T22 (antibody that recognizes tau oligomers), suggesting that extracellular tau carries NS-3S rich cartridges that could be issued either from exocytosis of tauopathic cells or from disaggregation events of the NS-3S rich tau fibers in NFTs and ghost tangles. This remain to be investigated. chains. Indeed, at the time of that work, 3S-HS biosynthetic machinery and particularly the enzymes that in brain assure 3-O-sulfation, were unknown (they started to be described in 1999). Indeed, several studies from the early 80's to the late 90's showed a clear link between HS and tauopathy, but not specific structural features could be given to the highly sulfated HS that accumulated in the AD brain (A. D. Snow et al. 1990; Su, Cummings, and Cotman 1992; M Goedert et al. 1996). Here, we not only show that 3S-HS accumulate in the hippocampal regions of the AD brain, but also that they only accumulate in the regions and cells that develop tauopathy and that their accumulation starts before the beginning of tau For instance, in Pick's disease, in which tauopathy also affects neurons from dentate gyrus, we found 3S-HS and AT8+ staining in Pick bodies that we did not see in the AD brains, suggesting that HS accumulate with tau in the different tauopathies. This is an important observation, as this suggests that either HS accumulate following tau deposition or that HS accumulate together with tau during the process leading to the abnormal phosphorylation and aggregation of tau (regardless of the tau that is accumulated: wild type, 3R, 4R, mutated). Previous data in our team indicates that it is the second possibility that is more likely the reason of this common accumulation. Indeed, we previously showed that 3S-HS can be internalized by cells expressing htauP301L or by cells expressing wild type tau (2N4R)

submitted to an oxidative stress. We showed that 3S-HS are internalized in those cells, and that the intracellular 3S-HS act as a molecular chaperones able to interact with tau promoting its abnormal phosphorylation and aggregation, characteristics of AD-related tauopathy (Sepulveda-Diaz et al. 2015). Recently, our group also showed that 3S-HS are expressed in primary cultured murine hippocampal neurons (Maïza et al. 2020) 1999b). One of the central questions that remain to be answered is the mechanism of 3S-HS endocytosis, and how endocytic vesicles brake to liberate 3S-HS in the cellular space, where these sugars meet Tau. We are working in this, and I hope to have some answers at the moment of my defense.

This new glycan-based hypothesis can be common to all tauopathies, although the structure of the HS that are particularly involved in each tauopathy might be different. Indeed, it has been largely described that GAGs are found in all protein aggregates, including in different tauopathies, but the structural nature of the HS that accumulate in each disease is still unknow. However, we hypothesize that once HS are inside cells, the mechanism leading to protein aggregation might be similar, although the reason of their internalization might also be different, and the structure of the internalized HS will also be different. We hypothesize that each neurodegenerative disease, and probably each tauopathy, is characterized by a particular type of specialized rHS, which structure will depend on the biosynthetic machinery expressed in the affected cell, particularly the HS3STs biosynthetic enzymes.

HS3ST2 is expressed in brain regions vulnerable to develop AD-related tauopathy

The second objective of this thesis was to get insights in the HS biosynthetic enzymes producing HS that intracellularly accumulate in AD neurons and which could be involved in specific regions and neuron type vulnerability to develop tauopathy.

The major neurodegenerative diseases differ from each other not only in the type of pathological protein that accumulates but also in the regions impacted and the types of neurons that are vulnerable to pathology, and in most cases, cells that accumulate pathology-associated proteins are also the cells that are lost, this is the case of cells that are vulnerable to accumulate tau in AD. In this work, we show that tau deposition is accompanied by deposition of 3S-HS, and that brain regions and cells that develop tauopathy in AD are the same that those accumulating 3S-HS. The difference between tau and HS is that tau, as well as the cellular machinery responsible of tau post-translational modifications, tau processing, and other related proteins, have not shown correlation with brain regions and cells affected by tauopathy in AD. However, the biosynthetic machinery that make the specialized 3S-HS is different in each type of cells, even very close related neurons can express different forms of enzymes responsible of 3-O-sulfation, and even, in a single cell, HS3STs can be differently located to assure the synthesis of different 3S-HS of lightly different structures. 3-O-sulfation is assured in brain by different HS 3-Osulfotransferases HS3STs, including the HS3ST2, 4 and 5, which are differently expressed in brain regions and cells. To get insights on the particular HS3ST that could be involved in the synthesis of 3S-HS accumulated with tau in the AD brain, we compared the expression levels of these different HS3STs in the adult human brain. Loss of vulnerable neurons in early AD is more closely linked to tau pathology. Our results showed that HS3ST2 was expressed in brain regions vulnerable to develop tauopathy in AD (cortex, hippocampus) and not or less in regions non or less vulnerable to develop tauopathy in the AD brain (cerebellum) (Figure 37).

Figure 37. Expression distribution of HS3STs in different regions of the adult human brain.

From proteinatlas.org. 

HS3ST2 triggers HS intracellular accumulation and tau oligomerization

The third objective was to study the involvement of HS3ST2 in the cell-autonomous development of AD-related tauopathy in cultured cells.

In the objective 1 of this thesis, we showed that 3S-HS accumulate in neurons of brain regions affected by tauopathy in AD. In objective 2 we showed that HS3ST2 could be the sulfotransferase than in these cells produce the 3S-HS that intracellularly accumulate and participate to the abnormal phosphorylation and aggregation of tau in the AD brain. In previous studies, our group showed that HS3ST2 is critical for the abnormal phosphorylation of tau in AD-related tauopathy (Sepulveda-Diaz et al. 2015). However, we did not show the capacity of these 3S-HS to participate to the cell autonomous formation of tau aggregates.

This cell autonomous formation does not consider tau seed from any other cells and only reacts to intracellular accumulation of 3S-HS resultant from HS3ST2, here overexpressed.

To investigate the capacity of 3S-HS produced by HS3ST2 to induce the abnormal phosphorylation and aggregation of wild type tau (that aggregate in AD) and tau carrying the htauP301S mutation (characteristic of FTDP17). We showed that HS3ST2 expression promotes tau oligomerization as T22 signal was detected only in cells expressing both HS3ST2 and tau (HEK+tau+HS3ST2 and HEK+tau P301S +HS3ST2), or in cells carrying tau P301S only (HEK+tau P301S ) thus mimicking tau aggregation process in both mutational (such as FTDP17) and non-mutational tauopathies (such as AD). In the case of tau mutations, as in hTauP301S, which is known to have an increased propensity to aggregate compared to native tau, HS3ST2 expression increased the amount of aggerated tau. In the engineered HEK293 cells expressing HS3ST2 and tau (non-mutated), tau oligomers were produced, while they were not in tau only expressing cells (same tau levels). In both cases (tau or tauP301S), when HS3ST2 was expressed together with tau, 3S-HS accumulated intracellularly (like in AD), whereas the sulfated polysaccharides were predominantly located at the cell membrane in control cells (non-producing oligomers). These results support the hypothesis that HS3ST2 (possibly when it is overexpressed by neural cells) participates to the cell autonomous development of tauopathy. In our group one PhD student is working to get insights in the type of stimuli that induces HS3ST2 overexpression.

To our knowledge, this is the first time that a cell model, here HEK cells expressing native tau + HS3ST2, could produce oligomeric tau without the addition of tau seeds, in the absence of a tau pathogenic mutation, and without use of exogenous aggregation inducing molecules.

The effect triggered by HS3ST2 expression is very clear, given that WT HEK293 cells lack HS3ST2 expression and show very low endogenous expression level for tau, and that HS3ST2 and tau do not induce their reciprocal expression (see accepted manuscript in chapter 3).

Using this approach with other HS3STs (such as brain HS3ST4 and HS3ST5) could be a convenient method to investigate the involvement of 3S-HS in the abnormal phosphorylation and pathologic oligomerization of tau in the absence or in the presence of mutations. The approach can also be used to decipher if only HS3ST2, or if other HS3STs, or also a combination of them, can be involved in these pathologic events.

4. Anti-HS3STs and anti-3S-HS antibodies technical limitations give insights in the requirement of structural microenvironment around 3-O-sulfation in the HS that accumulate in AD

The fourth objective was to generate tools for the study of the HS3STs and their 3S-HS products. 3-O-sulfation is a rare HS modification, which physiological function is still largely unknown and for which tools allowing their study are limited and poorly reliable. Therefore, the development and characterization of tools and assays were required to further assess HS3STs protein expression and activity. Here, we identified HS3ST2 as a main HS3ST expressed in brain regions and cells vulnerable to develop tauopathy in AD and showed that HS3ST2 expression in cells accumulating tau results in tau aggregation. However, other HS3STs are also expressed in brain, including HS3ST4 and HS3ST5. In order to study a possible role, of HS3ST2, HS3ST4, and HS3ST5 in tauopathy, we aimed to study these proteins in the human and mouse brains (other projects in our lab and with our partner Janssen use mice). However, antibodies for these enzymes and their products have not been validated. Thus, to test the reliability of commercially available antibodies and to characterize tools for their study and the study of their 3S-HS products, we used pEBV vectors to create cells overexpressing HS3ST2 (presented in chapter 3), HS3ST4, and HS3ST5 and cells knocked-out for these enzymes. In the gain of function experiments, we used HEK293 cell lines, which show some neuronal features and are easy to transfect. In the loss of function experiments, we used the CRSIPR Cas9 technology to obtain knock out in BE( 2)-C and NTERA cells, which express the target transcripts. Then, the specificity of commercial anti-HS3STs was verified, as well as that of HS4C3 and 10E4. To get industrial owned for anti 3S-HS, new anti 3S-HS antibodies were generated.

First, we generated and validated by qPCR HEK293 cells overexpressing HS3ST2, HS3ST4, and HS3ST5 human isoforms as well as murine ones, coupled or not with His-tag or fused with YFP. pEBV vectors allowed long term and high expression of the transcripts. Then, we characterized the commercially available anti-HS3STs antibodies in the corresponding overexpressing cells by WB and ICC. Despite six available anti-HS3ST2, three available anti-HS3ST4 and five available anti-HS3ST5, only two anti-HS3ST2 and one anti-HS3ST4 showed to be specific and usable for WB and ICC. However, their sensitivity was extremely low and resulted in the incompatibility to detect the endogenous proteins in brain tissues, in which expression is very low as we show in our review (Mohand Ouidja et al. 2022). No specific anti-HS3ST5 were found as all the commercially available antibodies did not recognize the human nor the murine HS3ST5 and gave only unspecific signal. In parallel, we attempted to generate via CRISPR/Cas9, Human HS3ST2, HS3ST4 and HS3ST5 homozygous KO cell lines to further modulate HS3STs expression and assess specificity and possible cross-reactivity with other HS3STs (due to their high sequence homology) of anti-HS3STs antibodies. However, after having identified by qPCR some cell lines expressing these enzymes (respectively BE(2)-C cells expressing HS3ST2 and HS3ST5, and NTERA cells expressing HS3ST4), we could not detect the endogenous proteins in WT cells regardless of multiple efforts, transcript expression evaluations, and validated conditions for WB and ICC, even at high protein loading. Thus, we could not properly analyze the protein levels in the corresponding KO cells generated. The absence of HS3STs protein signal could be due to low sensitivity of the antibodies combined to low protein transduction from the endogenous transcripts. Indeed, very high levels of the corresponding transcripts were required in the HEK overexpressing cells to obtain a protein signal detectable. Today, few is known about the factors that regulate HS3STs proteins translation. However, it is known that some HS sulfotransferases are subjected to post-transcriptional regulation by their long 5'UTR sequence in their transcript (as seen in NDSTs (Grobe and Esko 2002)), and protein might thus not be expressed even in the presence of high transcript levels. Moreover, HS3STs seems to answer to stimuli (Mohand Ouidja et al. 2022) and their translation may not occur in its absence.

One PhD has started in our laboratory to study the effect of stimuli in hippocampal cells.

As HS3STs detection was a limiting factor, we then focused on 3S-HS (product of HS3STs) detection. Currently, HS4C3 is the only antibody able to identify 3S-HS (Ten Dam et al. 2006).

This phage display antibody is not commercially available and is produced for our group by a partner of the ArrestAD H2020 project coordinated by our laboratory. The antibody was designed to target heparin, which is a 3S-HS made by HS3ST1, but it is now known that it requires 3-O-sulfation and N-sulfation present in a same glucosamine to target 3S-HS. So, it recognizes a feature that is also recognized by the commercially available 10E4. Globally, the HS4C3 antibody recognizes 3S-HS made by all HS3ST1-5 (we have no information for HS3ST6). Therefore, development of new antibodies able to target the 3S-HS epitope was pursued in collaboration with our industrial partner Janssen to assure an owned tool for the study of the implication of HS3STs and their 3S-HS products in AD. New antibodies were then generated by a subcontractor using a phage display approach. Several clones able to bind to some synthetized heptasaccharides containing 3-O-sulfation and not heptasaccharides that did not contain 3-O-sulfation were produced. The obtained clones were then biochemically characterized by Janssen and the ones showing the best affinity for 3S-HS (called C6 and C11) were humanized. We then evaluated in our laboratory their specificity to recognize 3S-HS in the HEK cells overexpressing the different HS3STs. Surprisingly, while HS4C3 recognized 3S-HS made by all the cells expressing human or murine HS3ST2, 4, or 5, the antibody C11 only stained 3S-HS produced by cells expressing the human HS3ST2 with extremely high specificity, as the antibody did not recognize 3S-HS made by murine hs3st2 or by cells expressing other sulfotransferases. On the other hand, C6 stained 3S-HS produced only by cells expressing the human or the murine HS3ST2. As control experiments, we used 10E4 and HS4C3 staining in all cells, indicating that all the overexpressed enzymes were active and that HS3STs substrates were present in HEK cells. However, as C11 and C6 only stained human HS3ST2 expressing cells, it indicates that the antibody recognized specific sulfation patterns non present in cells expressing human HS3ST4 and HS3ST5 and murine HS3ST2, 4, and 5. This supports that the 3S-HS produce by the human and the murine isoforms may be different. More importantly, despite the stronger affinity of C11 and C6 for 3S-HS, compared to HS4C3 (by ELISA), only HS4C3 could detect the HS accumulated in AD neurons colocalized with tau lesions. This indicates that the HS sequence that resulted from HS3ST2 expression in the HEK cells is not the same produced in the neural cells that accumulate 3S-HS in AD. Indeed, in human brain, both C6 and C11 stained all neurons with a signal that was resistant to heparinase treatment, indicating nonspecific staining or possible artefacts resulting in non-differentiation of AD vs controls. However, in primary cell cultures from human blood donors, C11 stained similarly as HS4C3 in cells were HS3ST2 was induced.

Therefore, we can hypothesize that 3S-HS detection in biologic samples is not dependent 

Structural consideration of HS in the AD brain

We propose that the AD-HS interactome is defined by specific structure of HS around the 3-O-sulfates. This microenvironment of 3S-HS in cells could be fashioned by the activity of the specialized HS3ST2 and by other enzymes including the ubiquitous HS2ST and GLCE, and the neural NDSTSs and HS6STs that produce 3S-HS in excitatory neurons, which should then produce a specialized domain in HS that predominantly accumulates in brain. Together, enzymes that are predominantly present in brain regions and cells vulnerable to tauopathies might synthetize sequences that are central to the disease mechanism. Accordingly, they have been shown to be significantly overexpressed in AD hippocampus compared to agematched controls (Sepulveda-Diaz et al. 2015; Huynh et al. 2019; 2012). Moreover, in vivo inhibition of Hs3st2 in a zebrafish tauopathy model prevented tau epitopes involved in AD from being phosphorylated, leading to tauopathy regression and motor functions recovery of these paralytic animals through motoneurons size recovery. These results suggest that intracellular 3S-HS produced by HS3ST2 might play a critical role in tauopathies. According with these assumptions, in the context of my thesis, we showed in HEK293 cells that tau is aggregated only when HS3ST2 is expressed together with tau, and that 3S-HS made by 

Necessity of a new look on the topic

Currently, several groups are studying the prion like spreading of tau in AD. HSPG and their HS chains are known to be implicated in this process and their roles have been previously

reviewed (Mah et al. 2021; Alan David Snow, Cummings, and Lake 2021). Thus, preventing extracellular tau from binding cell-membrane HS is a new and interesting therapeutic strategy to limit tauopathy spreading. This strategy can be complementary to the cell autonomous strategy in which inhibiting the cell autonomous mechanism is targeted. In the first approach (cell autonomous), we propose to develop inhibitions of the enzymes responsible of the synthesis of the 3S-HS that accumulate in neurons. This intracellular accumulation was shown to occur several years before P-tau and Aβ formation and deposition in brain from Down syndrome and was suggested to occur in AD. HS intracellular accumulation is indeed an abnormal event that can occur in neurons even before any tau abnormalities are detected (M Goedert et al. 1996; Spillantini et al. 1999; A. D. Snow et al. 1990). We have shown that inside the cell, HS can get in contact with tau and trigger its abnormal phosphorylation and aggregation (Sepulveda-Diaz et al. 2015). Therefore, our group proposed to study the implication of the intracellular HS in tauopathy development as a cell-autonomous mechanism centrally participating to the development of these diseases.

Depending on the core protein to which they are attached, HS are by definition located in the extracellular matrix or associated to cell-membrane entities. Heparin binding proteins (HBP) are described as molecules that have the capacity to interact with HS or with heparin (a highly sulfated HS) and are extracellular. Since HS can be intra-neurally accumulated under pathologic conditions, tau is among new proteins that enrich the current list of HBP.

Indeed, for long time it has been thought that tau hyperphosphorylation was the triggering event leading to tau unbinding from microtubules that starts aggregation. However, the mechanisms leading to the abnormal phosphorylation of tau remained for long time unknown. Since 2015, our group proposed a new look on the cascade of events leading to tauopathy. In this new look, we propose that the internalization of specific HS made by the neuronal HS biosynthetic machinery could be the key event triggering the abnormal phosphorylation and aggregation of tau. Indeed, inside neuron, HS accumulation resultant from increased internalization and traffic vesicles breakdown, can act as the factor that induces tau aggregation and abnormal phosphorylation, as it occurs in a tube when tau is in contact with heparin. In this mechanism, the HS/tau interaction is based on close proximity leading to electrostatic interactions implying tau conformational changes, unbounding it from microtubules and allowing an open access to kinases resulting in its abnormal phosphorylation and aggregation (Figure 38). This means that the antibody could effectively decrease tauopathy but not at the synapse, leading no improvement of cognition in treated individuals. This suggest that tauopathy inductors at the synapse, as HS3ST2, are key targets for AD and related tauopathies. Our group is working in 3S-HS and HS3STs based strategies to treat these diseases. New therapeutic strategies based on the glycanic events of tauopathies might be:

I. to stop HS internalization in neurons,

II.

to inhibit HS/tau interaction inside the cell, III.

to inhibit HS/tau interaction outside the cell.

This last strategy has already been tested by members of the laboratory in cells. They used the molecule called F6, which is an HS mimetic. They showed that this molecule can prevent extracellular tau internalization (Holmes et al. 2013). A similar approach used the AX004 antibody, able of disrupting the HS/tau interaction by binding to tau MTBR, and inhibited tau uptake in vivo (Weisová et al. 2019). Again, based on a similar strategy, a synthetic heparin like oligosaccharide was shown to disrupt cellular propagation of tau similarly as full length porcine derived heparin (Stopschinski et al. 2020). In the long term, drugs targeting the tau HS interaction could prove to be a novel therapeutic for AD.

Perspectives

This work is currently being continued with the study of the mechanism driving 3S-HS internalization responsible of the intracellularly accumulation of 3S-HS under pathologic conditions (preliminary results showed that this event seems to be caveolin dependent).

Moreover, we will soon use the spatial transcriptomic technology to investigate AD brain.

Spatial transcriptomics aims at sequencing the RNA transcripts from tissue slides. However, in comparison to classical bulk RNA sequencing, the localization information of each RNA transcript is registered thanks to specific barcoded oligos covering an array (Figure 39Figure 39). Currently, each array contains 5000 different spots identified by unique spatial barcode.

The size of a spot is 50 µM corresponding approximately from 1 up to 10 cells.

Figure 39. Spatial transcriptomic arrays.

A visium spatial gene expression slide contains 4 capture area. Each of them allows to discriminate a tissue slice in 5000 different sections called spots. In each spot, specific oligos are coated and contains spatial barcode sequence preceding the poly(dT) sequence. After tissue permeabilization, poly(A) tailed RNA are captured by oligos and after sequencing, the spatial barcode allows to attribute the sequenced transcript back to its spot of origin and thus its localization in the tissue by association to a picture. From 10xgenomics.com Moreover, before the RNA recovering from the tissue by cell permeabilization, the tissue can be stained with dyes or immunolabelled, allowing the visualization of specific targets in the tissue (Figure 39). Therefore, in our strategy we plan to stain frozen brain tissues with an antibody targeting pathologic tau as well as an anti-HS antibody. We hope to be able to decipher the differences between neurons accumulating 3S-HS colocalized with pathologic tau towards healthy ones. 

GENERAL CONCLUSION

Using anti-tau and anti-HS antibodies, including one that recognizes 3-O-sulfation, to perform immunohistochemical (IHC) analysis of P-tau and HS in different AD brain regions and cells affected (hippocampus, cortex, and entorhinal cortex) or not affected (cerebellum) by tauopathy in AD, we demonstrated for the first time in AD human brain the accumulation of 3S-HS and there colocalization with tau inclusions (objective 1). To investigate the specificity of the different HS3STs in brain regions vulnerable to develop tauopathy in AD, we performed meta-analysis of high-quality transcriptomic databases with data in different brain regions and found that HS3ST2 expression correlates with brain region vulnerability to develop tauopathy in AD disease (objective 2). Thus, we engineered HEK293 cells to express human wild type tau together or not with HS3ST2 and showed that only cells expressing both wild type tau together with HS3ST2 accumulate abnormal phosphorylated and aggregated tau (objective 3). We also showed that in cells expressing hTauP301S together with HS3ST2 the levels of abnormally phosphorylated tau and aggregated tau significantly 
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Introduction

Proteoglycans are a family of macromolecules involved in virtually all aspects of cell biology and physiology 1 . These complex molecules consist in a core protein carrying one or several glycosaminoglycan (GAG) chains, either chondroitin sulfates (CS), heparan sulfates (HS), keratan sulfates (KS), or combinations of them. In HS proteoglycans (HSPG) and CS proteoglycans (CSPG), the glycanic chain is connected to their core proteins trough a common GAG-core protein linker tetrasaccharide (GAG-CP) (Fig. 1) [1][2][3] . Both the identity of the core protein and the structure of the glycanic chain confer to proteoglycans a great functional diversity, as reflected by the multiplicity of diseases or syndromes resulting from defects on genes coding for their biosynthetic machinery.

Among proteoglycans, HS proteoglycans (HSPG) display the greater structural and functional diversity. This is principally due to the diversity and differential expression of the numerous genes required for their synthesis (Fig. 1). Interestingly, whereas various of these genes are essential for normal development and homeostasis, several others are not, suggesting that some, but not all, HSPG play essential biological roles depending on the core protein and associated HS chains generated in each tissue and cell by its HSPG biosynthetic machinery.

he biosynthesis of HSPG starts in the endoplasmic reticulum with the production of the core protein coded by a single gene (for instance HSPG2, AGR, COLXVIIA, GPCs, or SDCs that code for full time HSPG core proteins). At the Golgi, the core protein is glycosylated to first form the GAG-CP linker tetrasaccharide. This requires the expression of several genes coding for different enzymes including glycosyltransferases (XYLT1, XYLT2, B4GALT7, B3GALT6, B3GAT3) 4,5 , kinases (FAM20B) 6 , phosphatases (PXYLP1) 7 , and nucleosidases (CANT1) 8 , as well as nucleoside transporters (SCL26A2, SLC35A2, and SLC35A3) 9 and ion transporters (SLC10A7) 10 (Fig. 1). HS3ST3A1, HS3ST3B1, HS3ST4, HS3ST5, or HS3ST6) 3,12 . During biosynthesis, the HS chain elongation can be stopped by the unproductive glycosyltransferases EXTL1 or EXTL2 (coded by EXTL2 or EXTL1) 13 , whereas after secretion of the HSPG at the extracellular space 6-O-sulfatases SULF1 and SULF2 (coded by SULF1 and SULF2) and heparanase (coded by HPSE) can modify the HS chain structures [14][15][16] . Globally, this process leads to formation of different HS structural domains 3,17 . 'NA' domains carry unsulfated N-acetylated sequences, 'NA/NS' domains carry HS sequences with intermediary levels of sulfation and IdoA, and 'NS' domains carry high levels of sulfation and IdoA 3,17 (Fig. 1).

Regardless of their structural diversity, HS are frequently referred as a single ubiquitous molecule, possibly because their structural characterization is highly complex and yet beyond reach. Here, as an approach to reduce HSPG complexity, we propose a new strategy based in a PRISMA 18 systematic review and analysis of well stablished pathogenic variants and emerging genetic wide association studies (GWAS) linking HSPG biosynthetic machinery gene variability to disease, susceptibility to disease, altered response to instigating stimuli, or altered behaviors. To confirm the documented clinical variants and traits in human, we compared them to the phenotypes of corresponding gene null mouse, when available. Expression patterns in different organs or tissues were retrieved from gene expression databases and information on structural features, including substrate specificities for enzymes, or protein-protein interactions for core proteins and other biosynthetic proteins, were reviewed following the PRISMA guidelines 18 . Association of this body of information resulted in a new HSPG vision that gives a better understanding of the involvement of each biosynthetic gene in the generation of HS sequences carrying structures that can play either ubiquitous or specialized roles in the maintain of tissue homeostasis, disease, behavior disorders, proper tissue response to instigating stimuli, and tissue specific vulnerability to disease.

Methods

Guidelines for Systematic Reviews and Meta-Analyses (PRISMA 2020) 18 were followed to setup a step-wise method (Fig. 2) for selecting and filtering research items on 50 genes directly involved in the biosynthesis of HSPG (Table S1). For each HSPG biosynthetic gene, research items were organized to screen clinical variants, single nucleotide polymorphism (SNP), expression levels in different organs of the human body, and literature records databases on substrate selectivities and protein-protein interactions.

Search in clinical variants and SNP databases

For each human gene (Table S1), clinical variants and SNP public databases accessible without restriction were consulted by using gene names previously confirmed by MeSH (Medical Subject Headings: https://www.ncbi.nlm.nih.gov/mesh/). Data on the impact of gene variability in health status were obtained from three main databases (Fig. 2A): and on reports on the corresponding gene null mice (Methods section 2.3 and Fig. 2C-2D).

Search in expression databases

Information on the basal expression of the HSPG biosynthetic genes (Table S1 normalization by the limma package (Agilent data). The data quality was assessed using the arrayQualityMetrics package in R. Quality-trimmed reads were mapped to the latest version of the reference genome from Ensembl using TopHat2. For each HSPG biosynthetic gene, the number of mapped reads per gene were summed (raw counts) using htseq-count and represented as average transcripts per million (TPM). When transcripts were detected in a tissue, regardless of their level of expression, a gene was considered to be basally expressed in that tissue. To illustrate gene expression, the best TPM value from the different databases was included in the analysis. Clinical variants databases were used to document the effect of HSPG biosynthetic genes variabilities in health status.

B) Expression databases were used to document organs or tissues in which transcript for each of the genes can be detected under basal homeostasis (healthy status). C) Bibliographic databases were used to document reports on the effect of genetic variability in health status and to expression in organs and tissues. D) Bibliographic databases were also used to document proteins interactions between biosynthetic machinery proteins and substrates selectivities for biosynthetic enzymes.

Search in literature databases

PRISMA guidelines 18 were used to carry two campaigns of literature research for each gene. The first campaign was performed to confirm information obtained from clinical variants databases (section 2.1 and Fig. 2A) by search of clinical variants case reports and reports on the corresponding gene null mouse (Fig. 2C). The second campaign was performed to retrieve information on each gene product functionally, including structural features for substrate specificity and selectivity for enzymes, and on protein-protein interactions for core proteins and other biosynthetic proteins (Fig. 2D). Three literature search database thesauruses (PubMed, Scopus, and Science Direct) were employed for a systematic search facilitating an extensive inclusion (Fig. 2C and2D). For each search engine, 2 subsets of pool keywords and Boolean logic were conducted for each of the 45

genes. The first keywords subset (('gene symbol') AND (mutation OR SNP OR polymorphism OR deficit OR disease OR "risk factor" OR "knockout mouse" OR "null mouse")) was used to review the effect of genetic variability in health status (Fig. 2C). The second keywords and Boolean logic subset was used to review the substrates specificities for enzymes or protein-protein interactions (('protein name' OR 'protein symbol') AND (substrate OR "substrate structure" OR "substrate specificity" OR interaction OR "interaction specificity")) (Fig. 2D). References were screened in accordance with title and abstract. Only research articles and literature reviews were considered. Only reports in English language were included. We did not specify a time frame in our literature search. An email alarm system, on each database, was created for notifications on new publications related to the search terms. All reports sorted in the three databases were exported to a common file for each gene in a bibliographic management system (EndNote) and an automatic deduplication tool was applied to discard duplicated reports. Then, reports in species other than human and mouse and reports in cancer cell lines were systematically excluded, unless any example of SNP could be found in human.

A pilot user study was then conducted for examining full text reports and representative references were selected and pooled in a single bibliographic management file using EndNote. The reference list of the retrieved reports was also explored, articles non available were requested to authors via email, otherwise references could not be included. Finally, our systematic review included a synthesis of 254 peer-reviewed reports that were checked and review as representative of the full retrieved data (200 reports cited in main text and additional 54 only cited in Suppl. Inf.).

Results

Essential and non-essential HSPG biosynthetic genes

A first clustering of the HSPG biosynthetic genes was performed on the bases of their requirement for normal embryonic development and homeostasis, as reported by clinical variants databases.

Information on gene essentialness were confirmed by literature records in cases reports and/or from reports on the corresponding gene null mouse (see extended review on genes in Suppl. Inf.). Genes considered essential for normal embryonic development and homeostasis were those for which genetic variability in human is causative of diseases or syndromes, and which corresponding null mouse dies or shows overt phenotypes, consistent with that observed in clinical variants. Genes for which genetic variability has not been reported as causative of human diseases or syndromes, and/or for which the corresponding null mouse is viable, fertile, lives normally, and shows non-overt phenotypes in the absence of stimuli, were considered non-essential for normal embryonic development and homeostasis (Suppl. Inf.). However, most of the 'Non-essential' genes show some genetic variability associations with altered responsiveness to stimuli, altered behaviors, or are involved in vulnerability to altered conditions health conditions or behaviors (Suppl. Inf.). Based in these criteria, 2 clusters of genes were formed, the first cluster is referred as 'Essential', and the second as 'Non-essential' (Fig. 3). To avoid loss of clustering, HSPG biosynthetic genes involved in tumor development and growth was not considered, as most HSPG are altered in cancer 16,20,21 . 

Ubiquitous and tissue restricted HSPG biosynthetic machinery genes

To get additional information on Essential and Non-essential HSPG biosynthetic genes in relation with their basal expression in human, genes were re-clustered depending on their expression in healthy organs or tissues, as documented in RNAseq databases (see Methods). Genes which transcripts were detectable in all analyzed organs were considered as 'widely expressed', whereas genes which expression was only detected in some tissues/organs were considered as 'restrictedly expressed' (Fig. 4 and Supp. Inf.). This transcription-based re-clustering resulted in the HSPG biosynthetic genes organization in four groups of genes (Fig. 4): Group I, Group III, Group III, and Group IV, each of which is described below (simplified clustering is presented in Fig. 5). A review on each gene is detailed in Suppl. Inf.

Group I -Essential HSPG biosynthetic genes that are ubiquitously expressed

The Group I of HSPG biosynthetic genes clustered widely expressed genes that are essential for normal development and homeostasis (Fig. 4, simplified Fig. 5, and Suppl. Inf). This included genes coding for pericellular core proteins HSPG2 [22][23][24][25] , AGRN [26][27][28][29] , and COL18A1) [30][31][32] , for some membrane-associated core proteins (GPC3 [33][34][35] , GPC4 36,37 , GPC6 [38][39][40], and for all the genes coding for the GAG-CP linker biosynthetic proteins, including glycosyl transferases (XYLT1 41,42 , XYLT2 43 , B4GALT7 44,45 , B3GALT6 46,47 , and B3GAT3 48 ), kinase FAM20B (FAM20B) 49 , phosphatase (PXYLP1) 7 , ion or nucleotide transporters (SLC10A7 10 , SLC26A2 50 , SCL35A2 51 , and SCL35A3 9,52 ), or other Golgian enzymes (CANT1) 8 . Importantly, Group I also clustered genes coding for the glycosyltransferases that assure HS chain initiation and elongation (EXTL3 53,54 , EXT1 55 , EXT2 56 ), for epimerase (GLCE) 57 , and for three sulfotransferases (NDST1, HS2ST1, and HS6ST1) [58][59][60][61] .

Moreover, SULF2, which codes for one of the extracellular 6-O-sulfatase that generates biologically active HS sequences resulting from the cleavage of 6-O-sulfated groups 14,62 , also clustered in Group I. Altogether, the enzymes coded by the ubiquitous HS chain biosynthetic genes can then produce ubiquitous HS sequences (uHS), which fine structures might depend on the expression levels of each biosynthetic gene in each particular cell or tissue [63][64][65] , as well as in their transcriptional regulation and translational control 66 . Together, this body of data suggests that the Group I HSPG biosynthetic machinery can, by itself, produce HSPG carrying biologically relevant HS sequences or chains that are essential for normal development and homeostasis.

Group II -Essential tissue restricted HSPG biosynthetic genes

Group II clustered HSPG biosynthetic genes that, although essential, show tissue restricted expression. Based in current available data and literature records, only HPSE2 clustered in this group (Fig. 4, Fig. 5, and Suppl. Inf). HPSE2 codes for the enzymatically inactive heparanase 2.

Although it does not affect HS structures, heparanase 2 can bind to these polysaccharides with higher affinity than the enzymatically active heparanase (Group III), avoiding its enzymatic action and maintaining long HS chains in their biological environment 67,68 . HPSE2 is here reported as the only gene in Group II, but the evolving literature and clinical reports might further enrich the number of genes in this group.

Group III -Non-essential HSPG biosynthetic genes that are ubiquitously expressed

Group III clustered HSPG biosynthetic genes that although widely expressed are non-essential for normal development and homeostasis (Fig. 4, Fig. 5, and Suppl. Inf.). However, genes in Group III appeared to be required for appropriate tissue responsiveness to stimuli and, for several of them, SNP is associated with increased or decreased vulnerability to disease, or to altered conditions or behaviors (Supp. Inf). Interestingly, all syndecans core proteins coding genes (SDC1 [69][START_REF] Edenhofer | Prion protein PrPc interacts with molecular chaperones of the Hsp60 family[END_REF][71] , SDC2 72 , SDC3 [73][74][75][76] , and SDC4 [77][78][79] ) and one glypican (GPC1 80,81 ) clustered in this group (Fig. 4). Concerning the HS chain biosynthetic genes, none of these clustered in this group. Instead, Group III clustered genes involved in the control of HS levels and quality, including EXTL2 82,83 , HPSE [84][85][START_REF] Ostrovsky | Genetic variations in the heparanase gene (HPSE) associate with increased risk of GVHD following allogeneic stem cell transplantation: effect of discrepancy between recipients and donors[END_REF] and SULF1 [START_REF] Edenhofer | Prion protein PrPc interacts with molecular chaperones of the Hsp60 family[END_REF][START_REF] Oshima | Loss of endothelial sulfatase-1 after experimental sepsis attenuates subsequent pulmonary inflammatory responses[END_REF][START_REF] Taghizadeh | SULF 1 gene polymorphism, rs6990375 is in significant association with fetus failure in IVF technique[END_REF][START_REF] Zhang | Polymorphisms in Sex Hormone Metabolism Genes and Risk of Preeclampsia in Taiyuan, China[END_REF] (Fig. 5). Globally, data from GWAS, knockout mice, and literature research indicate that genes in Group III are not essential for normal development and homeostasis but are required for proper response to stimuli and or involved in vulnerability or resistance to disease and altered behaviors.

Group IV -Non-essential HSPG biosynthetic genes that are restrictedly expressed

Group IV of HSPG biosynthetic machinery genes clustered all genes that are expressed in a tissue restricted manner (Fig. 4) and which genetic variability is not causative of lethality or disease, although SNP might be associated to resistance or vulnerability to pathologic conditions, to altered response to stimuli, and to altered behaviors (Fig. 4, Fig. 5, and Suppl. Inf). Genes in Group IV included those coding for two core proteins (GPC2 [START_REF] Kamimura | Glypicans and Heparan Sulfate in Synaptic Development, Neural Plasticity, and Neurological Disorders[END_REF][START_REF] Lugert | Glypican-2 levels in cerebrospinal fluid predict the status of adult hippocampal neurogenesis[END_REF][START_REF] Luxardi | Glypicans are differentially expressed during patterning and neurogenesis of early mouse brain[END_REF] and GPC5 [START_REF] Chorąży | Analysis of chosen SNVs in GPC5, CD58 and IRF8 genes in multiple sclerosis patients[END_REF][START_REF] Guan | The Role of Cell Growth-Related Gene Copy Number Variation in Autoimmune Thyroid Disease[END_REF][START_REF] Okamoto | Common variation in GPC5 is associated with acquired nephrotic syndrome[END_REF] ), three NDSTs (NDST2 [START_REF] Bush | N-sulfation of heparan sulfate regulates early branching events in the developing mammary gland[END_REF][START_REF] Ledin | Enzymatically active N-deacetylase/N-sulfotransferase-2 is present in liver but does not contribute to heparan sulfate N-sulfation[END_REF][START_REF] Ledin | Heparan sulfate structure in mice with genetically modified heparan sulfate production[END_REF] , 64 3 16 20 45 23 29 47 100 66 43 11 3 5 27 22 26 33 10 19 26 23 17 14 6 13 GPC6 22 1 20 40 27 23 5 9 2 13 18 1 28 5 13 10 6 20 1 7 8 6 3 0.5 16 16 XYLT1 19 13 10 11 26 8 8 14 20 6 2 1 0.5 3 7 12 9 11 16 15 34 9 2 0.6 9 17 XYLT2 21 22 9 15 24 26 32 21 23 16 11 13 3 13 33 10 9 17 19 21 12 20 10 3 13 5 B4GALT7 7 GPC2 1 9 0.6 0.7 0.9 1 19 2 0.5 0.6 nd nd nd 0.9 nd 0.9 0.7 4 3 2 0.5 nd 0.9 nd 13
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nd nd nd nd 0.9 nd 16 nd 0.6 3 11 nd 0.9 0.5 nd nd nd 0.6 nd nd 4 1 nd nd 5 NDST3 [START_REF] Lencz | Genome-wide association study implicates NDST3 in schizophrenia and bipolar disorder[END_REF][100][101]and NDST4 102,103 ), two HS6STs (HS6ST2 104,105 ,HS6ST3 106,107 ), all HS3STs (HS3ST1 [108][109][110]HS3ST2 111,112 , HS3ST3A1 [113][114][115] , HS3ST3B1 115 , HS3ST4 116 , HS3ST5 117 , and HS3ST6 118,119 ), and one HS levels regulating genes (EXTL1 120 ). Based in current available data and literature records, it appeared that, at least in the absence of instigating stimuli, these genes are noncausative of disease and are not essential for normal development and homeostasis (Supp. Inf).

Accordingly, their corresponding gene null mice, when available, develop normally, are fertile, and show non deleterious phenotypes (Supp. Inf). Depending on the gene, mice can show inappropriate response to instigating stimuli during processes including wound healing, angiogenesis, inflammation, immunity, infection, and response to neurological stimuli leading to altered adaptative behaviors (as alertness and satiety during feeding, and response to stress) (Suppl. Inf.). Moreover, SNP in Group IV genes, along or in combination with SNP in other loci, have been associated to vulnerability or resistance to diseases, to infection, and to impaired angiogenesis, inflammation, immunological response, altered behaviors, etc. (Fig. 3 and Suppl. Inf.). It is to note that all the HS sulfotransferases coding genes that did not cluster in Group I clustered in this group, including NDST2, HS6ST2, HS6ST3, and all HS3STs. Thus, based in information from knockout mice, GWAS data, and literature research, it appeared that the tissue restricted rHS sequences are those required for appropriate adaptive behaviors and responsiveness to stimuli in tissues in which each gene is specifically expressed. or 'Non-Essential', GSPG biosynthetic genes were clustered depending on whether they show restricted expression or wide expression in human tissues under basal physiologic conditions. This dual organization allowed formation of four groups of genes: Group I integrates Essential and widely expressed genes coding for ubiquitous HSPG core proteins (uCP), ubiquitous GAG-CP linker tetrasaccharide (uTetr), and ubiquitous HS sulfate (uHS) biosynthetic enzymes and transporters. Group II integrates an Essential and tissue-restricted gene involved in the control of post-synthetic HS modifications (indicated as rCQ, for tissue restricted quality control). Group III integrates 'Nonessential widely expressed genes' coding for ubiquitous HSPG core proteins (uCP) and widely expressed genes involved in HS post-synthetic modifications (uQC). Groupe IV integrates 'Non-essential restrictedly expressed genes' coding for tissue restricted core proteins (rCP), tissue restricted HS (rHS) biosynthetic enzymes, and tissue restricted genes involved in post-synthetic modifications (indicated as rCQ, for tissue restricted quality control).

Functional aspects of the HSPG core proteins

Essential pericellular core proteins

Pericellular HSPG are essential constituents of basement membranes, the highly specialized extracellular matrices that tie the epithelium to connective, endothelial, muscular, neuronal, and other tissues 121 . The main pericellular HSPG core proteins are perlecan, agrin, and collagen 18, respectively coded by HSPG2, AGRN, and COL18A1, which clustered in Group I (Table 1, Fig. 5, and Suppl. Inf.). Perlecan is mainly expressed in skeletal, musculoskeletal, and cardiovascular basement membranes 23,122 . Hence, HSPG2 variants affect these tissues with severities that depend on the variant, as observed in Stuve-Wiedemann, Schwartz-Jampel and lethal Kniest-Like syndromes 23,25 , which traits are recapitulated in the Hspg2 -/-mouse 22 . Similarly, clinical variants in AGRN, which codes for the agrin core protein characteristically expressed in neuromuscular junctions 122 , result in a myasthenic syndrome, recapitulated in the Agrn -/-mouse 27,29 . Collagen XVIII additionally supports basement membranes in some tissues 32 , as suggested by the traits observed in COL18A1 variants that lead to eye defects, occipital encephalocele (Knobloch syndrome), and other overt phenotypes recapitulated in the Col18a1 -/-mouse 30,31 . In addition to the importance of pathogenic variants, SNP has been associated with risk to altered health condition or disease (Table 1, Fig. 3). For instance, HSPG2 SNP has been associated with tardive dyskinesia 123 whereas COL18A1 SNP has been associated with pelvic organ prolapse 124 . Globally, these data confirm the essentialness of ubiquitous pericellular HSPG core proteins, and the importance of their likelyubiquitous HS chains, in the pericellular matrix organization 1 .

Essential cell membrane-associated core proteins

Among HSPG membrane-associated core proteins coding genes, only GPC3, GPC4, and GPC6 clustered in Group I (Table 1 , Fig. 5, and Supp. Inf.). By keeping the HS chains very close to cell membranes, glypicans are known to bring HS binding proteins near to their high affinity receptors 125 .

Proteins requiring this proximity includes fibroblast growth factors, bone morphogenetic proteins, wints, hedgehogs, and several other proteins involved in cell signaling 125 . Among GPCs pathogenic variants, those in GPC3 are the most severe, as shown by pre-and post-natal overgrowth with skeletal, visceral, and neurological abnormalities observed in the X-linked Simpson-Golabi-Behmel syndrome resulting from GPC3 variability 34 and recapitulated in the Gpc3 -/-mice 33 . Similar traits are observed in GPC4 variants responsible of Keipert syndrome 36 , characterized by craniofacial and digital abnormalities, deafness, and synaptic impairment, and in GPC6 variants responsible of omodysplasia-1 37 with facial dysmorphism, short stature, and shortened limbs, recapitulated in the knockout mice 39 . In addition to pathogenic genetic variability, SNP in GPC4 and GPC6 has been associated to risk to altered conditions (Table 1 and Suppl. Inf). These data confirm the essentialness of the ubiquitous GPC3, GPC4, GPC6 in normal development and homeostasis and suggest that Table 1. Genes coding for ubiquitous and tissue restricted HSPG core proteins. Genes are organized 334 based on their expression in human tissues and traits of their clinical variants and/or phenotype of null mice.
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Gene

Impact of genetic variants in human

Phenotype of the null mouse

Most affected organs or tissues

Ref.

GROUP I Essential

Widely expressed

HSPG2

From mild to lethal diseases: Lethal Kniestlike syndrome, Schwartz Jampel syndrome type Die at birth with severe facial dysmorphism and short bones.

Skeleton, facial bones.

38-40

GROUP III Non-essential

Widely expressed

GPC1

No pathogenic variants reported. SNP association with risk of schizophrenia and biliary atresia.

Viable, fertile, healthy. However, slightly reduced brain size.

Brain. 80,81,

129

SDC1

No pathogenic variants reported. SNP association with risk of coronary plaque in patients with coronary artery disease and risk of biliary atresia.

Viable, fertile, and healthy. However, altered response to stimuli during wound healing, inflammation, fibrosis, re-vascularization, infection…

Several tissues, altered response to instigating agents and angiogenesis.

69,70, 130

SDC2

No pathogenic variants reported. SNP association with risk of posttraumatic stress disorder.

Mouse has not been generated. However, altered adaptative responses during tissue recovery after injury (fibrosis, inflammation).

Several tissues, altered response to instigating agents and angiogenesis.

72,130-132

SDC3

No pathogenic variants reported. SNP association with resistance to obesity and risk to metabolic syndrome and female hyperandrogenism.

Viable, fertile, and healthy. However, altered resistance to obesity and altered feeding behavior.

Brain, immune and adrenal systems.

73-76, 130,133

SDC4

No pathogenic variants reported. SNP association with miss-regulation of whole-body energy metabolism and with longevity and lipid profile in healthy elderly.

Viable, fertile, and healthy life. However, altered reactivity to stimuli related to wound healing.

Several tissues: altered response to instigating agents and angiogenesis.

77,79, 134

GROUP IV Non-essential

Restricted expression

GPC2

No pathogenic variants reported. SNP as part of polygenic risk suggestive of Alzheimer's disease.

Mouse has not been generated. However, transcript and protein levels increase when neurogenesis is stimulated in the adult mice brain and decrease when neurogenesis is ablated.

Brain.

91,128

GPC5

No pathogenic variants reported. SNP association with risk for multiple sclerosis, autoimmune thyroid disease, and acquired nephrotic syndrome.

Mouse has not been generated. Kidney and testis. 93-95 glypican, at least glypicans 3, 4 and 6, are the main HSPG that carry the HS involved in essential cell signaling. Whether these HS are made by the also ubiquitous HS biosynthetic genes is unknown.

Non-essential cell membrane-associated HSPG core proteins

Excepting the essential GPC3, GPC4, GPC6, all other cell membrane-associated core proteins coding genes (GPC1, GPC2, GPC5, SDC1, SDC2, SDC3, and SDC4) clustered in Groups III and IV, both characterized for being non-essential for normal development but required for appropriated response to stimuli, as during wound healing, angiogenesis, inflammation, immune response, normal behaviors, etc. (Table 1, Fig. 5, and Supp. Inf.). For instance, SNP in GPC1 loci was associated to biliary atresia 80 and schizophrenia 81 , whereas GPC2, expressed in brain (Fig. 4) was involved in proper response to neurogenic stimuli [START_REF] Lugert | Glypican-2 levels in cerebrospinal fluid predict the status of adult hippocampal neurogenesis[END_REF] . Similarly, the kidney, testis, and adrenal and thyroid glands predominant GPC5 (Fig. 4) was involved in podocyte response to injury and nephropathy progression in type 2 diabetes patients 135 and SNP was associated with acquired nephrotic syndrome, autoimmune thyroid disease, and risk for multiple sclerosis [START_REF] Chorąży | Analysis of chosen SNVs in GPC5, CD58 and IRF8 genes in multiple sclerosis patients[END_REF][START_REF] Guan | The Role of Cell Growth-Related Gene Copy Number Variation in Autoimmune Thyroid Disease[END_REF][START_REF] Okamoto | Common variation in GPC5 is associated with acquired nephrotic syndrome[END_REF] . Similarly, syndecans are required for appropriate tissue response to inflammation, infection, wound healing, angiogenesis, neurological stimuli, etc. [136][137][138] . In agreement with the role of SCD genes in appropriate response to stimuli, the Sdc1 -/-mouse showed altered capacity to recover from microbial infection or ischemia 139 and the Sdc4 -/-mouse showed delayed wound healing and impaired angiogenesis 134 . Although the Sdc2 -/-mouse has not yet been generated, syndecan 2 has been involved in fibrosis and inflammation 131,132 . Moreover, SNPs in some of these genes have been associated with risk to develop diseases involving altered adaptative behaviors. For instance, SDC1 polymorphism has been associated with coronary plaque formation in coronary artery disease patients 69 , with multiple sclerosis [START_REF] Edenhofer | Prion protein PrPc interacts with molecular chaperones of the Hsp60 family[END_REF] , and with renal malfunction in adolescents with excess weight 71 . SDC2 polymorphism has been associated to posttraumatic stress disorders in post war veterans 72 . SDC3 polymorphism has been associate to satiety dysregulation and obesity 74,76 , metabolic syndromes 73 , and schizophrenia 75 . SDC4 polymorphism was associated with risk of metabolic syndromes and obesity 77 and with longevity in healthy elderly Italian 79 . Together, these data indicate that Group III and IV core proteins, and possibly their HS chains, are required for appropriate responsiveness to stimuli and adaptative behaviors rather than for the regulation of essential physiological processes.

The GAG-CP-linker tetrasaccharide pathway first assures HSPG over CSPG biosynthesis

After synthesis of the core protein, the GAG-CP linker tetrasaccharide (Fig. 1) is synthetized by an ubiquitous biosynthetic machinery involving several genes which, with exception of XYLT1 and XYLT2 3 , have not paralogue genes able to assure compensation. Because this machinery is common to HSPG and CSPG, it can then be expected that defects in any of the ubiquitous GAG-CP linker biosynthetic genes will affect production of both proteoglycans in all tissues. However, a skeletal phenotype predominantly affecting CS is mainly observed in linkeropathies, the family of diseases caused by variability in GAG-CP linker biosynthetic genes 140 . Here, the integrative analysis of clinical variants, gene expression, enzymes selectivities, and protein clusters data (Table 2, Fig. 4, and Supp. Inf.) indicates that the GAG-CP linker biosynthetic pathway is organized to preferentially assure production of HSPG over that of CSPG (Fig. 6A), as detailed below.

The GAG-CP linker biosynthetic machinery

Biosynthesis of GAG-CP linker is initiated by addition of a xylose (Xyl) from UDP-Xyl to specific serine residues in core proteins (Ser-CP) 2,3 . This is assured by XYLT1 during development and by both XYLT1 and XYLT2 after bird 42 (Fig. 6A and Supp. Inf.). During development, XYLT1 is highly expressed by chondroblasts 42 , the cells that secrete a CSPG aggrecan rich matrix that forms the cartilage template upon which bone is formed 141 . Indeed, as endochondral ossification of the cartilage elements ensues, the expression of aggrecan by differentiating chondrocytes predominates over expression of other proteoglycan core proteins 142 . Thus, to assure all proteoglycans glycosylation in this high aggrecan content, XYLT1 binds to aggrecan core protein with lower affinity than to other core proteins 41,143 , including to the small leucine rich (SLRP) CSPG decorin that stabilizes collagen fibrils in soft tissues, as skin and cornea 144 . The higher affinity of XYLT1 for decorin over aggrecan splits the GAG-CP linker biosynthetic pathway in a CSPG-decorin path and a HSPG/CSPG-aggrecan path (Fig. 6A), in which rich aggrecan synthesis is assured by an abundant substrate pool. Thus, during development, a defective XYLT1 should primarily assure the decorin path, principally affecting the CSPG-aggrecan path. Accordingly, XYLT1 variability results in Desbuquois dysplasia type 2 (known as Baratela-Scott syndrome) 41 , characterized by severe skeletal growth retardation with multiple dislocations, joint laxity, advanced carpal ossification, with no skin overt phenotypes, indicating that the CSPG-decorin path is unaffected (Table 2 and Supp.

Inf.). After birth, under physiologic conditions, XYLT1 expression decreases and XYLT2 is expressed. XYLT2 shows similar affinity for both decorin and aggrecan core proteins, possibly because after birth the abundant aggrecan synthesis is not any more required and HSPG and CSPG syntheses need to be balanced. Although at different extents depending on the tissue, both XYLT1 and XYLT2 are expressed after birth (Fig. 4), Thus, defects in XYLT2 should not affect development and after birth they might be compensated by XYLT1, at least in some extent and in the tissues in which the enzyme is expressed. Accordingly, during development XYLT2 variants show no clinical significance, but after birth they cause the post-developmental spondyloocular disorder characterized by osteoporosis, cataract, hearing, and learning impairment 43,135 .

On the continuation of the GAG-CP linker biosynthesis, B4GALT7 adds galactose (Gal) to Xyl-(Ser-CP) 145 (Fig. 6A). B4GALT7 shows similar affinity for aggrecan and decorin core proteins, indicating that defective B4GALT7 should affect both CSPG-decorin and HSPG/CSPG-aggrecan paths.

Accordingly, B4GALT7 variants lead to B4GALT7-related Ehlers-Danlos syndrome (spondylodysplastic EDS type 1) 45 , which traits are like those caused by XYLT1 mutations (CSPGaggrecan path affected) with additional soft tissues overt phenotypes including hyperextensible, soft, thin, translucent, and doughy skin (CSPG-decorin path is affected) (Table 2 and Supp. Inf.) 45 .

Table 2. Ubiquitous GAG-CP linker tetrasaccharide biosynthetic genes. Genes are organized based on their expression in human tissues and traits of their clinical variants and/or phenotype of null mice.

Gene Impact of genetic variants in human

Phenotype of the null mouse

Most affected organs or tissues

Ref.

GROUP I Essential

Widely expressed In the HSPG/CSPG-aggrecan path, the resultant Gal-Xyl-(Ser-CP) is then phosphorylated by FAM20B to form Gal-Xyl(P)-(Ser-CP) (Fig. 6A), which is the preferred B3GALT6 substrate that additionally promotes the HSPG/CSPG-aggrecan path. Indeed, in further steps of the GAG-CP linker synthesis, phosphorylated products will become the preferred substrates that nourish the HSPG path 49,146 . This is consistent with the high lethality observed in the rare FAM20B clinical variants, which show a phenotype like that observed in XYLT1-Desbuquois dysplasia (CSPG-aggrecan path is affected) but additionally affecting many other organs 49 (HSPG path is affected) (Fig. 6A). In the next step of the GAG-CP synthesis, B3GALT6 transfers a second Gal to Gal-Xyl(P)-(Ser-CP) in the HSPG/CSPG-aggrecan path and to Gal-Xyl-(Ser-CP) in the CSPG-decorin path 145 , nourishing both pathways (Fig. 6). Again, the phosphorylated product is the preferred B3GAT3 substrate that will then favor the HSPG path over the CSPG-aggrecan and CSPG-decorin paths (see below).

XYLT1
Accordingly, B3GALT6 mutations lead to B3GALT6-related spondylodysplastic Ehlers-Danlos syndrome (spEDS), characterized by bone dysplasia, joint laxity (CSPG-aggrecan path is affected), and mild skin hyper elasticity 47 (CSPG-decorin path is affected) (Table 2). Subsequently, depending on substrate pool levels, B3GAT3 will act alone or in association with PXYLP1, for which it shows a high affinity. Indeed, when complexed to PXYLP1, for which B3GAT3 shows the high affinity, GlcA addition occurs followed by immediate Xyl dephosphorylation to form GlcA-Gal-Gal-Xyl-(Ser-CP), which is the preferred substrate for EXTL3 that starts HS chain initiation 7,146,153 (Fig. 6A and6B).

Abundance of GlcA-Gal-Gal-Xyl-(Ser-CP) substrate pool allows CSGALNACT1 action on substrates that did not integrate the HS path. Moreover, in associating with B3GAT3 un-complexed PXYLP1, CSGALNACT1 can also act in Gal-Gal-Xyl(P)-(Ser-CP), which is the preferred substrate for CSGALNACT1, starting CS chain initiation 7,146,153 . Thus, higher expression levels of B3GAT3 compared to PXYLP1 (Fig. 4) and high affinity between PXYLP1 and B3GAT3 can favor equilibrium through the HS synthesis. PXYLP1 un-complexed B3GAT3 (Fig. 6A). Therefore, in defective EXTL3, its substrate excess allows the initiation of CS chain synthesis by CSGALNACT1 along or in association with PXYLP1 146,153 , favoring aggrecan synthesis (Fig. 6A and 6B) 7,146,153 . Thus, the phosphorylated and non-phosphorylated substrate pools and the levels of expression of B3GAT3, PXYLP1, XYLT3, and CSGALNACT1, at least, will participate to the selection of the proteoglycan that will be preferentially elongated 146 . Globally, based in literature data, clinical variants and expression databases, our analysis indicate that the CSPG and HSPG overlapping paths can concomitantly occur with crossed pathways, which preferences are driven by abundancy of substrates pools, substrates selectivities, levels of expression, and protein-protein interactions. In case of defective genes , the preferred maintain of the HSPG path is supported by the mixed skeletal and soft tissue phenotypes observed in B3GAT3 clinical variants responsible of Larsen, Antley-Bixler, Shprintzen-Goldberg, Geroderma osteodysplastica, and spEDS 48 and other linkeropathies (Tables 2 and3). 

Other enzymes and transporters

In addition to variability in GAG-CP linker biosynthetic genes, genetic variability in ion and nucleotide transporters, or in other Golgian proteins that allow availability of sugar nucleotides and ions, can dramatically alter the biosynthesis of the GAG-CP linker 154,155 . For instance, the calcium activated nucleotidase-1 (CANT1) hydrolyses the uridine diphosphate nucleoside (UDP), which inhibits glycosyltransferases (as XYLTs) 155 (Fig. 6A). Accordingly, CANT1 clinical variants lead to Desbuquois dysplasia traits like those observed in XYLT1 and B4GAT7 variants 8,151 (Table 2).

Because CANT1 is calcium dependent, variants in the Ca 2+ transporter SLC10A7 result in skeletal dysplasia with CANT1 and XYLT1 overlapping traits 10 (Table 2). Similarly, variants in genes coding for sulfate ion transporters (SLC26A2) 156 , nucleotide (UDP-GlcNAc and UDP-Gal) transporters (SCL35A2 and SCL35A3), or ions (Mg 2+ and Mn 2+ ) transporters required for proper enzymatic activities at the Golgi (Fig. 6A), can result in linkeropathies-like phenotypes 9,155,157 . activities, thus driving CS initiation (Fig. 6A). Accordingly, lack of Extl3 in mice causes embryonic lethality possibly due to the lack of HS chain synthesis. In human, biallelic mutations in the EXTL3 gene result in a neuro-immuno-skeletal dysplasia syndrome 54 , suggesting an imbalanced HSPG/CSPG-aggrecan paths with decreased HS synthesis and increased syntheses of CSPG aggrecan and neurocan (Fig. 6A and 6B, Table 3, and Supp. Inf.). Following continuation of the HS chain synthesis, the EXT1/EXT2 hetero-oligomeric complex elongates the HS chain by alternated addition GlcNAc and GlcA to the GlcNAc-GlcA-Gal-Gal-Xyl-(Ser-CP) substrate, which initiates HS chain elongation 2 (Fig. 6B). In Ext1/Ext2 depleted mice, lack of HS leads to gastrulation failure and embryonic death 55,56 , agreeing the essentialness of HS chains carried by proteoglycans. In human, EXT1 or EXT2 variants lead to hereditary multiple exostoses (Table 3), characterized by the formation of cartilage-capped bony outgrowths 158 , suggestive of the accumulation of EXT1/EXT2

GlcNAc-GlcA-Gal-Gal-Xyl-(Ser-CP) substrate, which is the EXTL3 product. Thus, this in turn results in increased GlcA-Gal-Gal-Xyl-(Ser-CP) pool, which nourishes the CSPG-aggrecan path (Fig. 6A).

Thus, in the context of GlcA-Gal-Gal-Xyl-(Ser-CP) substrate pool excess, CSPG-aggrecan can be accumulated in tissues in which its synthesis is rich, explaining the epiphyseal growth plates resulting in cartilage-capped bony outgrowths. On the continuation of HS elongation, HS chain maturation is assured by the ubiquitous NDST1, HS2ST, HS6ST1, and C5-epimerase (GLCE), which respectively assure basal N-deacetyl-N-sulfation, 2-O-sulfation, 6-O-sulfation, and GlcA/IdoA epimerization 2 .

Interestingly, NDST1 and HS6ST1 substrate specificities suggest that, in association with HS2ST

and GLCE, these enzymes can form sequences carrying NA/NS domains 59,[159][160][161][162][163].

Indeed, NDST1 can generate HS domains with lower level of N-sulfation than NDST2 164 while HS6ST1 shows higher selectivity for non-2-O-sulfated residues (hexA-GlcNS), as confirmed in the Hs6st1 null mouse 59 . According with their essentialness, uHS made of NA/NS domains might then be those that interact and regulate HBP required for normal development and homeostasis 17,165 .

Accordingly, Ndst1 -/-, Hs2st1 -/-, and Glce -/-mice perinatally die with severe developmental abnormalities 57,60,61 , and the Hs6st1 -/-mouse cannot thrive 59 (Table 3).

Table 3. Ubiquitous heparan sulfates (uHS) biosynthetic genes. Genes are organized based on their expression in human tissues and on clinical variants traits and/or phenotype of the corresponding null mice.

Gene Impact of genetic variants in human

Phenotype of the null mouse

Most affected organs or tissues

Ref.

GROUP I Essential

Widely expressed

EXTL3

Severe autosomal recessive skeletal dysplasia, including epispondylometaphyseal dysplasia, with developmental delay, immunodeficiency, and neuromotor and brain development delay.

Embryonically lethal at around 9 days post-fecundation with HS non-detected and with over production of CS in chondrogenic tissues.

All tissues. 54,167

EXT1

Hereditary multiple exostoses (multiple cartilaginous tumors), scoliosis, seizures, macrocephaly, defects in pancreas, lung, heart, cornea, etc.

Ext1 -/-Ext2 -/-mice die at embryo due to gastrulation failure. Ext1 -/- form several exostoses.

Cartilage and bone. 55,158

EXT2

Hereditary multiple exostoses (less severe that that caused by EXT1).

Ext1 -/-Ext2 -/-mouse dies at embryo due to gastrulation failure. Ext1 Moreover, no pathogenic variants are known in human for HS2ST1, HS6ST1, or GLCE, possibly because lethal. However, individuals with compound heterozygous NDST1 mutations can survive, although with brain and muscle overt phenotypes 58 . This is possibly due to NDST2 redundance, as NDST2 is not expressed in brain and skeletal muscle (Fig. 4) 58,166 . Together, these data support that uHS sequences synthetized by the Group I HSPG biosynthetic machinery could be those which, depending on their level of expression in each tissue, form HS sequences able to interact and regulate the activities of heparin binding proteins that assure tissue basal functions and homeostasis, as growth factors, morphogens, and other pericellular and cell membrane-associated proteins centrally involved in normal development and homeostasis.

Non-essential HS in the appropriate response to stimuli

NDST2, NDST3, NDST4, HS6ST2, HS6ST3, and all HS3STs, are tissue restricted sulfotransferases coded by genes clustered in Group IV (Fig. 4, Fig. 5, and Suppl. Inf). No pathogenic variants are known for any of these genes and the corresponding knockout mice, when available, develops normally, are fertile, and live healthy (Table 4, and Supp. Inf.). Although it cannot be excluded that absence of deleterious phenotypes can be due to compensation phenomena, polymorphisms in most of these genes have been associated with resistance or risk to altered conditions affecting the organs in which they are expressed (Tables 4,see Suppl. Inf.). For instance, in brain, SNP in NDST3 has been associated with risk of schizophrenia and bipolar disorders [START_REF] Lencz | Genome-wide association study implicates NDST3 in schizophrenia and bipolar disorder[END_REF]101 , SNP in NDST4 has been associated with reading difficulty and language impairment 102 , SNP in HS6ST2 has been associated

with intellectual disability 105 , SNP in HS6ST3 has been associated with dysregulation of satiety 101,106 , and SNP in HS3ST1 has been associated with to Alzheimer's disease 108,110 . Moreover, the involvement of some of these genes in the appropriate response to neurological stimuli is starting to be documented. For instance, the Ndst3 -/-mouse exhibited subtle impaired anxiety with not compensatory effects from other Ndst 100 while HS3ST2 expression was increased in the rat pineal gland after adrenergic stimulation 170 , indicating a role of these enzymes in adaptative neurological functions.

In peripheral tissues, several polymorphisms have been associated, along or in combination with other genes, with altered conditions or susceptibility to disease (Table 4). For instance in coronary artery diseases (HS3ST1), ulcerative and Crohn's colitis (HS3ST2) 111 , chronic obstructive pulmonary disease (HS3ST2) 112 , and hereditary angioedema (HS3ST6) 119 . The importance of these genes in the regulation of response to stimuli is also supported by available knockout mice and biomedical research. For instance, the Hs3st1 null mouse showed a strong proinflammatory phenotype 109 , HS3ST3B1 was shown to be involved in T lymphocytes activation 171 , HS3ST3A1 expression was found increased during normotensive and pre-eclamptic pregnancies 113 , and NDST2 was essential for mast cells responsiveness during inflammation and during innate and adaptive immunity toward pathogens 172 . Moreover, 3-O-sulfated HS (3S-HS) are well known to increase susceptibility to infection by pathogens 12 . Accordingly, polymorphism in both HS3ST3A1 and HS3STB1 has been associated with risk to P. falciparum infection 173 and some 3S-HS structures trigger HSV infection 12 . 

HS chain remodeling and biosynthesis arrest

After biosynthesis, HSPG are secreted to the cell surface or to the pericellular space, where their HS chains can be remodeled by SULF1, SULF2 14 , and/or by heparanase 15 , which activity can be negatively regulated by the enzymatically inactive heparanase 2 67 (Table 5). Although no clinical variants are known for SULF2, the Sulf2 -/-mouse shows lethality 14 (included in Group I), whereas in human, HPSE2 variants result in pos-developmental syndromes (included in Group II), and other altered conditions (Suppl. Inf.) 68,174,175 . This indicates that both SULF2 and HPSE2 are required for normal homeostasis and basal response to stimuli. The involvement of HPSE2 in response to stimuli was confirmed in the homozygous Hpse2 gene trap mouse, which developed normally but showed deficient responses to chemical and electrical field stimulation and showed low weight gain after weaning and died early in life 174,175 . In the other side, both Sulf1 -/-and hpse -/-mice develop and live normally, are anatomically normal fertile, and show non overt phenotypes 14,186 (included in Group III). Accordingly, non-pathogenic variants are known in human(Table 5). However, SNP has been associated with chronic graft-versus-host disease 84 , supporting its clustering in Group III.

Accordingly, as for other genes in Group III, nonpathogenic SULF1 variants are known, but polymorphism has been associated to multiple sclerosis [START_REF] Edenhofer | Prion protein PrPc interacts with molecular chaperones of the Hsp60 family[END_REF] , fetus failure during in vitro fertilisation [START_REF] Taghizadeh | SULF 1 gene polymorphism, rs6990375 is in significant association with fetus failure in IVF technique[END_REF] , and preeclampsia 89 (Table 5). Moreover, although widely distributed, HPSE and SULF1 basal expressions are low (Fig. 4), possibly because it is mainly required during tissue remodeling, as during wound healing, inflammation, and tumor growth and metastasis 15 . Interestingly, this is also the case for HPSE2 (Fig. 4), which main action could also be regulatory during endogenous stimuli. Together, these reports suggest that arrest of HS biosynthesis and HS chain remodeling predominantly occurs when cells and tissues are submitted to instigating or adaptative conditions, and that their SNP might predispose disease.

Stimuli driven arrest of HS chain initiation or elongation

During biosynthesis, EXTL1 (Group IV) and EXTL2 (Group III) can control HS levels by respectively blocking chain elongation or chain initiation when the biosynthetic machinery is overactivated, for instance during wound healing, during adaptative immunological response of cells, or following other internal or external stimuli 13 . No pathogenic variants have been reported for neither of these genes and no genetic polymorphism has been associated with disease (Table 5). Indeed, to date, only polymorphism in EXTL1 has been associated with muscle lipid composition, although without pathologic impact 120 . However, in vitro, primary cultures of B-cells from mouse overexpressing Extl1

showed altered maturation capacities 190 (Table 5), suggesting that but the enzyme might be involved in generation of environments or processed assuring an appropriate responsiveness to stimuli, including immunological stimuli 190 . Similarly, the Extl2 -/-mouse showed non overt phenotype, although presented impaired recovery following liver and kidney injury 82,83 . These data suggest that arrest of HS chain initiation or elongation is not essential during development and homeostasis but is required for appropriate response to stimuli and that SNP can predispose to altered conditions with or without clinical significance.

Discussion

HSPGs are among the more complex molecules in biology due to their HS structural and functional diversity. This diversity results from the complexity of their biosynthetic machinery coded by dozens of genes, which unclear relation to each other has hidden advances in the understanding of proteoglycans biology. Here, by following the PRISMA guidelines for systematic reviews and metaanalysis 18 , we retrieved information for the 50 main human HSPG biosynthetic genes, including those shared with the CSPG biosynthesis through the GAG-CP-linker tetrasaccharide, and for other genes involved in Golgian homeostasis. Analysis of the documented relationship between human pathogenic variants, SNPs associations with altered conditions or susceptibility to disease, null mice phenotypes, gene expression profiles, and substrates specificities of enzymes coded by the biosynthetic genes, resulted in the clustering in 4 Groups of genes organized depending on their essentialness and expression (Fig. 5). Globally, Group I integrates ubiquitous genes which by themselves can produce complete HSPG, as the group included genes coding for cores protein, all the GAG-CP linker biosynthetic enzymes, and glycosyltransferases and three sulfotransferases involved in the synthesis of a complete HS chain. Concerning the core proteins, Group I included genes coding for all the full time pericellular HSPG core proteins (perlecan, agrin, and collagen 18) 1 and for 3 membrane-associated glypicans (glypicans 3, 4, and 6) 125 , indicating that this group can afford both essential pericellular HSPG involved structure and function of the pericellular matrix and and cell membrane-associated HSPG involved in cell signaling.

Concerning the GAG-CP linker tetrasaccharide coding genes, analysis of their clinical variants, null mice phenotypes, and substrate selectivities of their coded enzymes, resulted in a new organization of the GSG-CP linker biosynthetic pathway in which the HSPG synthesis is primarily assured over that of CSPG and in which the phenotypic continuum of disorders as linkeropathies and other pathologies is understandable 52,140,191 . Moreover, this new representation of the GAG-CP linker biosynthetic genes supports the idea that HSPG biosynthetic enzymes can assemble into 'GAGosmes' 64,192 ,or 'Proteoglycanomes' 193 , which consider the integration of proteoglycan core proteins in the protein complexes that assure proteoglycans synthesis in the Golgi. Indeed, common protein modules in the ubiquitous/essential pericellular perlecan and agrin (Group I) are different from those shared by the ubiquitous/non-essential syndecans (Group III) 1 , but common to those in CSPGs aggrecan and neurocan, suggesting that agrin, perlecan, aggrecan, and neurocan can circulate through a common HSPG/CSPG path during GAG-CP linker synthesis, as proposed in Fig. 6A. Moreover, aggrecan and neurocan modules are different from those carried by decorin 1 , supporting the splitting of the CSPG-decorin path from the HSPG/CSPG-aggrecan path under interaction with XYLT1 at early steps of the GAG-CP linker biosynthesis (Fig. 6A). Likewise, syndecans modules are different from those carried by agrin, perlecan, aggrecan, neurocan, and decorin 1 , suggesting that the tissue restricted syndecans might integrate protein complexes different to those in which the ubiquitous core proteins are integrated. Thus, it will be important to investigate whether the tissue restricted HS biosynthetic enzymes in Groups III and IV contain protein modules that could associate them to syndecans or to other tissue restricted core proteins. Answering to this question will give information on whether rHS can be carried by uCP (Fig. 6C), as syndecans, but not only.

Concerning the HS chain, the EXTL3, EXT1, and EXT2 glycosyltransferases coding genes comprehensibly clustered in Group I, which contains genes that are essential for normal development and homeostasis (EXTL3, EXT1, and EXT2 are required for constructing the HSPG polysaccharide). Moreover, Group I clustered the ubiquitous NDST1, GLCE, HS2ST1, and HS6ST1, which appeared to be involved in the generation of uHS sequences that can then be those essential for normal development and homeostasis. In the other side, the tissue restricted NDST2-4, HS6ST2-3, and HS3ST1-6 appeared to generate specialized rHS sequences mainly involved in responsiveness to stimuli. Based in their substrate specificities 59,[159][160][161][162][163] , NDST1 and HS6ST1, in association with HS2ST and GLCE, likely form uHS NA/NS domains (Supp. Inf.), which sulfation level in each position might vary depending on these ubiquitous gene expression levels in the different tissues or cells [63][64][65] . Indeed, NDST1 generates HS domains with lower level of N-sulfation than NDST2 164 while HS6ST1 shows higher selectivity for non-2-O-sulfated residues (hexA-GlcNS), as confirmed in the Hs6st1 null mouse 59 . In the other side, mostly based in the presence of 3-Osulfation and higher levels of N-and 6-O-sulfations that result from NDST2 and HS6ST2 substrate specificities 12,[START_REF] Ledin | Enzymatically active N-deacetylase/N-sulfotransferase-2 is present in liver but does not contribute to heparan sulfate N-sulfation[END_REF]100,159,[161][162][163]177,[194][195][196][197][198][199] , it appeared that specialized rHS are formed by NS domains 12,162,177 . The existence of different synthetic paths leading to NA/NS or NS domains agrees the HS biosynthetic tree proposed by Yates el al. in which different enzymes specificities and substrate abundances can determine the HS synthesis direction either through a major branch assuring commonly occurring HS disaccharides or a minor branch assuring least common disaccharides 200 . Separation of the two branches seems to be associated to the relative abundance of two sets of structures resulting from the C5-epimerase preference to convert GlcA-GlcNS to IdoA-GlcNS compared to converting GlcA-GlcNAc to IdoA-GlcNAc 65,200 . Thus, because they are made by essential biosynthetic machinery, uHS NA/NS sequences might be those that are essential for normal development and homeostasis, whereas the specialized rHS sequences generated by enzymes coded by Group IV genes (NDST2, NDST3, NDST4, HS6ST2, HS6ST3, and all HS3STs) might be involved in specific biological functions. Accordingly, they are required for assuring adaptative behaviors and/or for proper responsiveness to instigating stimuli in the tissues or cells in which they are expressed.

Ideas and Speculation

This work highlighted the possible existence of uHS likely tailored by NDST1, HS6ST1 in associating with HS2ST and GLCE, which together can form NA/NS domains. However, experimental evidence directly demonstrating that uHS sequences in ubiquitous HSPG are formed of NA/NS require to be established. Nevertheless, because of their essentialness, one can speculate that these uHS sequences are those that interact and regulate HBP required for normal development and homeostasis, including matrix proteins (collagen, laminin, etc.), growth factors (FGFs, VEGF, PDGF, BDNF, GDNF, etc.), morphogens (Wint, hedgehog, etc.), lipid binding proteins (apolipoproteins, lipoprotein lipase, etc.), cell adhesion proteins (P and L-selectin, integrins, etc.), among others 17,165 .

Interestingly, several of these factors have been involved in cancer development and growth. Indeed, if NA/NS sequences are those that under physiological conditions interact with these factors and potentiated their activities, their excess might have over-signaling related oncogenic effects.

Interestingly, SULF2 is a 6-O-sulfatase that shows strong pro-oncogenic activity and that also clustered in Group I. Thus, by de-sulfating NS sequences, SULF2 can generate biologically active NA/NS-like sequences that potentiate growth factors activities. If this is the case SULF2 will be prooncogenic, as is the case 14 . Although compensation phenomena among SULF1 and SULF2 can be argued, it noteworthy that while SULF2 is a pro-oncogene, SULF1 shows anti-oncogenic activity 14 , suggesting differential functions. Accordingly, SULF1 might inactivate excess of NA/NS sequences by de-sulfating uHS and thus generating under-sulfated 6-O-desulfated NA/NS domains unable to promote HBP trophic effects 14,62 . Thus, it is possible that by generating biologically active NA/NSlike sequences, SULF2 favors growth factors activities acting as pro-oncogene, whereas SULF1 participate to inactivation of active NA/NS sequences by generating under sulfated and inactive NA/NS domains, acting as anti-oncogene. This hypothesis requires large research to be confirmed or discarded. Similarly, based in information from the knockout mice and GWAS data, it appeared that specialized rHS sequences are those required for appropriate responsiveness to stimuli and adaptive behaviors in tissues in which each gene is specifically expressed. An additional question of interest is whether these specialized rHS are those that afford to HS chains their fine structural specificity, which will then not be directly related to fundamental processes in life, but mostly to specific tissue responsiveness to stimuli, resistance or vulnerability to disease or altered behaviors, as those observed in complex neurological disorders. Moreover, it is possible that rHS sequences (their biosynthetic genes knockout mice lives healthy) are carried by Group II and III core proteins (their biosynthetic genes knockout mice lives healthy), whereas uHS sequences (their biosynthetic genes knockout mice die) are carried by the ubiquitous core proteins (their biosynthetic genes knockout mice die). Answering to these questions will facilitate research aiming to understand the differential role of HSPG core proteins and the HS chains that they carry in a large variety of biological and pathological context. Thus, although to date it is not yet possible to sequence single HS chains isolated from their physiological contexts, the selective purification of core proteins from tissues or cells will make available their specific HS chains, in which the research of NA/NS or NS sequences could be performed. Finally, as HS chains are long, one should consider that the specialized rHS sequences might be those that gives to cells the capacity to generate specific HS interactomes with cell membrane proteins, or matrix proteins. The involvement of Group IV rHS biosynthetic genes in complex pathologies, as neurologic or behavioral disorders, might represent a solution for the identification of pathologies associating specific rHS interactomes. We are currently working in this direction.

In conclusion, by analyzing clinical variants and transcriptomic databases and literature records for biochemical and functional information on HSPG biosynthetic machinery genes, we decrypted essential features of proteoglycans and HS structural and functional diversity. Our analysis considers new concepts non developed in previous works, for instance those in which HS structures are defined by the HSPG biosynthetic genes expression levels [63][64][65] 

Introduction

The prion protein (PRNP gene) and the amyloid ß precursor protein (APP gene) have been extensively studied in neural functions and pathologies. While the APP and the normal cellular PrP (PrP c ) proteins are distributed all over the organism, independently of their roles in neurodegeneration, their relationships remain still elusive in cancer cells. APP has been shown to be upregulated in some cancers such as breast cancers by promoting cell proliferation and motility [1,2]. Besides, an overexpression of PrP c have been reported in numerous tumors, related to cancer cell migration, invasion and metastasis, and also associated with poor prognosis [3-5]. A putative role of APP and PrP c protein in cell mobility and cancer spreading could arise from their localization on lipid rafts (lipid raft-like microdomains) [6], which allows numerous interactions with components of the extracellular matrix [6,7]. As pivotal scaffold proteins, they also allow the transduction of intracellular signals. For this reason, we sought to bring insights into the implication of both endogenous PrP c and APP proteins on growth and progression of cancer cells.

Originally, the PrP c protein got considerable attention for its crucial involvement in neurodegenerative pathogenesis (e.g. Creutzfeldt-Jakob disease) since it became the center of the protein conformational hypothesis in neurodegeneration through its conversion from a normal alpha helix structure to an abnormal β-sheet enriched form, called the scrapie PrP Sc form [8]. However, while this conversion occurs in brain, PrP c is ubiquitously expressed in all known mammals, where it is mostly located at the cell surface tightly tethered to the plasma membrane through a glycosyl-phosphatidylinositol (GPI) anchor [9]. Indeed, at the ; AD, Alzheimer's disease; APP, amyloid ß precursor protein; Aβ, amyloid-β peptide; CDS, coding DNA sequence; GAG, glycosaminoglycans; GPI, glycosylphosphatidylinositol; HTRA, high-temperature requirement serine protease A; ICC, immunocytochemical; KD, knock down; KO, knock out; PrP c , normal cellular prion protein; QC, quality control; UPRER, endoplasmic reticulum unfolded protein response; UPRmt, mitochondrial unfolded protein response. cell membrane, the localization of PrP c on lipid rafts allows its interaction with numerous neighbouring proteins including receptors, signaling molecules and components of the extracellular matrix, such as glycosaminoglycans (GAGs) [10,11]. The cellular functions of PrP c , while still debated, include cell adhesion and mobility, signaling, and differentiation [4,12]. Interestingly, some of these functions have also been conferred to APP, another ubiquitous protein expressed in the central nervous system and in peripheric organs and tissues. The APP protein is a transmembrane protein with a large extracellular ectodomain, an hydrophobic transmembrane domain and an intracellular cytoplasmic tail that contains the regulatory AICD domain (amyloid precursor protein intracellular domain) [13,14], reported to act as a transcriptional enhancer [15]. APP alternative splicing generate ten isoforms from which APP 675 , APP 751 and APP 770 are the most abundant ones. APP 675 is predominantly expressed in neurons while APP 751 and APP 770 are found in non-neuronal cells. . APP is involved in the pathogenesis of Alzheimer disease (AD) through an abnormal accumulation of the amyloid-β peptide (Aβ) in several brain regions, including the hippocampus and cortex.

Synthesis and maturation of PrP c and APP seems to be fine-tuned and common components in their interactomes could participate to both processes. Several reports have brought evidences of functional links between PrP c and APP in AD [11,16-18]. For instance, PrP c is a key neuronal receptor for β-amyloid oligomers [19] in that the N-terminal PrP c fragment (amino acids 95 to 113) can trap oligomeric Aβ [20]. PrP c could also lowered the amyloidogenic processing of APP by inhibiting its β secretase cleavage, reducing Aβ formation [11]. Interestingly, during this process PrP c has to be localized in the cholesterol and glycosphingolipid-rich lipid rafts, where it interacts with BACE1 (β-site APP cleaving enzyme) via GAG side chains in the proteoglycans coreceptors. As APP, PrP c is proteolytically cleaved from the cell surface by the disintegrin and metalloprotease 10 (ADAM10), which reduces cellular binding and toxicity of amyloid-β oligomers [21]. Therefore, both physical and functional relationships between PrP c and APP can be proposed to contribute not only to the regulation of each of their own normal biological functions but also to the fine-tuned regulation of cell growth in a tissue environment. Because PrP c and APP (whole protein vs Aβ fragment) are aggregation-prone molecules, it is conceivable that their cytoplasmic accumulation could affect various stress events such as the endoplasmic reticulum unfolded protein response (UPRER) [22,23].

Cellular proteostasis requires an accurate balance between protein synthesis, folding, conformational maintenance, and degradation. During evolution, highly sophisticated pathways have been conserved to finely monitor the fate of unfolded or aggregated proteins through the proteasome or autophagy pathways, always in cooperation with an adaptive network of molecular chaperones that recognize misfolded proteins [24,25]. In addition to UPRER-associated quality control (QC) factors, mitochondria possess an array of endogenous chaperones and proteases that maintain mitochondrial protein homeostasis. Among the mitochondrial UPR (UPRmt) players, there is HTRA2, a member of the HTRA family (High-Temperature Requirement serine protease A). HTRA proteins are homo-oligomeric and ATP-independent serine proteases, highly conserved during evolution in different organisms, from bacteria to human [26,27]. In human, heat shock HTRA proteins encompass four paralogs (HTRA1 -4) displaying serine protease and molecular chaperone activities [28]. They participate to regulation of apoptosis, autophagy, cell signaling, and aging and they are involved in neurodegenerative disorders and mitochondrial dysfunctions, as observed in the Cockayne's syndrome or Alzheimer's disease [27, 29-32]. After various stresses, such as heat shock, hypoxia, ischemia/reperfusion injury or heart failure, these proteins can switch their function from chaperones (for refolding proteins) to proteases (for hygrolizing proteins) to efficiently reduce the amount of damaged or unfolded proteins in order to eliminate or refold them, or to trigger apotosis [33-35].

HTRA2, previously named as OMI, is the member of the HTRA family which is located in the mitochondrial intermembrane space [36]. HTRA2 is released from the mitochondria to the cytoplasm during stress or apoptosis [26]. A strong positive association between HTRA2 and AD has been highlighted in that AD patient brain extracts, which displayed a higher cytosolic distribution of HTRA2 protein and a significant enhanced activity [30]. Furthermore, APP appeared to be directly cleaved by HTRA2 in mitochondria, and APP interacted with HTRA2 through its Aβ region [37]. A fraction of HTRA2 localizes in the cytosolic side of ER membranes tethered with the immature form of APP prompting its degradation [38]. Moreover, aberrant HTRA2 function have been shown to lead to neurodegeneration and parkinsonian phenotypes. Hence, HTRA2 appears to be a regulatory APP-interacting chaperone protease. To our knowledge, nothing is known about the relationship between HTRA2 and PrP c in cancer cells.

Here, based on evidence reported by observational studies with a battery of cancer cell lines and engineered cells, we described for the first time a link between APP, HTRA2 and PrP c . We show that silencing APP in HeLa cells results in enhanced HTRA2 protein expression and cytoplasmic PrP c accumulation and that HTRA2 up-and downregulation affects PRNP gene expression. Hence, impaired APP and HTRA2 can disrupt the PrP c proteostasis, contributing to hamper cancer cell growth in a tissue-like environment, probably through change in the lipid rafts composition.

Results

Great diversity of PrP c protein expression profiles

As APP and PrP c are both expressed in numerous cells and tissues, we sought to determine whether these two proteins could coordinately work to influence the complex regulation of tumor cell growth. To first investigate this possibility, we cultivated in parallel 33 human tumor cell lines from diverse tissue origins (Table S1). By using three different anti-PrP c antibodies (SAF32, SHA31 and BAR233), we showed that the protein was expressed in most cell lines, although at different levels and sub-cellular locations (Fig. 1a, S1a and S1d). It was noticeable that PrP c levels and localizations were dependent on the cell proliferation state (Figure S2). In epithelial cells, PrP c was mainly localized on the cytoplasmic membrane, in particular in colon carcinoma cells (e.g. HCT-116, HT-29, SW480, RKO) but also in HeLa cells. In other cell lines, PrP c staining was diffuse and localized into intense foci, closely to the nuclear compartment (e.g. MIA PaCa-2, H1299, SK-N-AS, and T98G cells). These dense fluorescent foci might correspond to the rough endoplasmic reticulum and the Golgi apparatus, where processed and misprocessed PrP c protein could accumulate [39]. We also observed significant variations in the location of the PrP c protein depending on tissue origin (e.g. neuroblastoma vs glioblastoma) (Fig. 1a andS1a). For instance, neuroblastoma L-A-N-1 and SH-SY5Y cells exhibited a nearly undetectable PrP c protein level. On the other side, APP protein was difficult to visualize at the cell membrane possibly because only 10% of nascent APP reaches the cytoplasmic membrane by immunocytochemical (ICC) staining [14]. Accordingly, APP was mostly observed inside the cytoplasmic compartment, likely in the trans-Golgi network, where APP is processed, as observed in T98G, MDA-MB-231 and MIA Paca-2 cells (Fig. 1d andS1e).

Western blot analyses confirmed the wide range of PrP c protein expression with both quantitative and qualitative differences, suggesting complex cell dependent PrP c production and post-translational maturation, as evidenced by three independent experiments (Fig. 1b, 1c and S1b). T98G, H1299, MDA-MB-231, MIA PaCa-2, and SK-MEL-37 cells were among cells that constitutively overexpressed PrP c .

Together, these results suggest that depending on the cell in which it is expressed, PrP c follows different cellular paths with different posttranslational maturation and levels of protein expression.

High diversity and relationship between of PRNP and APP gene expressions

To confirm the variability of PrP c expression at the transcript level in the different cells and to assess a possible correlation with APP expression, PRNP and APP transcripts were analysed by means of RT qPCR in using RPLPO as an internal control. Figure S3a andb show the PRNP/ RPLPO and APP/RPLPO ratios. We observed a wide range of endogenous PRNP gene expression unrelated to tissue of origin (Figure S3a), with elevated PRNP gene expressions in most mutated TP53 cell lines as compared to cells harboring a wild-type TP53 genotype. As expected, among a same tissue origin, different cell lines displayed a wide diversity of PRNP expression, as evidenced in glioblastoma cells (T98G 308%, Malme-3 M 158% and U87-MG 84%). It was noteworthy that neuroblastoma cells expressed nearly undetectable PRNP mRNA contents. A correlation between PRNP mRNA and PrP c protein contents was observed in most cases (Fig. 1 vs S3a). In parallel, we also detected a large range of APP gene expression levels albeit lower than that observed for PRNP (Figure S3b). Only lymphoma cells failed to express detectable APP mRNA. Interestingly, PRNP and APP genes expression was not restricted to brain-derived cells, since three melanoma cell lines were among cells that constitutively overexpressed PRNP, and the pancreatic MIA PaCa-2 cells were found among APP expressing cells we found.

Thus, we calculated the RQ factor to compare the relative expression of PRNP and APP in each cell lines using HeLa cells as calibrator. Hence, we could classify our cell lines in three categories (Fig. 1e): (i) cells with high APP gene expression but low PRNP mRNA level (↑APP, ↓ PRNP), (ii) cells displaying an equilibrium between both genes, and (iii) cells exhibiting high PRNP gene expression but reduced APP mRNA content (PRNP ↑, ↓ APP). These data support the existence of a link between PRNP and APP gene expressions.

Relation between PRNP and APP gene expressions

To study the link between PRNP and APP gene expression we silenced APP, PRNP, and for the first time, PRNP and APP simultaneously in different cell lines by using replicative pEBVsiRNA vectors. Each cell line was transfected with two pEBVsiRNA plasmids per gene in at least three independent experiments. We observed a dramatic decrease in cell survival for most of the PRNP KD and APP KD cell lines (Figure S4a, b &c). Only HeLa KD and RKO KD cells exhibited moderate effects on their growth potential in 2D culture. It was noteworthy that simultaneous PRNP and APP gene silencing failed to trigger synthetic lethality in middle term experiments. However, with longer times in 2D culture, double PRNP KD /APP KD cells displayed a decreased growth potential (Figure S4d). Together, these results show that efficient disruption of PrP c and/or APP expression strongly affects growth in most PRNP KD and APP KD cancer cells grown in 2D cultures.

Thereafter, we focused on interest on MDA-MB-231 KD , HCT-116 KD and HeLa KD cells because they exhibited different TP53 genotypes. RT qPCR analyses showed that, several weeks after transfection, silencing of the PRNP gene in MDA-MB-231 cells (3% of remaining PRNP mRNA as compared to control) induced a lowered APP transcription (57%; Fig. 2a). In opposition, HCT-116 and HeLa PRNP KD cells displayed an increased APP mRNA content (167% and 140% respectively as compared to control) (Fig. 2b andc). Interestingly, APP shutting down always decreased PRNP transcription at 64%, 49% and 74% in MDA-MB-231, HCT-116 and HeLa cells respectively (Fig. 2a, b andd). These results were consistent with a link between APP and PRNP gene expressions, which was cell dependent. It was noticeable that TP53 deficiency triggered a reduced amount of APP mRNA in MDA-MB-231 cells (65% as compared to control) and an enhanced amount in HCT-116 cells (185%) (Fig. 2a andb). Because HCT-116 cells harbor a wild type TP53 genotype, our result supported the idea that activation of wild type TP53 could repress APP gene expression, as previously reported [40].

To confirm these findings, reversion experiments were performed in HeLa KD cells. The use of replicative pEBVsiRNA vectors allowed us to reverse the imposed gene silencing after selection pressure withdrawal, which allows a slow disappearance of pEBV plasmids with phenotypic reversion [29,41]. Reversed PRNP KD ( REV P) and APP KD ( REV A) HeLa cells recovered a normal PRNP and APP mRNA content as compared to control (Fig. 2d). It was noteworthy that reversed PRNP KD /APP KD ( REV P/A) cells maintained very high expression levels of both PRNP and APP genes even 40 days post-reversion but not latter. This observation outlines the existence of an adaptive response that might take place during the gene silencing period possibly to bypass the loss of PrP c and APP proteins without success, as previously described [29].

PRNP and APP gene silencing impaired cell growth in 3D culture

To explore the cellular phenotypes induced by PRNP and/or APP silencing we focused on HeLa KD cells because they endured the loss of PRNP and/or APP expression very well in 2D culture albeit exhibiting stable gene silencing, as evidenced by RT PCR (Fig. 3a). Firstly, we observed that PRNP KD HeLa cells acquired a fibroblastic-like appearance during the transient period following transfection (14 days) as evidenced by quantitative ImageJ analysis using circularity and roudness shape indicators (Fig. 3b andS5c). This suggested a regulation of cell adhesion cytoskeleton dynamics, as previously reported [4]. As control, we established CD24 and CD44 deficient HeLa cells (respectively CD24 KD and CD44 KD cells). The GPI-anchored CD24 protein is a heavily glycosylated protein with diverse physiological functions, including cell adhesion, spreading, and cell-cell and cell-matrix interactions [42]. CD44 is a hyaluronic acid receptor and a stem cell marker, also associated to lipid rafts and tightly related to CD24 during tumor development [43]. Change in cell morphology was also observed in CD24 KD cells. After about 20 days, PRNP KD and CD24 KD HeLa cells always recovered their epithelial shape, as tumor cell plasticity was transient and reversible [44]. In opposition, CD44 KD , APP KD and PRNP KD /APP KD HeLa S4. cells showed no change in cell morphology. Hence, PrP c and CD24 are likely necessary to maintain a stable morphology Because the PrP c protein and a fraction of APP are facing the outside of the cell, we carried out three dimensional cell cultures, in either soft agar or collagen type I. Soft agar is a stringent assay for studying malignant potential in anchorage independent condition [45], and collagen matrices mimic a tissue-like environment [46,47]. In soft agar, PRNP KD and APP KD HeLa cells exhibited a tremendous decrease in colony formation as compared to control cells, which was resumed in reverted clones (Fig. 3c), suggesting a direct link between growth without anchorage and expression of both PrP c and APP. Importantly, PrP c and/or APP deficient cells were unable to colonize collagen type I matrices (Fig. 3d). This was confirmed with different HeLa KD clones through independent experiments (Figure S5a). As a positive control, we used TP53 KD HeLa cells, which displayed enhanced colony formation capabilities. Together, these results light up that loss of PrP c and/or APP in HeLa cells strongly disrupt cell growth in 3D culture, especially in collagen type I matrices in which cell proliferation, invasion and survival are dependent of cell-microenvironment interactions.

Stable PRNP KD and/or APP KD altered membrane-anchored CD24 content

Because PrP c and APP co-localized on lipid raft microdomains on the plasma membrane [48], we assumed that their impaired expression could affected lipid raft stability, hampering 3D cell growth. It has been suggested that GPI anchored proteins, such as CD24, act as gate-keepers for lipid rafts and thus they represent selective markers of raft stability [49,50]. Thus; we quantified the cell membrane-anchored CD24 in living HeLa KD cells by means of flow cytometry. On one hand it was noteworthy to observe that APP KD cells displayed a tremendous decrease in the membrane-anchored CD24, as evidenced by median fluorescence intensities, in either nearly confluent (21% and 53% respectively for clones 1c and 2c, compared to the control) or proliferating cells (clone 1c: 21%, clone 2c: 33%) (Fig. 4a andS5d). These APP KD cells also showed a moderate increase in the content of membrane-anchored CD44. Interestingly, these cells failed to change their membrane-associated PrP c content (Fig. 4a andS5d); as confirmed by ICC with short integration times (Figure S6a). On the other hand, PRNP KD and PRNP KD /APP KD cells showed nearly undetectable membrane-anchored PrP c (between 0% to 4%), with no significant CD24 change in PRNP KD cells, but with an enhanced membrane-associated CD24 in either confluent (clone 1c: 615%, clone 2c: 505%) and proliferating (clone 1c: 190%, clone 2c: 180%) PRNP KD /APP KD cells (Fig. 4a andS5d). Thereafter, we analyzed the PrP c protein content in the KD clones by Western blot analyses (Fig. 4b) and ICC stainings (Fig. 4c). Strikingly, we observed a cytoplasmic PrP c accumulation in APP KD HeLa cells without significant enhanced PRNP transcription, as aforementioned. These data lent to support that APP and PRNP/APP deficiencies disrupted lipid rafts in an opposite way. 

HTRA2 monitored PRNP gene expression

Lipid rafts are master regulators of signal transduction, and changes in their composition could lead to misregulated processes triggering various stresses [7]. Because APP KD HeLa cells accumulated intracellular PrP c protein without upregulation of the PRNP gene, we thought that a defect of the QC proteins could be involved. We thus focused our interest on HTRA2, known to directly interact with APP to cleave it. We first investigate the correlation between HTRA2 and PrP c proteins in different cancer cell lines. It appeared that cells which overexpressed PrP c also exhibited enhanced HTRA2 levels, such as MIA Paca2 or SKMEL-37 cells (Fig. 5). We then silenced HTRA2 gene in HeLa cells with two pEBVsiHTRA2 plasmids displaying either high (HTRA2 KD1 ) or low (HTRA2 KD2 ) inhibition efficiencies. We found that silencing the HTRA2 gene with the highly efficient plasmid (HTRA2 KD1 cells) lowered the PRNP gene expression at a greater extent than with its less efficient counterpart (Fig. 6b). Moreover, both HTRA2 KD1 cells and HTRA2 knock out cells (HTRA2 KO ) displayed a lowered PrP c protein content as well as a decreased amount of CD44 (Fig. 6c andS7). Accordingly, flow cytometry analyses revealed that the membrane-associated PrP c mean fluorescence intensity fell down to 33% (day 9 after transfection) and 50% (day 11) in HTRA2 KD1 cells as compared to control (Fig. 6d). We also found a tremendous decrease of the GPI-anchored CD24 protein amounts, reaching 17% and 33% respectively at day 9 and 11 after HTRA2 knocking down (Fig. 6d). These results highlighted that HTRA2 deficiency could induce major changes in the lipid raft composition and directly affect PrPc protein content.

In parallel, we found that both APP KD and PRNP KD cells displayed an enhanced HTRA2 protein level few days after transfection (day 14; Fig. 6a) or in stable clones (Fig. 7a and7b). Moreover, in two independent experiments, we detected moderate up-regulation of the HTRA2 gene transcription in PRNP KD , APP KD and PRNP KD /APP KD HeLa clones (Fig. 7c andS5e). To confirm results obtained with stable KD HeLa cells, we established knock out HeLa (HeLa KO ) cells. As expected, APP KO cells also showed a higher level of the intracellular PrP c protein compared to control (Fig. 7d). Besides, PRNP KO , APP KO APP KO cells displayed an enhanced HTRA2 protein content, as found in their KD counterparts. These results further confirm the crosstalk between APP, HTRA2 and PrP c .

Because silenced HTRA2 gene expression lowered the PrP c content, overexpression experiments were undertaken. Very high expression of ectopic PrP c in HeLa cells did not affect cell viability (data not shown), nor HTRA2 protein and mRNA levels (Fig. 8a and8b). Consequently, HTRA2 up regulation in APP KD cells was not due to PrP c protein accumulation. Instead, HTRA2 overexpression triggered intracellular PrP c accumulation (Fig. 7a and7c) and enhanced PRNP transcription (Fig. 8b). Besides, 10 and 14 days after transfection, HTRA2 + cells exhibited elevated membrane-associated PrP c amount with 150% (day 11) or 225% (day 14) as compared to control cells carrying an empty vector (Fig. 8d and8e). In PRNP + cells, we also detected an enhanced intracellular CD44 accumulation without change at the membrane level (Fig. 8a and8d). It was also noticeable that PRNP + , HTRA2 + and HTRA3 + cells displayed an enhanced APP transcription (Fig. 8b). Furthermore, HTRA2 + cells showed an increased amount of cytoplasmic (Fig. 8a) and membrane-bound CD44 (213% at day 11 and 338% at day 14) (Fig. 8d ande) and a lowered membrane-anchored CD24 (22% at day 11 and 8% at day 14). Again, this suggested that altered HTRA2 expression induces major changes in lipid raft composition. Besides, it was noteworthy that in contrast to PrP c in PRNP+ cells, most of ectopic CD24 protein in CD24+ cells localized at the plasma membrane (4674%), lowering membrane-anchored PrP c (59%) and CD44 (65%) protein levels (Fig. 8d). It can then be assumed that overexpressed PrP c exhibited both preferential intracellular accumulation and extracellular export in HeLa cells. These data reinforced the idea of a tight relationship between HTRA2, PRNP and APP.

Discussion

For a long time, PrP c and APP proteins have been studied for their involvement in neurodegenerative diseases through a common molecular mechanism characterized by the aggregation of specific host proteins, which became abnormal and toxic. This is the prion-like concept, which underlies the propagation of toxic protein aggregates from cell to cell [51,52]. This concept is currently considered in the propagation of several protein aggregates including the prion protein (PrP) in prion diseases, α-synuclein, β-amyloid and/or MAPT (microtubule-associated protein tau) in other neurodegenerative diseases such as Parkinson's and Alzheimer's diseases [53]. However, a general consensus on the exact biological role of PrP c and APP outside the nervous system remains debated, in particular in cancer cells. Herein, using various tumor cell S4. (c) Western blot analysis of HTRA2 in 5 cell lines. lines and engineered MBA-MB-231, HCT-116 and HeLa cells, we highlighted a link between endogenous PRNP and APP gene expressions.

Under physiological conditions, constitutive PrP c protein is subjected to sequential and complex proteolytic processing generating several polypeptides and harboring either protective or deleterious roles [54, 55]. Accordingly, our results on PrP c immunoblotting show profiles in agreement with the complexity of newly synthesized PrP c fragments, as previously described [56]. The PrP c expression and protein localization variability in each cell line strongly suggests differences in the protein maturation process, which can greatly influence the biological functions of PrP c , especially when these polypeptides can move to different subcellular locations. PrP c and APP proteins are mainly localized in outer plasma membrane lipid rafts (lipid raft-like microdomains), which play an essential role in tumor cell adhesion and migration [7]. However, the GPI-anchored PrP c protein is a mobile element, shifting from different membrane domains to internal organelles. Hence, PrP c constantly undergoes endocytic cycles between the plasma membrane, the trans-Golgi compartment, and ultimately the ER to be recycled back to the plasma membrane [57,58]. Thus, the internalized PrP c can reach membrane structures close to the nucleus [59]. This was observed in various cell lines, such as MIA PaCa-2, H1299, SK-N-AS, and T98G, where the endogenous PrP c was mainly localized closely to the nuclear compartment, presumably in the rough ER and the Golgi apparatus, where processed and misprocessed PrP c protein could accumulate [39]. This retrograde transport may lead to an accumulation of PrP c in the ER. Indeed, a member of the Ras superfamily of small GTPase (e.g. Rab6a) stimulates this PrP delocalization and increases PrP Res production in prion-infected neuroblastoma N2a cells [60]. Hence, we assume that the loss of membrane-associated APP in the APP KD and APP KO cells might enhance this process. Because the cellular PrP c is handled by the ER-associated degradation (ERAD)-proteasome pathway [61], it is conceivable to expect UPRER and UPRmt protein recruitment. For the first time, it was here shown that HTRA2, a UPRmt factor, could participate to the global UPR response leading to intracellular PrP c protein accumulation, highlighting a role of HTRA2 in PrP c proteostasis.

The involvement of HTRA2 in the PrP c proteostasis was observed in cells exhibited an impaired APP expression, such as APP KD and APP KO HeLa cells, leading to the intracellular accumulation of PrP c in its trafficking, probably through a retrograde mechanism [60,61]. The interplay between HTRA2 and PrP c was confirmed in HTRA2 KD and Reactions were carried out in triplicate and values were normalized with control BD650 HeLa cells (mean +/-SEM). Cells were transfected with pEBVsiHTRA2 plasmids displaying a high (HTRA2 KD1 , pBD3115 vector) or moderate (HTRA KD2 , pBD3116 vector) gene silencing efficiency. For HTRA2 mRNA quantification, 2 sets of primers were used: primers 1 (pr1) detecting either total HTRA2 (short and long HTRA2 mRNA chains) and primers 2 (pr2) detecting only long chain. Primers are described in Table S4. (c) Western blot analysis of the HTRA2 protein content in stable knock down (HTRA2 KD1 ) and knock out (HTRA2 KO ) HeLa clones. Protein equivalent to 10 5 cells were loaded onto a 10% PAGE. PrP c was revealed with both SHA31 and SAF32 antibodies. (d) Flow cytometry analysis of membraneassociated CD24, CD44, and PrP c in living HeLa KD cells 9 or 11 days after transfection in 2 independent culture experiments. Percentages correspond to the mean fluorescence intensity as compared to control. On the right of the panel d the loss of membrane-anchored PrP c was revealed after PrP c stainings in HTRA2 KD1 cells as compared to CTL (scale bar 25 µm).

HTRA2 KO HeLa cells, where HTRA2 deficiency reduced both PRNP transcription and PrP c protein contents. In opposition, HTRA2 overexpression enhanced PRNP mRNA levels and PrP c protein amounts. We also showed that, among our set of tumor cells, MIA Paca2 and SKMEL-37 cells exhibited a very high endogenous PrP c protein content as well as an elevated HTRA2 protein level.

The member of the HTRA family are stress sensors and regulators of UPR to manage the fate of misfolded, aggregated, and mislocated proteins. Especially, HTRA1 can cleave proteins associated with AD, such as tau (MAPT), APP, and APOE4 [62-64]. In this way, the mitochondrial HTRA2 member participates to the QC pathway as an adaptive dual chaperone protease [35]. Herein, we had postulated that HTRA2 acted in coordination with UPRER factors to manage PrP c , leading to the accumulation of aggregation-prone PrP molecules in the cytosol, as observed after proteasome dysfunction and ER stress [22,23,61]. Indeed, different studies have already shown that some UPRER factors, such as ATF6A, spliced XBP1 (sXBP1) or CREB3/Luman, were able to enhance PRNP gene expression, suggesting a protective role of PrP c in the global response to misfolded proteins [65]. For instance, ATF6A and sXBP1 transactivated PRNP gene expression through ER stress response elements (ERSE) motifs stretch on the human PRNP promoter [66]. Similarly, GRP78/BIP (also termed HSPA5), another master regulator of ER homeostasis and a key component for sensing ER stress, is also an ER chaperone of the cellular PrP c [23,67]. Accordingly, GRP78/BIP was shown to modulate the propagation of the pathogenic and infectious form of the prion protein PrP Sc , reducing prion pathogenesis [68]. Moreover, in murine model of scrapie, [69]GRP58 (also termed PDIA3/ERP57), another ER molecular chaperone, showed to interact with the lectin chaperone calnexin and to modulate the folding of mutant PrP protein through its disulfide isomerase activity [69]. These compelling data highlight the tight regulation of PrP c by key building blocks of UPRER. In HeLa cells, the PrP c protein has also been associated with a UPRmt-related chaperone, namely HSP60 [70]. Interestingly, both HSP60 and HTRA2 expressions were upregulated in Aβ 25-35 -treated human neuroblastoma SH-SY5Y cells and in APPsw/PS1dE9 trangenic mice [71], indicating that these two UPRmt chaperones participate to the PrP c proteostasis, particularly during an abnormal state for APP metabolism.

On another hand, in APP KD and PRNP KD /APP KD HeLa cells we observed tremendous changes in membrane-associated CD24, which are usually concentrated on plasma membrane lipid rafts. As the detection of lipid rafts is very tricky [72,73], the fate of GPI-anchored CD24 in living cells can reveal their stability [6,74]. Our results suggested that impaired APP and/or PRNP gene expression disrupt lipid rafts composition. Better results were obtained in HeLa cells displaying impaired HTRA2 gene expression. As lipid rafts articulate a set of synergistic signaling factors and their composition plays a key role in normal PrP c functions [75], disruption of these lipid rafts should alter cellular PrP c signaling. On another hand, CD24 expression in intact lipid rafts has been tightly correlated with tumor invasion and metastasis [42,76]. Hence, we observed a hampered growth of APP KD and/or PRNP KD HeLa cells in 3D-culture, reinforcing the idea that intact lipid rafts are essential for cell growth in collagen matrices [47].

To conclude, our observational data revealed that HTRA2 modify the PRNP gene expression and alters the subcellular localization of PrP c , particularly in APP deficient cells. The HTRA family encompasses mitochondrial, cytoplasmic and extracellular members. It is noteworthy that HTRA1 and HTRA3 are secreted into the intracellular space where they degrade various substrates of the ECM, playing a major role in extracellular matrix homeostasis. For instance, HTRA1 degrade fibronectin, type II collagen, biglycan, clusterin, vitronectin, aggrecan, decorin or fibromodulin [62,77-79]. Interestingly, Kaur et al. [80] showed that staurosporine-treated HUVEC cells released HTRA2 in the culture medium. An emerging question is now to known whether these three members of the HTRA family may play a role in the behavior of extracellular PrP c and its spreading. S1. Parental cell lines were always cultivated in parallel.

Materials and methods

Cell culture and survival assays

Cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Sigma) supplemented with 10% foetal calf serum (FCS), 100 U/ mL penicillin / 100 µg/mL streptomycin / 2 mM glutamin, 10 mM HEPES (Sigma products), under 5% CO 2 . Transfection experiments were performed with either JetPrime (Ozyme) or FugeneHD (Promega) reagents following manufacturer's recommendations. As control of transfection we used a pEBV vector over-expressing the YFP protein. h after transfection, cells were cultured in the presence of hygromycin B at relevant concentrations (Table S1). Transfected cells were plated in cm diameter dishes to follow cell growth. Depending on the cell type, cells were counted 2 to 4 weeks later. Transfection experiments were repeated at least three times, and more than ten times for HeLa cells. Average numbers of survival cells from each experiment were plotted (+/-SD). For long term survival, cells were trypsinized, counted and plated at 5000 cells per dish in 6-well dishes for an additional period in culture. Three wells per condition were counted and experiments were reproduced twice in different independent transfection experiments. For very long-term cultures (more than one month) numerous knock down (KD) clones were established in independent transfection experiments (e.g. for HeLa cells). Clones were picked up randomly, propagated and analyzed. Gene silencing efficiency was constantly assessed.

pEBVsiRNA and overexpressing pEBV vectors pEBVsiRNA plasmids and establishment of stable knock down cells have been extensively described [41,81,82]. Cloning was performed using our replicative pEBV 2 siRNA LacZ' vectors for either single or double gene silencing. For dual expression of two shRNAs, transcription cartridges were fitted side by side in the same orientation (in tandem). These vectors carried the H1 RNA polymerase III promoter (RNA pol III) to drive the transcription of short hairpin RNA (shRNA), which gives rise to siRNA like molecules in vivo. Because the crucial step in the quality of RNA interference is the unfailing recognition of the cognate mRNA by the siRNA sequence, we used the DSIR program which includes an exact similarity search algorithm for potential off-target detection [83]. For each gene, 3 to 5 vectors were built and only 2 of them were selected for efficient gene silencing without side effects [82]. Control cells (termed as CTL) were obtained by transfection with the vector pBD650, which carries an inefficient shRNA [41]. All plasmids, target sequences, and predicted efficiencies are presented in Table S2. CRISPR-Cas9 cell lines were established using new homemade plasmids carrying one or two H1-sgRNA transcription cassette and allowing a very high level of gene silencing (manuscript in preparation). These cells were analysed at the DNA genomic level and thereafter by RT PCR and ICC staining. For expression of ectopic proteins, we used our well-validated pEBV plasmids [84]. Transcription was driven by either a CMV or a CAG promoter. Name and main features of these plasmids are mentioned in Table S3. All plasmids have been checked by sequencing (Eurofins Genomics).

Soft agar assay for colony formation

Soft agar assay was performed in six-well plate using a 2 ml basal layer of 0.63% bacto-agar (Becton Dickinson) in complemented DMEM. Cells were trypsinized, counted and plated at 6000 cells per well in 0.42% bacto-agar in complemented DMEM medium. Depending on the cell lines, after 3 to 4 weeks, the colonies were stained with 0.4% crystal violet overnight at 37 • C and counted. Images were captured using Argimed software (Microvision instruments, France) and quantified using NHI ImageJ software. Only particles ranging from 30 to 1000 000 pixels were counted. Each experiment was repeated at least twice with two replicates each. Average numbers of colonies from each experiment were plotted.

Culture in a tissue-like environment (collagen matrices)

Cell growth in a tissue-like environment has been adapted from study on in vitro reconstructed skin [85]. Briefly, ice-cold collagen type I isolated from rat tail tendons (4 mg/ml) was mixed with Hank's balanced saline solution and neutralised with NaOH. Complemented DMEM containing 3000 cells per gel was added and cell-populated collagens were poured in independent wells of 24-well plates. For each cell lines, three wells were seeded. Collagen gels were allowed to polymerize for 1-2 h in a humid incubator and complemented DMEM was added onto each well. Culture proceeded for two weeks. Collagen specimens were fixed with 4% buffered formol (VWR) for 10 min and stained with Crystal Violet (0.004%, Sigma) overnight. analyze was performed with a binocular microscope and an indirect microscope. Experiments were reproduced 4 times with different pools of cells.

Western blot and immunostaining staining

Procedures were described elsewhere [41]. For PrP c , we used the following monoclonal antibodies: SAF32, BAR233, and SHA31 (CEA). We also used antibodies against APP (clone 22C11, Affymetrix), α-tubulin (clone B-5-1-2, Sigma), APE-1/Ref-1 (H-6 sc-55,498, Santa Cruz), TP53 (DO-7, Tébu), HTRA2 (GTX54154, GeneTex), SOD2 (ABIN204760, Antibodies-online), and CD44 (clone EPR1013Y, Abcam). ICC stainings were analysed with a Leica DM6000 microscope. For ICC stainings and for each experiments, more than 1500 individual cells were circled in different fields and analysed. To evaluate change in cell shape, 300 cells were quantified in at least three fields per sample using ImageJ shape indicators (circularity and roundness).

RNA extraction and quantitative RT qPCR

RNA was extracted with NucleoSpinRNA II kit (Macherey-Nagel, France) and quantified using Nanodrop (ND-1000 spectrophotometer).

For RT experiments, 1 µg of each RNA sample was reverse-transcripted into cDNA using iScriptcDNA Synthesis Kit (Bio-Rad, USA) with 20 µL of random hexamer primers, oligo-dT mixes and incubated at 25 • C for min, then at 42 • C for 30 min and at 85 • C for 5 min. Relative gene expression level of each target gene in cells was determined by real-time quantitative PCR (RT-qPCR). Ribosomal protein RPLPO was used as a reference gene. Primer sequences were mentioned in the Table S4. Two microliters of cDNA (1:5 diluted) and 0.3 µM of primers were mixed with components from the IQ™ SYBR® Green Supermix kit (Biorad, France) in a final volume of 10 µL. Reactions in triplicate were carried out in the MiniOpticon real-time PCR machine (Biorad, France) under the following conditions: initial denaturation at 95 • C for 3 min and then cycles of denaturation at 95 • C for 10 s, annealing/extension at 60 • C for 30 s. Melting curves were obtained to examine the purity of amplified products. Absolute quantitative data and Cq values were obtained by analysis with BioRad MFX Software 2.0 by second derivative method. Normalization of data was done with RPLP0 as reference gene and HeLa cells as calibrator. We used the following equation: [copy numbers of target gene in a sample/copy numbers of RPLPO in a sample)]/[copy numbers of target gene in HeLa cells/copy numbers of RPLPO in HeLa cells]. To reveal a correlation between PRNP and APP mRNA expression (Fig. 1e), we calculated the RQ factor using the following equation: RQ= 2(puissance (Cq RPLPO -Cq target)), Cq target being Cq APP or Cq PRNP.

Alternatively, total RNA was isolated from cells using a TRIzoL® Reagent according to the manufacturer's recommendations (Thermo-Fisher). Extracted RNAs were treated with recombinant rDNase (New England Biolabs) for 15 min at 37 • C and deactivated at 75 • C for 10 min. RT was performed in 1 µg of RNA that was reverse transcribed with the GoScript™ Reverse Transcription Mix kit (Promega). PCR reactions were performed with the OneTaq® Quick-load 2X Master Mix. Primers sequences were indicated in the Table S4 and the level of ribosomal protein RPLPO mRNA was used as internal control. PCR reactions were carried out as followed: initial denaturation (98 • C 30 s), 26 cycles of denaturation (98 • C 10 s) -annealing (64-70 • C depending of the primer's T M , 30 s) -extension (72 • C 30 s). cDNAs were loaded onto 2% agarose gels and analyzed with a U:Genius device (Syngene).

Flow cytometry analysis

Living cells were recovered and stained with the antibodies against CD24 (clone ML5), CD44 (clone C26), and CD230 (PrP, clone 4D5) from eBioscience. Isotypic controls were from BD Biosciences (San Jose, CA, USA). Cell immunolabelling was performed in PBS 1% BSA according to manufacturer's recommendations. Cells were analyzed on a SORP LSR-II analyzer (Configuration: 488 nm, 561 nm, 405 nm, 355 nm, and nm). For each experiment, 10,000 to 20,000 cells were analyzed. Gating strategy was performed following exclusion of debris and cellular aggregates and live/dead discrimination. The positive populations were identified using an isotypic control to determine the negative populations. Data were treated with FlowJo v7.6.1 software (Tree Star). ΔΔMFI (median fluorescence intensity) and percentage expression as compared to control were calculated.

Statistical analysis

ICC stainings and Western blots were quantified using ImageJ v1.49o (NIH, USAStatistical analysis was carried out with GraphPad Prism v5 (GraphPad Software, La Jolla, CA, USA).). The same software was used to design graphs. Values were subjected to a Shapiro-Wilk normality test. When data did not show a normal distribution, they were compared by a Kruskal-Wallis test with a Dunns (compare all pairs of columns) post test. Differences were considered statistically significant for p values < 0.05. S1: Human tumor cell lines, TP53 genotype and hygromcyin B resistance. (1) Data from "The TP53 web site" (http://p53.free.fr/Database/Cancer_cell_lines/p53_cell_lines.html) except for SK-MEL-28 and SK-MEL-37 [86], SK-MEL-5 [87], U-251 MG [88], ZR-75-1 [89], SH-SY5Y and SK-N-AS [90], BE(2)-C which is a subclone SK-N-BE(2) [90], KELLY [91] and SF763 [92]. ( 2 Table S2: pEBVsiRNA, target sequences and predicted efficiencies. *: Corrected scores as described by DSIR algorithm [83]. **: position of the first nucleotide on the mRNA, « 1 » being A of ATG; *** control sequence (see M&M) were determined with HeLa cells as calibrator. Experiments were carried out twice. It was noteworthy that skin cells expressed highest PRNP mRNA levels, including SK-MEL-28 (2361%), SK-MEL-37 (764%), UACC62 (408%), and HaCaT (372%). Conversely, neuroblastoma cells were among those that expressed very low or nearly undetectable PRNP mRNA (LA-N-1 0%, SH-SY5Y 1% and KELLY 10%). Moreover, the three tested lymphoma cell lines exhibited rather low PRNP mRNA content (BL 2 32%, K562 29% and RAMOS 1%). Among cells exhibiting higher APP mRNA contents we found MIA PaCa2 (425%), SH-SY5Y (313%), and LA-N-5 (273%). As observed for PRNP, lymphoma cells failed to express detectable APP mRNA, (BL2, K562 and RAMOS 0%). Color code for the TP53 genotype: see the legend of Figure 1. In order to validate our RNAi technology in all tested cell lines we always assessed the efficiency of gene silencing using an efficient plasmid targeting the TP53 gene (pEBVsip53). 19 over 33 cell lines were selected in which we could imposed a robust TP53 gene silencing as a technical control. After transfection and hygromycin B selection (Table 1), cells were recovered two to 4 weeks later depending on their proliferation rate and they were counted. Values represent the mean of three to ten independent transfection experiments. 100% corresponds to cells transfected with a control plasmid (pBD650). We observed a dramatic decrease in cell survival for most of the PRNP KD and APP KD cell lines. In particular, HOS, MDA-MB-436, U87-MG, U251-MG, H1299, and the 3 SK-MEL cell lines exhibited major difficulties to proliferate while other cells, such as T98G, HCT-116 or MDA-MB-231, showed elevated cell death although stable knock down cells could be propagated in culture, despite of difficulties. A third set of cells, comprising HeLa and RKO, exhibited only moderate effects on their growth potential in 2D culture albeit exhibiting very efficient gene silencing. 
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  Thus, in order to pursue this line of research with a focus in human brain, I started my PhD in January 2019 directed by Professor Dulce Papy-Garcia, head of the Gly-CRRET research unit. This thesis was performed in the context of a collaboration (HepSTAD project) with the company Janssen (group Johnson & Johnson) based in Belgium and interested in the role of 3S-HS in AD, and with the contribution of Dr Denis Biard and Dr Huynh Minh-Bao, involved in cell models development and characterization.

  neuronal subpopulations. Their molecular weight is ranging from 45 to 65 kDa. Only the shortest one (0N3R) is present during fetal development (Y. Wang and Mandelkow 2016; Kent, Spires-Jones, and Durrant 2020).

Figure 1 .

 1 Figure 1. Structure and function of tau. (A) Map of tau-441 with 3R and 4R isoforms. VQIINK and VQIVYK sites implicated with HS interaction and aggregation are indicated. (B) Physiological tau associates with microtubules for stabilization. From (Mah et al. 2021).

Figure 2 .

 2 Figure 2. Putative phosphorylation sites on tau and epitopes of some anti-tau antibodies.

Figure 3 .

 3 Figure 3. Cascade tau. Phosphorylated tau monomers assemble successively into oligomers, filaments (straight and paired helical) and finally form tangles. From (Kent, Spires-Jones, and Durrant 2020).

Figure 4 .

 4 Figure 4. In vivo Braak staging.
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Figure 5 .

 5 Figure 5. Neurofibrillary tangle maturity in Alzheimer's disease.

Figure 6 .

 6 Figure 6. Light microscopic immunolocalization of HS in AD hippocampus.HS immunostaining with the HK-249 antibody of inclusions B) (arrowheads) within a pyramidal neuron. Scale bar: 11 µm, C) (believed to be lipofuscin granules, arrowheads) and filaments (arrow) in a NFT. Scale bar: 8 µm. From (A. D.Snow et al. 1990) 

Figure 7 .

 7 Figure 7. P-tau and HS co-staining in AD neurons. Staining of hippocampal formation from AD brain with a) the 10E4 antibody (pyramidal cells, counterstaining with thionin); and b-f, co-staining with 10E4 and AT8 antibodies (no counterstaining). 10E4 staining is shown in brown and AT8 staining in blue. Pyramidal cells with partially double-labelled cell bodies or neurites are arrowed (b, c, d and f). Scale bars: 45 μm in a, 34 μm in b, 30 μm in c, 24 μm in d and e, and 40 μm inf. From (MGoedert et al. 1996) 

  negative for NFTs but all demonstrated HS immunostaining in the cell bodies of pyramidal and granule cell neurons in the hippocampus. Young non-Down syndrome control brains did not show HS accumulation in neurons. Moreover, brains from patients older than 35 years demonstrated the characteristic lesions of AD brains. In these older patients, HS were found accumulated in pyramidal neurons of the hippocampus and in the granule cell layer of the dentate gyrus. However, in contrast to the young DS brains, many of the HS-positive neurons contained granulovacuolar degeneration or NFTs. Moreover, the HS intraneuronal accumulation in young patients could not clearly be associated with lipofuscin granules that accumulate with age, as observed in AD cases in the same study. Indeed, lipofuscin agerelated granules were first observed at about 9 years of age (without difference between controls and Down syndrome), indicating that the HS accumulation of younger patients occurred before the formation of these granules and before the deposition of P-tau and A .e. The counter example of Mucopolysaccharidosis DiseasesMucopolysaccharidosis (MPS) are congenital diseases affecting young people and are caused by defects in genes coding for the enzymes involved in HS degradation at the lysosome. These diseases are characterized by an accumulation of HS and present neurological traits including dementia at very early ages. In 1990, Snow et al. described the accumulation of HS in AD as morphologically similar to the accumulation of HS observed in MPS including

Figure 8 .

 8 Figure 8. Cryo-EM structures of tau aggregates in several tauopathies and heparin-induced tau fibrils.From(Limorenko and Lashuel 2022).

Figure 9 .

 9 Figure 9. Classification of tauopathies based on tau fold structures.

Figure 10 .

 10 Figure 10. Proposed model of heparin integration into PHF.Tau R2 and R3 MTBR repeats in green are linked by the basic lysines in blue. Sulfations of heparin are represented in yellow. Consequently to heparin binding, the hydrophobic peptides of R2 and R3 become parallel and exposes a continuous polylysine surface sequestering heparin into PHF core. From(Sibille et al. 2006).

Figure 11 .

 11 Figure 11. Proposed model of tau binding to heparin.

Figure 12 .

 12 Figure 12. Schematic representation of the HSPG biosynthesis. Marine blue arrows show the HSPG pathway, which overlaps with the CSPG-aggrecan path leading to Xyl(±P) carrying linker. Clear blue arrows designate the CSPG-decorin pathway leading to Xyl(S) carrying GAG-CP linker (as in decorin and neurocan). Black arrows designate paths that stop GAG elongation. Arrow width translate preferred path based in substrate preferences (see Gene review), wide arrows indicating preferred paths. Substrates pools guarantees overlapping paths. Dotted arrows indicate non-detailed or unknown steps. Green empty arrows indicate UDP-sugars or ion transport. Some nucleotide transporters (SCL35A2 and SCL35A3) or ion transports (SLC10A7) are represented. Ions as Ca

2+

  

CHAPTER 1 .

 1 NEUROPATHOLOGICAL APPROACH: ARTICLE 1. 3-O-SULFATED HEPARAN SULFATES ARE ACCUMULATED IN ALZHEIMER'S DISEASE BRAINS

Figure 1 .

 1 Figure 1. HS accumulation is detected in AD hippocampus (CA1). a) Sulfotransferases involved in HS sulfation. Representative images of FFPE slides stained with b) the AT8 and c) the 10E4 antibody. d) Quantification of CA1 stained area. e) Omission of AT8 or heparinase treatment preceding 10E4 staining in the AD(+) tissue. f) SPs stained by 10E4. g) Basal membranes of the choroid plexus stained by 10E4. h) Hippocampus stained by 3G10. All sections were counterstained with hematoxylin. Scale bars: 50 µm, 500 µm, and 2.5 mm.

Figure 2 .

 2 Figure 2. N-sulfated HS are accumulated in AD hippocampal neurons. a) Representative images of the different hippocampus CA regions from FFPE slides stained with the AT8 and the 10E4 antibody in Braak I age-matched control and Braak IV AD(+) tissues. Sections were counterstained with hematoxylin. Scale bars: 50 µm. b) Representative images of FFPE slides stained with the 10E4 antibody A) in control AD(-), B) and C) in AD(+). 10E4 omission and pre-treatment with heparinase are shown. Sections were counterstained with DAPI. Scale bars: 20 µm.

Figure 3 .

 3 Figure 3. 3S-HS are accumulated in AD hippocampus. a) Representative images of FFPE slides stained with the 3G10 (total-HS), 10E4 (NS-HS) and HS4C3 (3S-HS) antibodies. b) Quantification of CA1 stained area. c) Staining with EV3C3V (NS/Ido/2S), AO4B08 (NS/2S/6S), RB4EA12 (NS/NAc/Ido), HS4E4 (NS/Ido/2S), and MBP49 (non-HS specific) antibodies. d) Structures of the blocking oligosaccharides. Staining with e) HS4C3 and f) 10E4 pre-incubated or not with blocking oligosaccharides in AD(+) tissues. Sections were counterstained with hematoxylin. Scale bars: 50 µm.

Figure 4 .

 4 Figure 4. 3S-HS are accumulated in P-tau positive regions of the AD brain. Representative images of FFPE slides stained with the AT8 (P-tau) and HS4C3 (3S-HS) antibodies in a) the hippocampal formation b) entorhinal cortex c) subiculum d) temporal cortex and e) cerebellum. Sections were counterstained with hematoxylin. Scale bars: 50 µm and 250 µm.

Figure 5 .

 5 Figure 5. 3S-HS are accumulated only in neurons in the AD brain. Representative images of FFPE slides co-stained with HS4C3 (3S-HS) and with a) IBA1 and GFAP antibodies respectively markers of microglia and astrocytes, b) MAP2 and AT8, and c) AT8 antibodies targeting tau protein. Sections were counterstained with hematoxylin with the exception of aA and c. Scale bars: 100 µm and 250 µm.

Figure 6 .

 6 Figure 6. 3S-HS co-stain with tau and HS in AD hippocampal neurons. a) Representative images of tau co-stainings in neurons gradually affected by tauopathy with the AT8 (yellow), PHF1 (red) and K9JA (cyan) antibodies in AD Braak IV tissue. b) Confocal images of 3S-HS (red) co-staining with HS (green) in NFTs from AD Braak IV tissue. Representative images of 3S-HS (red) co-staining with a) K9JA (green) or b) AT8 (green) or c) PHF1 (green) in AD Braak IV tissue. Nuclei were stained with dapi. Scale bar: 10 µm.

Figure 7 .

 7 Figure 7. Some enzymes involved in the biosynthesis of specialized HS are increased in tauopathy vulnerable regions. a) Heatmap representing the transcript expression value of the enzymes and proteoglycans involved in HS biosynthesis of healthy human adult in cortex and hippocampus (regions vulnerable to tauopathy) and cerebellum (not vulnerable). b) Brain maps representing the transcript expression of 3-O-sulfotransferases.

Figure 13 .

 13 Figure 13. HS4C3 antibody stains 3S-HS accumulated in P-tau positive regions of several tauopathies.

Figure 14 .

 14 Figure 14. Oligomeric tau co-stain 3S-HS in CA2 of AD(+) hippocampus.

Figure 15 .

 15 Figure 15. Glypican 1 antibody stains accumulated HSPG in AD(+) neurons of CA2 hippocampus.

Figure 16 .

 16 Figure 16. C11 staining of hippocampal tissue slides is heparinase-resistant and show no difference in AD-vs AD+. Representative images of FFPE slides stained with C11 antibody (0.1 µg/mL, HS negative controls performed with heparinase and nitrous acid pre-treatments). Patients description: AD-subjects (AT8-): n° 2015: Braak 1, female (F), 89 years old; n° 2011: Braak 1, F, 85 years old; n° 2009: Braak 1, F, 77 years old; n° 2006: Braak 1, F, 83 years old. AD+ patients (AT8+): n° 2010: Braak 4, male, 87 years old; n° 2000-076: Braak 4, F, 88 years old; n° 2000-023 Braak 4, F, 86 years old; n° 1999: Braak 4, F, 88 years old. Sections were counterstained with hematoxylin. Scale bars 50 µm.

Figure 17 .

 17 Figure 17. C6 staining of hippocampal tissue slides is heparinase-resistant and show no difference in AD-vs AD+. Representative images of FFPE slides stained with C6 antibody (0.1 µg/mL, HS negative controls performed with heparinase and nitrous acid pre-treatments). Patients description: AD-subjects (AT8-): n° 2015: Braak 1, female (F), 89 years old; n° 2011: Braak 1, F, 85 years old; n° 2009: Braak 1, F, 77 years old; n° 2006: Braak 1, F, 83 years old. AD+ patients (AT8+): n° 2010: Braak 4, male, 87 years old; n° 2000-076: Braak 4, F, 88 years old; n° 2000-023 Braak 4, F, 86 years old; n° 1999: Braak 4, F, 88 years old. Sections were counterstained with hematoxylin. Scale bars 50 µm.

Figure 18 .

 18 Figure 18. C62 antibody stains HS/3S-HS accumulated in the AD hippocampus. Representative images of FFPE slides stained with the C62 antibody (0.1 µg/mL, HS negative control performed with nitrous acid pre-treatment). Patients description: AD-subjects (AT8-): n° 2006: Braak 1, F, 83 years old. AD+ patients (AT8+): n° 1999: Braak 4, F, 88 years old. Sections were counterstained with hematoxylin. Scale bars 2.5 mm (a), 250 µm (b), 250 magnified (c), and 50 µm (d).

  stain human hippocampus FFPE slides. Representative images of the 7 AD patient (AD+,Braak 4) vs 5 AD-control (ct, AD-, Braak 1) tested are shown in Figure19. Staining was only present in neurons of all stained subjects. However, staining intensity was variable between individuals, with no evident difference between AD+ vs AD-in all subregions of the hippocampus.

Figure 19 .

 19 Figure 19. HS3ST2 staining in neurons show no protein expression differences between AD+ and AD-hippocampus. Representative images of FFPE slides stained with the antibody HS3ST2 (Thermo Fisher PA5-26522, 2 µg/mL, citrate pH 6, microwave antigen retrieval). Patients description: AD-subjects (AT8-): n° 2006: Braak 1, F, 83 years old. AD+ patients (AT8+): n° 2000-023 Braak 4, F, 86 years old. Sections were counterstained with hematoxylin. Scale bars: 100 µm.

Figure 1 .

 1 Figure 1. HEK293 expressing HS3ST2 cells produce 3S-HS. a) Expression of different HS3STs in wild type (WT) HEK293 cells (HEK-Ctr cells). Relative gene expression was normalized with B2M and RPL37A. Mean values ±SD (n=3) are represented. b) HS3ST2 and 3-O-sulfated HS (3S-HS) immunostaing in HEK-Ctr cells and in HS3ST2 expressing cells (HEK+HS3ST2). The newly expressed HS3ST2 was enzymatically active, as shown by 3S-HS immunolabelling with the HS4C3 antibody loss of signal after heparitinase treatment (lower panel in b). Cells were counterstained with DAPI to visualize nuclei (blue). Images were acquired by a IX81 Olympus microscope (magnification 20x, immerse oil), scale bar is 100 µm. c) HS3ST2 protein immunoblotting using GAPDH as loading control (RIPA cell lysates). d) 3S-HS immunocytochemistry using the HS4C3 antibody shows staining predominantly at the cell membrane. Confocal slices images were acquired by a confocal microscope IX81 Olympus (magnification 60x, immerse oil).

Figure 2 .

 2 Figure 2. HS3ST2 and tau do not induce their reciprocal expression. HEK293 cells were transfected to independently or simultaneously express HS3ST2, tau, and/or tauP301S. a) RTqPCR quantification of HS3ST2 and MAPT (tau) transcripts in the transfected HEK293 cells (Ctr). Relative gene expression was normalized with B2M. Mean values ±SD (n=3) are represented. b) Final point PCR quantification of HS3ST2 and MAPT (tau) transcripts in the transfected HEK293 cells (Ctr). B2M was used as loading control. c) Immunostaing of HS3ST2 (anti-HS3ST2) and total tau (t-tau) (K9JA antibody) in HEK293 cells (Ctr) and transfected cells. Cells were counterstained with DAPI to visualize nuclei (blue). Images were acquired by a microscope IX81 Olympus, magnification 20x immerse oil, scale bar 100 µm. d) Relative fluorescence intensity of HS3ST2 and t-tau in engineered cells. e) Immunoblotting of RIPA cell lysates with anti-HS3ST2 and K9JA (anti-t-tau) antibodies. Anti-α-tubulin (α-tub) antibody was used as loading control. Mean values ±SD (n=3) are represented. One-way analysis of variance (ANOVA) was performed, followed by Tukey's test, as indicated (***P<0.001; **P<0.01; ns=not significant).

Figure 3 .

 3 Figure 3. HS3ST2 promotes tau oligomerisation in cells expressing tau and tauP301S. a) Total tau (ttau) and oligomeric tau (oligo-tau) were respectively stained with the K9JA and T22 antibodies. Cells were counterstained with DAPI to visualize nuclei (blue). Images were acquired with microscope IX81 Olympus, magnification 20x, scale bar 100 µm. b) Fluorescence intensity was quantified in cells by using ImageJ (2 fields, o 3 when cell density was low), t-tau signal (K9JA, green histograms) and oligo-tau signal (T22, black histograms) were compared between cells expressing or not HS3ST2. Mean values ±SD (n=3) are represented. c) T-tau (K9JA) immunoblotting (upper blot) was performed in RIPA cell lysates and proteins were detected in all the MAPT transfected cells. Oligo-tau (T22) immunoblotting (medium blot) was performed on cell lysates extracted with high salt (500 mM) Sarkosyl buffer. Stable tau aggregates are highlighted in the upper part of the blot (green dotted line). An anti---tub) antibody was used as loading control (RIPA). d) Oligo-tau and t-tau signals quantification were performed with ImageJ in the different cells (black histograms: oligo-tau/t-tau/GAPDH, grey histograms: upper oligo-tau/t-tau/GAPDH) and the average signal from two experiments was compared. Mean values ±SD (n=3) are represented. Image or immunoblot analyses were calculated by one-way ANOVA with Tukey's test, as indicated (***P<0.001; **P<0.01; ns=not significant). Experiments were reproduced twice with similar results.

  blot A vs blots B-D and B'-D'; full blots in Supplementary Fig.S5-S6), Again, this suggests that P-tau was oligomerized in tau+HS3ST2, tau P301S , and tau P301S +HS3ST2 expressing cells, but not in tau only expressing cells, in agreement with the strong T22 signal observed in Sarkosyl extracts from these cells (Fig.4a, blots C and C') and with T22 staining in Fig.3. On the other side, the 60 kDa tau band was not extracted by high salt Sarkosyl either from HEK-tau+HS3ST2 cells nor from HEK-tau P301S cells (Fig.4a, blot A vs blots B-C and B'-C'), suggesting that tau was not oligomerized in these cells. However, the 60 kDa tau band appeared in tau-HS3ST2 expressing cells after Sarkosyl extraction, possibly because the protein was aggregated in the HS3ST2 expressing cells and thus not recovered in the RIPA buffer (Fig.4a, blot A vs blots C and -C'). This is also suggested by the 60 kDa increased band density after oligomers denaturation by heating in Laemmli (Fig.4a, blot A vs blots B-C and B'-C'). In line with these observations, tau (K9JA) band quantification shows increased P-tau oligomers in the two HS3ST2 expressing cells before and after cell lysate denaturation by Laemmli (Fig.4b, graph B). Immunoblotting with the more specific anti-oligomeric tau T22 antibody showed similar oligomeric tau extent in the two cell lines expressing HS3ST2 (both before and after Laemmli denaturation; Fig.4b, graph C). Thus, HS3ST2 can similarly induce tau oligomerisation of tau and tau P301S, although the tau oligomers are less hyperphosphorylated in the tau+HS3ST2 cells compared to the tau P301S +HS3ST2 ones. Accordingly, analysis of the extracted oligomers with the anti-P-tau PHF1 antibody46 , showed a less intense PHF1 signal at 64-68 kDa in tau only expressing cells compared to tau P301S expressing cells. In both cases the PHF1 signal increased when HS3ST2 was expressed (Fig.4a, blot D-D' and Fig.4bgraph D), confirming that HS3ST2 promoted tau hyperphosphorylation. Together, these results show that HS3ST2 expression triggers a cell autonomous hyperphosphorylation and oligomerisation of both non-mutated tau and tau carrying the pathogenic mutation P301S.

Figure 4 .

 4 Figure 4. HS3ST2 promotes tau aggregation in tau expressing cells. a) High-salt Sarkosyl and RIPA buffer protein extracts were analysed in cell lysates from control and transfected cells. Immunoblotting of RIPA (A) and high salt Sarkosyl buffer (blots B-E and B'-E') extracted proteins were performed before and after protein denaturation by heating in Laemmli buffer (B-E and B'-E', respectively). Total tau (K9JA, blot A), oligomeric total tau (blots B-C and B'-C'), and oligomeric tau hyperphosphorylated at serine 396/404 (PHF1 antibody, blots D and D') were analysed before and after denaturation. b) Total tau, oligomeric-tau (oligo-tau), and P-tau signal intensities were quantified by ImageJ. Mean values ±SD are represented. Immunoblot analyses were calculated by one-way ANOVA with Tukey's test, as indicated (***P<0.001; **P<0.01; *P<0.05; ns=not significant). Experiments were reproduced twice with similar results.

Figure 5 .

 5 Figure 5. Intracellular 3S-HS and tau oligomers in cells expressing HS3ST2 and tau or tauP301S. Cells were immunoassayed with antibodies against 3S-HS (K9JA, red), total tau (t-tau; K9JA antibody; green), and oligo-tau (T22 antibody; green). Images were recorded in a microscope IX81 Olympus with confocal option. Magnification was 20x or 60x for confocal slices (immerse oil). a-b) Representative image of 3S-HS, tau, and oligo-tau staining in HEK cells expressing tau together or not with HS3ST2. c) Fluorescence intensity quantification of 3S-HS, t-tau, and oligo tau signals in HEK+tau vs HEK+tau+HS3ST2 cells. Mean values ± SD (n=3) are represented. d) Confocal slides showing non-intracellular 3S-HS and no tau oligomers in HEK+tau cells. e) Confocal slides showing intracellular 3S-HS and tau oligomers accumulation in HEK+tau cells. f-g) Representative image of 3S-HS, tau, and oligo-tau staining in HEK cells expressing tauP301S together or not with HS3ST2. h) Fluorescence intensity quantification of 3S-HS, ttau, and oligo tauP301S signals in HEK+tauP301S vs HEK+tauP301S+HS3ST2 cells. Mean values ±SD (n=3) are represented. i) Confocal slides showing intracellular 3S-HS and tau oligomers in HEK+tauP301S cells. j) Confocal slides showing intracellular 3S-HS and tau oligomers in HEK+tauP301S and HEK+tauP301S+HS3ST2 cells. Image analyses were calculated by the unpaired and two-tailed Student's t test, as indicated (***P<0.001; **P<0.01; *P<0.05; ns = not significant).

a

  Huynh MB †1 , Rebergue N †1 , Merrick H 1 , Gomez-Henao W 1,2 , Jospin E 1 The qPCR forward and reverse primers were obtained from Eurofins. b Amplification efficiency is determined using the formula 10 -1/slope . For the actual calculations, the base of the exponential amplification function is used (e.g. 1.92 means 92% amplification efficiency).

Figure SM- 1 .

 1 Figure SM-1. Physical map of a bicistronic pEBV vector allowing simultaneous expression of HS3ST2 and tau. Main features of replicative pEBV plasmids have been extensively described 2 .These vectors carry the CMV promoter for driving the transcription of HS3ST2 and/or tau. In bicistronic vectors, the HS3ST2 coding sequence (CDS), without its STOP codon, was in phase with a modified self-cleaving E2A peptide and the tau CDS (tau or tau P301S ). Sequences were annotated with the

  Dr A. Delaunay, CEA Saclay, France) were cultured in Dulbecco's Modified Eagle Medium (DMEM, Sigma) supplemented with 10% foetal calf serum (FCS), 100 U/mL penicillin, 100 µg/mL streptomycin, 2 mM glutamin, 10 mM HEPES (Sigma products), under 5% CO 2 . For transfection experiments, approximately 100,000 cells were transfected with the agent JetPrime (Ozyme) following manufacturer's instructions. An empty pEBV vector was used to follow effects of transfection. For Sarkosyl experiments, 10 6 cells were transfected. From 24 hours (h) after starting transfection, cells were continually maintained under selection by supplementing the cell culture medium with 0.4 µg/mL puromycin (VWR). Cells were maintained in this Direct orientation medium during different periods of time: short-term periods corresponded to 4-5 days in culture (1 passage), mid-term culture period corresponded to 14-16 days in culture (3-4 passages), and long-term culture periods corresponded to 40-44 days in culture (7-8 passages).

Figure 20 .

 20 Figure 20. HEK293 cells overexpressing human and mice HS3STs.

  Wild type HEK293 cells (Control) were transfected with pEBV plasmids carrying enzymes CDS +/-YFP-CMV. HS3STs (Human) and Hs3sts (Murine) transcripts levels were measured by qPCR (50 ng cDNA) and normalized with GNorm using 2 housekeeping genes (RPL37A and B2M). Cq is shown as an indication of raw expression levels. The experiments were reproduced at least twice and in duplicate each time.HEK293 cells overexpressing human HS3STs (HS3ST2/4/5) or mouse Hs3sts (Hs3st2/4/5), both in fusion or not with YFP transcripts, were generated.

3 .

 3 Validation of antibodies recognizing HS3STs and Hs3sts proteins HEK293 cells overexpressing the human HS3STs (HS3ST2/4/5) and the mouse Hs3sts (Hs3st2/4/5), in fusion or not with YFP, or additionally with the Tag-His, were used to test commercially available antibodies to recognize the corresponding enzymes. a. Antibodies for HS3ST2 HEK293 cells overexpressing HS3ST2 and Hs3st2 proteins were analyzed by immunoblotting (Western blot; WB) of their protein extracts and by immunocytochemistry (ICC). Depending on their WB and ICC signals in the transfected cells compared to non-transfected cells, antibodies were accepted (validated) or rejected.

Figure 22 .

 22 Figure 22. PA5-26522 antibody specificity for human HS3ST2 vs human HS3ST4 and HS3ST5.

Figure 23 .

 23 Figure 23. Murine Hs3st2 recognition by antibody PA5-26522.A) HS3ST2 transcript levels were analyzed from 50 ng of cDNA obtained after RT on 1 µg of RNA. B) WB was performed on 10 µg of protein extracts; PA5-26522 was used here at 1 µg/mL (1h rt). C) ICC was performed after blocking cells overnight with PBS/Serum 2%/Tween 0.05% followed by PA5-26522 incubation (0.5 µg/mL, 1h) and then secondary antibody staining (2nd Ab: A31571 Thermo-fisher, 4 µg/mL, 1h).

Figure 24 .

 24 Figure 24. PA5-26522 antibody specificity for murine Hs3st2 vs murine Hs3st4 and Hs3st5 in HEK cells.A) WB was performed in 10 µg of proteins with PA5-26522 at 1 µg/ml (1h rt). B) ICC was performed after blocking cells overnight with PBS/Serum 2%/Tween 0.05% followed by PA5-26522 incubation (0.5 µg/mL, 1h) and then secondary antibody staining (2 nd Ab: A31571 Thermo-fisher, 4 µg/mL, 1 h).

Figure 25 .

 25 Figure 25. AF6085 (R&D) recognition of human HS3ST4 requires high transcript levels.HEK293 cells were transfected or not (Ct) with HS3ST4. A) HS3ST4 transcript levels were analyzed from 50 ng of cDNA after RT of RNA extracts. B) Protein (10 µg) were analyzed by WB with antibody AF6085 (0.2 µg/mL for 1 h rt). C) ICC was performed after blocking cells overnight with PBS/Serum 2%/Tween 0.05% followed by AF6085 incubation (1 µg/mL, 1h) and then secondary antibody staining(2 nd Ab: A21448 Thermo fisher, 4 µg/mL, 1h).

Figure 26 :

 26 Figure 26: AF6085 (R&D) recognition of human HS3ST4 cross reacts with HS3ST2.

Figure 27 .

 27 Figure 27. Murine Hs3st4 recognition by antibody AF6085 from R&D.HEK293 cells were transfected or not (Control) with Hs3st4. A) Hs3st4 transcript levels were analyzed from 50 ng of cDNA obtained after RT of RNA extracts. B) Protein extracts were analyzed by WB with Ab AF6085 used at 0.2 µg/mL for 1h rt. C) ICC was performed after blocking cells overnight with PBS/Serum 2%/Tween 0.05% followed by AF6085 incubation (1 µg/mL, 1h) and then secondary antibody staining (2nd Ab: A21448 Thermo fisher, 4 µg/mL, 1h).

Figure 28 .

 28 Figure 28. AF6085 antibody specificity for murine Hs3st4 versus Hs3st2 and Hs3st5.

  (did not recognize HS3ST5 and Hs3st5 by WB or ICC). of human HS3ST5 and murine Hs3st5None of the 5 tested anti-HS3ST5 antibodies could be validated neither by WB nor by ICC (only noise was recorded), regardless of the high transcripts levels in the transfected cells (with Cq < 17 in all analyzed transfected cell systems).

Figure 29 .

 29 Figure 29. Expression of HS3STs in wild type BE2C and NTERA cells.A). BE(2)-C cells and B) NTERA cells. RT was performed in RNA extracts (1 μg RNA was used in the RT reaction) and transcript levels were analyzed from 50 ng of cDNA obtained after RT. Cells were analyzed in duplicate and experiment were repeated twice.

Figure 30 .

 30 Figure 30. HS3ST2 silencing in BE(2)-C cells.CRISPR/Cas9 technology was applied to generate several clones in which HS3ST2 ATG region in Exon 1 was deleted either with 1 cut from the CAS 9 enzyme before the ATG or 2 cuts, each one surrounding the ATG site. Absence of bands indicates that the ATG region has been deleted in this clone.

Figure 31 .

 31 Figure 31. HS3STs are expressed at different levels in wild type HEK293 cells.

Figure 32 .

 32 Figure 32. HS in HEK cells expressing HS3STs (human) and Hs3sts (mice) stained with 10E4 antibody. Total HS staining (10E4, 2 µg/mL) is shown in red. DAPI is shown in blue. A) Wild type HEK293 cells. B) HEK293 cells expressing human HS3ST 2, 4, and 5. C) HEK cells expressing mice Hs3st2, 4 and 5. Magnification 10x and 40x.

Figure 33 .

 33 Figure 33. 3S-HS in HEK cells expressing HS3STs (human) and Hs3sts (mice) stained with HS4C3 antibody. Confocal images of 3S-HS labelled with HS4C3 antibody (4 µg/mL). A) HEK cells expressing human HS3ST 2, 4, and 5 B) HEK cells expressing mice Hs3st2, 4 and 5. Magnification 60x oil confocal z-stack.

Figure 34 .

 34 Figure 34. 3S-HS in HEK cells expressing HS3STs (human) and Hs3sts (mice) stained with C11 antibody. In red is shown 0.5 µg/mL C11 staining, in blue is shown DAPI labeling. A) HEK cells expressing human HS3ST 2, 4, and 5. B) HEK cells expressing mice Hs3st2, 4 and 5. Magnification 10x and 40x.

Figure 35 .

 35 Figure 35. 3S-HS in HEK cells expressing YFP in addition to HS3STs (human) and Hs3sts (mice) stained with C11 antibody. In red is shown 0.5 µg/mL C11 staining, in green is shown YFP and in blue is shown DAPI labeling. A) HEK cells expressing human HS3ST 2, 4, and 5 fused with YFP tag. B) HEK cells expressing mice Hs3st2, 4 and 5 fused with YFP tag. Magnification 10x.

Figure 36 .

 36 Figure 36. 3S-HS in HEK cells expressing HS3STs (human) and Hs3sts (mice) stained with C6 antibody. In red is shown C6 staining, in blue is shown DAPI labeling. A) HEK cells expressing human HS3ST 2, 4, and 5. B) HEK cells expressing mice Hs3st2, 4 and 5. Heparinase treatment suppress C6 staining. Magnification 10x and 40x.

3S-

  HS are a specialized type of rHS which structures can differ depending on the tissues and cells in which they are made, and that carry highly sulfated HS sequences(Mohand Ouidja et al. 2022). The characteristic high sulfation of 3S-HS agrees with the first studies in the domain in the early 90's, reporting that the HS that accumulate in tauopathy affected brain regions (hippocampus CA1) were highly sulfated HS (Alan D.Snow, Willmer, and Kisilevsky 1987; A D Snow et al. 1989; Alan D. Snow and Wight 1989) and thus were possibly 3S-HS

  only on the single 3-O-sulfation, but the recognition pattern might involve other sulfation surrounding the 3-O moiety, which might then play an important role in the binding, and which may differ depending on the tissue. As HS biosynthesis involves many enzymes that are differently expressed throughout tissues, it would not be surprising that the surrounding environment of the 3-O-sulfation might be key and constitute an even more specific pattern for precise interactions with proteins. C11 and C6 might thus detect 3-O-sulfation in a nonneuronal sulfation pattern, or at least in a different HS cartridge than the pathologic one accumulated in AD neurons. Thus, this study, which aimed to supply tools for the study of 3S-HS and their biosynthetic enzymes expressed in brain, allowed to get central information indicating that 3S-HS produced by the different enzymes carry different structural cartridges with sulfation (or other modifications) around 3-O-sulfation creating specific structural microenvironment that might differ between cells, for instance between excitatory (affected in AD) and inhibitory neurons (less or not affected in AD).

  HS3ST2 likely triggers HS internalization and tau oligomerization(Rebergue et al. 2022, chapter 2). Under physiological conditions, HS3ST2 synthesizes rare HS 3-O-sulfated sequences which functions are not yet clear but that might be involved in synapse stabilization(Maïza et al. 2020). As synapses loss correlates with cognitive disfunction(Colom-Cadena et al. 2020) and has been described in AD patients, this constitutes another HS3ST2 link to AD pathology. Indeed, our team has shown that HS3ST2 and 3S-HS are present at the synapse, in where they participate to the development of synaptic tauopathy and synaptic impairment(Maiza et al. 2022). They showed that 3S-HS interactors include synaptic adhesion molecules from neonatal mouse brain and inhibit neural activity and synaptogenesis in vitro(Maïza et al. 2020).

Figure 388 .

 388 Figure 388. The glycanic hypothesis of cell-autonomous development of tauopathy driven by HS internalization in neurons.HS are internalized in neurons and their interaction with tau separate it from microtubules. HS induce in tau conformational states allowing kinases to hyperphosphorylate it, triggering the tau abnormal phosphorylation and aggregation leading to the formation of tau oligomers and fibrils.

Figure 390 .

 390 Figure 390. Spatial transcriptomic data in the perspective of immunolabeled targets. Fluorescent image acquisition of the immunolabeled tissue allows to combine the spatial transcriptomic information obtained with specific targets. Here the expression of a specific gene (top image) is aligned onto the fluorescent labelling (bottom image) obtained of the tissue. From 10xgenomics.com

  increases. We developed and characterized tools for the study of 3S-HS and their biosynthetic enzymes expressed in brain (objective 4), which allowed to get central information indicating that 3S-HS produced by the different enzymes carry different structural cartridges with 3-O-sulfation creating specific structural microenvironment that might differ between cells. Finally, our results suggest that the intracellular accumulation of 3S-HS is an early hallmark of AD pathology and that 3S-HS produced by the combination of a specific neural biosynthetic machinery including HS3ST2 are involved in tissue and cell vulnerability to develop tauopathy in AD. This work paves the way for understanding the HS role in the cell autonomous development of AD and opens new research perspectives in which HS3ST2 and 3S-HS could be relevant therapeutic target for AD.

  al. 2019)Huynh, M. B. et al. Glycosaminoglycans from Alzheimer's disease hippocampus have altered capacities to bind and regulate growth factors activities and to bind tau. PLoS One 14, 1-18 (2019). (Nassor et al. 2020)Nassor, F. et al. Long Term Gene Expression in Human Induced Pluripotent Stem Cells and Cerebral Organoids to Model a Neurodegenerative Disease. Front. Cell. Neurosci. 14, 1-7 (2020). I was rewarded with the young researcher price for a short communication called "DIApALZ" consisting of one commented slide introducing to my PhD project, in the 2021 edition of "Journées scientifiques francophones du club Alzheimer de Montpellier (CALM)"(Figure ).

Figure 41 .

 41 Figure 41. DIApALZ awarded.

Figure 402 .

 402 Figure 402. Poster awarded.

Fig. 1 .

 1 Fig. 1. Schematic representation of a HSPG and their biosynthetic genes. HSPG are made of a core protein (CP) carrying a glycosaminoglycan-CP linker tetrasaccharide (GAG-CP linker) in which either heparan sulfate (HS) or chondroitin sulfate (CS) chains are elongated. The HS chain is formed by constitutive disaccharides composed of a uronic acid (GlcA or IdoA) and a glucosamine (GlcNAc, or GlcNS) carrying different sulfation and IdoA contents. NS domains carry high N-sulfation and IdoA levels; NA/NS domains carry intermediary N-sulfation, N-acetylation, and IdoA levels; NA domains are not sulfated and carry not IdoA. The GAG-CP linker biosynthetic genes are common to HSPG and CSPG biosynthetic machineries.

Fig. 2 .

 2 Fig. 2. Schematic representation for collecting articles process following PRISMA 18 recommendations. A)

Fig. 3 .

 3 Fig. 3. First clustering of HSPG genes depending on their requirement for normal development and homeostasis. 'Essential' genes are those for which genetic variability in human is causative of diseases or syndromes and/or the corresponding null mouse dies or shows overt phenotypes consistent with what is observed in clinical variants. *They can show SNP. 'Non-essential' genes are those for which genetic variability has not been reported as causative of human diseases or syndromes and/or for which the corresponding null mouse is viable, fertile, lives normally, and shows non-overt phenotypes in the absence of stimuli, although many of them show SNP associations with altered responsiveness to stimuli, altered behaviors, or are involved in vulnerability to disease.

Fig. 4 .

 4 Fig.4. The human HSPG biosynthetic machinery genes organized by gene essentiality and expression levels. HSPG biosynthetic genes were first separated in 'Essential' or 'Non-essential' for normal development and homeostasis depending on their requirement for normal human development and homeostasis and/or the phenotype of the corresponding gene null mouse (Suppl. Inf). Then, genes were re-clustered depending on their expression (transcript par million TPM) in a variety of human organs or tissues, as documented from RNAseq databases (FANTOM5: http://fantom.gsc.riken.jp/data/; ENCODE: https://www.encodeproject.org/; and 32Uhlen:

Fig. 5 .

 5 Fig. 5. Simplified organization of the HSPG biosynthetic machinery genes. After a first clustering in 'Essential'

Fig. 6 .

 6 Fig. 6. Schematic representation of the HSPG biosynthetic pathway. The HSPG path (brown arrows) overlaps with the CSPG-aggrecan path (marine blue arrows). The CSPG-decorin path (light blue arrows) is spliced from HSPG/CSPG path at early steps. Black arrows designate paths that stop GAG elongation. Arrow width designs preferred paths based in substrate preferences (see Gene review), wider arrows indicating preferred paths. Substrate pools guarantees maintenance of minor paths (narrow arrows). Dotted arrows indicate non-detailed steps. Green empty arrows indicate UDP-sugars or ion transport. Some nucleotide transporters or ion transports are represented. Ions as Ca 2+ , Mn 2+ and/or Mg 2+ are indicated when required for enzymatic activity. A) Biosynthesis of the GAG-CP linker tetrasaccharide common to HSPG and CSPG. ), Excepting XYLT1 and XYLT2, all enzymes and transports are ubiquitously expressed during development (dev) and after birth (aft. birth). XYLT1 is highly expressed during development ( dev) and its expression decreases aft. birth and preferentially binds to low molecular weight CSPG core proteins, as decorin (leading to favored CSPG-decorin path). XYLT2 is expressed aft. birth and shows similar binding to HSPG and CSPG core proteins (leading to both CSPG-decorin and HSPG/CSPGaggrecan paths). Xyl is not phosphorylated in the CSPG-decorin path. B) Ubiquitously expressed enzymes drive the synthesis of ubiquitous HS sequences (uHS). C) Tissue restricted enzymes form HS sequences (rHS) likely during response to stimuli. rHS might contain high NS domains formed either from uHS or directly from unsulfated chains). D) Representative HS disaccharide indicating GlcA, IdoA and GlcN units and sulfation positions (in red).

3. 5 .

 5 Essential and non-essential HS sequences3.5.1. Ubiquitous HS are essential for normal development and homeostasisAfter biosynthesis of the GAG-CP linker, formation of the HS chain starts by the action of the glycosyltransferase EXTL3 2 , which adds a GlcNAc residue to the dephosphorylated GlcA-Gal-Gal-Xyl-(Ser-CP) product of B3GAT3/PXYLP1 (Fig.6B). EXTL3 deficiency results in reduced HSPG and increased CSPG levels, confirming that abundant GlcA-Gal-Gal-Xyl-(Ser-CP) and GlcA-Gal-Gal-Xyl(P)-(Ser-CP) substrate pools respectively favor CSGALNACT1 and CSGALNACT1/PXYLP1

Fig. 1 .

 1 Fig. 1. Quantitative and qualitative diversity for PrP c and APP protein content. Cells were plated (9.10 5 cells per 6 cm diameter dishes) and cultivated at the same time. Cells were recovered 2 days later for protein analyses. (a) ICC stainings were performed with a pool of 2 antibodies against PrP c , SAF32 (epitope amino acids 79-92) and SHA31 (aa 148-159), this allows detection of all putative PrP c fragments. Antibodies epitope location is depicted in Fig. S1c. Cells were counterstained with DAPI to visualize nuclei (scale bar 25 µm). (b) Western blot analysis of PrP c was performed with 5 µg of protein per slot or (c) 10 5 cell equivalents. Proteins were loaded and separated on a 12% SDS-polyacrylamide gel. Western blots b) and c) represented two independent culture experiments. Western blot were quantified in using ImageJ. Color code corresponds to the TP53 genotype of each cell lines: green = wild-type, blue = null, red = mutated, black = wild-type with viral protein or transcription-inactive p53β variant. (d) ICC staining against APP using the monoclonal 22C11 antibody and counterstained with DAPI (scale bar 25 µm). Relationship between endogenous PRNP and APP gene expressions in parental cell lines. (e) In parallel to protein analyses, mRNA was quantified by RT qPCR, and ordered in function of their relative quantification. Experiments were reproduced twice.

Fig. 2 .

 2 Fig. 2. Relationship between PRNP and APP gene expression. RT qPCR analysis of PRNP and APP in stable (a) MDA-MB-231 or (b) HCT-116 cells. Reversion experiment in HeLa KD cells. Stable HeLa KD clones were maintained in culture for 20 and 40 additional days with (c) or without (d) hygromycin B to revert gene silencing. At indicated time, PRNP and APP mRNA were analysed by RT qPCR. REV P means reversed PRNP KD , REV A means reversed APP KD , REV P/A means reversed PRNP KD /APP KD . Primers used are indicated in TableS4.

Fig. 3 .

 3 Fig. 3. PRNP and/or APP gene silencing impairs 3D cell growth. (a) Characterization of stable HeLa KD cells by RT PCR; primers used are indicated in Table S4. (b) PRNP KD and CD24 KD cells acquired a fibroblastic-like appearance. Illustrative bright field observations of HeLa KD cells 14 days after transfection are shown (scale bar: 50 µm). At least 3 fields corresponding to 300 cells per cell line were quantified with ImageJ for shape indicators (circularity and roundness, mean +/-SEM), and statistical analysis was performed using GraphPad Prism v5 right), n = 2. (c) Culture in soft agar. HeLa KD cells were cultivated in presence or not of hygromycin B for 2 weeks and thereafter 5000 HeLa cells were seeded in soft agar (+/-hygromycin B) for 18 additional days. Each point represents the mean of 3 wells +/-SD. (d) Culture in a tissue-like environment. 3000 stable HeLa KD clones were embedded into collagen matrices (three wells per point) and cultivated for 17 days. Collagen gels were analysed with a binocular microscope or an indirect microscope, as indicated in M&M. Growing colonies were counted. Indicated values correspond to mean +/-SD. Experiments have been reproduced four times.

Fig. 4 .

 4 Fig. 4. Altered membrane-anchored CD24 content in PRNP and APP deficient stable HeLa cells. (a) Membrane-associated CD24, CD44, and PrP c proteins were analysed by flow cytometry in living stable HeLa KD clones 57 days after transfection. 200,000 cells were plated in 6 cm diameter dishes and analyzed 6 days later at about 95% of confluence. Percentages correspond to the mean fluorescence intensity as compared to control HeLa cells carrying the pBD650 plasmid. The Table underneath the panel (a) represents the mean +/-SEM of three independent flow cytometry experiments performed with different clones and/or different culture conditions. Cytoplasmic accumulation of PrP c in APP KD HeLa clones (b) Representative Western blot were quantified with ImageJ (mean +/-SEM, n = 3). (c) Illustrative PrP c stainings in HeLa KD cells (scale bar = 25 µm). 1237 individual cells in 4 to 7 fields per sample were analysed with ImageJ and GraphPad Prism (mean+/-SEM, n = 3).

Fig. 5 .

 5 Fig. 5. HTRA2 and PrP c co-expression. (a) ICC detection of HTRA2 in three tumor-derived cells cultivated at the same time. Cells were cultivated as indicated in legend of Fig. 1, and stained for PrP c (SHA31 + SAF32 antibodies) or HTRA2. They were counterstained with DAPI to visualize nuclei (scale bar 25 µm). (b) RT PCR analysis of PRNP and HTRA2 expression in 10 cell lines cultivated in parallel (n = 2). Primer used are described in TableS4. (c) Western blot analysis of HTRA2 in 5 cell lines.

Fig. 6 .

 6 Fig. 6. HTRA2 down regulation lowers PRNP gene expression. (a) Representative PrP c (SHA31 + SAF32 antibodies), APP or HTRA2 stainings 14 days after transfection of HeLa cells. Cells were counterstained with DAPI to visualize nuclei (scale bar 25 µm). 1637 individual cells in 4 to 5 fields per sample were analysed with ImageJ and GraphPad Prism (mean+/-SEM, n = 3). (b) RT qPCR analysis of HTRA2 and PRNP gene expression in 26 days old HTRA2 KD HeLa cell populations.Reactions were carried out in triplicate and values were normalized with control BD650 HeLa cells (mean +/-SEM). Cells were transfected with pEBVsiHTRA2 plasmids displaying a high (HTRA2 KD1 , pBD3115 vector) or moderate (HTRA KD2 , pBD3116 vector) gene silencing efficiency. For HTRA2 mRNA quantification, 2 sets of primers were used: primers 1 (pr1) detecting either total HTRA2 (short and long HTRA2 mRNA chains) and primers 2 (pr2) detecting only long chain. Primers are described in TableS4. (c) Western blot analysis of the HTRA2 protein content in stable knock down (HTRA2 KD1 ) and knock out (HTRA2 KO ) HeLa clones. Protein equivalent to 10 5 cells were loaded onto a 10% PAGE. PrP c was revealed with both SHA31 and SAF32 antibodies. (d) Flow cytometry analysis of membraneassociated CD24, CD44, and PrP c in living HeLa KD cells 9 or 11 days after transfection in 2 independent culture experiments. Percentages correspond to the mean fluorescence intensity as compared to control. On the right of the panel d the loss of membrane-anchored PrP c was revealed after PrP c stainings in HTRA2 KD1 cells as compared to CTL (scale bar 25 µm).

Fig. 7 .

 7 Fig. 7. Intracellular accumulation of PrP c in APP KD and APP KO HeLa cells. Characterization of different HeLa KD clones by: (a) Representative ICC stainings of HeLa KD clones stained for PrP c (SHA31 + SAF32 antibodies), or HTRA2, and counterstained with DAPI to visualize nuclei (scale bar 25 µm). 1632 individual cells in 4 to 7 fields per sample were analysed with ImageJ and GraphPad Prism (mean+/-SEM, n = 3). (b) Western blot was performed with protein extracted from 10 5 cells and were loaded onto a 10% PAGE. (c) For RT PCR, the used primers are indicated in Table S4. (d) CRISPR-Cas9-engineered HeLa KO cells were analysed by ICC stainings. Cells were stained and analysed as mentioned in panel a (scale bar 25 µm).

  Cell origins: MCF7, MDA-MB-231, MDA-MB-436, MIA PaCa2, PANC-1, HeLa, T47D, ZR-75-1, BE(2)-C (ATCC); SK-MEL-37 (Dr R. Chammas, Sao Paulo University, Brazil); SK-MEL-5, SK-MEL-28, Malme-3 M (Dr C Gazin, CNRS -CEA, Evry, France), RKO (Dr M.F. Poupon, CNRS, Paris, France); HCT-116 (Dr B. Bugler, CNRS Toulouse, France); SK-N-AS, SH-SY5Y, LA-N-1; LA-N-5, KELLY, T98G (Theranexus, CEA Fontenay aux Roses, France); U-87 MG, U-251 MG (Dr L. Gauthier, CEA, Fontenay aux Roses, France); K562, RAMOS, BL2 (Dr I. Délic, CEA Fontenay aux Roses, France); HOS, H1299 (Dr P. May, CNRS Villejuif, France), HEK293 (Dr A. Delaunay, CEA, Saclay) Main features of the cells were indicated in the Table

Fig. 8 .

 8 Fig. 8. Overexpression of HTRA2 enhances PrP c protein content. (a) Representative stainings of PrP c (SHA31 + SAF32 antibodies), HTRA2 and CD44 performed days after transfection of PRNP or HTRA2 CDS in HeLa cells. Cells were counterstained with DAPI to visualize nuclei (scale bar 25 µm). 1399 individual cells in 5 to fields per sample were analysed with ImageJ and GraphPad Prism (mean+/-SEM). (b) RT PCR analysis of HeLa cells, 52 days after transfection with either PRNP, APP 695 , HTRA2 or HTRA3 CDS. Primers used are indicated in Table S4. (c) Western blot analysis of HTRA2 and PrP c (SHA31 antibody) in HeLa cells silenced for HTRA2 (KD1 and KO) and overexpressing HTRA2 (HTRA2+). Cells were transfected with two different pEBVCAG-HTRA2 plasmids (1 means pBD3357; 2 means pBD3696). Proteins extracted from 10 5 cells were loaded onto a 10% PAGE. *: unspecific band. Plasmids were described in Table S3. Altered expression of membrane-associated CD24, CD44 and PrP c in living HTRA2+ HeLa cells. (d) 11 and (e) 14 days after transfection, living HeLa cells were stained for CD24, CD44 and PrP c and analysed by flow cytometry as indicated in M&M. PRNP+ and CD24+ cells are used as controls. Panels d and e represent two independent transfection experiments. Percentages correspond to the ΔΔMFI as compared to control.

  ) Best selection conditions for establishing stable populations. (3) NT: not tested for selection.

  Figure S1a,b,c: Analysis of PrP c in a set of human tumor cell lines. Cells were plated (9.10 5 cells per 6 cm diameter dishes) and cultivated at the same time. Proteins were analysed by (a) ICC staining with three different antibodies BAR233, SHA31, and SAF32 (scale bar 25 µm), and (b) Western blot with 10 5 cell equivalents per slot. Proteins were loaded and separated on a 12% SDS-polyacrylamide gel. (c) Scheme of the PrP c protein with structural domains, sites of endogenous cleavages and location of epitopes.

Figure S1d :

 S1d Figure S1d: Analysis of PrP c in a set of human tumor cell lines. (d) Larger fields of PrP c detection of the figure 1a with overlapping PrP c /DAPI stainings for HeLa, H1299 and MIA PaCa2 cells. (on the right of the panel) (scale bar 25 µm).

Figure S1e :

 S1e Figure S1e: Analysis of PrP c in a set of human tumor cell lines. (e) Larger fields of APP detection of the figure 1d with overlapping PrP c /DAPI stainings for HeLa, H1299 and MIA PaCa2 cells. (on the right of the panel) (scale bar 25 µm).

  Figure S2: Endogenous PrP c protein expression in growing or confluent HeLa, T98G, and MIA PaCa2 cells. Cells were plated at 6.10 5 cells / 6 cm Ø dishes and fixed 1, 2 or 3 days later. Cells were stained with (a) SAF32 or (b) BAR233 antibodies against PrP c and counterstained with DAPI (nuclei) (scale bar 50 µm).

  Figure S4: Hampered 2D cell growth after PRNP and/or APP knocking down.In order to validate our RNAi technology in all tested cell lines we always assessed the efficiency of gene silencing using an efficient plasmid targeting the TP53 gene (pEBVsip53). 19 over 33 cell lines were selected in which we could imposed a robust TP53 gene silencing as a technical control. After transfection and hygromycin B selection (Table1), cells were recovered two to 4 weeks later depending on their proliferation rate and they were counted. Values represent the mean of three to ten independent transfection experiments. 100% corresponds to cells transfected with a control plasmid (pBD650). We observed a dramatic decrease in cell survival for most of the PRNP KD and APP KD cell lines. In particular, HOS, MDA-MB-436, U87-MG, U251-MG, H1299, and the 3 SK-MEL cell lines exhibited major difficulties to proliferate while other cells, such as T98G, HCT-116 or MDA-MB-231, showed elevated cell death although stable knock down cells could be propagated in culture, despite of difficulties. A third set of cells, comprising HeLa and RKO, exhibited only moderate effects on their growth potential in 2D culture albeit exhibiting very efficient gene silencing. (a) Breast cancer cells. (b) Brain cancer cells. (c) Other cancer cells. (d) Prolonged cell survival for HeLa cells. Cells were grown for 14, 28 and 45 days, trypsinized and counted. It was noteworthy that HeLa TP53 KD cells elicited a growth potential that increased with time in culture.

  Figure S4: Hampered 2D cell growth after PRNP and/or APP knocking down.In order to validate our RNAi technology in all tested cell lines we always assessed the efficiency of gene silencing using an efficient plasmid targeting the TP53 gene (pEBVsip53). 19 over 33 cell lines were selected in which we could imposed a robust TP53 gene silencing as a technical control. After transfection and hygromycin B selection (Table1), cells were recovered two to 4 weeks later depending on their proliferation rate and they were counted. Values represent the mean of three to ten independent transfection experiments. 100% corresponds to cells transfected with a control plasmid (pBD650). We observed a dramatic decrease in cell survival for most of the PRNP KD and APP KD cell lines. In particular, HOS, MDA-MB-436, U87-MG, U251-MG, H1299, and the 3 SK-MEL cell lines exhibited major difficulties to proliferate while other cells, such as T98G, HCT-116 or MDA-MB-231, showed elevated cell death although stable knock down cells could be propagated in culture, despite of difficulties. A third set of cells, comprising HeLa and RKO, exhibited only moderate effects on their growth potential in 2D culture albeit exhibiting very efficient gene silencing. (a) Breast cancer cells. (b) Brain cancer cells. (c) Other cancer cells. (d) Prolonged cell survival for HeLa cells. Cells were grown for 14, 28 and 45 days, trypsinized and counted. It was noteworthy that HeLa TP53 KD cells elicited a growth potential that increased with time in culture.

  

  

  

  

  

  

Table 1 . Characteristics of several tauopathies.

 1 From(Mah et al. 2021).

  In 1995, Lindahl et al. analyzed the structure of heparan sulfate isolated from human AD brain cortex and controls by deaminative cleavage in combination with selective radiolabeling procedures. However, despite some HS composition differences observed between preparations derived from several human organs, they did not notice any

significative variability between AD and control brains (B.

Lindahl, Eriksson, and Lindahl 1995)

.Later, in 1996, in a work published by Goedert et al. demonstrated the accumulation of HS inside pyramidal neurons from AD hippocampus and their co-localization with P-tau (M

  progressive supranuclear palsy and diffuse Lewy body disease (GeorgePerry et al. 1992).They found that AD was not the only neurodegenerative disease accumulating HS. Except for diffuse Lewy bodies in Parkinson disease, all the disease studied in this work harbored bFGF binding HS in their tau fibrillary inclusions. Indeed, in Parkinson's disease, the periphery of some intracellular and extracellular Lewy bodies bound to bFGF but diffuse Lewy bodies did not. However, in PSP, both, intraneuronal and extraneuronal Pick bodies bound to bFGF, and intraneuronal and extraneuronal NFTs were even better recognized by bFGF than with the anti-tau antibody. This first study shed light on a possible common mechanism involved in neurodegenerative diseases involving HS, despite having probably different causes. Later, in 1994, Buée et al. used the antibody 7E12 for immunostaining a HSPG protein core rich in

2020, Lorente-Gea et al. showed by immunohistochemistry the presence of both syndecan 4 and serglycin associated to tau and amyloid-β lesions in AD brain (Lorente-Gea et al. 2020). To date, the core protein that carry the HS chains that accumulate in AD remains an important question. d. Intracellular accumulation of HS in other tauopathies and brain diseases Several studies have been carried out to explore whether HS are present in fibrillary inclusions of tauopathies different from AD. In 1992, Perry et al. used fibroblast growth factor (bFGF) binding to track HS chains in brain slides of Pick's and Parkinson's disease, vessels. They stained brains from AD, Down syndrome, Guam amyotrophic lateral sclerosis/parkinsonian dementia complex, Pick's disease and dementia pugilistica (L. Buée et al. 1994). They found staining in neurons of AD, Down syndrome, and in one Guam case. Glial staining was never observed. This study focusing on the microvasculature degeneration in neurodegenerative diseases hypothesized that the HS found in senile plaques may be derived from either the degenerating microvasculature or from degenerating neurons. Later, in 1998, Odawara et al. confirmed the detection of HS in ghost Pick bodies (Odawara et al.

generate ubiquitous heparan sulfate sequences (uHS) that

  

	as nucleoside transporters (SCL26A2, SLC35A2, and SLC35A3)9 and ion transporters continuum of disorders as linkeropathies and other pathologies could be predictable.
	(SLC10A7)10 (Figure 12). After formation of the GAG-CP linker, HS chain initiation starts through action of EXTL3 (coded by EXTL3), which adds a N-acetyl glucosamine (GlcNAc) to Moreover, ubiquitous NDST1, GLCE, HS2ST1, and HS6ST1 appeared to are essential for normal development and
	the non-reducing end of the GAG-CP linker. HS chain elongation continue by sequential homeostasis, whereas the tissue restricted NDST2-4, HS6ST2-3, and HS3ST1-6 appeared to
	addition of GlcA and GlcNAc catalyzed by EXT1/EXT2 (coded by EXT1 and EXT2). During chain generate specialized HS sequences (rHS) mainly involved in responsiveness to stimuli and
	elongation, epimerization of glucuronic acid (GlcA) into iduronic acid (IdoA) is then carried by tissue vulnerability to disease.
	C5 epimerase (coded by GLCE)11 and sulfation occurs at different position of the uronic acid The importance of this review in the context of AD, is that it allowed to show that specialized
	and glucosamine residues. Sulfation of IdoA is assured by 2-O-sulfotransferase (HS2ST1), HS sequences involve 3-O-sulfation in HS and that these sequences, produced only by
	whereas sulfation of GlcNAc is assured by N-deacetyl-N-sulfotransferases (coded by NDST1, specific tissues or cells, are characteristically present in brain, in where they may be central
	NDST2, NDST3, or NDST4), 6-O-sulfotransferases (coded by HS6ST1, HS6ST2, or HS6ST3), and in the vulnerability of specific cells to develop disease, as tauopathy in AD.
	3-O-sulfotransferases (coded by HS3ST1, HS3ST2, HS3ST3A1, HS3ST3B1, HS3ST4, HS3ST5, or
	HS3ST6)3,12. During biosynthesis, the HS chain elongation can be stopped by the
	unproductive glycosyltransferases EXTL1 or EXTL2 (coded by EXTL2 or EXTL1)13, whereas
	after secretion of the HSPG at the extracellular space 6-O-sulfatases SULF1 and SULF2 (coded
	by SULF1 and SULF2) and heparanase (coded by HPSE) can modify the HS chain structures14-
	16. Globally, this process leads to formation of different HS structural domains3,17. 'NA'
	domains carry unsulfated N-acetylated sequences, 'NA/NS' domains carry HS sequences with
	intermediary levels of sulfation and IdoA, and 'NS' domains carry high levels of sulfation and
	IdoA3,17 (Figure 12).
	Regardless of their structural diversity, HS are frequently referred as a single ubiquitous
	molecule, possibly because their structural characterization is highly complex and yet
	beyond reach. A systematic review and analysis (see annexes) resulted in a new HSPG vision
	that gives a better understanding of the involvement of each biosynthetic gene in the
	generation of HS sequences carrying structures that can play either ubiquitous or, notably,
	specialized roles in the maintain of tissue homeostasis, disease, behavior disorders, proper
	tissue response to instigating stimuli, and tissue specific vulnerability to disease. 3S-HS are
	among the specialized HS that are produced only in specific tissues, and more importantly in
	specific cells, particularly in brain.
	By retrieving and linking information on pathogenic variants, polymorphism, expression, and
	This requires the expression of several genes coding literature databases for 50 genes involved in the biosynthesis of HSPG core proteins,
	for different enzymes including glycosyltransferases (XYLT1, XYLT2, B4GALT7, B3GALT6, heparan sulfate (HS) chains, and their linker tetrasaccharide. Our review resulted in a new
	B3GAT3)4,5, kinases (FAM20B)6, phosphatases (PXYLP1)7, and nucleosidases (CANT1)8, as well gene organization and biosynthetic pathway representation in which the phenotypic

  Basal expression profiles were examined in open access transcriptomic

	data	bases	including:	i)	the	RNA-seq	32Uhlen	project

(http://www.proteinatlas.org/humanproteome) that analyzed 32 different tissues from 122 human individuals, ii) the RNA-Seq CAGE (Cap Analysis of Gene Expression) in the RIKEN FANTOM5 project (FANTOM5 project; http://fantom.gsc.riken.jp/data/) that analyzed human tissues, and iii) the ENCODE strand-specific RNA-seq of 13 human tissues from Michael Snyder's lab (ENCODE project; https://www.encodeproject.org/). These RNA-seq databases, are considered in the expression atlas (http://www.ebi.ac.uk/gxa), as they use standardized methods that allow the determination of baseline gene expression across controlled biological replicates checked for high quality (good quality raw files and good quality reference genome build are available). The original raw and processed data files can be found in the ArrayExpress platform (https://www.ebi.ac.uk/arrayexpress/), in which the raw single-channel microarray intensities are normalized either using an oligo package from Bioconductor (Affymetrix data) or by quantile normalization by the limma package (Agilent data). The data quality is assessed using the arrayQualityMetrics package in R. The qualitytrimmed reads were mapped to the latest version of the reference genome from Ensembl using TopHat2. For each HSPG biosynthetic machinery gene, the number of mapped reads per gene were summed (raw counts) using htseq count and are represented as transcripts per million (TPM). the manuscript, which was revised by D.P-G. All authors have read and approved the final version of the manuscript before publication.

SUPPLEMENTARY RESULTS FOR THE MANUSCRIPT

1. 3S-HS accumulate in brain regions and cells which are P-tau positive in different tauopathies

All tauopathies deposit abnormal tau protein aggregates, but often of only certain isoforms and in distinguishing pathologies of five main types (neurofibrillary tangles, astrocytic plaques, tufted astrocytes, neuronal Pick bodies, globular glial inclusions, and argyrophilic grains). While in AD tau specifically accumulate in form of PHF, NT, and NFT in neurons of specific brain regions, in other tauopathies tau aggregates accumulate in neurons, or in astrocytes from different brain regions, indicating neuroanatomical selectivity

  Netherlands) was used to detect 3S-HS37 . To reveal HS4C3 staining, an anti-VSV antibody made in mouse (Sigma; 1:200) was used, followed by a Cy3 anti-mouse made in sheep (Sigma; 1:200). HS identity was confirmed by treating cells with a mix of heparinase I, II and III (Iduron) respectively used at 2, 0.2, and 0.2 U/mL. Stack images were obtained with the

	software CellSens from a spinning disk inverted confocal microscope (IX81 DSU Olympus,
	60x N.A.1.35) coupled to an Orca Hamamatsu RCCD camera. 20x images were obtained in the
	same microscope in non-confocal configuration. Nuclei was labelled with 1 µg/mL DAPI
	(Sigma). Images were processed with the ImageJ software (W. Rasband, National Institute of
	Health).
	Statistical Analysis
	). Fluo488 donkey
	anti-rabbit (Interchim; 1:200) and Fluo488 donkey anti-goat (Interchim; 1:200) were used as

secondary antibodies. The phage display HS4C3 antibody (1:250; 4 µg/mL), kindly provided by ArrestAD partner Pr. Toin H. van Kuppevelt (Radboud University Medical Center, the Statistical analyses were performed using GraphPad Prism software version 5.01. Bars represent standard error (SD) or standard error of the mean (SEM) for two or three different experiments each performed in duplicate or triplicate, as indicated. Significance was analysed either by t-test, or one-way ANOVA followed by Tukey's test, as indicated (***P<0.001; **P<0.01; *P<0.05; ns=not significant).

Table S1 .

 S1 Primers used for HS3STs transcripts quantification by qPCR.sequencing (Eurofins Genomics, results non-shown). Naming and main features of the generated plasmids are detailed in TableSM-1.

Table SM - 1 .

 SM1 Vectors, cloning primers, and cell names used in the study.

Table 2 . Summary of overexpressing HEK293 created.

 2 

  fibrillation, suggesting a role of HS in this process. In the AD brain, tau accumulation cannot be related to tau expression, since tau is produced by different types of cells in different

brain regions affected and non-affected by tauopathy. Moreover, tauopathy can affect different regions in other diseases. For instance, whereas in AD tau (3R+4R) accumulates in neurons of cortex and regions of the limbic lobe (notably in the hippocampus CA1, subiculum, and entorhinal cortex), in other tauopathies tau accumulates in different regions and cells

(Dickson et al. 2011)

. For instance, in progressive supranuclear palsy tau (4R) accumulates in cerebellum, brainstem regions, and basal ganglia. In corticobasal degeneration tau (4R) accumulates in cortex and ganglia. In frontotemporal dementia with parkinsonism linked to chromosome 17 tau (4R or 3R) accumulates in cortex, basal ganglia, and brainstem. Whereas in Pick disease tau (3R) accumulates in cortex and limbic lobe. In our study, we show that in AD, 3S-HS accumulate only in neurons, which are the cells affected by tauopathy. Moreover, we show that in other diseases in which tau accumulates in other cell types and other brain regions, 3S-HS accumulate in that cells and brain regions.

  In a recent review,Fu et al. gathered information showing that excitatory neurons are those that are vulnerable to accumulate pathological forms of tau and that are lost early in the disease. The excitatory neurons that are vulnerable to develop tauopathy in AD include large

	pyramidal neurons in layer II of the entorhinal cortex, the subiculum, the CA1 and CA2
	regions of the hippocampus (Hyman et al. 1984; B. M. Morrison, Hof, and Morrison 1998),
	and noradrenergic neurons in the locus coeruleus (Bondareff, Mountjoy, and Roth 1982;
	Greenamyre and Young 1989). Moreover, excitatory neurons that are particularly vulnerable
	in AD are reelin-immunoreactive excitatory neurons in layer II of the entorhinal cortex (J.
	Chin et al. 2007; Stranahan and Mattson 2010b) and pyramidal neurons immunoreactive to
	SMI32 (J. H. Morrison et al. 1987; Bussière et al. 2003) (non-phosphorylated medium and
	heavy neurofilament proteins). On the other hand, inhibitory neurons, which do not express
	HS3ST2 but that express other HS3STs, as well as other markers as calcium-binding proteins
	neurons, suggesting that specific cell-autonomous factors may, in part, dictate the pattern of
	selective regional vulnerability in human neurons in AD (Muratore et al. 2017). Here,
	because HS3ST2 is expressed in brain regions vulnerable to develop tauopathy in AD, and
	because we have previously shown the involvement of HS3ST2 in tau pathology
	development (Sepulveda-Diaz et al. 2015) we postulate that HS3ST2 expression might render
	cells vulnerable to develop AD-related tauopathy.

(parvalbumin, somatostatin, calbindin-D28k, and calretinin) are less vulnerable in AD or animal models of AD

(Hof et al. 1993; Iwamoto and Emson 1991; Fu et al. 2017)

. Dentate gyrus granule neurons (HS3ST5), deeper parts of layer III and layers V and VI of entorhinal cortex, and cortical interneurons are relatively spared in early AD

(Hyman et al. 1984; Sarter and Bruno 2002; Mattson and Magnus 2006)

. Interestingly, a comparison between rostral neurons (which express neuronal markers with forebrain cortical fates that are vulnerable in AD) and caudal neurons (which express classical markers of hindbrain and spinal cord and are relatively spared in AD) derived from induced pluripotent stem cells (iPSCs) of patients harboring an APP mutation revealed that both the generation of Aβ and the responsiveness of tau to Aβ were affected by neuronal cell type. Rostral neurons, which represent a mix of excitatory and inhibitory cells, were more sensitive than caudal (predominantly inhibitory)

  Implication for Inducer-Mediated Tau Filament Formation." Journal of Biological Chemistry 285 (6): 3592-99. https://doi.org/10.1074/jbc.M109.035691.

	in and Yi Liang. 2010. "Quantitative Characterization of Heparin Binding to Tau Protein: Alzheimer's Disease." Neuroscience Letters 152 (1-2): 145-49.
	the Toxic Species That Display Seeding and Cross-Seeding Behavior." Protein Science 27
	(11): 1901-9. https://doi.org/10.1002/pro.3499.			
	a	Single	Nanopore."	ACS	Sensors	5	(4):	1158-67.

Giamblanco, Nicoletta, Yann Fichou, Jean Marc Janot, Emmanuel Balanzat, Songi Han, and Sebastien Balme. 2020. "Mechanisms of Heparin-Induced Tau Aggregation Revealed by

  1) the ClinVar archive (database ClinVar: https://www.ncbi.nlm.nih.gov/clinvar/intro/), which gives information on correlations between genetic variations and overt phenotypes or health status with history of interpretations, 2) the Orphanet archive (Database Orphanet: https://www.orpha.net/), which considers clinical presentation based on published scientific articles and expert reviews, and 3) the dbSNP archive (database:

https://www.ncbi.nlm.nih.gov/snp/), which is a free public archive for genetic variation within and across different species. For clinical variants, only monogenic variants (indel, deletions, duplications, insertions, and single nucleotide) were considered. Clinical significance was further confirmed in web platforms including Online Mendelian Inheritance in Man (OMIM) (https://www.omim.org/) and the Database of Genomic Variants Archive (DGVa database: https://www.ebi.ac.uk/dgva/). Information on clinical variants overt phenotypes in human were confirmed by literature research on case reports

Table 4 . Tissue restricted heparan sulfate (rHS) biosynthetic genes.

 4 Genes are organized based on their expression in human tissues, traits of clinical variants, and/or phenotype of the corresponding null mice.

				Gene	Impact of genetic variants in human	Phenotype of the null mouse	Most affected organs or tissues	Ref.
				NDST2	No pathogenic variants reported.	Viable, healthy, and fertile.	Mast cells	
					SNP association with risk of	Mast cell shows decreased		176,177
					coronary artery disease and	sulfation in HS.		
					chronic kidney disease.			
				HS6ST2	No pathogenic variants reported.	Viable, healthy, and fertile.	Brain and cartilage.	105
					SNP association with risk of X-			
					linked intellectual disability and			
					myopia.			
				HS6ST3	No pathogenic variants reported.	Not reported.	Brain, eye.	107,178
					SNP association with decreased			
	GROUP IV	Non-essential	Partial restricted expression	HS3ST1 HS3ST2	risk to obesity and to increased diabetic retinopathy. No pathogenic variants reported. SNP association with risk of arteriosclerosis, coronary artery diseases, and Alzheimer's disease. No pathogenic variants reported. Alzheimer's disease. SNP association with risk of Expression is increased in	Viable, healthy, and fertile but show proinflammatory phenotype when submitted to pathologic stimuli. Viable, healthy, and fertile. response to light stimuli. Responds to adrenergic	Vascular system and brain. Brain.	179,180 12,170, 181
					schizophrenia.			
				HS3ST3A1	No pathogenic variants reported.	Not reported.	Vascular system.	173,182
					SNP association with risk of HSV1			
					and P. falciparum infection.			
				HS3ST3B1	No pathogenic variants reported.	Not reported. But	Immune system.	173,182,
					SNP association with risk of P.	overexpression affects		183
					falciparum infection.	immunity (peripheral T		
						lymphocytes and Jurkat T cells		
						adaptive response to stimuli).		
				NDST3	No pathogenic variants reported. SNP association with risk of	Develop normally, are fertile, and show only subtle	Brain.	99-101
					mental disorders as schizophrenia	hematological and behavioral		
					and bipolar disorders.	abnormalities, with reduced		
						anxiety.		
				NDST4	No pathogenic variants reported.	No pathological outcomes, but	In cartilage, brain, immune	102,103
					SNP association with risk of	some anomalies can be	system.	
	GROUP IV	Non-essential	High restricted expression	HS3ST4 HS3ST5	reading disability and language impairment. No pathogenic variants reported. SNP association with risk of altered verbal declarative memory, age-related macular degeneration, schizophrenia, and Alzheimer's disease. No pathogenic variants reported.	observed in histology images of the proximal colon, where the gene is not expressed . Not reported. Not reported.	Brain. Brain.	116,117, 178,184 117,185
					SNP association with risk of			
					intellectual disability and altered			
					gray matter volume in			
					schizophrenia.			
				HS3ST6	No pathogenic variants reported.	Not reported.	Skin, vascular system.	118,119
					SNP association with risk of			
					altered response to stimuli that			
					triggers angioedema.			

Table 5 . Genes coding for heparan sulfates remodeling enzymes.

 5 Genes are organized based on their expression in human tissues, clinical variants traits, and/or phenotype of the corresponding null mice.

					Gene	Impact of genetic variants in human	Phenotype of the null mouse	Most affected organs or tissues	Ref
	GROUP I	Essential	Widely	expressed	SULF2	metabolism, fasting, and postprandial triglycerides No pathogenic variants reported. SNP associations with risk to altered regulation of lipoprotein	some kidney, lung, and skeletal defects. Significant lethality with reduction in brain mass during neuronal development with	Various, including brain, kidney, lung, skeletal tissue, etc.	168,187-189
						clearance.			
	GROUP II	Essential	restricted	expression	HPSE2	urofacial syndrome and that separates migraine with and without depression. No pathogenic variants reported. SNP high associating with	Viable, anatomically normal, and fertile.	Urinary system, facial tissue, brain.	68,174, 175
					EXTL2	No pathogenic variants reported.	Normal embryonic		82,83
							development. Healthy during		
	GROUP III	Non-essential	Widely expressed		SULF1 HPSE	No pathogenic variants reported. SNP association with multiple sclerosis, fetus failure in IVF technique, and preeclampsia. No pathogenic variants reported.	adult life but show altered recovery after tissue injury. Non-overt phenotype, viable with no phenotypic or histological defects. Viable, anatomically normal,		70,88, 89 84,86,
						SNP association with chronic	and fertile.		186
						graft-versus-host disease.			
	GROUP IV	Non-essential	restricted	expression	EXTL1	SNP association with muscle lipid composition, although without pathologic impact. No pathogenic variants reported.	mouse overexpressing Extl1 showed altered maturation capacities. Primary cultures of B-cells from		120,190

  . From this analysis, we propose a clinical-variant and substrate selectivity-based proteoglycan biosynthetic pathway in which HSPG are primarily assured over CSPG, and in which the HS chains or sequences are characterized for carrying either an ubiquitous 'sulfation level specificity' (uHS) or a specialized 'sulfation pattern specificity' (rHS), depending on the tissue in where they are made. This work opens new routes of research for a better understanding of the roles of HSPG in physiology and pathology.

	5. Rönnberg, E., Melo, F. R. & Pejler, G. Mast cell proteoglycans. The journal of histochemistry and
		cytochemistry	:	official	journal	of	the	Histochemistry	Society	60,	950-962,
		doi:10.1369/0022155412458927 (2012).					
	173	Nguyen, N. T. et al. Genetic and enzymatic characterization of 3-O-sulfotransferase SNPs associated

with Plasmodium falciparum parasitaemia. Glycobiology 28, 534-541, doi:10.1093/glycob/cwy038 (2018). 174 Osorio, S., Rivillas, N. D. & Martinez, J. A. Urofacial (ochoa) syndrome: A literature review. Journal of pediatric urology 17, 246-254, doi:10.1016/j.jpurol.2021.01.017 (2021).
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Abstract

Heparan sulfates have long been known to intracellularly accumulate in Alzheimer's disease neurons, where they colocalize with neurofibrillary tangles made of abnormally phosphorylated and aggregated tau protein. However, the reasons and consequences of the heparan sulfates accumulation in the Alzheimer's cells are not yet well understood. Previously, we showed that the neural heparan sulfate 3-O-sulfotransferase HS3ST2 is critical for the abnormal phosphorylation of tau in Alzheimer's disease-related tauopathy. Using cell models of tauopathy we showed that intracellular 3-O-sulfatated heparan sulfates (3S-HS) interact with tau inducing its abnormal phosphorylation. However, it is unknown whether HS3ST2 expression induces the intracellular aggregation of tau in cells. Here, by using replicative pEBV plasmids, we engineered HEK293 cells to stably express HS3ST2 together with human tau carrying or not the P 301S mutation. We show that HS3ST2 gain of function induces the cell autonomous aggregation of tau not only in cells expressing tau P301S , but also in cells expressing the wild type tau. Our engineered cells mimicked both the HS intracellular accumulation observed in neurons of Alzheimer's disease and the tau aggregation characteristic of tauopathy development and evolution. These results give evidence that the neural HS3ST2 plays a critical role in the cell autonomous self-aggregation of tau. 
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Figure S1 50 - 1c. HEK293 cells were transfected to express HS3ST2. Uncropped 4-8% SDS PAGE analysis was performed with anti-HS3ST2 (1:500) followed by GAPDH (anti-GAPDH, 1:10,000) as loading control. All immunoblots were exposed for 120 sec with cell lysates loading 1 µg of proteins (quantified with BCA assay).

-HS3ST2 analysis was performed with anti-HS3ST2 (1:500) followed by total tau (K9JA, 1:10,000), as indicated. Α-tubulin (anti-α-tubulin, 1:10,000) was used as loading control. All immunoblots were exposed for 120 sec with cell lysates loading 5 µg of proteins (quantified with BCA assay). PA5-26522, from Thermo fisher (for WB and ICC).

5D5 WH0009956M1, from Sigma (for WB and ICC).

Rejected (both for WB and ICC)

HPA017736, from Sigma (rabbit polyclonal, 52-157).

AB155777, from ABCAM (rabbit polyclonal, 1-217) = PA5-31086, from

Thermofisher.

G6-SC-514361, from Santa Cruz (mouse monoclonal 41-82).

SC-107610, from Santa Cruz. It is important to note that although both antibodies showed good specificity in WB and ICC, relatively high levels of transcript were required to detect more than basal staining (Figure 21). Thus, detection was validated in cells showing Cq <25 (50 ng of cDNA from 1 µg RNA) (Figure 21). 

Abstract

Proteoglycans are complex macromolecules formed of glycosaminoglycan chains covalently linked to core proteins through a linker tetrasaccharide common to heparan sulfate proteoglycans (HSPG)

and chondroitin sulfate proteoglycans (CSPG). Biosynthesis of a single proteoglycan requires the expression of dozens of genes, which together create the large structural and functional diversity reflected by the numerous diseases or syndromes associated to their genetic variability. Among proteoglycans, HSPG are the most structurally and functionally complex. To decrease this complexity, we retrieved and linked information on pathogenic variants, polymorphism, expression, and literature databases for 50 genes involved in the biosynthesis of HSPG core proteins, heparan sulfate (HS) chains, and their linker tetrasaccharide. This resulted in a new gene organization and biosynthetic pathway representation in which the phenotypic continuum of disorders as linkeropathies and other pathologies could be predictable. Moreover, ubiquitous NDST1, GLCE, HS2ST1, and HS6ST1 appeared to generate ubiquitous heparan sulfate (HS) sequences essential for normal development and homeostasis, whereas the tissue restricted NDST2-4, HS6ST2-3, and HS3ST1-6 appeared to generate specialized HS sequences mainly involved in responsiveness to stimuli. Supported by data on genetic polymorphism and clinical variants, we afford a new vision of HSPG involvement in homeostasis, disease, vulnerability to disease, and behavioral disorders.
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