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Clathrin-independent endocytosis is supported by caveolae. Caveolae are flaskshaped invaginations of the plasma membrane that form lipid raft microdomains enriched in cholesterol and sphingolipid. They are associated with the dimeric protein caveolin that binds cholesterol, inserts as a loop into the inner leaflet of the plasma membrane and self-associates to form a striated coat on the surface of membrane invaginations.

After internalization, endocytosed macromolecules are incorporated into early endosomes. Here, they may recycle back to the plasma membrane or to internal sites in the cell, or continue to transit through the endosomal-lysosomal system for degradation.

Macromolecules destined to degradation, as well as newly synthesized lysosomal proteins pass from early endosomes to late endosomes before delivery to lysosomes.

Distinction between early and late endosomes is based on their pH, early endosomes (pH ~6) being less acidic than late endosomes (pH ~5-6), and on expression of distinct biological markers. For example, early endosomes are marked by the presence of a small GTPase of the Rab family, Rab5, and its effector protein EEA1 (early endosome antigen 1). Late endosomes are marked by other small GTPases of the Rab family, Rab7 and Rab11. The formation of late endosomes from early endosomes requires the conversion from a Rab5-positive organelle into a Rab7-positive organelle. This process is regulated by the HOPS (homotypic fusion and vacuole protein sorting) complex, a guanine exchange factor (GEF) complex for Rab7 that also interacts with Rab5 (Rink et al., 2005).

Functional differences also characterize early and late endosomes. Early endosomes receive incoming endocytic cargo from the plasma membrane and the TGN, and play a
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ABBREVIATIONS

The primary cellular function of the lysosome is the degradation and recycling of several macromolecules, including nucleic acids, proteins, glycosaminoglycans (GAGs), oligosaccharides, sphingolipids, and other lipids. Whereas extracellular macromolecules are delivered toward the lysosome via phagocytosis or endocytosis, intracellular macromolecules are incorporated through autophagy.

Hydrolysis of these macromolecules is achieved by the action of soluble hydrolases present in the lumen of the lysosome that are active at the acidic pH of this organelle.

50-60 acid hydrolases [START_REF] Journet | Proteomic analysis of human lysosomes: application to monocytic and breast cancer cells[END_REF] have been described to date, such as nucleases, proteases, glycosidases, sulfatases, phosphatases and lipases. Molecules degraded by the lysosome can leave this organelle either via diffusion, or with the aid of specialized transporters. This catabolic activity of the lysosome is of primary importance in maintaining the cell homeostasis. It provides building blocks of complex macromolecules for salvage and recycling pathways, allows protein turnover, downregulation of cell surface molecules and receptors, and inactivation of pathogenic organisms.

In addition to the soluble luminal hydrolases, the mammalian lysosome contains about 25 lysosomal membrane proteins, but additional membrane proteins are being revealed. Recent advances in proteomic analysis allowed the identification of about 215 integral membrane proteins, and 55 membrane-associated proteins [START_REF] Bagshaw | Lysosomal membrane proteomics and biogenesis of lysosomes[END_REF]. These membrane proteins mediate the essential functions of this organelle. They are involved in transport and sorting of substrates and digestion products, establishment of pH gradients, and maintenance of lysosomal structural integrity.

The most abundant lysosomal membrane proteins are the lysosome-associated-Membrane proteins 1 and 2 (LAMP1 and LAMP2), the lysosomal integral membrane protein 2 (LIMP2), and the tetraspanin CD63 (also referred to as LIMP1 or LAMP3).

LAMPs and LIMPs together account for over 50% of the membrane proteins in a lysosome. LAMP1 and LAMP2 share a high amino acid sequence homology (37%).

They are type I transmembrane proteins with a luminal N-terminal domain, one transmembrane domain, and a short C-terminal cytoplasmic tail that contains the signal sequence for their intracellular targeting following synthesis. Both proteins are heavily glycosylated with N-linked glycans and some O-linked glycans, glycosylation constituting about 60% of their total mass (~ 120 kDa). LIMP1 (53 kDa) and LIMP2

(74 kDa) are also major lysosomal membrane proteins, although they are less abundant than the LAMPs, and exhibit no homology to either LAMP1 or LAMP2. They are also highly glycosylated transmembrane proteins, carbohydrates representing about 35% and 20% of the molecular mass of LIMP1 and LIMP2, respectively. Whereas LIMP2 traverses the lysosomal membrane twice, LIMP1 spans it four times. Their N-and Cterminal domains are located in the cytoplasm.

The heavy glycosylation renders lysosomal membrane proteins resistant to degradation by lysosomal hydrolases [START_REF] Fukuda | Lysosomal membrane glycoproteins. Structure, biosynthesis, and intracellular trafficking[END_REF]. Their abundance is so high that they form a coat on the inner surface of the lysosomal membrane and serve as a protective barrier against lysosomal hydrolases, thus playing a critical role in the maintenance of the structural integrity and stability of the lysosome.

Routes to the lysosome

Biogenesis and transport of lysosomal proteins

Lysosome biogenesis is a result of the convergence of the endocytic and biosynthetic pathways of the cell. Lysosomal proteins are synthesized by ribosomes attached on the rough Endoplasmic Reticulum (ER) membrane in the form of a precursor containing a N-terminal signal sequence of 20-25 amino acids. This signal sequence directs their translocation through the ER membrane. Once in the lumen of the ER, they lose the signal peptide through the action of a peptidase, and undergo Nglycosylation on asparagine residues within the sequence Asn-X-Ser/Thr. This Nglycosylation step consists in the addition of mannose-rich oligosaccharide chains containing three glucose (Glc), nine mannose (Man), and two N-acetylglucosamine (GlcNac) residues (Glc 3 Man 9 GlcNac 2 ). Lysosomal proteins are then transferred to the Golgi by vesicular transport. There are multiple pathways by which lysosomal proteins can reach the lysosome from the Golgi (Figure 1) [START_REF] Braulke | Sorting of lysosomal proteins[END_REF]. The best characterized pathway is the mannose-6-phosphate receptor-dependent transport of lysosomal hydrolases (Figure 2). Once in the cis-Golgi, lysosomal hydrolases acquire mannose-6-phosphate (M6P) residues on their oligosaccharide chains. This process requires the sequential action of two enzymes, a phosphotransferase, and a phosphodiesterase. First, an N-acetylglucosamine-1phosphotransferase (phosphotransferase, EC 2.7.8.17) transfers N-acetylglucosamine-1-phosphate from UDP-N-acetylglucosamine to C6 hydroxyl groups of mannoses, generating phosphodiester forms. Then, an N-acetylglucosamine-1-phosphodiester Nacetylglucosaminidase (phosphodiesterase,EC 3.1.4.45) catalyzes the hydrolysis of the N-acetylglucosamine-1-phosphodiester, exposing M6P residues. It is the acquisition of the M6P marker that separates glycoproteins that are destined for the lysosome from secretory glycoproteins. Phosphorylated lysosomal hydrolases bind to M6P receptors (M6PR) located in the membranes of clathrin-coated vesicles budding from the trans-Golgi network (TGN). Two distinct M6PRs with molecular masses of 46 kDa (M6PR-46 or cation-dependent M6PR, CD-M6PR), and 300 kDa (M6PR-300 or cationindependent M6PR, CI-M6PR) exist [START_REF] Ghosh | Mannose 6-phosphate receptors: new twists in the tale[END_REF]. Both M6PRs are type I transmembrane glycoproteins. Distinct lysosomal hydrolases can exhibit different affinities for CD-M6PR and CI-M6PR.

The cytoplasmic tails of CD-M6PR and CI-M6PR contain specific motifs that mediate binding of the M6PR-enzyme complexes to the clathrin adaptor proteins AP-1 (adaptor protein-1) and GGA (Golgi-associated, Gamma-adaptin ear-containing, ARFbinding protein). These motifs are of different types: YXXØ (where Ø is a bulky hydrophobic residue) and [DE]XXXL [LI] for AP-1, and DXXLL for GGA. Interactions between the M6PR and the adaptor proteins lead to capture of the M6PR-enzyme complexes into clathrin-coated vesicles, which directly traffic from the TGN to endosomes and then to lysosomes. Following fusion with endosomes, lysosomal hydrolases are delivered into the endosomal lumen. The acidic pH of endosomes (pH ~5-6) triggers the dissociation of the lysosomal hydrolases from the M6PR, which allows the receptors to recycle back to the TGN. Thus, lysosomes are devoid of M6PR, which are only found in the TGN and endosomes, and at the plasma membrane. In fact, a fraction of the newly synthesized enzyme population escapes binding to M6PRs in the Golgi, and instead is transported to the plasma membrane, which also contains M6PRs.

This fraction is secreted to the extracellular milieu, where it can bind M6PRs present on the plasma membrane of neighboring cells, and be subsequently endocytosed. This mechanism is called the secretion-recapture mechanism and concerns a variable fraction depending on the enzyme and cell type studied. In fibroblasts for instance, about 10% of beta-hexosaminidase is secreted before its delivery to lysosomes [START_REF] Vladutiu | Excretion-reuptake route of betahexosaminidase in normal and I-cell disease cultured fibroblasts[END_REF]. The requirement of the M6P marker for lysosome delivery only concerns lysosomal soluble hydrolases. Lysosomal membrane proteins, on the contrary, are not modified with M6P groups, and do not depend on the M6PR for sorting. Instead, they bear sorting signals in their cytosolic tail that mediate endosomal and lysosomal targeting [START_REF] Van Meel | Imaging and imagination: understanding the endo-lysosomal system[END_REF]. Most targeting signals belong to the YXX (e.g.

for LAMP1, LAMP2 and LIMP1) or [DE]XXXL [LI] (e.g. for LIMP2) types.

Lysosomal targeting of newly synthesized lysosomal membrane proteins occurs either by an indirect route or by a direct route. In the direct pathway, lysosomal membrane proteins are transported intracellularly from the TGN to the endo-lysosomal system. The indirect pathway involves transport from the TGN to the plasma membrane along the constitutive secretory pathway, followed by endocytosis and lysosome delivery. Newly synthetized LAMPs and LIMPs are transported mainly directly to the lysosome without appearing at the cell surface [START_REF] Fukuda | Lysosomal membrane glycoproteins. Structure, biosynthesis, and intracellular trafficking[END_REF]. Targeting signals equip lysosomal membrane proteins to use the AP-1-clathrin and GGA-clathrin dependent exits from the TGN. They can also be packed in distinct clathrin-coated vesicles bearing the AP-3 adaptor (Le [START_REF] Borgne | The mammalian AP-3 adaptor-like complex mediates the intracellular transport of lysosomal membrane glycoproteins[END_REF].

Increasing evidence indicates the existence of multiple additional or alternative pathways for the transport of both lysosomal hydrolases and lysosomal membrane proteins, which may enter the endo-lysosomal system at different stages of maturation.

For instance, the M6PR-dependent mechanism of lysosomal hydrolase transport from the TGN to the lysosome is not a rule. Studies in some cell types isolated from patients suffering Mucolipidosis type II, a disease in which soluble lysosomal hydrolases do not acquire M6P residues due to N-acetylglucosamine-1-phosphotransferase deficiency, showed that most lysosomal enzymes are still targeted correctly to the lysosome, indicating the existence of alternative M6PR-independent pathways to the lysosome [START_REF] Owada | Is there a mechanism for introducing acid hydrolases into liver lysosomes that is independent of mannose 6-phosphate recognition? Evidence from I-cell disease[END_REF]. The same phenomenon was observed in mice deficient for both M6PRs [START_REF] Dittmer | Alternative mechanisms for trafficking of lysosomal enzymes in mannose 6-phosphate receptor-deficient mice are cell type-specific[END_REF]. Such pathways are poorly characterized, with the exception of beta-glucocerebrosidase transport. The lysosomal membrane protein LIMP2 can act as a specific receptor for this lysosomal hydrolase [START_REF] Reczek | LIMP-2 is a receptor for lysosomal mannose-6-phosphate-independent targeting of betaglucocerebrosidase[END_REF].

LIMP2 binds beta-glucocerebrosidase at the ER step, guiding it all the way to the lysosome. Recently, sortilin has emerged has an alternative receptor capable of sorting lysosomal proteins directly from the Golgi to the lysosome. This direct lysosomal targeting concerns soluble lysosomal hydrolases such as some cathepsins or acid sphingomyelinase and non-enzymatic cofactors such as sphingolipid activator proteins [START_REF] Canuel | The interactomics of sortilin: an ancient lysosomal receptor evolving new functions[END_REF][START_REF] Ni | The lysosomal trafficking of acid sphingomyelinase is mediated by sortilin and mannose 6-phosphate receptor[END_REF]. It thus appears that the site of entry of lysosomal proteins can be early or late endosomes, but also the lysosome directly.

The endocytic pathway to lysosomes

It is via the endocytic pathway that lysosomes receive proteins destined to lysosome biogenesis sorted from the TGN, as described above, as well as extracellular macromolecules for degradation [START_REF] Luzio | The delivery of endocytosed cargo to lysosomes[END_REF][START_REF] Pryor | Delivery of endocytosed membrane proteins to the lysosome[END_REF][START_REF] Van Meel | Imaging and imagination: understanding the endo-lysosomal system[END_REF]. Extracellular substances may be cell surface receptors and their ligands, as well as lipids or proteoglycans. The degradative endocytic pathway starts at the plasma membrane, where uptake from the cell surface can occur in a clathrin-mediated or independent manner (Figure 3). [START_REF] Schulze | Principles of lysosomal membrane degradation: Cellular topology and biochemistry of lysosomal lipid degradation[END_REF] role in sorting of this cargo for recycling or for degradation. They are composed of a vacuolar part containing numerous intraluminal vesicles (ILVs), and of a tubular network. Generally, cargo destined for lysosomes is sorted into ILVs, whereas cargo to be recycled to the plasma membrane or to the TGN enters the tubular endosomal network.

Late endosomes no longer contain significant amounts of endocytosed recycling proteins, but instead have elevated levels of proteins that are destined for lysosomes, either newly synthesized lysosomal proteins, or proteins to be degraded. They contain more luminal vesicles than early endosomes, and are therefore often described as multivesicular bodies (MVBs). The best characterized signal for sorting of proteins into

ILVs is ubiquitination, carried out by a cascade of enzymes called E1, E2 and E3. The ESCRT (endosomal sorting complexes required for transport) complexes are required for recognition and sorting of ubiquitylated cargo into the internal vesicles of MVBs.

The method of delivery of endocytosed macromolecules from endosomes to lysosomes is a matter of debate. Several theories have been proposed including maturation (of the endosome into a lysosome), vesicular transport (via vesicles carrying cargo from endosomes to lysosomes), kissing (transient contacts between endosomes and lysosomes, during which material is transferred between the organelles) and direct fusion (of the endosome to the lysosome to form a hybrid organelle). Recently, timelapse confocal microscopy experiments have favored the kissing and direct fusion model [START_REF] Bright | Endocytic delivery to lysosomes mediated by concurrent fusion and kissing events in living cells[END_REF].

Direct fusion of late endosomes with lysosomes involves three successive steps [START_REF] Luzio | Lysosomes: fusion and function[END_REF]: first, a tethering step, likely accomplished by the HOPS complex;

second, the formation of a trans-SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) complex that consists of Syntaxin-8, Syntaxin-7 and VTI1B (vesicle transport through interaction with T-SNAREs homolog 1B) on the late endosome membrane, and of VAMP7 (vesicle-associated membrane protein 7) on the opposing lysosomal membrane, bridging the two organelles; last, membrane fusion producing a hybrid organelle, from which the lysosome has to be re-formed via a maturation process.

In addition to clathrin-mediated endocytosis and clathrin-independent endocytosis, a mechanistically distinct form of endocytosis exists, phagocytosis. Phagocytosis represents a mechanism by which specialized cells such as macrophages, monocytes or neutrophils engulf relatively large particles (>0.5 µm) including invading pathogens, apoptotic cells and other foreign particles. The phagocytic process starts with the binding of the particle to the cell surface mediated by receptors such as Fc receptors and complement receptors. Interaction between these receptors and particles results in signal transduction events mediated by Rho-family GTPases. Signaling cascades trigger the local remodeling of the actin cytoskeleton resulting in the formation of cell-surface extensions that engulf phagocytic particles, and lead to phagosome formation. The phagosome then undergoes a maturation process by fusion events with early and late endosomes as well as with lysosomes to form a hybrid-like organelle termed the phagolysosome. The fusion processes are regulated by proteins that are also involved in fusion processes in the endocytic pathway. For example, the fusion of phagosomes with early endosomes is stimulated by the small GTPase Rab5. During their transformation into phagolysosomes, phagosomes acquire markers of late endocytic organelles such as Rab7, LAMP1, and LAMP2 and lose markers of early endocytic organelles including Rab5. Phagolysosomes degrade the phagocytosed particle using proteases acquired by fusion with the endo/lysosomal compartment, and by the acquisition of ATPases involved in the acidification of the phagosome.

The autophagy pathway to lysosomes

The degradation of intracellular proteins is performed by two major mechanisms:

the ubiquitin-proteasome system (UPS) and autophagy. Whereas the UPS degrades primarily short-lived proteins, autophagy is responsible for the degradation of several classes of long-lived (half-life > 5 hours) macromolecules and organelles. Under basal conditions, autophagy acts as a cytoplasmic quality control mechanism to eliminate altered macromolecules and damaged organelles. Under stress conditions (regarding the availability of nutrients, growth factors, and hormones, as well as oxidative and energetic stress signals or exposure to toxic compounds), autophagy is activated, providing material to support cell metabolism in challenging conditions, and allowing the removal of altered intracellular components including protein aggregates, oxidized lipids, damaged organelles, or even intracellular pathogens. Autophagy uses the lysosome to catabolize intracellular material. Three different types of autophagy have been described in mammalian cells: macroautophagy, microautophagy, and chaperonemediated autophagy (CMA).

Macroautophagy is the predominant form of autophagy. In macroautophagy, complete regions of the cytoplasm, including cytosolic proteins and entire organelles, are surrounded by a membrane and form an autophagosome.

The origin of autophagosome membranes is unclear. They may be derived from preexisting organelle membranes, most likely from the ER membrane (maturation model), or they may be assembled at the site of autophagosome genesis from non-vesicular transport or de novo synthesis (assembly model) [START_REF] Juhasz | Autophagy: a forty-year search for a missing membrane source[END_REF]. The formation of autophagosomes requires autophagy related proteins (Atg proteins), identified in yeast and almost entirely conserved in eukaryotic cells [START_REF] Klionsky | The molecular machinery of autophagy: unanswered questions[END_REF][START_REF] Suzuki | Molecular machinery of autophagosome formation in yeast, Saccharomyces cerevisiae[END_REF] (Figure 4). These proteins can be divided into four groups:

-The Atg1/ULK1 complex (Atg1 in yeast and ULK1 in mammals) and the mammalian target of rapamycin (mTOR) complex 1 (mTORC1) are involved in the initiation step of autophagosome formation [START_REF] Pattingre | Regulation of macroautophagy by mTOR and Beclin 1 complexes[END_REF]. The protein kinase mTOR is part of the mTORC1 complex, and receives input signaling via the class I phosphoinositide 3-kinase signaling pathway, a key sensor of the extracellular environment. Under basal conditions, ULK1 is bound to mTORC1 and phosphorylated by mTOR, inhibiting macroautophagy initiation. Under stress conditions, the mTOR kinase activity is inhibited. This both suppresses cell growth to reduce energy demands, and dissociates the ULK1 complex from mTORC1, liberating it to trigger autophagosome biogenesis. ULK1 acts by recruiting downstream Atg proteins to the autophagosome formation site.

-Autophagosome nucleation requires a complex containing Atg6/Beclin1 (Atg6 in yeast and Beclin1 in mammals) that brings together the proteins and lipids giving rise to a pre-autophagosomal structure. This complex recruits a class III phosphatidylinositol 3-kinase to generate phosphatidylinositol 3-phosphate.

-Two ubiquitin-like proteins, Atg8 and Atg12 (called microtubule-associated protein 1 light chain 3, or LC3 in mammals), and two associated ubiquitin-like conjugation systems act in autophagosome formation and completion [START_REF] Noda | The late stages of autophagy: how does the end begin?[END_REF]. The first pathway involves the covalent conjugation of Atg12 to Atg5

with the help of the ubiquitin-activating E1-like enzyme Atg7 and the E2-like enzyme Atg10. A third protein, Atg16, links to the Atg12-Atg5 conjugate, forming a complex that participates in the nucleation step, and in the recruitment of the second pathway. The second pathway involves the conjugation of phosphatidylethanolamine (PE) to Atg8/LC3 by the sequential action of the protease Atg4, the E1-like enzyme Atg7, and the E2-like enzyme Atg3. Lipid conjugation converts Atg8/LC3 from a soluble form (named LC3-I) to an autophagosome membrane-associated form (named LC3-II). This second pathway is crucial for the expansion and completion steps (i.e. addition of membranes, and vesicle sealing to separate the cargo from contact with the cytosol).

-The mechanisms controlling the recycling pathway are poorly characterized, and include the Atg9 protein. After their formation as doubled-membrane vacuoles containing cytoplasmic material, autophagosomes undergo a stepwise maturation consisting in fusion events with late endosomal MVBs or lysosomes [START_REF] Eskelinen | Maturation of autophagic vacuoles in Mammalian cells[END_REF]. Autophagosomes that have fused with endosomes are called amphisomes, whereas autophagosomes or amphisomes that have fused with a lysosome are called autolysosomes. Maturation events require intact microtubules, and are regulated by proteins involved in docking and fusion of membrane compartments (i.e. the Rab GTPases Rab7 and Rab24, and the SNARE protein VTI1B), by the SDK1 ATPase Associated with diverse cellular Activities (AAA ATPase) that is important for transport from endosomes to lysosomes, and by the proton pump v-ATPase that is essential to acidify the newly created autolysosome.

Because autophagosomes lack any enzymes, these maturation events are necessary for the acquisition of hydrolytic enzymes and vacuolar acidification required for degradation of cargo. The resulting macromolecules are then released back into the cytosol for re-use.

The first response to cellular stress is activation of macroautophagy. However, during prolonged cellular stress, the random degradation of intracellular component cannot be maintained, and CMA is up-regulated [START_REF] Dice | Chaperone-mediated autophagy[END_REF]. CMA is a more selective form of autophagy, in which specific cytosolic molecules are targeted by molecular chaperones present in the cytosol and associated with the lysosomal membrane. Most substrate proteins for CMA contain a KFERQ-like peptide motif that is recognized by the cytosolic heat shock protein of 70 kDa (hsc70). Such sequences occur in approximately 30% of the cytosolic proteins. Hsc70 is part of a cytosolic molecular chaperone complex composed of multiple heat shock proteins. Amongst them, several proteins such as the heat shock protein of 40 kDa (hsp40) act as cochaperones that regulate hsc70 activity. Other proteins act as chaperones themselves. It is the case for the heat shock protein of 90 kDa (hsp90) that recognizes unfolded regions within proteins and prevents substrate protein aggregation. This molecular chaperone complex transports substrate proteins to the lysosomal membrane and unfolds them, a prerequisite to their translocation across the lysosomal membrane. Once at the lysosomal surface, the complex hsc70/cytosolic substrate binds to a lysosomal receptor, LAMP2a, an isoform of LAMP2 that arises by alternative splicing, and is directly pulled into the lysosome. The translocation process requires other chaperones present in the lysosomal lumen such as Hsc73. Substrate proteins are finally degraded in the lysosomal lumen.

A third autophagic pathway, microautophagy, has been described in yeast but has not yet been well characterized in eukaryotic cells [START_REF] Uttenweiler | Microautophagy in the yeast Saccharomyces cerevisiae[END_REF]. In this type of autophagy, complete cytosolic regions are sequestered directly by the lysosome membrane through invaginations or tubulations that "pinch off" from the membrane into the lysosomal lumen where they are rapidly degraded. Like macroautophagy, microautophagy is induced via the TOR signaling complex. In addition to TOR, microautophagy is controlled by a second regulatory complex, the EGO complex (composed of Ego1, Ego3 and the GTPase Gtr2). Macroautophagy seems to be a prerequisite for sustained microautophagy. Microautophagy is responsible for degradation of various cellular components, including the lysosomal membrane.

Reducing the lysosomal size is crucial during macroautophagy, where an enormous influx of membrane arises from the fusion of autophagosomes with the lysosome.

Microautophagy might hence be responsible for maintenance of organellar size and membrane composition rather than for cell survival under nutrient restriction.

The complexity of lysosomal functions

For decades, lysosomes have been illustrated as a simple waste disposal within the cell. There is now growing appreciation of the fact that lysosomes are not a 'dead-end' degradative organelle, but that they are part of a complex cell machinery, acting in concert with the endosomal and autophagosomal systems, and in coordination with the ubiquitin-proteasome system (Figure 5). In addition to its catalytic function, the lysosome is involved in a wide array of functions, including cell signaling, antigen presentation, immunity, plasma membrane repair, or initiation of apoptosis. Examples of such diversified lysosomal functions are listed below:

-The fusion of lysosomes with autophagosomes is the ultimate step of macroautophagy, a pathway that is involved in cell death and proliferation.

-Lysosomes are crucial for the maturation of phagosomes to phagolysosomes during phagocytosis, which is important for cellular pathogen defense.

-Lysosomes can fuse with the plasma membrane in response to an increase in the concentration of cytosolic Ca 2+ that triggers lysosome exocytosis. Such lysosome exocytosis provides the extra membrane for plasma-membrane wound repair [START_REF] Reddy | Plasma membrane repair is mediated by Ca(2+)-regulated exocytosis of lysosomes[END_REF][START_REF] Rodriguez | Lysosomes behave as Ca2+-regulated exocytic vesicles in fibroblasts and epithelial cells[END_REF], and is also possibly involved in neurite outgrowth [START_REF] Arantes | A role for synaptotagmin VII-regulated exocytosis of lysosomes in neurite outgrowth from primary sympathetic neurons[END_REF].

-Lysosomal damage seems to be an early event in the apoptotic signaling cascade prior to increase of the permeability of the mitochondrial membrane and release of apoptogenic factors. Lysosome-mediated apoptosis involves the lysosomal cathepsins. These proteolytic enzymes are able to cleave pro-apoptotic molecules and caspases, acting as a mediator between lysosomes and mitochondria [START_REF] Conus | Caspase-8 is activated by cathepsin D initiating neutrophil apoptosis during the resolution of inflammation[END_REF].

-Intracellular cholesterol homeostasis is controlled by lysosomal efflux through a lysosomal transporter, the Niemann-Pick, Type C1 protein (NPC1).

-The lysosomal membrane protein ceroid-lipofuscinosis, neuronal 3 (CLN3) might participate in synaptic vesicle transport/transmission [START_REF] Jarvela | Defective intracellular transport of CLN3 is the molecular basis of Batten disease (JNCL)[END_REF].

-Lysosomal proteases are required for the generation of antigenic peptides from exogenous proteins, and are involved in trafficking and maturation of major histocompatibility complex (MHC) class II [START_REF] Chapman | Endosomal proteolysis and MHC class II function[END_REF][START_REF] Driessen | Cathepsin S controls the trafficking and maturation of MHC class II molecules in dendritic cells[END_REF], thus playing a role in adaptive immunity.

-Lysosomal cathepsins have been described as important modulators of innate immune responses, by inducing apoptosis of inflammatory cells, by modulating the activity of certain cytokines playing an important role in inflammatory responses, and by inducing proteolytic cleavage of toll-like receptors (TLRs), which is a prerequisite for their signaling [START_REF] Blomgran | Cathepsin-cleaved Bid promotes apoptosis in human neutrophils via oxidative stress-induced lysosomal membrane permeabilization[END_REF][START_REF] Conus | Cathepsins and their involvement in immune responses[END_REF]. It is thus not surprising that lysosomal deregulation is associated with many diseases. In addition to Lysosomal Storage Diseases (detailed in section 2), there is increasing evidence that lysosomes and lysosomal activities may be involved in cancer [START_REF] Fehrenbacher | Lysosomes as targets for cancer therapy[END_REF], autoimmune diseases [START_REF] De Carvalho Bittencourt | Extracellular lysosome-associated membrane protein-1 (LAMP-1) mediates autoimmune disease progression in the NOD model of type 1 diabetes[END_REF], arthritis [START_REF] Salminen-Mankonen | Role of cathepsin K in normal joints and in the development of arthritis[END_REF], atherosclerosis [START_REF] Zschenker | Overexpression of lysosomal acid lipase and other proteins in atherosclerosis[END_REF] or Alzeihmer's disease [START_REF] Nixon | Lysosomal system pathways: genes to neurodegeneration in Alzheimer's disease[END_REF].

It should be noted that lysosome-related organelles exist in a wide variety of cell- platelet alpha granules which function in platelet adhesion and blood clotting [START_REF] Raposo | Lysosome-related organelles: driving post-Golgi compartments into specialisation[END_REF].

LYSOSOMAL STORAGE DISORDERS

Generalities

Any disruption of lysosomal function can lead to Lysosomal Storage Diseases (LSDs). LSDs are inherited genetic diseases that are caused by mutations in genes that encode lysosomal hydrolases, lysosomal membrane proteins, as well as accessory proteins involved in the processing, trafficking, and targeting of lysosomal proteins [START_REF] Platt | Lysosomal Disorders of the Brain[END_REF].

To date, mutations in more than 50 different proteins have been identified as causing LSDs, and this list is continuing growing. Amongst these mutations, the most common are mutations in genes encoding a lysosomal hydrolase.

Individually LSDs are rare, affecting between 1:50 000 and 1:4.10 6 live births, Gaucher disease being the most frequent. However as a whole, this family of diseases has a prevalence of 1:5000 live births [START_REF] Meikle | Prevalence of lysosomal storage disorders[END_REF] (Table 1) comparable with that seen for disorders such as cystic fibrosis, making them a considerable health burden.

As a consequence of lysosomal dysfunction, substrate degradation is impaired, leading to abnormal accumulation (or storage) of undegraded substrates. Storage material initially accumulates in endosomes and lysosomes, and eventually in other intracellular compartments and in the extracellular environment, compromising cellular functions.

Classification

LSDs are usually classified according to the nature of the primary stored material.

Broad categories include mucopolysaccharidoses (MPSs), sphingolipidoses, mucolipidoses, glycoproteinoses, oligosaccharidoses, and glycogen storage diseases. In some cases, a deficiency in a single enzyme can cause the accumulation of multiple substrates. In multiple sulfatase deficiency for example, mutations in the SUMF1 gene which encodes an enzyme responsible for the post-translational modification of all sulfatases, cause a profound reduction of sulfatase activities and result in the accumulation of sulfated lipids and GAGs. Adapted from [START_REF] Poorthuis | The frequency of lysosomal storage diseases in The Netherlands[END_REF] -proteins involved in intracellular trafficking. For example cells deficient in LAMP2 or mucolipin-1 display abnormal autophagy and endocytosis, respectively.

This kind of classification may be useful in cases where diseases have been erroneously characterized on the basis of the accumulating substrate before the enzyme defect was identified. For example, mucolipidoses II and III are now known to be caused by the defective targeting of lysosomal enzymes rather than a defect in lysosomal lipases. Similarly, three Niemann-Pick subclasses were initially classified as sphingolipidoses. Today, only Niemann-Pick type A and B have proven to result from mutations in enzymes involved in sphingolipid degradation. There is now evidence that Niemann-Pick type C (NPC), on the contrary, is caused by the defective activity of a putative cholesterol transporter, the NPC1 protein, or by defects in the soluble lysosomal cholesterol binding NPC2 protein.

The type of protein deficiency and storage product associated with each disease are detailed in Table 2. Despite the distinctive types of storage material in different LSDs, they share many common biochemical, cellular and clinical features, as will be highlighted in the next sections. 

Molecular genetics

All LSDs result from mutation in a single gene and are inherited in an autosomal recessive fashion, with three exceptions. These exceptions are Fabry disease and Hunter disease (also called MPSII), which are X-linked recessive diseases, as well as Danon disease, which is inherited in an X-linked dominant manner [START_REF] Wilcox | Lysosomal storage disorders: the need for better pediatric recognition and comprehensive care[END_REF]. Certain populations have a higher incidence of a particular LSD compared with the general population, largely as a result of ancestral founder mutations. For instance, four LSDs, namely Gaucher, Tay-Sachs, Niemann-Pick type A, and mucolipidosis IV are 50 to 60 times more frequent in Ashkenazi Jewish descendents.

For most LSDs, numerous mutations can affect the same gene, including missense, nonsense and splice-site mutations, deletions, insertions, duplications and inversions. In Tay-Sachs disease for example, over 50 mutations affecting the alpha-subunit of betahexosaminidase have been detected. A large allelic heterogeneity also underlies MPSIII diseases with new mutations recently identified, bringing the number of causative mutations to about 100 [START_REF] Heron | Incidence and natural history of mucopolysaccharidosis type III in France and comparison with United Kingdom and Greece[END_REF].

Some mutations lead to the complete loss of enzyme activity, whereas others lead to reduced activity. Null alleles may be due to major alterations (deletions, insertions, duplications or inversions), but also to small alterations (frameshifts, nonsense mutations, splicing mutations). In the latter case, enzymes frequently fold incorrectly.

As a consequence they are retained in the ER, degraded, and they do not reach the lysosome, resulting in the absence of functional residual activity. Residual enzyme activity is only observed in the case of mutations that do not completely abolish folding, processing and catalytic activity of the protein, including missense mutations and mutations affecting splicing but located outside of the consensus site. Remnant residual activity usually does not exceed 5%.

The severity of the phenotype is to some extent related to the residual enzyme activity. In general, the lower the residual activity, the earlier the age of onset and the more severe the disease. For example, Pompe disease is a glycogen storage disease due to a deficiency of the lysosomal enzyme acid, alpha-glucosidase (GAA). Based on the age at onset of clinical symptoms and on the clinical course of the disease, it is classified into three clinical phenotypes, infantile, juvenile and adult. Whereas patients with early onset, infantile Pompe disease have a complete GAA deficiency, resulting from fully deleterious mutations, patients with late-onset show mutations associated with residual enzyme activity levels [START_REF] Reuser | Glycogenosis type II (acid maltase deficiency)[END_REF]. The same observations apply to Tay-Sachs disease, a clinical variant of the GM2-gangliosidosis caused by mutation in the gene encoding the alpha subunit of beta-hexosaminidase A. In most cases, enzyme activity is nearly completely absent in the early onset form of Tay-Sachs disease, and patients die within the first years of life. For instance, the mutations R178H

(active site mutation that renders the enzyme unable to hydrolyze its physiological substrate) and R499H (mutated enzyme retained in the ER and degraded) are predictive of an early onset and rapidly progressive course [START_REF] Maegawa | The natural history of juvenile or subacute GM2 gangliosidosis: 21 new cases and literature review of 134 previously reported[END_REF][START_REF] Ohno | Structural consequences of amino acid substitutions causing Tay-Sachs disease[END_REF]. In the adult form, symptoms are less severe and develop more slowly, due to the presence of at least one allele associated with residual enzyme activity, generally bearing the G269S mutation, only causing a small structural change on the surface of the protein without affecting the active site [START_REF] Neudorfer | Late-onset Tay-Sachs disease: phenotypic characterization and genotypic correlations in 21 affected patients[END_REF].

However, only in some diseases, phenotypic variability can be explained by differing levels of residual activity. For most LSDs, no obvious genotype-phenotype correlation has been established, and patients with a similar genetic background, and sometimes with the same mutation, can present different clinical symptoms and progression, even amongst affected siblings in the same family including monozygotic twins [START_REF] Amaral | Molecular characterisation of type 1 Gaucher disease families and patients: intrafamilial heterogeneity at the clinical level[END_REF][START_REF] Azzo | Faulty association of alpha-and beta-subunits in some forms of betahexosaminidase A deficiency[END_REF]Lachmann et al., 2004a). This considerable phenotypic heterogeneity implies that predictions about disease severity, pathology and clinical course can rarely be made on the basis on mutational analysis only. It also suggests the influence of non-genetic factors like environmental factors, modifying genes (i.e. transcription factors), or epigenetic factors [START_REF] Gieselmann | What can cell biology tell us about heterogeneity in lysosomal storage diseases?[END_REF].

Despite our lack of knowledge, some indications corroborate the involvement of such factors:

-A patient study in Sandhoff disease (caused by mutations affecting the beta subunit of lysosomal beta-hexosaminidase A and B) indicates that differences in the splicing machinery between individuals or between different racial groups may influence the phenotypic expression of splice-site mutations [START_REF] Mcinnes | An unusual splicing mutation in the HEXB gene is associated with dramatically different phenotypes in patients from different racial backgrounds[END_REF].

-In a mouse model of Krabbe disease (caused by deficiency of lysosomal galactosylceramidase), hormone administration improves the clinical, biochemical and pathological features associated with the disease [START_REF] Matsuda | Dramatic phenotypic improvement during pregnancy in a genetic leukodystrophy: estrogen appears to be a critical factor[END_REF].

-Four transcription factors have been found to regulate the activity of the lysosomal hydrolase acid beta-glucosidase, also called glucocerebrosidase, the deficient enzyme in Gaucher disease [START_REF] Moran | Identification of factors regulating the expression of the human glucocerebrosidase gene[END_REF].

-In Gaucher and Tay-Sachs diseases, the activities of glucoceribrosidase and hexosaminidase are modulated by specific activator proteins, the saposin protein and the GM2 activator, respectively. Investigations have suggested that activator proteins may be responsible for the clinical variability between individuals with identical genotypes [START_REF] Levy | Molecular aspects of Gaucher disease[END_REF][START_REF] Meier | The human GM2 activator protein. A substrate specific cofactor of beta-hexosaminidase A[END_REF].

Clinical manifestations

Because lysosomes are present in all eukaryotic cells (with the exception of erythrocytes), and because lysosomal substrates have key roles in many cellular functions, the effects of lysosomal impairment are widespread. Storage may affect the brain, viscera, bones and connective tissues. In many diseases, central nervous system (CNS) involvement is particularly prevalent with minimal peripheral involvement (for example in Sanfilippo disease), whereas in other diseases, the symptoms are restricted to peripheral tissues and organs (for example in Fabry disease). For some disorders involving defective transporters or activator proteins, more complicated diagnostic assays on cultured skin fibroblasts have to be performed.

Cholesterol accumulation in NPC can be revealed by filipin staining on cultured skin fibroblasts. When an LSD is strongly suspected, but initial biochemical studies are normal, more invasive procedures may be indicated. They rely on a tissue biopsy that will be studied at the ultrastructural level by electron microscopy to confirm the presence of lysosomal distensions typical of all LSDs. DNA analysis can also be performed, although it is not a method of choice because of the heterogeneity of mutations.

In addition, mass spectrometry techniques may be useful for diagnosis. Advances in such techniques have allowed to directly analyze the activity of lysosomal enzymes [START_REF] Gerber | Direct profiling of multiple enzyme activities in human cell lysates by affinity chromatography/electrospray ionization mass spectrometry: application to clinical enzymology[END_REF][START_REF] Li | Direct multiplex assay of lysosomal enzymes in dried blood spots for newborn screening[END_REF], to detect storage products, and to identify specific biomarkers, best illustrated by chitotriosidase, a biomarker that exhibits on average 1000 fold higher plasma levels in Gaucher patients [START_REF] Aerts | Identification and use of biomarkers in Gaucher disease and other lysosomal storage diseases[END_REF].

Prenatal diagnosis is only performed in the case of family history. It can be achieved on amniotic fluid and chorionic villus samples by a variety of techniques including enzyme activity assays, molecular testing, or ultrastructural examination.

Presymptomatic newborn screening is nowadays non systematic, the rationale being that there is no treatment available for most LSDs. Furthermore, such screening tests would also detect newborns affected by late-onset variants of LSDs which will manifest only decades later, raising ethical concerns.

Systematic newborn screening is however conceivable in the case of diseases for which early treatments exist and are beneficial, or which have a high prevalence in a certain population. This would ensure early management, which is especially important because once damages have occurred, they can not be reversed in most LSDs, and would also ensure follow-up for affected patients. Long-term follow-up informations would provide a registry of patients that would be useful to assess genotype-phenotype relationships and study the natural history of conditions, and would impact the quality of current therapies and favor the development of novel therapies. For these reasons, several newborn screening public health programs have been launched, involving three LSDs, Pompe and Fabry diseases in the Tawainese population, and Krabbe disease in the state of New York [START_REF] Chien | Early detection of Pompe disease by newborn screening is feasible: results from the Taiwan screening program[END_REF][START_REF] Hwu | Newborn screening for Fabry disease in Taiwan reveals a high incidence of the later-onset GLA mutation c.936+919G>A (IVS4+919G>A)[END_REF][START_REF] Lin | High incidence of the cardiac variant of Fabry disease revealed by newborn screening in the Taiwan Chinese population[END_REF][START_REF] Spada | High incidence of later-onset fabry disease revealed by newborn screening[END_REF]. For routine newborn screening, assays are performed using dried blood spots on filter papers. Tandem mass spectrometry (MS/MS) has proven accurate, but requires expensive equipments and extensive sample preparation.

Newborn screening program for Krabbe disease yielded surprising outcomes (Duffner et al.;[START_REF] Duffner | Newborn screening for Krabbe disease: the New York State model[END_REF]. First, important discrepancies were raised between the expected incidence of Krabbe disease and the actual observed incidence. Second, it appeared that neither galactocerebrosidase activity nor genetic mutation allowed reliable phenotype prediction. After several years, the majority of children with low galactocerebrosidase activity and two genetic mutations and who were therefore expected to manifest the early infantile phenotype have remained clinically unaffected.

Many low-risk infants have also been identified, but it remains unknown whether they will ever develop Krabbe disease.

Finally, premarital genetic testing programs exist and concern populations in which a relatively high incidence for a specific LSD has been found. Mutation analysis is the method of choice when a few mutations account for the majority of the disease alleles, e.g. in the case of established founder mutations. In other cases, biochemical assays to measure enzyme activity are preferred. The first prevention program for LSD was initiated in the early seventies for the detection of Tay-Sachs carriers in the Ashkenazi Jewish population, and resulted in a reduction of 90% in the birth of Tay-Sachs children in this population [START_REF] Bach | Prevention of lysosomal storage disorders in Israel[END_REF].

Therapies

There The concept of M6P-based secretion and recapture mechanism is of considerable importance when considering therapy. Strategies consisting in therapeutic enzyme delivery take advantage of the cross-correction mechanism, meaning that there is no need to target every cell (see section 1.2.1).

Bone marrow transplantation

When human leukocyte antigen (HLA)-matched donors are found, allogeneic hematopoietic stem cell transplantation (HSCT), also termed BMT, may be an option.

Wild-type transplanted cells are engrafted into the patient and release some amount of the required enzyme in their environment, which can be taken up by neighboring cells.

A limited number of the transplanted cells is able to cross the BBB, and donor-derived macrophages and microglia can populate the brain and cross-correct enzyme-deficient cells such as neurons or glia. Practical considerations limit this approach: the availability of compatible donors, the significant transplant-related morbidity and mortality rate (graft-versus-host disease) ranging between 10% and 25% [START_REF] Hoogerbrugge | Allogeneic bone marrow transplantation for lysosomal storage diseases. The European Group for Bone Marrow Transplantation[END_REF], and the low and delayed brain repopulation by transplanted microglia, limiting efficiency of enzyme delivery to the brain. [START_REF] Escolar | Transplantation of umbilical-cord blood in babies with infantile Krabbe's disease[END_REF]. Benefits are however limited, as children still develop motor difficulty, as well as persistent cognitive deficits. When the patient is already symptomatic, HSCT does not significantly modify the course of the disease.

More recently, alternative stem cell sources such as umbilical cord blood stem cells have been used. Cord blood has advantages compared with bone marrow hematopoietic stem cells, namely improved engraftment rate and lower morbidity rate related to graftversus-host disease [START_REF] Rocha | Comparison of outcomes of unrelated bone marrow and umbilical cord blood transplants in children with acute leukemia[END_REF]. Because of the lower risk of graft-versus-host disease, requirements for HLA identity between donor and recipient are less stringent.

Generally, stem cells originating from umbilical cord blood are derived from unrelated donors and release more enzyme than bone marrow hematopoietic stem cells. Indeed, these latter cells are often derived from family-related donors who are heterozygote for the disease allele and deliver little enzyme amounts. Despite these advantages, experience with umbilical cord blood stem cells led to similar conclusions regarding clinical efficacy, with limited improvement. To obtain more satisfactory results, a solution would be to increase enzyme production levels by gene therapy (see 2.6.7).

Enzyme replacement therapy

ERT consists in injecting highly purified human lysosomal enzymes intravenously. mannose residues, the enzyme has to be treated with exoglycosidases to remove some sugar residues, thus exposing terminal mannose residues on the carbohydrate chains.

Because macrophages are easily targeted by ERT, this treatment gives remarkable results, reducing the visceral manifestations (hepatosplenomegaly), improving hematological parameters, ameliorating skeletal damage, and reducing episodes of pain crises [START_REF] Barton | Replacement therapy for inherited enzyme deficiency--macrophagetargeted glucocerebrosidase for Gaucher's disease[END_REF][START_REF] Grabowski | Enzyme therapy in type 1 Gaucher disease: comparative efficacy of mannoseterminated glucocerebrosidase from natural and recombinant sources[END_REF]. ERT is a life-transforming treatment in this disease, reversing many of the pathological consequences, and preventing further progression.

The -For Fabry disease, ERT using recombinant alpha-galactosidase A has been clinically available since 2003. Improvement in pain and gastrointestinal symptoms has been reported [START_REF] Banikazemi | Agalsidase-beta therapy for advanced Fabry disease: a randomized trial[END_REF][START_REF] Ramaswami | Enzyme replacement therapy with agalsidase alfa in children with Fabry disease[END_REF].

-Laronidase was approved in 2003 for use in MPS I and has been demonstrated to be safe and effective in patients with the milder forms of the disease (Hurler-Scheie and Scheie phenotypes), with reported improvements in hepatosplenomegaly and respiratory disease and decrease in urinary GAG excretion [START_REF] Wraith | Enzyme replacement therapy for mucopolysaccharidosis I: a randomized, doubleblinded, placebo-controlled, multinational study of recombinant human alpha-Liduronidase (laronidase)[END_REF].

-Recombinant arylsulfatase B was approved for clinical use in MPS VI in 2005 and has been associated with improvements in hepatosplenomegaly, joint movement, cardiopulmonary function, and pain as well as reduced excretion of urinary GAGs [START_REF] Harmatz | Enzyme replacement therapy for mucopolysaccharidosis VI: a phase 3, randomized, double-blind, placebo-controlled, multinational study of recombinant human Nacetylgalactosamine 4-sulfatase (recombinant human arylsulfatase B or rhASB) and follow-on, open-label extension study[END_REF].

-Alglucosidase alpha is FDA approved for use in infantile Pompe disease. It has shown success in reversing pathology in cardiac muscle and extending life expectancy in infantile patients. However, skeletal muscle has proven to be a more challenging target for ERT [START_REF] Kishnani | Recombinant human acid [alpha]glucosidase: major clinical benefits in infantile-onset Pompe disease[END_REF].

-The latest recombinant human enzymes available clinically are galsulfatase and idursulfase for the treatment of MPS VI and the mild form of MPS II, respectively. These enzymes allow improvement in pulmonary disease and hepatosplenomegaly and decreased excretion of urinary GAGs [START_REF] Giugliani | Recent Advances in Treatment Approaches of Mucopolysaccharidosis VI[END_REF][START_REF] Muenzer | A phase II/III clinical study of enzyme replacement therapy with idursulfase in mucopolysaccharidosis II (Hunter syndrome)[END_REF].

Although all of these treatments have shown encouraging results, none has approached the effect of imiglucerase in Gaucher disease. In fact, the degree and extent of benefit vary considerably depending on the affected tissues and organs. This is because the level of enzyme correction is governed by receptor-mediated uptake mechanisms, which is variable according to cell types. Thus, macrophages or Kupffer cells of the liver are easily accessible to intravenously delivered enzyme. By contrast, enzyme uptake is particularly limited in the kidney in Fabry disease, bone in the MPSs or skeletal muscle in Pompe disease. The fact that many manifestations do not respond or respond poorly to ERT implies that there is continued disease progression despite therapy, and points out the need for very early intervention to limit organ damage.

Possible complications can arise from the development of circulating antibodies directed against the infused protein. Such immunological reactions can be particularly feared in the case of null mutations where the immune system is naive to the missing lysosomal enzyme, but less in cases associated with residual enzyme activity where a mutant enzyme is present. Reported rates of antibody formation in treated patients range from 15% for Gaucher disease to 97% and 100% for MPS VI and Pompe disease, respectively. Two major problems have been identified in association with antibody responses to ERT. First, hypersensitivity reactions may develop either during or immediately after enzyme infusion. Clinical signs of hypersensitivity reactions (e.g. urticaria, fever, and chills) can be managed with antihistamines and non-steroidal antiinflammatory drugs and by slowing the infusion rate. Second, although clinical experience showed that ERT continues to be effective even in the presence of antibodies, studies in animal models revealed that antibody reactivity may substantially limit the therapeutic efficacy of ERT. More precisely, these studies provided evidence that antibodies may inhibit enzyme uptake and redirect the enzyme to other tissues, affecting enzyme distribution, or they may lead to enzyme inactivation and degradation, affecting enzyme action [START_REF] Brooks | Enzyme replacement therapy in Mucopolysaccharidosis VI: evidence for immune responses and altered efficacy of treatment in animal models[END_REF][START_REF] Dickson | Immune tolerance improves the efficacy of enzyme replacement therapy in canine mucopolysaccharidosis I[END_REF]. In some cases, patients who initially had an immune reaction develop immune tolerance to the infused protein, characterized by a progressive decline in antibody titers [START_REF] Kakavanos | Immune tolerance after long-term enzyme-replacement therapy among patients who have mucopolysaccharidosis I[END_REF]. Overall, it is rare that a patient will have to discontinue therapy because of adverse infusion reactions.

The lack of efficacy of ERT in treating some manifestations of LSDs (in particular CNS manifestations), the need for regular intravenous infusions and its high cost (the estimated cost in the US is between $90,000 to $565,000, depending on the disease and patient size) provide a rationale for the development of alternative therapies such as SRT, EET, cell therapy or gene therapy.

Substrate reduction therapy

In SRT, the aim is to reduce the biosynthesis of the accumulating substrate of a deficient enzyme to prevent storage. A balance between the rate of synthesis and the impaired rate of catabolism of the substrate is thus created. This strategy employs inhibitory molecules to restrain biosynthesis of metabolites upstream of the deficient catabolic pathway that is affected in particular. Although lack of complete inhibitor specificity and long-term disruption of biosynthetic routes may cause side effects and parallel metabolic imbalances, this therapeutic strategy holds great potential. A considerable advantage of inhibitor drugs is that they offer simple oral medication. So far, this approach has been applied only to glycosphingolipid storage diseases.

One drug is already FDA approved for use, miglustat, an inhibitor of glucosylceramide synthase, an enzyme which catalyzes the first step in the synthesis of glucosylceramide-based glycosphingolipids. As glucosylceramide is the precursor of several glycosphingolipids, miglustat represents a potential treatment for a variety of LSDs including Gaucher disease, Fabry disease, GM1-or GM2-gangliosidoses (such as Sandhoff and Tay-Sachs diseases), and even NPC. In mouse models of these diseases, miglustat has been demonstrated to clear glycosphingolipid storage in peripheral tissues and in the brain and to delay symptom onset and increase life expectancy [START_REF] Lachmann | Miglustat: substrate reduction therapy for glycosphingolipid lysosomal storage disorders[END_REF].

Miglustat was first clinically developed for non-neuronopathic Gaucher patients.

Eligible patients are those for whom ERT is unsuitable. This drug has proven effective in treating the systemic manifestations of the disease such as hepatosplenomegaly or hematological problems [START_REF] Pastores | An open-label, noncomparative study of miglustat in type I Gaucher disease: efficacy and tolerability over 24 months of treatment[END_REF]. Subsequently, a number of trials have been carried out in neurological storage disorders, the rationale being that miglustat is able to cross the BBB to some extent since it is a small molecule. SRT did not show any effect on the neurological aspects of patients with neuronopathic Gaucher disease or GM2-gangliosidosis [START_REF] Maegawa | Pharmacokinetics, safety and tolerability of miglustat in the treatment of pediatric patients with GM2 gangliosidosis[END_REF][START_REF] Schiffmann | Randomized, controlled trial of miglustat in Gaucher's disease type 3[END_REF][START_REF] Shapiro | Miglustat in late-onset Tay-Sachs disease: a 12-month, randomized, controlled clinical study with 24 months of extended treatment[END_REF]. However, it showed stabilization of disease progression in NPC disease [START_REF] Patterson | Miglustat for treatment of Niemann-Pick C disease: a randomised controlled study[END_REF], and miglustat is now licensed for the treatment of this disease in the European Union, Canada, Switzerland, Brazil, Australia, Turkey and Israel.

Overall, the potential of SRT in the case of neuropathology is still unclear. Other SRT molecules with greater specificity and improved delivery to the brain are now being developed. Besides inhibitors of glycosphingolipid synthesis, genistein, an inhibitor of Heparan Sulfate (HS) synthesis is being evaluated in MPSs [START_REF] Arfi | Storage correction in cells of patients suffering from mucopolysaccharidoses types IIIA and VII after treatment with genistein and other isoflavones[END_REF][START_REF] Friso | Genistein reduces glycosaminoglycan levels in a mouse model of mucopolysaccharidosis type II[END_REF][START_REF] Malinowska | Genistein reduces lysosomal storage in peripheral tissues of mucopolysaccharide IIIB mice[END_REF].

Enzyme enhancement therapy

EET aims at stabilization and rescue of an existing mutant enzyme by using chaperone molecules. The use of drug chaperones may be beneficial in LSDs that are caused by genetic mutations that do not affect enzyme functionality but cause enzyme misfolding defects, often missense mutation or frame-shift deletions (see paragraph 2.3). Chaperones function by stabilizing misfolded mutant proteins, such that the stabilized conformation can move out of the ER, escape proteasomal degradation and be delivered to the lysosome where they can express their residual enzyme activity.

Chaperones can be substrate analogues, active-site inhibitors, cofactors or effector molecules. Potential pharmacological chaperones may be already commercially available, having been licensed for other indications.

This type of therapy appears to be mutation dependent, as diseases caused by null mutations resulting in no gene product, as well as mutations impairing enzyme activity or catalytic site would not be expected to be aided by chaperone therapy. As in SRT,

EET uses low-molecular-weight molecules that can be taken orally, and can cross the BBB and should have a better biodistribution than recombinant enzyme.

Various chemical and pharmacological chaperones have been used in research settings. On cultured fibroblasts isolated from Gaucher, Fabry, Sandhoff or Tay-Sachs patients with a missense mutation, EET resulted in increased enzyme activity and reduction of the storage product [START_REF] Sawkar | Chemical chaperones increase the cellular activity of N370S betaglucosidase: a therapeutic strategy for Gaucher disease[END_REF][START_REF] Tropak | Pharmacological enhancement of beta-hexosaminidase activity in fibroblasts from adult Tay-Sachs and Sandhoff Patients[END_REF][START_REF] Yam | A synthetic chaperone corrects the trafficking defect and disease phenotype in a protein misfolding disorder[END_REF]. To determine if this approach would be effective in vivo, a patient with Fabry disease who had severe heart complications was treated with galactose infusions three times a week. Chaperone-mediated enhancement of residual alpha-galactosidase A activity led to marked improvements in cardiac function [START_REF] Frustaci | Improvement in cardiac function in the cardiac variant of Fabry's disease with galactose-infusion therapy[END_REF].

Subsequent clinical development has focused on the imino sugar 1deoxygalactonojirimycin, which has shown good efficacy in a mouse model of Fabry disease and is now in phase II of clinical development [START_REF] Khanna | The pharmacological chaperone 1deoxygalactonojirimycin reduces tissue globotriaosylceramide levels in a mouse model of Fabry disease[END_REF].

A few studies on mouse models of LSDs including GM1-gangliosidosis and Fabry disease have documented the potential of EET on brain pathology [START_REF] Khanna | The pharmacological chaperone 1deoxygalactonojirimycin reduces tissue globotriaosylceramide levels in a mouse model of Fabry disease[END_REF][START_REF] Matsuda | Chemical chaperone therapy for brain pathology in G(M1)-gangliosidosis[END_REF].

Stop-codon readthrough

Many LSD patients have a premature stop-codon mutation, e.g. 76% in MPSI or 52% in neuronal ceroid lipofuscinosis (NCL) type 1. Generally, premature stop-codon mutations result in minimal to no residual enzyme activity and are associated with a severe clinical phenotype. Here, a potential treatment strategy consists in using drugs which are known to influence the fidelity of the stop-codon recognition process, enhance the extent of readthrough and allow production of a full-length functional protein [START_REF] Brooks | Stop-codon read-through for patients affected by a lysosomal storage disorder[END_REF]. The antibiotic gentamicin can bind to the ribosomal RNA (rRNA), induce misreading of the stop-codon as a sense codon, and allow recognition of the stop-codon by a transfer RNA (tRNA) charged with an amino acid corresponding to the misread codon sequence. For example, the stop codons UAA or UAG can be misread as CAA or UGG, respectively (single-base misreading) leading to the incorporation of Glutamine or Tryptophan amino acids into the polypeptide chain. In some cases, readthrough can generate proteins with a missense mutation, but these mutant proteins will have residual enzyme activity and help improve the clinical phenotype.

Stop-codon readthrough represents a means to provide enzyme from the biosynthetic route and presents potential advantages over ERT. Because drugs that are used to influence stop-codon readthrough are low-molecular-weight drugs, they can offer widespread access to different cells, tissues and organs and improve pathology in sites that are not easily accessible by ERT. Importantly, they are possibly able to cross the BBB and treat brain pathology.

Gentamicin-induced stop-codon readthrough has been investigated as a treatment for MPSI. In vitro it has been shown to correct alpha-L-iduronidase defect, reduce accumulation of primary storage products, and reduce cell pathology [START_REF] Keeling | Gentamicin-mediated suppression of Hurler syndrome stop mutations restores a low level of alpha-L-iduronidase activity and reduces lysosomal glycosaminoglycan accumulation[END_REF]. However, human trials with gentamicin for other genetic diseases such as Duchenne muscular dystrophy have obtained doubtful results (Malik et al.). New classes of molecules with readthrough activity are being developed and evaluated.

Stem cell-based therapy

Stem cells are defined as cells that have the ability to self-renew continuously and differentiate into diverse specialized cell types. Mammalian pluripotent stem cells can be embryonic stem cells (ESCs) derived from the inner cell mass of blastocysts, but recent technologies have also allowed the reprogrammation of adult somatic cells into embryonic-like pluripotent stem cells (Park et al., 2008b;Takahashi et al., 2007b;Yu et al., 2007). The generation of these induced pluripotent stem cells (iPSc) alleviates ethical issues raised with the use of embryonic stem cells.

Besides pluripotent stem cells which can differentiate into nearly every cell type, tissue-specific multipotent stem cells can be isolated in developing or adult organisms.

Multipotent cells possess the ability to differentiate into a closely related family of cells.

Examples include hematopoietic stem cells (HSCs) that can become erythrocytes, leukocytes or platelets, as well as neural stem cells (NSCs) or neural progenitor cells (NPCs) that can differentiate into the three major CNS cell types, neurons, astrocytes, and oligodendrocytes.

Although cell therapies for LSDs using human pluripotent stem cells are far from being a reality, there have been some trials with NSCs and NPCs. Several properties make them attractive: they are capable of migrating widely, differentiate into various cell types, and engraft within the host brain without disrupting normal function.

Transplanted cells can serve as a source of enzyme, but also through their propagation capacity, they can offer the potential to repair damaged brain cells (cell replacement).

Studies in mice used NSCs or NPCs isolated from donor mice, derived from immortalized cell lines, or from human origin. In some cases, cells were genetically modified in vitro with retroviruses to overexpress the desired enzyme before transplantation. To bypass the BBB, NSCs and NPCs were transplanted into the brain of diseased animal models of MPSVII, Sandhoff, Niemann Pick A and Metachromatic

Leukodystrophy [START_REF] Shihabuddin | Stem cell transplantation for neurometabolic and neurodegenerative diseases[END_REF]. These studies provided demonstration of the therapeutic potential of such approaches. Broad distribution of enzymatic activity in brain of transplanted mice, and reduction of lysosomal storage were reported. 

Gene therapy

General aspects of gene therapy

Gene therapy using viral vectors has been under development for the last two decades, and offers real hope for treating inherited diseases. In animal models, three types of viral vectors have been used frequently in gene replacement strategies:

adenoviruses, retroviruses, and adeno-associated viruses (AAV). In gene therapy, the transduction ability of these vectors is used, but non-essential viral coding sequences including those required for viral replication are removed and replaced with a functional copy of the gene of interest. The promotor/enhancer complex contained into the expression cassette restricts transgene expression to a target tissue. In order to produce these replication deficient virus particles, packaging cell lines are required that express the genes that have been deleted in the recombinant viral vector.

Adenoviral particles were often used because they are easy to produce, and because they do not integrate into the host genome. However, experience with adenoviruses showed that they only provide transient transgene expression due to brisk host immune responses, and their use in a clinical trial for ornithine transcarbamylase deficiency resulted in the death of a patient from systemic inflammatory response [START_REF] Raper | Fatal systemic inflammatory response syndrome in a ornithine transcarbamylase deficient patient following adenoviral gene transfer[END_REF].

Today, retroviruses and AAV are preferred to adenoviruses, and gene therapy trials are now coalescing around two strategies: ex vivo gene transfer into progenitor cells using retroviruses (in particular the lentivirus subclass), and AAV-based in vivo gene transfer. In the former strategy, progenitor cells such as HSCs and other stem cells are isolated from the patient, grown in vitro, and transduced with retroviruses that are particularly efficient at transducing proliferative cells. Genetically modified cells expressing the desired protein are subsequently re-injected to the patient. Retroviral vectors are capable of integrating their genome into the host genome, providing prolonged protein expression. In vivo gene therapy consists in direct infusion of the AAV vector to the patient. AAV vectors have tropism for slowly dividing or nondividing cells (such as liver, brain, heart, muscle and retina), where transgene expression can persist for years without the need for vector re-administration.

Retroviruses and AAV have been broadly used in gene therapy approaches for a variety of inherited disorders. Despite exciting preclinical data, unexpected complications appeared in clinical studies, and should be considered to design future gene therapy trials for LSDs.

The integrative property of retroviruses raised major safety issues. Random integration of the therapeutic vector genome into the patient's genome, a process called as insertional mutagenesis, was first reported in a clinical study for the treatment of Xlinked severe combined immune deficiency (SCID). The procedure was an ex vivo transduction of CD34 + hematopoietic cells using "first-generation" gamma-retroviral vectors. Four patients developed leukemia as a result of vector integration into the LIM domain-only 2 (LMO2) proto-oncogene [START_REF] H Hacein-Bey-Abina | Insertional oncogenesis in 4 patients after retrovirus-mediated gene therapy of SCID-X1[END_REF]. Advances in vector design led to the production of retroviral or lentiviral vectors with selfinactivating long-terminal repeats (LTRs) likely to reduce the risk of insertional mutagenesis [START_REF] Modlich | Cell-culture assays reveal the importance of retroviral vector design for insertional genotoxicity[END_REF][START_REF] Montini | Hematopoietic stem cell gene transfer in a tumor-prone mouse model uncovers low genotoxicity of lentiviral vector integration[END_REF].

AAV vectors are considered safe, since AAV genomes persist mainly as stable episomes, and integrated AAV genomes are only rarely detected. When integration takes place, deletions at the site of integration have been found [START_REF] Nakai | AAV serotype 2 vectors preferentially integrate into active genes in mice[END_REF]. In a long-term study assessing the genotoxicity of high dose AAV-mediated gene transfer in mice, no evidence was found that AAV vectors cause insertional activation of oncogenes and subsequent tumor formation [START_REF] Li | Assessing the potential for AAV vector genotoxicity in a murine model[END_REF]. The major hurdle for in vivo gene transfer using AAV vectors results from immune responses to either the vector or the transgene product. In clinical studies for hemophilia, lipoprotein lipase deficiency, or muscular dystrophies, immunotoxicity was associated with loss of therapeutic efficacy [START_REF] Manno | Successful transduction of liver in hemophilia by AAV-Factor IX and limitations imposed by the host immune response[END_REF][START_REF] Mendell | Dystrophin immunity in Duchenne's muscular dystrophy[END_REF][START_REF] Stroes | Intramuscular administration of AAV1-lipoprotein lipase S447X lowers triglycerides in lipoprotein lipase-deficient patients[END_REF]. Two strategies have been developed to avoid immune responses, first vector coadministration with an immunosuppressive regimen [START_REF] Mingozzi | Modulation of tolerance to the transgene product in a nonhuman primate model of AAV-mediated gene transfer to liver[END_REF], and second development of more efficient vectors [START_REF] Nathwani | Adenovirus-Associated Virus Vector-Mediated Gene Transfer in Hemophilia B[END_REF]. Vector improvements include more efficient expression cassette, the use of AAV serotypes showing a stronger tropism for the targeted tissue, and the use of a self-complementary vector.

A better knowledge of potential complications of gene therapy, and the establishment of strategies to bypass these complications have led to exciting results, and gene therapy is moving closer to clinical applications. Over the past three years, there has been increasing reports of successful clinical trials for human genetic diseases including congenital blindness, X-linked adrenoleukodystrophy (a metabolic, peroxisomal disorder), or haemophilia [START_REF] Aiuti | Gene therapy for immunodeficiency due to adenosine deaminase deficiency[END_REF][START_REF] Bainbridge | Effect of gene therapy on visual function in Leber's congenital amaurosis[END_REF][START_REF] Cartier | Hematopoietic stem cell gene therapy with a lentiviral vector in X-linked adrenoleukodystrophy[END_REF][START_REF] Maguire | Age-dependent effects of RPE65 gene therapy for Leber's congenital amaurosis: a phase 1 dose-escalation trial[END_REF][START_REF] Maguire | Safety and efficacy of gene transfer for Leber's congenital amaurosis[END_REF]Nathwani, 2010). The first licensing application for a gene therapy drug for lipoprotein lipase deficiency has now been filed (Amsterdam Molecular Therapeutics, 2010;[START_REF] Gaudet | Review of the clinical development of alipogene tiparvovec gene therapy for lipoprotein lipase deficiency[END_REF].

Gene therapy applications for LSDs

Although gene therapy is not yet a reality for LSDs, encouraging progress is being made. LSDs provide a good model for such therapy because they are monogenic diseases, with a known defective gene, and because even small increases in enzyme levels (10-20%) can greatly improve clinical outcome.

AAV-mediated in vivo gene transfer mainly focuses on two target organs: the liver and the brain. Following liver-directed gene transfer, the liver produces large amounts of therapeutic enzyme that is secreted into the bloodstream and recaptured by other organs through the M6PRs. This strategy has the potential to provide peripheral correction of a number of LSDs, but not necessarily CNS correction because of the BBB obstacle. Long-term efficacy of this technique has already been achieved in small and large animal models of several LSDs with systemic involvement. For example, correction of biochemical and pathological abnormalities (e.g. bone deformities, cardiovascular, renal or sensory dysfunctions) were demonstrated in mouse models of Fabry disease, MPSVII, MPSI, MPSII or Gaucher disease, accompanied with an increased life expectancy [START_REF] Cardone | Correction of Hunter syndrome in the MPSII mouse model by AAV2/8-mediated gene delivery[END_REF][START_REF] Daly | Prevention of systemic clinical disease in MPS VII mice following AAVmediated neonatal gene transfer[END_REF][START_REF] Jung | Adenoassociated viral vector-mediated gene transfer results in long-term enzymatic and functional correction in multiple organs of Fabry mice[END_REF][START_REF] Mceachern | AAV8mediated expression of glucocerebrosidase ameliorates the storage pathology in the visceral organs of a mouse model of Gaucher disease[END_REF][START_REF] Watson | Intrathecal administration of AAV vectors for the treatment of lysosomal storage in the brains of MPS I mice[END_REF].

Several strategies have been developed to allow gene delivery to the CNS.

Widespread distribution to the brain depends on the secretion-recapture mechanism, but also on anterograde and retrograde axonal transport, allowing delivery of therapeutic enzymes over long distances. Recent development with AAV serotypes may represent future avenues to overcome the BBB. AAV serotype 9 is able to cross the BBB and therefore can be injected intravenously and efficiently target neurons and astrocytes [START_REF] Cearley | A single injection of an adeno-associated virus vector into nuclei with divergent connections results in widespread vector distribution in the brain and global correction of a neurogenetic disease[END_REF][START_REF] Foust | Intravascular AAV9 preferentially targets neonatal neurons and adult astrocytes[END_REF]. Another strategy to overcome the BBB relies on AAV engineering techniques. AAV capsid modifications were used to redirect the AAV vector tropism to the vascular endothelium of the diseased brain. Gene transfer using this engineered AAV vector resulted in cross-correction of the underlying neurons and glia and phenotypic improvement in murine models of two LSDs: late infantile NCL, and MPS type VII [START_REF] Chen | Molecular signatures of disease brain endothelia provide new sites for CNS-directed enzyme therapy[END_REF].

None of these strategies aimed at targeting the CNS have progressed beyond the pre-clinical stage. Current delivery techniques consist in direct intracerebral administration of AAV vectors at multiple sites for widespread distribution, using stereotactic injection techniques. Despite representing a somewhat invasive procedure, very relevant therapeutic results associated with this practice have been obtained. In animal models of LSDs with CNS involvement such as MPSI, MPSIII, late infantile NCL, Tay-Sachs, or Niemann Pick type A, AAV injections to the brain resulted in reduction of storage material, and improvements of CNS function including reduction of neuropathology, improvement in neuronal plasticity, preservation of motor functions, or recovery of behavioural functions [START_REF] C Cachon-Gonzalez | Effective gene therapy in an authentic model of Tay-Sachs-related diseases[END_REF][START_REF] Cressant | Improved behavior and neuropathology in the mouse model of Sanfilippo type IIIB disease after adeno-associated virus-mediated gene transfer in the striatum[END_REF][START_REF] Desmaris | Prevention of neuropathology in the mouse model of Hurler syndrome[END_REF][START_REF] Dodge | Gene transfer of human acid sphingomyelinase corrects neuropathology and motor deficits in a mouse model of Niemann-Pick type A disease[END_REF][START_REF] Ellinwood | Safe, efficient, and reproducible gene therapy of the brain in the dog models of Sanfilippo and Hurler syndromes[END_REF][START_REF] Passini | Intracranial delivery of CLN2 reduces brain pathology in a mouse model of classical late infantile neuronal ceroid lipofuscinosis[END_REF].

Up to date, several clinical trials using AAV delivery to the brain to treat neurodegenerative diseases including Parkinson's disease, Canavan disease, and one LSD, late infantile NCL, have demonstrated the safety of this approach in humans.

Adult human patients with Parkinson's disease were treated with a single or multiple AAV vector deposits in the brain, depending on the trial. In the neurturin trial, a treatment based on the delivery of a neurotrophic factor that protects neurons from death, patients received 12 AAV vector deposits in the striatum bilaterally. Tolerance to surgery and vector deposit was excellent in the 56 patients enrolled in the phase II neurturin trial (Marks et al.), as well as in 40 patients enrolled in various phase I studies with different protocols. In the Canavan disease and late infantile NCL trials, children were enrolled. In a phase I Canavan disease trial, ten children have been treated using intracranial infusion of an AAV vector via six burr holes (one injection site per hole) into the brain parenchyma, with no adverse events [START_REF] Mcphee | Immune responses to AAV in a phase I study for Canavan disease[END_REF]. Clinical study of gene transfer for late infantile NCL was conducted using a similar procedure. In ten children with the disease, the vector was delivered into the brain parenchyma, through six burr holes, with two injections per hole, resulting in a total of 12 injection points, all located in the cerebral cortex [START_REF] Worgall | Treatment of late infantile neuronal ceroid lipofuscinosis by CNS administration of a serotype 2 adeno-associated virus expressing CLN2 cDNA[END_REF]. One subject in this study developed intractable seizures and died 49 days post-surgery. The reasons of these serious adverse effects could not be determined under the conditions of the experiment, that is, wether they were related to the progression of the disease, the surgical procedure, or the vector itself. In the other subjects, results suggested -but did not fully prove-slowing of disease progression. There are two noteworthy limitations of this study. First, the number of injection sites, the volume injected, and the concentration of the vector were restricted on the basis of safety constraints, and it is likely that wide distribution within the brain and sustained high protein levels could not be achieved. Second, severely affected children were enrolled, for whom therapeutic benefit is expected to be limited. Indeed, brain atrophy, which can typically not be reversed by gene therapy, progressively develops in late infantile NCL patients. This emphasizes the importance of treating the disease as early as possible, and carefully evaluating clinical severity in enrolled patients. Based on these considerations, a new Phase I/II study was recently initiated by the same group (ClinicalTrials.gov identifier: NCT01161576). This study uses the same delivery technique and expression cassette, but the latter is packaged into the AAVrh10 serotype instead of the AAV2 capsid used in the previous trial.

Besides liver-directed and CNS-directed strategies, it has to be noted that a muscledirected clinical trial for Pompe disease has been approved and is expected to start at the end of the year (ClinicalTrials.gov identifier: NCT00976352).

Based on the positive clinical experience with BMT in some LSDs, ex vivo gene therapy using retrovirus or lentivirus-modified HSCs is considered as an attractive alternative for the treatment of LSDs. Gene transfer strategies may have significant advantages compared with conventional allogeneic stem cell transplantation. Because autologous cells are used for gene therapy, there is no risk of allogeneic transplantrelated complications and graft-versus-host disease. Furthermore, genetically modified cells may express higher levels of the therapeutic enzyme and become more effective than wild-type cells. The efficacy of this procedure regarding correction of pathologic findings throughout the CNS, as well as peripheral organs has been demonstrated in many experiments on LSD animals and exceeds that exerted by wild-type HSCT. In MPSI mice, this procedure resulted in complete correction of disease manifestations, including neurologic and skeletal disease, pathology of liver, spleen and kidney [START_REF] Visigalli | Gene therapy augments the efficacy of hematopoietic cell transplantation and fully corrects mucopolysaccharidosis type I phenotype in the mouse model[END_REF][START_REF] Zheng | Treatment of the mouse model of mucopolysaccharidosis I with retrovirally transduced bone marrow[END_REF]. In the mouse model of Metachromatic

Leukodystrophy, an italian group showed full reconstitution of enzyme activity in the hematopoietic system. The development of motor conduction impairment, learning and coordination deficits, and neuropathological abnormalities typical of the disease were prevented [START_REF] Biffi | Gene therapy of metachromatic leukodystrophy reverses neurological damage and deficits in mice[END_REF][START_REF] Biffi | Correction of metachromatic leukodystrophy in the mouse model by transplantation of genetically modified hematopoietic stem cells[END_REF]. This same group is now moving from bench to bedside and is currently recruiting patients to assess the safety and efficacy of a gene therapy trial combined with autologous transplant of corrected HSCs. Ex vivo gene therapy approaches are also being tested in human clinical trials for MPSII (ClinicalTrials.gov identifier: NCT00004454), Gaucher and Fabry diseases (ClinicalTrials.gov identifiers: NCT00001234 and NCT00004294). A small (n=3 patients) human clinical trial in Gaucher disease using transduction of peripheral blood or bone marrow CD34+ cells with a retroviral vector encoding the glucocerebrosidase gene did not show significant clinical improvement [START_REF] Dunbar | Retroviral transfer of the glucocerebrosidase gene into CD34+ cells from patients with Gaucher disease: in vivo detection of transduced cells without myeloablation[END_REF]. The low level of corrected cells (<0.02%) was not associated with any increase in glucocerebrosidase enzyme activity in any patient following infusion of transduced cells. Modifications of vector systems and transduction conditions, along with partial myeloablation to allow higher levels of engraftment, may be necessary to achieve beneficial levels of correction in patients with Gaucher disease.

Considerations for gene therapy and other therapies include the need for early therapeutic intervention, before irreversible changes have occurred in the CNS.

Although we do not yet fully know the level of plasticity of the CNS, it seems likely based on data derived from ERT that some levels of disease progression will be irreversible [START_REF] Brooks | Functional correction of established central nervous system deficits in an animal model of lysosomal storage disease with feline immunodeficiency virusbased vectors[END_REF]. Second, a challenge of conducting clinical trials for LSDs is that meaningful endpoints for clinical investigation have not been defined.

Indeed, defining clinical endpoints is particularly difficult in settings where the patient population is small, where there is considerable interpatient variability, the natural history of the disease progression is poorly defined, biomarkers to monitor therapeutic efficacy have not been validated, and secondary cellular events involved in the pathophysiology are unclear. In parallel with therapeutic trials, continued efforts should be given to exploring cascades of pathobiological events acting at the cell level in these diseases. A better knowledge of basic disease mechanisms can only impact therapeutic management of LSDs. It will define new disease markers and allow assesment of treatment efficacy toward these markers. In addition, it will help define the best conditions for treatment, and may give rise to new treatment strategies.

THE CELL BIOLOGY OF LSDs

In LSDs, primary genetic and biochemical defects consist in the interruption of the clearance of macromolecules meant for lysosomal destruction, resulting in cellular accumulation of undegraded or partially degraded metabolites. Once material starts to accumulate, it builds up within lysosomes until the lysosomal burden of the cell reaches some maximal level. Storage material then starts to accumulate in extra-lysosomal sites, and may be excreted out of the cell.

The accumulation of primary storage products triggers complex pathological cascades. Downstream events are responsible for the accumulation of secondary storage products. Pathological consequences thus extend far beyond the primarily affected metabolic pathway.

Although primary events are well characterized in most LSDs, secondary biochemical and cellular pathways involved in the pathophysiology of LSDs are poorly defined [START_REF] Futerman | The cell biology of lysosomal storage disorders[END_REF][START_REF] Jeyakumar | Storage solutions: treating lysosomal disorders of the brain[END_REF]. Despite different primary storage products in different LSDs, similar secondary storage products and similar cell defects may be observed across diseases. Must research is focused on delineating the biochemical and cellular pathways that cause disease pathology.

Pathogenically relevant mechanisms are highlighted below.

Cell vacuolation

The pathological hallmark of LSDs is the intracellular accumulation of storage vesicles with characteristics of lysosomes. Observations in animal models show progressively increasing number and size of storage vesicles with age in affected tissues, which is evocative of a slow and irreversible process.

Storage vesicles have long been considered to be enlarged lysosomes engorged with storage material. Lysosome proliferation and swelling could be an attempt to cope with the accumulation of storage material. In reality, the situation is much more complex, and the exact identity and origin of these storage vesicles remain to be established.

Significant stream of vesicular traffic coming into contact with lysosomes comes from the endocytic and autophagic pathways. Lysosome dysfunction may disrupt normal intracellular vesicle trafficking to or from lysosomes. One possibility is that late endosomes and autophagosomes may accumulate because they are unable to fuse with the lysosome. A second possibility would be that late endosomes and amphisomes are able to fuse with the lysosome, producing hybrid vesicles. However, these hybrid vesicles loaded with material to be degraded would not be processed normally due to impaired capacity for lysosomal degradation. Defects in the endo-lysosomal or macroautophagy pathways that might account for intracellular vesicle accumulation have been reported in several LSDs, and will be detailed later. These possibilities are reinforced by morphological features characterizing storage vesicles. These morphological features are sometimes reminiscent of MVBs or autophagic vacuoles. In addition, storage vesicles are large, polymorphic, poorly mobile, and contain highly heterogeneous materials. They might therefore be distinct from lysosomes which are usually small, highly dynamic, and contain homogeneous dense material.

Examination of storage vacuoles by electron microscopy consistently revealed cytoplasmic vacuoles having a high degree of heterogeneity according to the affected cell type, but also within the same cell. The content of these vacuoles ranges from clear amorphous material, granular material, internal debris, internal vesicles, membrane fragments, dense aggregates and multilamellar structures occasionally forming zebra bodies (Figure 6). Interestingly, different types of primary storage products can be associated with similar storage lesions. Indeed, similar vesicle features are observed in different diseases, for example the presence of zebra bodies is widespread amongst LSDs.

It should be emphasized here that cellular alterations in LSDs are not only caused by the primary storage material present in the lysosome, but rather by accumulation of various primary and secondary storage products at other intracellular and extracellular locations. The high heterogeneity in the ultrastructure of storage vacuoles is consistent with a differential or uneven distribution of individual storage materials. If cascades of events triggered in different diseases converge to common biochemical alterations and to the accumulation of common secondary storage products in different LSDs, it is then understandable that similar storage lesions are observed in different diseases. et al., 2010 ;Vitry et al., 2010 ;[START_REF] Vergarajauregui | Autophagic dysfunction in mucolipidosis type IV patients[END_REF] 

Accumulation of secondary metabolites

The identification of secondary metabolites in LSDs has often been the result of attempts to identify serum biomarkers that would be useful to follow disease progression and assess treatment efficacy. Some secondary metabolites are characteristic of a specific LSD, as chitotriosidase in Gaucher disease (as seen in section 2.5). A particular case comes from secondary accumulation of lipids, which is common to various LSDs. Secondarily accumulating lipids can belong to any of the major classes: sphingolipids, cholesterol and phospholipids [START_REF] Walkley | Secondary lipid accumulation in lysosomal disease[END_REF].

Sphingolipids

The gangliosides GM2 and GM3 are the main sphingolipids accumulating in the brain of neurodegenerative LSDs comprising Niemann-Pick diseases, MPS, prosaposin deficiency, as well as some glycoproteinoses and NCL. The secondary accumulation of GM2 and GM3 gangliosides is believed to participate in neuropathology. Although being often sequestered within the same neuron, GM2 and GM3 are not necessarily cosequestered in the same vesicles. This suggests that these two gangliosides are sequentially processed in physically separate compartments within the endo-lysosomal system. Another hypothesis would be that they are being generated by independent cellular processes, e.g. by the synthetic versus degradative pathways.

A few studies have been performed on diseases with peripheral involvement. In the liver and spleen of Niemann-Pick diseases, sphingolipids amongst which GM2 and GM3

were also found to accumulate.

Cholesterol

Unesterified cholesterol accumulation has been reported in the liver and spleen of all three types of Niemann-Pick diseases. Whereas increase in cholesterol levels is 

Phospholipids

Different types of phospholipids are enriched in different LSDs. Interesting data come from a study performed in neurons from the mouse model of Gaucher disease. In these neurons, the levels of various phospholipids were elevated, which may account for the observed increase in neuritogenesis [START_REF] Bodennec | Phosphatidylcholine synthesis is elevated in neuronal models of Gaucher disease due to direct activation of CTP:phosphocholine cytidylyltransferase by glucosylceramide[END_REF].

Consequences

Extra-lysosomal accumulation of lipid storage products can interfere with various cellular processes, and importantly, it could perturb plasma membrane lipid rafts. Lipid rafts are specialized patches of membrane where cholesterol and sphingolipids accumulate. They represent signaling platforms that link receptor-ligand interactions at the cell surface with intracellular signal transduction events, and are sometimes referred to as "glycosynapses". Lipid rafts are not restricted to the plasma membrane; they can also be transported in the endocytic pathway. It has been reported that cholesterol and sphingolipid excess results in impaired trafficking and accumulation of lipid rafts in the late endosomal compartment [START_REF] Simons | Jamming the endosomal system: lipid rafts and lysosomal storage diseases[END_REF] and discussed in the next paragraph). As certain proteins selectively reside in raft membranes, raft-associated proteins might become inappropriately sequestered, preventing them from trafficking to their normal sites of function. Mislocalization of raft proteins would have possible consequences on cell signaling. One note of caution is appropriate. Sphingolipids and cholesterol would be expected to reside in the same compartment in such context.

However, as discussed above, they often appear in separate vesicle populations.

Alterations of intracellular trafficking

Since the fusion of lysosomes with late endosomes or autophagosomes is the terminal step of endocytosis and macroautophagy, respectively, a global lysosome malfunctioning can affect these pathways.

The best demonstration for malfunctioning of the endocytic pathway comes from experiments evaluating lipid trafficking in fibroblasts isolated from normal patients or LSD patients. When added exogenously, a short analogue of the sphingolipid lactosylceramide (LacCer) is transported to the Golgi in normal conditions. In fibroblasts obtained from some LSD patients (i.e. GM1 and GM2 gangliosidosis, prosaposin deficiency, metachromatic leukodystrophy, MPSIV, Fabry disease, Niemann-Pick disease, and Krabbe disease), it is misrouted and accumulates in late endosomes and lysosomes [START_REF] Marks | Endocytosis and sorting of glycosphingolipids in sphingolipid storage disease[END_REF]. In the group of sphingolipidstorage diseases, the underlying mechanism involves the close correlation between sphingolipid and cholesterol levels that we just saw. Based on the observation that Golgi targeting is restored upon cholesterol depletion, it has been postulated that altered intracellular distribution of cholesterol secondary to primary sphingolipid storage in turn leads to defective sphingolipid trafficking [START_REF] Puri | Cholesterol modulates membrane traffic along the endocytic pathway in sphingolipid-storage diseases[END_REF]. Cholesterol homeostasis is itself linked to the activity of Rab proteins [START_REF] Choudhury | Rab proteins mediate Golgi transport of caveola-internalized glycosphingolipids and correct lipid trafficking in Niemann-Pick C cells[END_REF]. Golgi targeting is dependent on several Rab proteins mediating vesicle trafficking along the endocytic pathway, implying that LacCer likely travels from late endosomes, and possibly from lysosomes to the Golgi. Overexpression of Rab proteins corrects the LacCer trafficking defect, and reduces cholesterol accumulation in LSD fibroblasts.

Another demonstration of defective endocytosis comes from experiments showing altered uptake of fluid-phase markers in NPC (Lachmann et al., 2004b).

Defective intracellular trafficking of proteins has also been reported in yeast models of LSDs. Depletion of the orthologue of the human protein responsible for juvenile NCL (Batten disease) in yeast led to mislocalization of the Golgi protein Yif1p to the vacuole, the yeast equivalent of the lysosome [START_REF] Chattopadhyay | The yeast model for Batten disease: a role for Btn2p in the trafficking of the Golgi-associated vesicular targeting protein, Yif1p[END_REF]. In a yeast model of mucolipidosis type IV, enhanced rate of uptake of fluid-phase markers and decreased degradation of endocytosed protein were seen [START_REF] Fares | Regulation of endocytosis by CUP-5, the Caenorhabditis elegans mucolipin-1 homolog[END_REF].

Alteration of autophagy is also believed to contribute to LSD pathogenesis. According to these data, it is not simply a dysfunction of the lysosome that is central to pathogenesis, but rather the entire endosomal/lysosomal system and autophagy that are compromised, impacting vesicle fusion and trafficking events.

Alterations of signaling pathways

There are different levels at which compounds accumulating in LSDs can affect signal transduction pathways [START_REF] Ballabio | Lysosomal disorders: from storage to cellular damage[END_REF]. First, storage compounds can function as ligands of receptors. Accumulation of extracellular storage compounds would lead to non-physiologic activation of these receptors. For example, GAGs accumulating in MPS can bind and activate the TLR4 receptor involved in the secretion of proinflammatory cytokines. Consistently, activation of TLR4 and its adaptor protein MyD88, leading to enhanced production of proinflammatory cytokines were reported in MPS animal models [START_REF] Ausseil | Early neurodegeneration progresses independently of microglial activation by heparan sulfate in the brain of mucopolysaccharidosis IIIB mice[END_REF][START_REF] Simonaro | Mechanism of glycosaminoglycan-mediated bone and joint disease: implications for the mucopolysaccharidoses and other connective tissue diseases[END_REF].

Second, storage compounds can modify receptor responses. There is evidence that GAGs bind various growth factors, and that extracellular accumulation of GAGs in MPS causes impaired growth factor signaling. One of such growth factors is fibroblast growth factor (FGF)-2. Accumulation of extracellular HS, a subtype of GAGs, in MPS type I interferes with the binding of FGF-2 to its receptor and impairs signal transduction through this cascade [START_REF] Pan | Functional abnormalities of heparan sulfate in mucopolysaccharidosis-I are associated with defective biologic activity of FGF-2 on human multipotent progenitor cells[END_REF]. As FGF-2 acts in neuroprotection, impaired FGF-2 signaling pathway would be relevant to neurodegeneration occurring in this disease.

Finally, it is also the subcellular localization of receptors that can be affected in LSDs. Endocytosis of activated receptor complexes represents a mean to terminate signaling. Disturbed endosomal-lysosomal trafficking in LSDs can have consequences on delivery of receptors from the plasma membrane to the lysosome by endocytosis, as in NPC. In this disease, TLR4 receptors are upregulated in the endosomal fraction, associated with possible decreased lysosomal degradation, contributing to the inflammatory state in this disease (Suzuki et al., 2007). Means by which the endocytic process can regulate signaling mechanisms do not only involve internalization of receptor-ligand complexes or regulation of the composition of membranes (e.g. lipid rafts), endocytosis also plays an active role in signal propagation and amplification [START_REF] Miaczynska | Not just a sink: endosomes in control of signal transduction[END_REF].

Alterations of calcium homeostasis

Defective intracellular calcium homeostasis is one of the most common pathological features in LSDs. The major intracellular calcium store comes from the ER. Calcium is released from the ER to the cytosol via two types of calcium-release channels that reside in the ER membrane, the ryanodine receptor and the inositol 1,4,5-trisphosphate-gated calcium-release channel. The opposite mechanism, calcium uptake from the cytosol into the ER lumen occurs via the Sarcoplasmic/Endoplasmic Reticulum Calcium-ATPase (SERCA).

In Gaucher disease, increased calcium release from the ER occurs through the ryanodine receptor. The major sphingolipid that accumulates in this disease, glucosylceramide, directly modulates and overactivates this receptor [START_REF] Vitner | Common and uncommon pathogenic cascades in lysosomal storage diseases[END_REF].

In Sandhoff and Niemann-Pick A diseases, elevated cytosolic calcium is due to a reduction in the rate of calcium uptake by SERCA. It has been shown in the case of Sandhoff disease that the storage compound GM2 ganglioside can modulate SERCA activity.

In GM1 gangliosidosis, calcium is depleted from the ER, due to GM1 interaction with the phosphorylated form of the inositol 1,4,5-trisphosphate-gated calcium-release channel [START_REF] Sano | GM1-ganglioside accumulation at the mitochondriaassociated ER membranes links ER stress to Ca(2+)-dependent mitochondrial apoptosis[END_REF].

Defective calcium homeostasis can also affect other organelles than the ER. While mitochondrial calcium homeostasis is altered in at least two LSDs, GM1 gangliosidosis and mucolipidosis type IV, defective lysosomal calcium homeostasis has been reported in NPC [START_REF] Lloyd-Evans | Niemann-Pick disease type C1 is a sphingosine storage disease that causes deregulation of lysosomal calcium[END_REF][START_REF] Sano | GM1-ganglioside accumulation at the mitochondriaassociated ER membranes links ER stress to Ca(2+)-dependent mitochondrial apoptosis[END_REF]. Finally, in Batten disease, calcium homeostasis is altered by inhibition of a plasma-membrane voltage-gated calcium channel [START_REF] Luiro | Batten disease (JNCL) is linked to disturbances in mitochondrial, cytoskeletal, and synaptic compartments[END_REF].

Impaired calcium homeostasis can lead to ER stress, oxidative stress, and cell death.

Whereas elevated cytosolic calcium results in activation of a mitochondria-mediated apoptotic pathway leading to caspase 9 activation, depletion of ER calcium stores induces ER stress and ER-mediated apoptosis through caspase 12 activation [START_REF] Ginzburg | The pathogenesis of glycosphingolipid storage disorders[END_REF]. In addition, depletion of ER calcium stores interferes with proper folding of proteins in the ER lumen. As a consequence, cells enter a form of ER stress, the 'unfolded protein response' (UPR), which causes suppression of global protein synthesis, activation of stress gene expression, and induction of apoptosis. Activation of UPR was shown in fibroblasts from a wide variety of both neurodegenerative and nonneurodegenerative LSDs [START_REF] Wei | ER and oxidative stresses are common mediators of apoptosis in both neurodegenerative and non-neurodegenerative lysosomal storage disorders and are alleviated by chemical chaperones[END_REF], and was confirmed in the human infantile NCL brain, and using the GM1 gangliosidosis mouse model [START_REF] Kim | Endoplasmic reticulum stress-induced caspase-4 activation mediates apoptosis and neurodegeneration in INCL[END_REF][START_REF] Tessitore | GM1-gangliosidemediated activation of the unfolded protein response causes neuronal death in a neurodegenerative gangliosidosis[END_REF]. However, mouse models of Gaucher disease and sialidosis showed no evidence for UPR activation [START_REF] Farfel-Becker | No evidence for activation of the unfolded protein response in neuronopathic models of Gaucher disease[END_REF][START_REF] Tessitore | GM1-gangliosidemediated activation of the unfolded protein response causes neuronal death in a neurodegenerative gangliosidosis[END_REF].

Defects in calcium homeostasis are of particular relevance for LSDs with CNS involvement. Calcium plays an important role in excitable cells such as neurons, where it induces immediate responses such as neurotransmitter release, as well as long-term responses via activation of cell signaling pathways. Dysregulation of calcium homeostasis may lead to neuronal dysfunction. In addition, high calcium concentrations may be toxic for neurons.

Oxidative stress and mitochondrial abnormalities

The imbalance between the production of reactive oxygen species (ROS) and antioxidant capacities of cells and organs leads to oxidative stress. ROS encompass a variety of chemical species, including superoxide ions, hydroxyl radicals, and hydrogen peroxide. Increased ROS levels result in oxidation of macromolecules such as nucleic acids, lipids and proteins, which alter their structure and function. In addition, increased ROS levels constitute a stress signal that activates specific redox-sensitive signaling pathways and may impact processes such as cell adhesion, immune responses or apoptosis [START_REF] Droge | Free radicals in the physiological control of cell function[END_REF]. Oxidative stress has been highlighted in many neurodegenerative disorders including LSDs. In these diseases, oxidative stress may mediate neuronal damage and cell death. As lysosomes are very susceptible to oxidative stress, neuronal damage might be even more important in LSDs, due to the lysosomal overload. Oxidative stress phenomena have been reported in MPSI, MPSII, MPSIIIA, MPSIIIB, NPC, Gaucher disease, Fabry disease, or NCL [START_REF] Arfi | Neuroinflammatory and oxidative stress phenomena in MPS IIIA mouse model: the positive effect of long-term aspirin treatment[END_REF][START_REF] Deganuto | Altered intracellular redox status in Gaucher disease fibroblasts and impairment of adaptive response against oxidative stress[END_REF][START_REF] Filippon | Oxidative stress in patients with mucopolysaccharidosis type II before and during enzyme replacement therapy[END_REF][START_REF] Fu | Oxidative stress in Niemann-Pick disease, type C[END_REF][START_REF] Heine | Enhanced expression of manganese-dependent superoxide dismutase in human and sheep CLN6 tissues[END_REF][START_REF] Reolon | Alterations in oxidative markers in the cerebellum and peripheral organs in MPS I mice[END_REF][START_REF] Shen | Globotriaosylceramide induces oxidative stress and up-regulates cell adhesion molecule expression in Fabry disease endothelial cells[END_REF][START_REF] Villani | Mucopolysaccharidosis IIIB: oxidative damage and cytotoxic cell involvement in the neuronal pathogenesis[END_REF].

Mitochondria are potent generators of ROS; therefore, functional compromise of this organelle has a large impact on oxidative homeostasis. Mitochondrial abnormalities have been seen in several LSDs including MPSIIIB and several forms of NCL such as late infantile NCL, as well as Batten disease. These abnormalities consist in altered enlarged mitochondria and/or accumulation of subunit c of mitochondrial ATP synthase (scMAS) [START_REF] Ezaki | Molecular basis of lysosomal accumulation of subunit c of mitochondrial ATP synthase in neuronal ceroidlipofuscinosis[END_REF][START_REF] Hall | Lysosomal storage of subunit c of mitochondrial ATP synthase in Batten's disease (ceroidlipofuscinosis)[END_REF][START_REF] Ryazantsev | Lysosomal accumulation of SCMAS (subunit c of mitochondrial ATP synthase) in neurons of the mouse model of mucopolysaccharidosis III B[END_REF]. Since autophagy is the major route for destruction of damaged mitochondria, a defective autophagy pathway, as seen in a number of LSDs, may lead to accumulation of dysfunctional mitochondria, accompanied by increased oxidative stress.

Inflammation

Although the LSDs involve storage of self-components which should be immunologically silent, a common host response is the inappropriate activation of the innate immune system, inducing an atypical inflammatory response. Microglia and macrophages play a prominent role in this process. In type 1 Gaucher disease, acid-betaglucosidase storage in macrophages leads to macrophage activation and release of cytokines and chemokines. In LSDs with CNS pathology, brain inflammation is common. In the brain, the inflammatory response is triggered by expansion and activation of resident microglia and astrocytes, and/or by influx of blood monocytes that, in turn, are activated. Activated astrocytes and microglia produce potentially neurotoxic chemokines and cytokines. Whereas the association of chronic neurodegeneration and inflammation is well established, the causative links between these events is debated. Numerous studies indicate that the inflammatory process may trigger acute neurodegeneration and/or dysmyelination, exacerbating pathogenesis. This implies that anti-inflammatory medications such as non-steroidal anti-inflammatory drugs, anti-cytokines, immunosuppressants or immunomodulators might be beneficial in some LSDs. In Sandhoff and Krabbe diseases and in NPC, anti-inflammatory therapy when administered alone or in combination with other therapeutic approaches was able to prolonge lifespan of affected mice [START_REF] Jeyakumar | NSAIDs increase survival in the Sandhoff disease mouse: synergy with N-butyldeoxynojirimycin[END_REF][START_REF] Luzi | Effects of treatments on inflammatory and apoptotic markers in the CNS of mice with globoid cell leukodystrophy[END_REF]Smith et al., 2009). In contrast, other studies suggest that microglial activation might be primed by the ongoing pathology, and that inhibition of microglia priming has no effect on the neurodegenerative course, like in MPSIIIB [START_REF] Ausseil | Early neurodegeneration progresses independently of microglial activation by heparan sulfate in the brain of mucopolysaccharidosis IIIB mice[END_REF].

The exact mechanisms that lead to macrophages and microglia activation are unknown. Storage in these cells could induce mislocalization of key proteins to the lysosome, resulting in disrupted cell signaling. One trigger could be the clearance of apoptotic neurons by phagocyting microglia. In normal conditions, the apoptotic process is anti-inflammatory in nature. In LSDs, clearance of apoptotic neurons, which are themselves accumulating storage products, could result in the development of a proinflammatory response.

CNS cell pathology

In the CNS, LSDs do not only impact neurons. Oligodendroglia -the myelin producing cells-can be affected, leading to myelinopathy. Astrocytes can be activated (astrocytosis), as well as microglia. Affected neurons contain storage vacuoles in the cell body and in dendrites, but not typically in axons. Storage is not acutely cytotoxic and does not lead to neuron death in the early stages of most types of LSDs. Neurons may rather survive for years, while exhibiting important morphological changes.

Neuronal pathology is therefore chronic, in line with the progressive evolution of brain pathology in LSDs. Only by end stage disease, neuronal cell loss is observed, leading to brain atrophy. One exception is the family of neuronal ceroid lipofuscinoses in which neurons are subject to early death.

Morphological changes affecting neurons are termed ectopic dendritogenesis and axonal spheroids [START_REF] Walkley | Cellular pathology of lysosomal storage disorders[END_REF]) (Figure 7). Whereas the former change selectively impacts cortical pyramidal neurons, Purkinje cells are particularly vulnerable to the latter phenomenon. Ectopic dendritogenesis consists in the abnormal sprouting of new dendrites at the axon hillock. Axonal spheroids represent axon swellings and contain material with similar ultrastructure features across many types of LSDs, composed of collections of tubulovesicular profiles, mitochondria and dense and multivesicular-type bodies.

Another type of axon enlargement can be found: meganeurites. In contrast to axonal spheroids which are enlargements distal to the initial segment of the axon, meganeurites are enlargements proximal to this region. The morphology of meganeurites is disease specific as they contain typical storage bodies consistent with the defective lysosomal enzyme.

Defects in neuritogenesis are also frequently found. Reduced neurite outgrowth was described in primary cultures of neurons from animal models of LSDs including Sandhoff disease or NCL [START_REF] Dunn | Growth factorinduced neurite growth in primary neuronal cultures of dogs with neuronal ceroid lipofuscinosis[END_REF][START_REF] Pelled | Reduced rates of axonal and dendritic growth in embryonic hippocampal neurones cultured from a mouse model of Sandhoff disease[END_REF][START_REF] Sango | Impaired neurite outgrowth in the retina of a murine model of Sandhoff disease[END_REF], whereas neurite outgrowth was increased in the mouse models of Gaucher disease and MPSIIIB [START_REF] Bodennec | Phosphatidylcholine synthesis is elevated in neuronal models of Gaucher disease due to direct activation of CTP:phosphocholine cytidylyltransferase by glucosylceramide[END_REF][START_REF] Hocquemiller | GAP43 overexpression and enhanced neurite outgrowth in mucopolysaccharidosis type IIIB cortical neuron cultures[END_REF].

Neuronal changes represent an issue in terms of treatment since they seem to be irreversible. Once formed, ectopic dendrites and axonal spheroids remain after enzyme replacement and absence of the disease process, albeit neuronal vacuolation is normalized [START_REF] Walkley | Ectopic axon hillockassociated neurite growth is maintained in metabolically reversed swainsonineinduced neuronal storage disease[END_REF]. Although little is known about the link between lysosomal defects and changes in neuronal morphology, this certainly has profound consequences for neuron function.

Disruption of the endosomal-lysosomal function and ganglioside storage in neurons can possibly explain the formation of axonal spheroids, the growth of ectopic dendrites and cell death.

A clear link has been established between GM2 ganglioside accumulation and ectopic dendritogenesis. A series of studies in fact established GM2 ganglioside as a metabolic product consistently elevated in the cerebral cortex of all LSDs characterized by ectopic dendritogenesis, with a correlation between the level of GM2 ganglioside and the extent of ectopic dendrite growth [START_REF] Siegel | Growth of ectopic dendrites on cortical pyramidal neurons in neuronal storage diseases correlates with abnormal accumulation of GM2 ganglioside[END_REF]). In addition, immunocytochemistry studies revealed GM2-positive vesicles localized in the cytoplasm of pyramidal neurons bearing ectopic dendrites [START_REF] Walkley | Pyramidal neurons with ectopic dendrites in storage diseases exhibit increased GM2 ganglioside immunoreactivity[END_REF]. The increase in GM2 is seen as a cause rather than a consequence of ectopic dendritogenesis. As mentioned earlier, GM2 accumulation can be responsible for alterations of calcium homeostasis and subsequent ER stress response resulting in apoptosis and neuron cell death.

Perturbation of the endosomal-lysosomal system in neurons may have a profound influence over signaling events at the synapses. For example, the density of the postsynaptic AMPA ( -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor is regulated in a highly dynamic manner by endocytosis. The depolarization of AMPA receptors is responsible for generating fast excitatory neurotransmission. Therefore, the endocytic process is positioned to have a critical influence on synaptic plasticity. It has been shown that overexpressing the GluR2 subunit of AMPA receptors in cultured neurons induces ectopic dendritogenesis [START_REF] Passafaro | Induction of dendritic spines by an extracellular domain of AMPA receptor subunit GluR2[END_REF]. Compromise in AMPA receptor cycling secondary to compromise of the endosomal-lysosomal system is therefore a possible explanation for the formation of ectopic dendrites. Impaired growth factor signaling may also account for this phenomenon. It is known that growth factors, when applied on cortical neurons cultures, can cause exuberant growth of dendrites [START_REF] Mcallister | Neurotrophins and neuronal differentiation in the central nervous system[END_REF].

Finally, storage bodies accumulating in the cell body of neurons might cause a block in retrograde transport of endocytic vesicles or other material from the axon to the cell body, inducing series of downstream consequences with prominent effects on neuronal morphology [START_REF] Bellettato | Pathophysiology of neuropathic lysosomal storage disorders[END_REF][START_REF] Jeyakumar | Storage solutions: treating lysosomal disorders of the brain[END_REF]. The structural characteristics of heterogeneous materials accumulating in spheroids suggest that they may be the result of defects in retrograde transport. Indeed, accumulation of highly similar materials was reported when lesions were provoked in the distal axonal segments, or by interrupting retrograde transport using low temperature [START_REF] Smith | The short term accumulation of axonally transported organelles in the region of localized lesions of single myelinated axons[END_REF][START_REF] Tsukita | The movement of membranous organelles in axons. Electron microscopic identification of anterogradely and retrogradely transported organelles[END_REF]. The cell type most susceptible to spheroid formation, Purkinje cells, is also highly susceptible to cell death. Cell death may be explained by a block of retrograde movements of growth factors or other elements essential for cell survival.

Link with other neurodegenerative diseases

Alteration of lysosomal function is well known to participate to the neurodegenerative process in adult-onset neurodegenerative diseases such as Alzheimer's or Parkinson's diseases. In these diseases, not only the neuronal lysosomal system is impaired, but also the two major cellular pathways converging on the lysosome, namely endocytosis and autophagy. As a matter of fact, the neurodegenerative phenotype is often associated with accumulation of lysosomes, autophagic vacuoles or enlarged endosomes [START_REF] Nixon | Neurodegenerative lysosomal disorders: a continuum from development to late age[END_REF]. Other secondary events like brain inflammation, oxidative stress, mitochondrial dysfunction, ER stress, or calcium dysregulation are common to paediatric and adult neurodegenerative diseases. Therefore, knowledge of the mechanism of action of LSDs may allow elucidation of features of adult disorders.

Analogies between neurodegenerative diseases affecting the elderly and neurodegeneration associated to LSDs are best illustrated in Alzheimer's disease.

Alzeihmer's disease is characterized by deposits of beta-amyloid peptides and neurofibrillary tangles, composed of an abnormally phosphorylated form of the microtubule-associated protein Tau. A clear link has been established between these defects and lysosomal dysfunction, based on the following observations:

-Abundant active lysosomal hydrolases have been found surrounding amyloid plaques, implying that plaques may originate from lysosomal rupture [START_REF] Cataldo | Colocalization of lysosomal hydrolase and beta-amyloid in diffuse plaques of the cerebellum and striatum in Alzheimer's disease and Down's syndrome[END_REF].

-Amyloid-beta peptides can be produced through the endosomal-lysosomal system, under the action of lysosomal cathepsins [START_REF] Bahr | Induction of beta-amyloid-containing polypeptides in hippocampus: evidence for a concomitant loss of synaptic proteins and interactions with an excitotoxin[END_REF].

-Recent evidence has shown that dysfunction in the autophagic-lysosomal system impairs clearance of the protein Tau, and results in the formation of Tau insoluble aggregates in lysosomes [START_REF] Hamano | Autophagic-lysosomal perturbation enhances tau aggregation in transfectants with induced wild-type tau expression[END_REF].

-The Alzheimer's disease brain is characterized by enlarged endosomes and by accumulation of autophagic vacuoles in degenerating neurons [START_REF] Nixon | Extensive involvement of autophagy in Alzheimer disease: an immuno-electron microscopy study[END_REF].

It is therefore not surprising that tauopathy and accumulation of intracellular amyloid-beta peptides have been found in LSDs. Beta-amyloid aggregation has been reported in the brain of several LSDs including glycosphingolipid storage diseases or The presence of HS seems to be linked to CNS involvement, whereas the presence of other GAGs is associated with peripheral defects. In fact, MPSI, MPSII and MPSIII which accumulate HS all suffer from neurological manifestations, while MPSVI and MPSIV, which hardly accumulate HS suffer "only" from peripheral but not CNS involvement. 

MPSIII (also called

Molecular genetics, incidence and clinical manifestations

Mutations underlying MPSIII are highly heterogeneous. For example, over a hundred mutations are currently listed for MPSIIIB [START_REF] Beesley | Molecular defects in Sanfilippo syndrome type B (mucopolysaccharidosis IIIB)[END_REF][START_REF] Heron | Incidence and natural history of mucopolysaccharidosis type III in France and comparison with United Kingdom and Greece[END_REF]. Epidemiological studies in MPSIII did not allow the establishment of genotypephenotype correlations, but showed that some mutant alleles may predominate in specific populations [START_REF] Heron | Incidence and natural history of mucopolysaccharidosis type III in France and comparison with United Kingdom and Greece[END_REF].

Although MPSIII is a rare disease, it is with Gaucher disease and metachromatic leukodystrophy one of the most prevalent LSD. Epidemiological studies of MPSIII in France, UK and Greece indicated an incidence of 0.68 per 100,000 live-births in France, with an estimation of 1.19 per 100,000 live-births in Europe [START_REF] Heron | Incidence and natural history of mucopolysaccharidosis type III in France and comparison with United Kingdom and Greece[END_REF].

Sanflippo syndrome is heterogeneous regarding incidence of the different types in different countries. Whereas MPSIIIA predominates in northern Europe, MPSIIIB is the most prevalent in southern countries.

The median age at diagnosis is 4.5 years, with disease onset at 3.3 years. The appearance of symptoms can be divided into different phases [START_REF] Cleary | Management of mucopolysaccharidosis type III[END_REF]. In the first phase, between the ages of 1 and 4 years, the clinical pattern consists in developmental delay, principally regarding language development. The second phase commonly begins around the age of 3 to 4 years, and is marked by attention deficit disorder, abnormal behavior, hyperactivity and aggressiveness. During this phase, sleep is often disturbed. A loss of previously acquired skills (developmental regression) leads to loss of autonomy. Independent walking and relational interactions are lost around the age of 10 years. Progressive neurological deterioration ultimately evolves toward seizures and profound mental retardation, with brain MRI showing white matter abnormalities and cortical atrophy [START_REF] Zafeiriou | Serial magnetic resonance imaging findings in mucopolysaccharidosis IIIB (Sanfilippo's syndrome B)[END_REF]. In the final stage, children encounter feeding difficulties due to an impaired swallowing mechanism. Mobility is severely impaired due to spasticity and joint stiffness. The median age of death is between 15 and 17 years, often due to respiratory complications.

Peripheral manifestations are usually mild and develop late in the disorder. They include coarse hair and facies and minimal skeletal disease (mild joint stiffness and mild dysostosis multiplex). Recurrent and sometimes severe diarrhea is frequently reported.

Because somatic symptoms are mild, it often leads to a significant delay in diagnosis.

Treatment

No therapy is currently available for MPSIII: HSCT is not considered as a treatment option, and no ERT product is clinically available. Management consists of supportive care and treatment of specific complications. For example, physical therapy consisting in motion exercises may help relieve joint stiffness. Oxygen supply, tracheotomy or tonsillectomy may improve obstructive airway disease.

There are several animal models of MPSIII available, helping investigations for developing therapies. The biochemical and pathologic features of these animal models are similar to those encountered in humans, but the clinical presentation may be milder.

This paragraph will focus on the hope offered by gene therapy strategies, with particular emphasis on MPSIII type B for which a clinical trial is expected to start soon. In this disease, animal models include dogs and emu in which NAGLU mutations have occurred naturally, as well as a genetically engineered knockout mouse model [START_REF] Aronovich | Molecular basis of mucopolysaccharidosis type IIIB in emu (Dromaius novaehollandiae): an avian model of Sanfilippo syndrome type B[END_REF][START_REF] Ellinwood | A model of mucopolysaccharidosis IIIB (Sanfilippo syndrome type IIIB): N-acetyl-alpha-D-glucosaminidase deficiency in Schipperke dogs[END_REF][START_REF] Li | Mouse model of Sanfilippo syndrome type B produced by targeted disruption of the gene encoding alpha-N-acetylglucosaminidase[END_REF].

Proof-of-concept of gene therapy has first been established in MPSIIIB mice [START_REF] Cressant | Improved behavior and neuropathology in the mouse model of Sanfilippo type IIIB disease after adeno-associated virus-mediated gene transfer in the striatum[END_REF][START_REF] Fu | Neurological correction of lysosomal storage in a mucopolysaccharidosis IIIB mouse model by adeno-associated virus-mediated gene delivery[END_REF]. Focal sources of NAGLU were created in the mouse brain through stereotaxic injections of AAV vectors. Two different AAV serotypes coding for human NAGLU have been tested: AAV2 and AAV5. These vectors were injected at a single site in the brains of 6-weeks old MPSIIIB mice.

NAGLU was not only expressed at the site of injection. The enzyme was widely distributed in brain tissues. The extent of enzyme release beyond vector-positive regions was proportional to gene transfer and expression levels. The capture of NAGLU by microglia, astrocytes, and neurons was demonstrated by the disappearance of lysosomal storage lesions in areas devoid of vector genomes. In addition, NAGLU delivery induced a rapid reduction in GM2 and GM3 to normal levels and drastically reduced neuroinflammation in the entire brain. Finally, the aberrant behavior seen in MPSIIIB mice (hyperactivity and loss of fear), which recapitulates clinical symptoms in children, was corrected by treatment [START_REF] Cressant | Improved behavior and neuropathology in the mouse model of Sanfilippo type IIIB disease after adeno-associated virus-mediated gene transfer in the striatum[END_REF].

In order to translate proof-of-concept of safety and efficacy from mouse models to human application, AAV-mediated gene therapy was explored in the brain of MPSIIIB dogs [START_REF] Cressant | Improved behavior and neuropathology in the mouse model of Sanfilippo type IIIB disease after adeno-associated virus-mediated gene transfer in the striatum[END_REF]. Animals received eight deposits of an AAV2.5-hNAGLU vector. Vector preparation included the use of a baculovirus vector for the introduction of the various components needed for AAV vector assembly in insect Sf9 cells. This method ensures high vector titers. Immunosuppression was mandatory to prevent immune response against the therapeutic enzyme. Without immunosuppression, transduced cells are eliminated, impairing treatment efficacy, and neuroinflammation is triggered, raising serious safety concerns. In immunosuppressed dogs, vector was efficiently delivered throughout the brain and induced NAGLU production. Dosage of biochemical markers including GAGs, GM2 and GM3, and analysis of storage lesions on brain histological sections showed disease correction.

This preclinical study sets the basis for a phase I/II human trial aimed at assessing this treatment in Sanfilippo syndrome. Protocols for such trials will include the largescale production of a clinical batch of AAV2.5-hNAGLU vector under good manufacturing practices (GMP). The surgical procedure, the immunosuppression regimen, or eligibility criteria have been specified. Patients with already advanced neuropathology will be excluded, as significant benefit would not be expected. Gene therapy should preferentially be performed at an early stage of disease development, and in the young brain, as the brain at this stage of development retains considerable plasticity. Clinical and biological markers used to determine safety endpoints will be specified.

Although gene therapy has proven effective in preventing accumulation of primary and secondary storage products, and in correcting storage lesions in the brain of animal models of MPSIIIB, one ignore to which extent this treatment will halt or revert the loss of neuronal plasticity, and be sufficient to ensure satisfactory cognitive development of affected children. This is due to a lack of knowledge regarding the pathogenic bases of the neurological disease. To address this question, it is necessary to identify cellular and molecular mechanisms responsible for the loss of neuronal plasticity. This knowledge will define new disease markers that will be useful to assess treatment efficacy. Recent studies in MPSIIIB mouse brains or in cultured MPSIIIB mouse neurons have identified cell defects related to neuritogenesis and cell markers showing modified expression including the growth cone protein GAP43 (growth associated protein 43), the mitochondrial protein scMAS, the synaptic component synaptophysin or inflammation markers, which were all corrected by gene transfer to the brain, or to cell culture [START_REF] Ausseil | Early neurodegeneration progresses independently of microglial activation by heparan sulfate in the brain of mucopolysaccharidosis IIIB mice[END_REF][START_REF] Hocquemiller | GAP43 overexpression and enhanced neurite outgrowth in mucopolysaccharidosis type IIIB cortical neuron cultures[END_REF][START_REF] Vitry | Enhanced degradation of synaptophysin by the proteasome in mucopolysaccharidosis type IIIB[END_REF].

THE CELL BIOLOGY OF MPSIIIB

Specific cellular and molecular defects that have been highlighted as contributing to the neuronal pathology in MPSIIIB are detailed here. Most defects are in line with defects typically observed in LSDs, as discussed earlier in section 3. Some other defects have only been described in MPSIIIB so far, and have led to the introduction of new concepts regarding the pathophysiology of LSDs.

Storage products in MPSIIIB

In the MPSIIIB brain, HS accumulation is less prominent than would be expected from the genetic defect. Soluble HS is barely elevated in the brain of MPSIIIB mice, and only two-fold in the brain of human patients [START_REF] Hadfield | Pathologic findings in mucopolysaccharidosis type IIIB (Sanfilippo's sydnrome B)[END_REF][START_REF] Li | Mouse model of Sanfilippo syndrome type B produced by targeted disruption of the gene encoding alpha-N-acetylglucosaminidase[END_REF].

This suggests the existence of an alternative degradative pathway in the brain, likely using endo-heparanases to cleave HS into smaller fragments. In contrast, massive HS accumulation has been reported in somatic organs of MPSIIIB mice, primarily in liver and kidney, and to a lesser extent in lung, spleen, thymus and heart. In fact, whereas somatic organs primarily accumulate HS, MPSIIIB mouse neurons accumulate a number of secondary metabolites including the GM2 and GM3 gangliosides, cholesterol, ubiquitin, or scMAS. Ultrastructural studies indicate that GM2-, GM3-and scMAS-immunoreactive profiles appeared in vesicles containing membranous material reminiscent of zebra bodies, a hallmark of MPS diseases [START_REF] Mcglynn | Differential subcellular localization of cholesterol, gangliosides, and glycosaminoglycans in murine models of mucopolysaccharide storage disorders[END_REF][START_REF] Ryazantsev | Lysosomal accumulation of SCMAS (subunit c of mitochondrial ATP synthase) in neurons of the mouse model of mucopolysaccharidosis III B[END_REF]. GM3 showed partial colocalization with HS [START_REF] Mcglynn | Differential subcellular localization of cholesterol, gangliosides, and glycosaminoglycans in murine models of mucopolysaccharide storage disorders[END_REF]Vitry et al., 2010). GM2 and GM3 gangliosides consistently sequestered in separate populations of vesicles. As seen in sphingolipid storage disorders, ganglioside accumulation in MPSIIIB was associated with elevated levels of free cholesterol. A strong regional correlation was observed between cholesterol and GM3 storage, but not between cholesterol and GM2 storage. Elevated scMAS levels were detected in the same areas as GAGs and unesterified cholesterol and in the same cells as ubiquitin and GM3. Interestingly, there was no strong association between the lysosomal marker LAMP1 and primary or secondary storage products in cortical sections or cultured cortical neurons from MPSIIIB mice. In LAMP1-positive storage vesicles, either only little colocalization or no colocalization were detected with HS, GM3, scMAS, or ubiquitin (Vitry et al., 2010). These data are consistent with the notion that primary and/or secondary storage products mostly accumulate in structures distinct from LAMP1-positive storage vesicles.

Cellular basis for attenuated plasticity in the MPSIIIB brain

The FGF pathway

HS has a known role in FGF signaling on the cell surface. It interacts with FGF ligands, increasing the affinity of FGF for FGF receptors (FGFR). This results in the formation of a ternary complex, and subsequent activation of various signal transduction pathways. HS oligosaccharides (HSO) generated by heparanase digestion are biologically more active than the native HS-chain [START_REF] Ma | Heparanase deglycanation of syndecan-1 is required for binding of the epithelial-restricted prosecretory mitogen lacritin[END_REF]. They show more selective protein interactions and compete with native HS-chain for receptors binding.

In MPSIIIB cells, HSO may be excreted in excessive amounts and trapped in the extracellular matrix (ECM) on the cell surface. Increased local concentration and increased reactivity of HSO in the FGFR environment may modify FGFR signaling pathways.

In the MPSIIIB mouse brain, expression of the FGF receptor FGFR-1, as well as its two ligands FGF-1 and FGF-2 was attenuated [START_REF] Li | Attenuated plasticity in neurons and astrocytes in the mouse model of Sanfilippo syndrome type B[END_REF]. This presumably represents an adaptive response to elevated HSO levels in the ECM.

Key functions of FGF-2 are to regulate neurogenesis, as well as astrocytes proliferation and function. These functions were impaired in the MPSIIIB mouse brain, consistent with impaired FGF-2 expression. First, NSC showed a reduced capacity to proliferate. Second, an increase in the density of reactive astrocytes characterized by the glial fibrillary acidic protein marker (GFAP) was observed. These astrocytes however lacked responsiveness to acute injury. These deficits certainly lead to reduced neuronal health and attenuated plasticity.

Alterations of neuritogenesis

Neuritogenesis is a dynamic process combining neurite elongation, branching and retraction. Neurite outgrowth results from alternate periods of extension and retraction.

A balance between these two activities eventually ensures stabilization and maturation of the neuritic tree. In MPSIIIB mouse cortical neuron cultures, this balance was not achieved due to HSO accumulation [START_REF] Hocquemiller | GAP43 overexpression and enhanced neurite outgrowth in mucopolysaccharidosis type IIIB cortical neuron cultures[END_REF]. Defective retraction resulted in enhanced neurite length, increased branching and broader neuritic tree when neurite development was completed. This phenotype correlated with an increase of GAP43 expression levels over time, which was reported in MPSIIIB mouse cortical neuron cultures, and in MPSIIIB mouse brains [START_REF] Ausseil | Early neurodegeneration progresses independently of microglial activation by heparan sulfate in the brain of mucopolysaccharidosis IIIB mice[END_REF][START_REF] Hocquemiller | GAP43 overexpression and enhanced neurite outgrowth in mucopolysaccharidosis type IIIB cortical neuron cultures[END_REF][START_REF] Li | Attenuated plasticity in neurons and astrocytes in the mouse model of Sanfilippo syndrome type B[END_REF]. GAP43 is the major protein of the growth cone, which controls neurite extension in response to external cues. GAP43 is a protein kinase C substrate.

When dephosphorylated, it is found in areas of growth cone retraction. When phosphorylated, it can interact with several cytoskeletal proteins such as F-actin, stabilizing actin filaments and promoting neurite outgrowth [START_REF] Caroni | New EMBO members' review: actin cytoskeleton regulation through modulation of PI(4,5)P(2) rafts[END_REF][START_REF] Larsson | Protein kinase C and the regulation of the actin cytoskeleton[END_REF]. Increased GAP43 expression may account for extended neurite outgrowth in MPSIIIB, affecting cortical development and plasticity.

Synaptic pathology

Expression of synaptophysin, the most abundant protein of the synaptic vesicle membrane was diminished at a very early stage of the disease course in the MPSIIIB mouse cortex, as well as in cortical neuron cultures as a consequence of HSO accumulation [START_REF] Vitry | Enhanced degradation of synaptophysin by the proteasome in mucopolysaccharidosis type IIIB[END_REF]. This defect was due to modification of the synaptic vesicle components rather than a reduction of neuron or synapse numbers. The cause for reduced synaptophysin expression was an enhanced degradation by the proteasome. As synaptophysin presumably participates in exocytosis, in release of neurotransmitters, and in synaptic vesicle maturation, these data point to possible consequences on synaptic plasticity. Behavioural and cognitive defects observed at disease onset in MPSIIIB may partly arise from defects in synaptic functions.

Brain inflammation

In the MPSIIIB mouse model, it has been shown that the development of neuroinflammation may result from the stimulation of microglial cells by HSO accumulating in the extracellular environment [START_REF] Ausseil | Early neurodegeneration progresses independently of microglial activation by heparan sulfate in the brain of mucopolysaccharidosis IIIB mice[END_REF]. Microglia 

Origin of intracellular vacuoles

Ultrastructural studies on MPSIIIB brain tissues and on cultured neurons have demonstrated extensive distended vesicles with abundant stored material. A comprehensive analysis of these vesicles revealed that they were abnormal lysosomes (Vitry et al., 2010) (Figure 8). The presented lysosomal features, namely they expressed the lysosomal membrane protein LAMP1 and the lysosomal hydrolase IDUA, and they were acidic, as shown by labelling with lysotracker. They differed from lysosomes by their large size and heterogeneous morphology. And finally, they did not receive material from the endosomal and autophagy pathways, which performed normally. In The next section will concentrate on the description of the physiological functions of the Golgi apparatus and of the cis-Golgi protein GM130.

THE GOLGI APPARATUS

Structure

The Golgi apparatus is an organelle that is in close contact with the ER and has a perinuclear position. It is composed of disk-like membranes called cisternae. Golgi cisternae are arranged in a pile of ordered stacks of 3-8 cisternae. The Golgi stacks can be divided into three regions: cis-, medial-, and trans-Golgi. Newly synthesized proteins and lipids arrive from the ER at the cis side of a Golgi stack and then travel across the stack to the opposite trans-side where material exits for secretion. A potential advantage conferred by Golgi stacking is improved efficiency of trafficking through the Golgi, as there is little physical distance between cisternae.

A mammalian cell contains multiple Golgi stacks that are connected laterally by membrane tubules to form a Golgi ribbon. Homotypic tubular connections between equivalent cisternae can be formed. Tubules can also connect heterologous cisternaefor example a cis-cisterna in one region and a trans-cisterna in the next region. Such connections could facilitate the movement of molecules forwards and/or backwards through the Golgi to a significant extent.

In addition to stacks of cisternae, the Golgi is also composed of abundant vesicles, and of networks of branching tubules connected with the cis-most cisterna and the transmost cisterna. These tubular networks are referred to as the cis-Golgi network (CGN)

and the trans-Golgi network (TGN), respectively. Vesicles and tubules support transport of material within the Golgi, as well as transport to/from the Golgi. Most of intra-Golgi vesicles bear a COP (coatamer protein) coat and are about 50-60 nm diameter. Larger vesicles (80-90 nm diameter) emanate from the TGN and are covered with a clathrin coat that is thicker than the COP coats. The presence of clathrin-coated buds is a morphological hallmark of the TGN.

The Golgi apparatus is a highly dynamic and self-organizing organelle. It is able to rapidly change its shape, and to even disassemble and reassemble under a variety of physiological and pathological conditions. For example, the Golgi breaks down into small vesicles during mitosis. These vesicles partition between the two daughter cells, and are able to reassemble to produce a functional Golgi apparatus at the end of mitosis.

The drug brefeldin A (BFA) causes the Golgi to fragment and fuse with the ER.

Subsequent removal of the drug allows the Golgi to reappear.

The Golgi complex has two key functions. It houses the enzymes responsible for the processing of newly synthesized proteins and lipids, and serves as a site for the transport and sorting of these processed molecules to their final subcellular destinations.

A protein and lipid processing center

Proteins are synthesized by ribosomes present on the surface of the ER, and subsequently translocated in the ER lumen where N-glycosylation occurs on asparagine residues. Glycan chains introduced in the ER are homogeneous and relatively simple. It is in the Golgi apparatus that multiple processing reactions occur to produce more complex oligosaccharides and introduce structural diversification (see example of Nglycosylation, Figure 9). Golgi enzymes are compartmentalized, so that processing of cargo proteins and lipids occurs sequentially during passage through the Golgi. In general, enzymes acting early in glycan biosynthetic pathways are concentrated in cis and medial compartments, whereas enzymes acting later tend to reside within the trans-Golgi compartment. The Golgi apparatus can therefore be viewed as an "assembly line" for the production of correctly glycosylated proteins and lipids. Post-Golgi compartments are enriched in processed compounds while pre-Golgi membranes are enriched in precursor and immature forms. In the ER, the glycan chain is initially introduced on asparagine residues as a high-mannose type tetradecasaccharide that consists of three glucose (Glc), nine mannose (Man), and two Nacetylglucosamine (GlcNAc) residues (Glc 3 Man 9 GlcNAc 2 ). Terminal glucose residues are trimmed sequentially by two glucosidases, leading to non-glucosylated Man 9 -GlcNAc 2 saccharide chains. Once the glycoprotein has reached the Golgi complex, further mannose trimming occurs, and GlcNAc residues are added. Many pathways are possible for terminal glycosylation regarding the number of branches, and the number and identity of sugars added.

Here, addition of terminal sialic acid, fucose and galactose residues are represented. Adapted from [START_REF] Helenius | Intracellular functions of N-linked glycans[END_REF] In addition to the compartmentalization process, clusters of Golgi enzymes that direct the biosynthesis of specific glycan structures have been observed [START_REF] De Graffenried | The roles of enzyme localisation and complex formation in glycan assembly within the Golgi apparatus[END_REF]. For instance, two enzymes involved in N-linked glycan biosynthesis associate with one another, namely mannosidase II, and Nacetylglucosaminyltransferase I. Such associations have also been described in the case of enzymes involved in ganglioside biosynthesis (e.g. the two enzymes responsible for the sequential conversion of GM3 ganglioside to GM2 and GM1), or in the case of enzymes involved in HS biosynthesis (e.g. the two enzymes produced from the ext genes responsible for elongation of HS chains). ER-derived, or ERGIC-derived tubulo-vesicular structures are called ER-to-Golgi carriers. They are transported to the Golgi along microtubules, a process that requires microtubule motor proteins (primarily dynein, together with its cofactor dynactin) to drive motility [START_REF] Scales | Visualization of ER-to-Golgi transport in living cells reveals a sequential mode of action for COPII and COPI[END_REF].

A transport

Cargo transport through the Golgi

There are two models explaining cargo movement through the Golgi. The vesicle transport model proposes that the Golgi cisternae are stable pre-existing structures through which the cargo molecules pass. In this model, also called the stable Both models are in line with the presence of numerous vesicles in the Golgi area.

Many of these vesicles bear a COPI coat and are essential in intra-Golgi traffic. COPI vesicles may function in anterograde as well as retrograde transport through the stacks.

The distinction between the two models centers on the content and directionality of COPI-coated vesicles (Figure 10). In the stable compartment model, anterograde COPI vesicles carry the secretory cargo forward and exclude resident Golgi proteins. In the cisternal maturation model, retrograde COPI vesicles recycle Golgi proteins (including processing enzymes and structural components) to younger cisternae and exclude the secretory cargo. An important argument supporting this latter model is the demonstration that the secretory glycoprotein VSV-G (vesicular stomatis virus membrane glycoprotein) is excluded from COPI-coated vesicles. On the contrary, resident Golgi enzymes freely enter these vesicles [START_REF] Pelham | Traffic through the Golgi apparatus[END_REF].

Scenario for Golgi formation also depends on which model is accepted. In the stable compartment model, tubulo-vesicular structures emanating from the ERGIC fuse with an already existing cis-Golgi. In the maturation transport model, ERGIC compartments contain all the necessary components to build a new Golgi cis-cisterna. ERGIC components fuse with each other to generate new Golgi cisternae.

More recently, a new model for intra-Golgi trafficking has been developed, called the rapid-partitioning model. The motivation for the development of this new model came from studies of the kinetics of cargo transport in living cells [START_REF] Patterson | Transport through the Golgi apparatus by rapid partitioning within a two-phase membrane system[END_REF]. The classic cisternal maturation model predicts a lag before newly arrived cargo is exported from the Golgi. This prediction is based on the thesis that cargo molecules await arrival of enzymes for processing, which are delivered sequentially via retrograde trafficking, before they can exit from the Golgi. In addition, the cisternal maturation model predicts linear export kinetics, since it assumes that Golgi cisternae are formed at the cis face, move across the stacks, and peel off from the trans face at a constant rate.

Recent studies of cargo kinetics demonstrated that, in contrast to the predictions of the cisternal maturation model, cargo molecules exited at an exponential rate proportional to their total Golgi abundance with no lag period [START_REF] Patterson | Transport through the Golgi apparatus by rapid partitioning within a two-phase membrane system[END_REF]. Furthermore, upon arrival at the Golgi, cargo molecules quickly distributed throughout the system before differentially partitioning between two different membrane environments:

processing domains enriched in processing enzymes and export domains from which transport intermediates bud from the Golgi. One proof of this idea came from cells treated with BFA. Whereas Golgi processing enzymes were redistributed into the ER upon BFA treatment, the cargo protein VSV-G only partially returned to the ER. A significant amount of VSV-G remained in the Golgi region and continued to be packaged into transport carriers directed toward the plasma membrane. Given these results, a new model of intra-Golgi transport was constructed, that involves partitioning of cargo and Golgi enzymes within a two-phase membrane system.

The authors further included lipid trafficking pathways as an integral part of this model by showing that processing and export domains were characterized by specialized lipid environments that differentially retained resident and cargo proteins. It is well recognized that there is a cis-to-trans gradient of lipids through the Golgi, which mainly concerns glycerophospholipids and sphingolipids [START_REF] Bretscher | Cholesterol and the Golgi apparatus[END_REF].

This lipid gradient alone could explain the differential distribution of proteins within the stacks. Whereas domains enriched in glycerophospholipids preferentially retained Golgi processing enzymes, domains enriched in sphingolipids had a higher concentration of cargo molecules. A final key of this model relies on trafficking of cargo and processing enzymes in both directions through the Golgi. It has been proposed that rapid bidirectional trafficking throughout the Golgi system allows proteins to sample different lipid environments, and therefore promotes association with their optimal Golgi subdomain. For the first time, the rapid-partitioning model invokes lipid sorting as the driving force in intra-Golgi trafficking.

Sorting from the Golgi

Both the cis-and trans-faces of the Golgi apparatus are important sites for the sorting of proteins and lipids and delivery to specific subcellular destinations.

Sorting at the CGN participates in the recycling and transport of different molecules back to the ER. The majority of resident ER proteins contain the carboxy-terminal KDEL motif which is recognized by specific KDEL receptors present in the Golgi.

These molecules are subsequently packaged into COPI-coated vesicles, supporting retrograde transport to the ER.

The TGN is a sorting station for cargo destined to apical and basolateral domains of the plasma membrane, or to the endo-lysosomal system. For each destination, distinct GGA, AP-3, and clathrin-budding machineries does not affect the secretion of constitutive cargo proteins, but it interferes with the regular trafficking of lysosomal proteins [START_REF] Dell | Altered trafficking of lysosomal proteins in Hermansky-Pudlak syndrome due to mutations in the beta 3A subunit of the AP-3 adaptor[END_REF][START_REF] Hirst | A family of proteins with gamma-adaptin and VHS domains that facilitate trafficking between the trans-Golgi network and the vacuole/lysosome[END_REF][START_REF] Rehling | Formation of AP-3 transport intermediates requires Vps41 function[END_REF]. Apical sorting signals comprise divergent moieties including lipids [glycosylphosphatidyl-inositol (GPI)], sugars (N-glycans, or O-glycans), or peptide motifs. These sorting signals can contribute to association with proteins driving transport to the apical plasma membrane, for example with microtubule motor proteins [START_REF] Tai | Rhodopsin's carboxy-terminal cytoplasmic tail acts as a membrane receptor for cytoplasmic dynein by binding to the dynein light chain Tctex-1[END_REF]. Nlinked and O-linked proteins and lipids can be recognized by lectin receptors such as galectin [START_REF] Delacour | Apical sorting by galectin-3-dependent glycoprotein clustering[END_REF]. An unconventional mechanism for apical sorting is the association with lipid rafts. Many apical proteins have affinity for lipid microdomains assembled in the Golgi complex which are subsequently delivered to the apical membrane. Such association is mediated by the GPI anchor. Clustering of proteins associated with lipid rafts is the main mechanism for segregating apical raft-associated proteins from the basolateral proteins [START_REF] Schuck | Polarized sorting in epithelial cells: raft clustering and the biogenesis of the apical membrane[END_REF].

The presence of different sorting machineries implies that cargo molecules are segregated physically into different TGN microdomains, depending on their final subcellular destination. It has been shown that the tubular network that characterizes the TGN does not only emanate from the last trans-Golgi cisterna [START_REF] Ladinsky | Structure of the Golgi and distribution of reporter molecules at 20 degrees C reveals the complexity of the exit compartments[END_REF].

Tubules can also emanate from the two adjacent trans-Golgi cisternae. However, only the trans-most cisterna and the tubules originating from it show clathrin-coated buds.

Therefore, they primarily represent the exit site of molecules destined to the endolysosomal pathway. In contrast, secretory molecules presumably exit the preceding trans-cisternae via non-coated vesicles.

Shaping post-TGN carriers as vesicular and tubular structures requires membrane deformation and curvature, elongation of curved membranes into vesicular-tubular carriers, and fission. These mechanistic processes require cytoskeleton-based mechanical forces [START_REF] Anitei | Exit from the trans-Golgi network: from molecules to mechanisms[END_REF][START_REF] Hirschberg | Kinetic analysis of secretory protein traffic and characterization of golgi to plasma membrane transport intermediates in living cells[END_REF][START_REF] Polishchuk | Mechanism of constitutive export from the golgi: bulk flow via the formation, protrusion, and en bloc cleavage of large trans-golgi network tubular domains[END_REF]. Actin-based motor proteins (myosins) and microtubule-based motor proteins (kinesins) provide tensile forces for elongation and fission of post-TGN carriers.

Different kinesin (KIF) family members associate with different types of carriers. While KIF5B associates with all types of carriers, KIF1 and KIFC3 are associated with apical carriers, and KIF13A controls transport to the endo-lysosomal system. KIF13A interacts directly with AP-1. Its overexpression causes mislocalization of M6PR [START_REF] Nakagawa | A novel motor, KIF13A, transports mannose-6-phosphate receptor to plasma membrane through direct interaction with AP-1 complex[END_REF].

Molecular mechanisms of vesicle transport

Cytosolic coat proteins are recruited and assembled on specific sites of the donor membrane by small GTP-binding proteins (ADP-ribosylation factor [ARF] for COPI and clathrin, Sar1p for COPII). The assembled coat deforms the membrane and eventually pinches off to produce a transport vesicle loaded with luminal and membrane embedded cargo molecules. The vesicle moves toward the acceptor compartment by diffusion or with the aid of a cytoskeletal track. The vesicle is then tethered on the target membrane, a process involving golgins (Figure 12). Tethering events are followed by disassembly of the vesicle coat and fusion with the target membrane. Vesicle fusion is mediated by SNARE proteins that are on both sides of the fusing membranes. A SNARE on the transport vesicle (v-SNARE) specifically recognizes and binds a SNARE on the target membrane (t-SNARE), forming a trans-SNARE complex.

SNARE complex formation is responsible for bringing two apposed membranes in close proximity and promotes membrane fusion. 

The Golgi matrix

Between and surrounding the cisternae a dense protein network is present, the Golgi matrix, that contains proteins providing a structural scaffold and allowing tethering events. These proteins have been identified as members of the golgin and GRASP (Golgi reassembly and stacking protein) families.

Golgins are mainly coiled-coil proteins, and in some cases tail-anchored proteins associated with the cytoplasmic face of the Golgi membrane. Different golgins are located to distinct regions of the Golgi. For example, GM130 is preferentially localized to the cis-Golgi, whereas giantin and golgin97 are associated with the medial-and transside of the Golgi, respectively. This differential localization implies distinct roles for these proteins. Most golgins are regulated by interactions with small GTPases of the Rab family. Rab proteins may regulate golgin localization to Golgi membranes and induce conformational changes in the golgins, modulating their activity.

The coiled-coil nature of golgins implies that they have an extended rod-like conformation. This makes them ideal for linking or tethering membranes over a relatively large distance, allowing for the capture of both transport intermediates and Golgi elements (Figure 13). Tethering events are essential for the assembly and maintenance of the Golgi structure. Some golgins present at the Golgi rims are important for linking adjacent stacks forming the Golgi ribbon [START_REF] Diao | The coiled-coil membrane protein golgin-84 is a novel rab effector required for Golgi ribbon formation[END_REF]. In addition, cisternal stacking requires tethering of transport vesicles to Golgi cisternae, a process involving specific golgins [START_REF] Shorter | A role for the vesicle tethering protein, p115, in the post-mitotic stacking of reassembling Golgi cisternae in a cell-free system[END_REF]. Finally, some golgins play a role in linking the Golgi to the microtubule network, which is important for Golgi positioning in proximity to the centrosome [START_REF] Rios | GMAP-210 recruits gamma-tubulin complexes to cis-Golgi membranes and is required for Golgi ribbon formation[END_REF]Rivero et al., 2009).

Depleting these different types of golgins leads to Golgi fragmentation.

Tethering of transport vesicles such as retrograde and/or anterograde COPI vesicles or anterograde COPII vesicles to Golgi cisternae, as well as lateral tethering of Golgi elements to form a ribbon are followed by fusion events. In contrast, tethering of Golgi membranes during stacking of Golgi cisternae is not followed by fusion. Some golgins have been found to interact with SNARE proteins, directly coupling golgin-mediated tethering with SNARE-mediated fusion [START_REF] Ganley | A syntaxin 10-SNARE complex distinguishes two distinct transport routes from endosomes to the trans-Golgi in human cells[END_REF][START_REF] Shorter | Sequential tethering of Golgins and catalysis of SNAREpin assembly by the vesicle-tethering protein p115[END_REF].

Besides golgins, the Golgi matrix also contains two GRASP proteins. GRASP65 is restricted to the cis-Golgi while GRASP55 is present in more medial cisternae. Their role is to regulate Golgi stacking. GRASP proteins oligomerize in trans to hold the adjacent Golgi membranes into stacks. Depletion of GRASP65 or GRASP55 led to reduction of the number of cisternae per stack [START_REF] Sutterlin | The Golgi-associated protein GRASP65 regulates spindle dynamics and is essential for cell division[END_REF][START_REF] Xiang | GRASP55 and GRASP65 play complementary and essential roles in Golgi cisternal stacking[END_REF], while expression of non-regulatable GRASP65 or GRASP655 mutants enhanced Golgi stacking in interphase cells [START_REF] Tang | The role of GRASP65 in Golgi cisternal stacking and cell cycle progression[END_REF][START_REF] Xiang | GRASP55 and GRASP65 play complementary and essential roles in Golgi cisternal stacking[END_REF]. In addition, oligomerization of GRASP proteins between adjacent membranes mediates lateral fusion of the Golgi cisternae during Golgi ribbon formation. GRASP65 or GRASP55 depletion led to Golgi ribbon unlinking [START_REF] Feinstein | GRASP55 regulates Golgi ribbon formation[END_REF]Puthenveedu et al., 2006). The way by which GRASP proteins are able to regulate Golgi structure is through interactions with members of the golgin family. Whereas GRASP65 is able to bind GM130, GRASP55 interacts with golgin45. 

Golgi association with microtubules

A close relation exists between the Golgi and the microtubule cytoskeleton. In mammalian interphase cells, the Golgi ribbon is located next to the centrosome, which is composed of a pair of centrioles surrounded by a cloud of electron-dense material called the pericentriolar matrix. The pericentriolar -tubulin ring complexes ( -TuRCs) interact with AKAP450 (A kinase anchoring protein), promoting microtubule nucleation, with microtubule minus ends anchored at the centrosome, and plus ends extended toward the cell periphery [START_REF] Takahashi | Centrosomal proteins CG-NAP and kendrin provide microtubule nucleation sites by anchoring gamma-tubulin ring complex[END_REF]. After drug-induced depolymerization of microtubules, the structure and the pericentrosomal positioning of the Golgi ribbon is lost. The Golgi stacks are disconnected from each other, dispersed in the cytoplasm, and redistributed to ER exit sites [START_REF] Cole | Golgi dispersal during microtubule disruption: regeneration of Golgi stacks at peripheral endoplasmic reticulum exit sites[END_REF][START_REF] Turner | The response of the Golgi complex to microtubule alterations: the roles of metabolic energy and membrane traffic in Golgi complex organization[END_REF]. A similar phenotype is observed following inhibition of microtubule motor proteins, primarily dynein [START_REF] Burkhardt | The role of microtubule-based motor proteins in maintaining the structure and function of the Golgi complex[END_REF][START_REF] Corthesy-Theulaz | Cytoplasmic dynein participates in the centrosomal localization of the Golgi complex[END_REF][START_REF] Palmer | Specificity of cytoplasmic dynein subunits in discrete membrane-trafficking steps[END_REF]. One explanation for the Golgi scattering phenotype induced when dynein function is perturbed, or when microtubules are depolymerized, relies on their requirement for ER-to-Golgi traffic. Continued flow of material from the ER and concomitant inhibition of incorporation into Golgi stacks may result in Golgi fragmentation.

Although the centrosome is the major microtubule nucleation center, microtubules can also be nucleated by Golgi membranes according to a mechanism similar to that operating at the centrosome (Chabin-Brion et al., 2001) (Figure 14). Golgi-dependent microtubule nucleation requires the -TuRC complex, which may be recruited to the cis-Golgi through interactions with the Golgi proteins GMAP210 and AKAP450 [START_REF] Rios | GMAP-210 recruits gamma-tubulin complexes to cis-Golgi membranes and is required for Golgi ribbon formation[END_REF]Rivero et al., 2009;[START_REF] Takahashi | Centrosomal proteins CG-NAP and kendrin provide microtubule nucleation sites by anchoring gamma-tubulin ring complex[END_REF]. AKAP450 is thus localized at both the Golgi and the centrosome [START_REF] Takahashi | Characterization of a novel giant scaffolding protein, CG-NAP, that anchors multiple signaling enzymes to centrosome and the golgi apparatus[END_REF][START_REF] Witczak | Cloning and characterization of a cDNA encoding an Akinase anchoring protein located in the centrosome, AKAP450[END_REF], and controls microtubule nucleation at both locations. AKAP450 is a huge protein which does not only anchor microtubules, but also a variety of enzymes to the Golgi and the centrosome. For example, it can anchor kinases, phosphatases and phosphodiesterases [START_REF] Sillibourne | Centrosomal anchoring of the protein kinase CK1delta mediated by attachment to the large, coiled-coil scaffolding protein CG-NAP/AKAP450[END_REF][START_REF] Takahashi | Characterization of a novel giant scaffolding protein, CG-NAP, that anchors multiple signaling enzymes to centrosome and the golgi apparatus[END_REF][START_REF] Tasken | Phosphodiesterase 4D and protein kinase a type II constitute a signaling unit in the centrosomal area[END_REF]. It can also recruit cyclin E-cdk2, playing a role in centrosome duplication and cell cycle progression [START_REF] Nishimura | Centrosometargeting region of CG-NAP causes centrosome amplification by recruiting cyclin E-cdk2 complex[END_REF].

Golgi-nucleated microtubule seeds cannot give rise to microtubules unless they are associated with CLASP [CLIP (cytoplasmic linker protein)-associated proteins] [START_REF] Efimov | Asymmetric CLASP-dependent nucleation of noncentrosomal microtubules at the trans-Golgi network[END_REF]. CLASPs are recruited to the TGN; they coat microtubules nucleated at the cis-Golgi, promoting their stabilization and subsequent elongation toward the cell periphery. Microtubule seeds may either be formed at the cis-Golgi, dissociate, and bind the TGN or, consistent with the cisternal maturation model, they may stay associated with maturing cisternae until they become enriched in TGN proteins. Another possibility would be that short microtubules nucleated at the cis-Golgi elongate within the Golgi ribbon until they reach the TGN where their plus ends are stabilized by GRASPs.

Golgi-derived microtubules are more extensively modified than those nucleated at the centrosome. Besides the acquisition of a CLASP coat, Golgi-derived microtubules become rapidly acetylated, which makes them more stable and resistant to nocodazoleinduced depolymerization [START_REF] Chabin-Brion | The Golgi complex is a microtubule-organizing organelle[END_REF]. The organization of microtubules differs depending on whether they are nucleated at the Golgi or at the centrosome. In sharp contrast to radial centrosomal arrays, microtubules nucleated at the Golgi are preferentially oriented toward the leading edge of a migrating cell, resulting in an asymmetric network [START_REF] Efimov | Asymmetric CLASP-dependent nucleation of noncentrosomal microtubules at the trans-Golgi network[END_REF]. Besides the subset forming the asymmetric network, a second subset of Golginucleated microtubules is critical for establishing continuity and proper morphology of the Golgi complex (Miller et al., 2009). This subset is arranged in a tangential fashion.

Tangential microtubules act in a 'search and capture' manner to bring together individual Golgi stacks. Lateral linking of Golgi mini-stacks by microtubules is followed by membrane fusion between adjacent stacks through a machinery involving GRASP proteins and probably SNARE complexes. In the absence of Golgi-derived microtubules, either when CLASP was depleted, or when AKAP450 was specifically dissociated from the Golgi without affecting the centrosomal fraction, Golgi fragments gathered in a circular array around the centrosome, but they failed to assemble and form a well-organized Golgi ribbon (Hurtado et al., 2011;Miller et al., 2009). As a consequence of disrupted functional continuity of the Golgi complex, Golgi enzyme mobility between stacks was decreased (Miller et al., 2009). The current model proposes that centrosome-derived and Golgi-derived microtubules act in concert for establishing proper organization of the Golgi complex. While Golgi-nucleated microtubules support Golgi ministacks clustering and assembly into a connected ribbon in the cell periphery, centrosomal microtubules drive transport of Golgi elements from the cell periphery to the cell center. Both steps depend on dynein [START_REF] Burkhardt | The role of microtubule-based motor proteins in maintaining the structure and function of the Golgi complex[END_REF]Miller et al., 2009;Rivero et al., 2009).

Role in cell polarization and migration

The Golgi ribbon needs to be dynamic during cell polarization, which is a prerequisite to cell migration. During polarization, both the centrosome and the Golgi undergo reorientation to face the leading edge of the cell. This process depends on GRASP65 phosphorylation by ERK (extracellular signal-regulated kinase) [START_REF] Bisel | ERK regulates Golgi and centrosome orientation towards the leading edge through GRASP65[END_REF]. Expression of non-phosphorylatable forms of GRASP65 prevented Golgi and centrosome repositioning toward the leading edge and cell migration. Intriguingly, this block was overcome when Golgi membranes were artificially fragmented, indicating that Golgi membranes have to be remodeled to allow the coordinated reorientation of the centrosome and the Golgi. Even though the Golgi is dependent upon the centrosome for its positioning (see 6.5), the converse is also true. The mechanism by which GRASP65 phosphorylation induces Golgi remodeling during directed cell migration in interphase cells is similar to that brought into play during mitotic Golgi fragmentation (further detailed in section 7.4). ERK-driven GRASP65 phosphorylation causes loss of GRASP65 oligomerization, leading to Golgi cisternal unstacking.

Polarized cell motility is not only characterized by reorientation of the Golgi and centrosome toward the leading edge. Another hallmark of this process is the accumulation of Golgi-originated, post-translationally modified microtubules extending in the direction of the leading edge. The asymmetric microtubule network emanating from the Golgi apparatus provides tracks that support directional transport of Golgiderived carriers to the cell front, a function that is essential for directional cell migration. In absence of Golgi-nucleated microtubules induced by CLASP depletion, polarized post-Golgi trafficking toward the leading edge was lost (Miller et al., 2009).

Instead, cells showed randomized symmetric trafficking patterns. Directionality, but not efficiency of post-Golgi trafficking was affected. Random post-Golgi trafficking was accompanied with random migration. Abolishing microtubule formation at the Golgi through depletion of Golgi-localized AKAP450 but not centrosomal AKAP450, resulted in similar cell migration defects, although the Golgi and centrosome were able to reorient correctly (Rivero et al., 2009).

Finally, the pericentrosomal Golgi positioning is crucial for cell polarization and directional cell migration, further strengthening the importance of functional interactions between the Golgi and the centrosome. Cells lacking the golgin GMAP210 or golgin160 showed a fragmented and dispersed Golgi [START_REF] Yadav | A primary role for Golgi positioning in directed secretion, cell polarity, and wound healing[END_REF]. These cells were unable to form an asymmetric network of acetylated microtubules, they failed to secrete proteins in a directional manner and to efficiently re-orientate their centrosomes.

Consistently, directed cell migration was lost. This study could not discriminate between the possibilities that loss of the Golgi ribbon integrity, or mislocalization of the Golgi, or both could affect cell polarization and directed cell migration. A recent study proposed that loss of the pericentrosomal position of the Golgi ribbon, rather than loss of Golgi ribbon integrity impacts directional cell polarization and migration (Hurtado et al., 2011). In this study, truncated AKAP450 fragments possessing Golgi binding capacities were overexpressed to specifically dissociate endogenous AKAP450 from the Golgi without affecting centrosomal AKAP450. Two different fragments were used, both inhibiting AKAP450-dependent Golgi nucleation capacities. The first fragment induced Golgi fragmentation without affecting its pericentrosomal positioning. This phenotype solely resulted from impaired microtubule nucleation at the Golgi.

Expression of this fragment did not interfere with dynein recruitment to the Golgi, and Golgi elements could be translocated to the cell center, gathering in a circular array around the centrosome. Overexpression of this fragment showed normal cell polarization and migration patterns, although delayed kinetics were observed. In contrast, the second fragment preserved integrity of the Golgi ribbon but induced separation of the Golgi ribbon from the centrosome. Contrary to the first fragment, this second fragment retained ability to bind microtubules, which presumably increased the chances of Golgi mini-stacks to encounter each other and assemble into an elongated ribbon. This truncated form of AKAP450 may interfere with dynein activity and inhibit transport of Golgi elements to the cell center. Overexpression of the second fragment prevented the cells from reorienting their centrosome and Golgi correctly, resulting in random migration patterns. This study is however controversial, since it implies that tangential linking of the Golgi stacks can be formed in the absence of Golgi-derived microtubules, and that centrosome-derived microtubules can compensate for this deficiency. In addition, it suggests that neither the Golgi morphology, nor Golgiassociated microtubule nucleation are critical for establishing polarized cell migration.

A signaling platform

A variety of signaling molecules are associated with Golgi membranes, including heterotrimeric G proteins, kinases such as Src family kinases (SFKs) or protein kinases A, C and D (PKA, PKC and PKD), molecules of the mitogen-activated protein kinase (MAPK) pathway such as Ras or ERK, and molecules of the Rho GTPases pathway such as Cdc42 [START_REF] Mayinger | Signaling at the Golgi[END_REF]Wei and Seemann, 2009b;[START_REF] Wilson | The Golgi apparatus: an organelle with multiple complex functions[END_REF]. These signaling transducers have diverse cellular roles. They are involved in the regulation of trafficking, cell polarization, cell motility and cell proliferation. They can also regulate the function of the Golgi. Therefore, the Golgi serves as an important signaling platform.

A center for integrating extracellular signals

The Golgi has been identified as a relay station for signaling networks initiated at the plasma membrane in response to extracellular stimuli. A growing body of evidence indicates that the Golgi may sense and integrate signals triggered at the plasma membrane, and thereby participate in the regulation of downstream events. Such coordination between signaling events at the cell surface and at the Golgi is best illustrated by the Ras-induced signaling pathway.

Ras proteins are small GTPases that regulate cell proliferation, differentiation, and migration. In response to growth factors [e.g. epidermal growth factor (EGF) or FGF],

extracellular receptors of the receptor tyrosine kinases family [e.g. EGF receptor (EGFR) or FGFR] dimerize, followed by autophosphorylation of tyrosine residues present in the cytoplasmic domain of the receptor molecule. The adaptor protein Grb2 binds to the phosphorylated tyrosine residues of activated receptors and recruits the GEF, SOS at the plasma membrane, activating Ras. However, Ras activation does not only occur at the plasma membrane. A significant portion of Ras is localized and activated at the Golgi apparatus in response to growth factor stimulation. At the Golgi, Ras is activated differently, through non-receptor protein tyrosine kinases of the Src family, which activates phospholipase C 1 [START_REF] Bivona | Phospholipase Cgamma activates Ras on the Golgi apparatus by means of RasGRP1[END_REF].

Ras activation kinetics differ between the Golgi and the plasma membrane.

Activation of Ras at the plasma membrane is rapid and transient, whereas activation of Golgi-localized Ras is delayed but sustained [START_REF] Chiu | Ras signalling on the endoplasmic reticulum and the Golgi[END_REF]. The same second messenger, calcium, coordinates the shutdown of Ras activation at the plasma membrane, while activating Ras signaling at the Golgi.

Downstream effectors include the MAPK/ERK pathway. Ras activation stimulates ERK phosphorylation, with different ERK outpouts depending on the spatial membrane environment [START_REF] Inder | Activation of the MAPK module from different spatial locations generates distinct system outputs[END_REF]. Through this spatial regulation of Ras/ERK-mediated signaling events, different biological outcomes can be generated [START_REF] Inder | Activation of the MAPK module from different spatial locations generates distinct system outputs[END_REF][START_REF] Matallanas | Distinct utilization of effectors and biological outcomes resulting from site-specific Ras activation: Ras functions in lipid rafts and Golgi complex are dispensable for proliferation and transformation[END_REF][START_REF] Onken | Compartmentalized signaling of Ras in fission yeast[END_REF]. In addition, the biological outcome depends on the amplitude and longevity of ERK signal. EGF is reported to invoke transient activation of ERK, resulting in cell proliferation of PC12 cells. FGF treatment induced sustained activation of this signaling pathway and resulted in differentiation of PC12 cells into a neuron-like phenotype [START_REF] Kao | Identification of the mechanisms regulating the differential activation of the mapk cascade by epidermal growth factor and nerve growth factor in PC12 cells[END_REF][START_REF] Wong | Sprouty2 attenuates epidermal growth factor receptor ubiquitylation and endocytosis, and consequently enhances Ras/ERK signalling[END_REF][START_REF] Yamada | Model analysis of difference between EGF pathway and FGF pathway[END_REF].

A well-described target for growth factor-induced ERK signaling on Golgi membranes is GRASP65. ERK activation leads to GRASP65 phosphorylation [START_REF] Yoshimura | Convergence of cell cycle regulation and growth factor signals on GRASP65[END_REF], inducing remodeling of the Golgi architecture, and subsequent directed cell migration [START_REF] Bisel | ERK regulates Golgi and centrosome orientation towards the leading edge through GRASP65[END_REF].

Other signal transduction molecules regulated by extracellular cues have been localized on the Golgi, such as the small GTPase of the Rho family, Cdc42, as well as other components of the Rho GTPases signaling pathway [START_REF] Donaldson | Sorting and signaling at the Golgi complex[END_REF][START_REF] Larocca | AKAP350 interaction with cdc42 interacting protein 4 at the Golgi apparatus[END_REF][START_REF] Matas | Association of Cdc42/N-WASP/Arp2/3 signaling pathway with Golgi membranes[END_REF][START_REF] Miura | ARAP1: a point of convergence for Arf and Rho signaling[END_REF][START_REF] Wu | The gamma-subunit of the coatomer complex binds Cdc42 to mediate transformation[END_REF]. This pathway regulates actin reorganization induced by a wide range of extracellular signals. Actin remodeling is essential in multiple cellular functions such as cell adhesion to the ECM and cell migration. Important receptors driving transduction of extracellular cues to the actin cytoskeleton are integrin receptors [START_REF] Kim | Extracellular matrix and cell signalling: the dynamic cooperation of integrin, proteoglycan and growth factor receptor[END_REF].

Integrins are heterodimeric transmembrane receptors composed of alpha and beta Although there is no direct evidence that the Golgi can integrate signals from pathways activated by integrin receptors at the cell surface, the identification of the 14-3-3 protein at the Golgi apparatus supports this idea. Indeed, 14-3-3 is not only localized at the Golgi, but it has also been found associated with the cytoplasmic domains of specific integrin complexes [START_REF] Bialkowska | 14-3-3 zeta mediates integrin-induced activation of Cdc42 and Rac. Platelet glycoprotein Ib-IX regulates integrin-induced signaling by sequestering 14-3-3 zeta[END_REF][START_REF] Deakin | An integrin-alpha4-14-3-3zeta-paxillin ternary complex mediates localised Cdc42 activity and accelerates cell migration[END_REF][START_REF] O'toole | Tiam1 is recruited to beta1integrin complexes by 14-3-3zeta where it mediates integrin-induced rac1 activation and motility[END_REF]. 14-3-3 acts as an adaptor protein and is required for integrininduced activation of Rho GTPases and cytoskeletal reorganizations [START_REF] Bialkowska | 14-3-3 zeta mediates integrin-induced activation of Cdc42 and Rac. Platelet glycoprotein Ib-IX regulates integrin-induced signaling by sequestering 14-3-3 zeta[END_REF]. It can therefore be hypothesized that 14-3-3 can also activate Golgi-localized Rho GTPases in response to integrin activation, with consequences on cell adhesion or cell migration.

A center for initiating intracellular signaling

In addition to sensing extracellular cues, the Golgi can also sense incoming traffic from the ER and respond by generating 'autochtonous' signaling cascades that exert a regulatory action on intra-Golgi trafficking. It has been well documented that ER chaperones arriving at the Golgi are recycled to the ER via a KDEL receptor/COPImediated mechanism, as mentioned in paragraph 6.3.3. It now appears that this chaperone-KDEL receptor binding is not just for retrieval but has an additional important function in 'activating' the KDEL receptor in response to an increased load of cargo arriving from the ER to the Golgi [START_REF] Pulvirenti | A traffic-activated Golgi-based signalling circuit coordinates the secretory pathway[END_REF]. Increased binding of ER chaperones to KDEL receptors initiates a signaling reaction characterized by activation of Golgi-localized SFKs and initiation of a phosphorylation cascade on the Golgi. In turn, this system up-regulates intra-Golgi trafficking and secretory capacity, and thereby maintains the dynamic equilibrium of the Golgi complex.

All the components of this chaperone-KDEL receptor-activated-SFKphosphorylation cascade, from the initial signal to the final effectors, are intracellular.

For the first time, this study defines the concept of 'inter-organelle signaling'.

A center for regulating cell division

Mitotic Golgi fragmentation requires several kinases including cyclin-dependent kinase 1 (cdk1), mitogen-activated protein kinase kinase 1 (MEK1), or polo-like kinase 1 (PLK1) [START_REF] Persico | Mitotic inheritance of the Golgi complex[END_REF]Wei and Seemann, 2009a). Some of the substrates of these kinases have been identified and include several golgins (i.e. GM130 and golgin84) and the GRASP proteins [START_REF] Ramirez | Golgins and GRASPs: holding the Golgi together[END_REF]. Golgi fragmentation is required for entry into mitosis. Its block results in cell cycle arrest, referred to as the 'Golgi mitotic checkpoint' [START_REF] Sutterlin | Fragmentation and dispersal of the pericentriolar Golgi complex is required for entry into mitosis in mammalian cells[END_REF]. Later, mitotic Golgi breakdown must be coordinated with other processes such as chromosome segregation or cytokinesis for successful cell division. Interestingly, evidence was obtained for a role for Golgi proteins in the orchestration of these different processes. In this respect, GRASP65 and GM130 have been shown to regulate spindle assembly, as their downregulation by siRNAs results in aberrant multipolar spindles (Kodani and Sutterlin, 2008;[START_REF] Sutterlin | The Golgi-associated protein GRASP65 regulates spindle dynamics and is essential for cell division[END_REF], as will be further discussed in paragraph 7.4. Furthermore, mitotic disassembly of Golgi stacks correlates with the release of factors associated with Golgi membranes into the cytoplasm or their translocation into other intracellular locations.

These factors become accessible to various binding partners and thereby they acquire new roles for the regulation of cell division. In support of this idea, several Golgi peripheral proteins have been found in various locations at different mitotic stages that regulate diverse aspects of cell division. For instance, COPI is recruited to the nuclear envelope at mitosis, where it promotes nuclear envelope breakdown [START_REF] Liu | The COPI complex functions in nuclear envelope breakdown and is recruited by the nucleoporin Nup153[END_REF].

Clathrin, which participates in vesicle trafficking and cargo transport during interphase is targeted to the spindle during mitosis where it acts by anchoring microtubule fibers, thus stabilizing the mitotic spindle, and facilitating proper chromosome separation [START_REF] Royle | Clathrin is required for the function of the mitotic spindle[END_REF]. A final example is Nir2, which localizes to the Golgi apparatus in interphase cells but is recruited to the cleavage furrow and midbody during cytokinesis.

It has been shown that Nir2 phosphorylation by cdk1 during mitosis is an essential step for the completion of cytokinesis [START_REF] Litvak | Mitotic phosphorylation of the peripheral Golgi protein Nir2 by Cdk1 provides a docking mechanism for Plk1 and affects cytokinesis completion[END_REF].

Remodeling of the Golgi triggered by the activation of various kinases does not only regulate entry into mitosis and progression through mitosis, but it is also essential for the establishment of cell polarity preceding cell migration, as explained in paragraph 6.6.

THE MULTIPLE FUNCTIONS OF GM130

Characteristics

One of the most studied golgins is GM130. This golgin contains extensive regions of coiled-coil motifs (Figure 15). It is a peripheral membrane protein strongly attached to the cis-side of the Golgi and exposed to the cytoplasm. GM130 is anchored to Golgi membrane by its tight binding to GRASP65, which acts as a receptor for GM130 [START_REF] Yoshimura | Direct targeting of cis-Golgi matrix proteins to the Golgi apparatus[END_REF]. GRASP65 is itself attached to the Golgi apparatus via a lipid anchor [START_REF] Barr | Mapping the interaction between GRASP65 and GM130, components of a protein complex involved in the stacking of Golgi cisternae[END_REF]. On the other hand, binding to GM130 is necessary for the targeting of GRASP65 to the Golgi membrane, suggesting that GM130 and GRASP65 cooperate and depend on each other for Golgi membrane binding [START_REF] Bachert | Dual anchoring of the GRASP membrane tether promotes trans pairing[END_REF][START_REF] Barr | Mapping the interaction between GRASP65 and GM130, components of a protein complex involved in the stacking of Golgi cisternae[END_REF].

Other protein partners of GM130 include p115, syntaxin 5, the Rab1 GTPase, the GEF Tuba, AKAP450, or YSK1. These multiple interactions imply distinct roles for GM130. The domains interacting with Tuba and YSK1 are not represented and lie within the N-terminal first 690 amino-acids (Kodani et al., 2009), and the 75-271 region of GM130 (Preisinger et al., 2004), respectively. The domain interacting with AKAP450 is unknown.

bind the same p115 domain under certain in vitro conditions [START_REF] Linstedt | Binding relationships of membrane tethering components. The giantin N terminus and the GM130 N terminus compete for binding to the p115 C terminus[END_REF], other studies have shown that p115 is able to simultaneously bind giantin and GM130

under different conditions [START_REF] Dirac-Svejstrup | Phosphorylation of the vesicle-tethering protein p115 by a casein kinase II-like enzyme is required for Golgi reassembly from isolated mitotic fragments[END_REF].

At the onset of mitosis, GM130 is phosphorylated on a serine residue by cdk1/cyclinB, which abolishes binding of p115 to GM130 [START_REF] Lowe | Cdc2 kinase directly phosphorylates the cis-Golgi matrix protein GM130 and is required for Golgi fragmentation in mitosis[END_REF][START_REF] Nakamura | The vesicle docking protein p115 binds GM130, a cis-Golgi matrix protein, in a mitotically regulated manner[END_REF]. Altough p115 can still bind giantin, it is no longer able to crosslink GM130. COPI vesicles accumulate as they are unable to tether and fuse to the Golgi cisternae. Continuous budding without fusion leads to the disassembly of the Golgi apparatus, and explains the observed fragmentation of the Golgi into clusters of vesicles during mitosis. This allows the mitotic Golgi clusters to be partitioned between the two daughter cells. At the end of mitosis, Golgi cisternae are regenerated and stacked. Cisternal stacking is preceded by a cisternal tethering reaction that involves p115, giantin and GM130 [START_REF] Shorter | A role for the vesicle tethering protein, p115, in the post-mitotic stacking of reassembling Golgi cisternae in a cell-free system[END_REF]. The actual stacking interactions are mediated by GRASP65 and GRASP55 [START_REF] Tang | The role of GRASP65 in Golgi cisternal stacking and cell cycle progression[END_REF].

Functional interaction between p115 and GM130 is not only important in the context of tethering, but also in the context of fusion.

On the one hand, both proteins are able to interact with activated Rab1. This latter is required for the targeting of p115 on COPII-coated vesicles budding from the ER, and it also controls the assembly and/or activity of GM130 on Golgi membranes [START_REF] Moyer | Rab1 interaction with a GM130 effector complex regulates COPII vesicle cis--Golgi tethering[END_REF]. These combined activities of activated Rab1 regulate docking and fusion of donor COPII vesicle transport intermediates to acceptor Golgi membranes.

Interestingly, binding of Rab1 to GM130 is inhibited by binding of p115 to GM130 [START_REF] Diao | Coordination of golgin tethering and SNARE assembly: GM130 binds syntaxin 5 in a p115-regulated manner[END_REF].

On the other hand, GM130 and p115 are able to interact with the t-SNARE syntaxin5. Binding of syntaxin5 to GM130 is also inhibited when p115 is bound to GM130 [START_REF] Diao | Coordination of golgin tethering and SNARE assembly: GM130 binds syntaxin 5 in a p115-regulated manner[END_REF]. The current model (Figure 16) is that GM130 binds syntaxin5 and Rab1 at the acceptor Golgi membrane, which keeps these proteins in close proximity to the tether. Upon p115 binding, a conformational change in GM130 triggers the dissociation of both Rab1 and syntaxin5. Simultaneously, p115 will adopt a new conformation allowing binding to Rab1 with a higher affinity on donor transport vesicles. This reaction results in the tethering of transport vesicles to Golgi membranes by the p115-GM130 complex. Syntaxin5 is most likely transferred from GM130 to

The second study showed that GM130, through interaction with GRASP65, is involved in lateral linking of the Golgi stacks to form an elongated ribbon. GM130mediated ribbon formation was independent from p115. Depleting GM130 had a direct effect on the length of the Golgi stacks and induced a fragmentation of the Golgi similar to that observed in the first study. A model has been proposed in which GM130 is required for GRASP65 stabilization and targeting at the Golgi, whereas GRASP65, through its self-oligomerization properties, provokes lateral cisternal fusion reactions (Figure 17 C).

A third study may explain how GM130 can control Golgi organization. This study provided evidence that the ability of cis-Golgi membranes to nucleate microtubules requires GM130 (Rivero et al., 2009). GM130 binds AKAP450 and is required for the Golgi localization of AKAP450. In the absence of GM130, AKAP450 was displaced from the Golgi, and AKAP450-dependent microtubule nucleation occurred randomly throughout the cytoplasm. Consistently, GM130-depleted cells were unable to form stable, acetylated microtubules (Kodani and Sutterlin, 2008). Therefore, it can be assumed that GM130 indirectly controls tangential linking of Golgi mini-stacks by Golgi-derived microtubules and subsequent assembly of the Golgi ribbons (Figure 17 B). In addition to the effect of GM130 on AKAP450 network and microtubule assembly at the Golgi, the study by Rivero et al. also revealed an effect on the Golgi morphology.

GM130 depletion induced Golgi fragmentation similar to that described in the above studies.

Although these three studies propose different mechanisms of action of GM130, they all converge to the same finding that depletion of GM130 does not appear to affect Golgi stacking, but continuity between individual stacks within the ribbon is lost.

These studies as well as other studies aimed at depleting other golgins or Golginucleated microtubules point to the fact that neither Golgi ribbon integrity nor positioning are critical for global protein secretion. VSV-G trafficking from the ER to the cell surface appeared normal or only slightly delayed after GM130, GMAP210 or golgin160 depletion [START_REF] Yadav | A primary role for Golgi positioning in directed secretion, cell polarity, and wound healing[END_REF], CLASP depletion (Miller et al., 2009), or depletion of the Golgi pool of AKAP450 (Hurtado et al., 2011). However, loss of the Golgi ribbon affected Golgi enzyme diffusion and equilibration, and optimal glycosylation of cargo (Marra et al., 2007;Miller et al., 2009;Puthenveedu et al., 2006).

Role in cell cycle regulation

As mentioned elsewhere, Golgi fragmentation is required not only for inheritance but also for mitotic entrance itself, since its block results in the arrest of the cell cycle at the G2/M transition, which is called the 'Golgi mitotic checkpoint' [START_REF] Sutterlin | Fragmentation and dispersal of the pericentriolar Golgi complex is required for entry into mitosis in mammalian cells[END_REF]. In particular, mitotic Golgi disassembly is controlled by GM130 phosphorylation (see paragraph 7.2), and by GRASP65 phosphorylation. Whereas GRASP65 is phosphorylated by ERK during polarization (see paragraph 6.6), mitotic GRASP65 phosphorylation is mediated by cdk1/cyclinB. Phosphorylation inhibits GRASP65 oligomerization and promotes Golgi unlinking, thereby facilitating subsequent mitotic Golgi vesiculation [START_REF] Wang | Mapping the functional domains of the Golgi stacking factor GRASP65[END_REF]Wang et al., 2003b;[START_REF] Yoshimura | Convergence of cell cycle regulation and growth factor signals on GRASP65[END_REF].

It is therefore not surprising that inhibition of mitotic Golgi fragmentation via a functional block of GRASP65 or GM130 results in the arrest of the cell cycle. Inhibiting GRASP65 function either by expressing non-regulatable GRASP65 mutants or by injecting anti-GRASP65 antibodies arrested cells at the G2/M transition, which ultimately led to cell death [START_REF] Sutterlin | Fragmentation and dispersal of the pericentriolar Golgi complex is required for entry into mitosis in mammalian cells[END_REF][START_REF] Tang | The role of GRASP65 in Golgi cisternal stacking and cell cycle progression[END_REF]. In HeLa cells depleted for GRASP65, arrest in cell division was accompanied by the formation of multiple non-functional mitotic spindles [START_REF] Sutterlin | The Golgi-associated protein GRASP65 regulates spindle dynamics and is essential for cell division[END_REF]. Similarly, GM130 depletion caused aberrant multipolar spindle formation during mitosis in p53-negative cells, and cell cycle arrest at the G2/M transition in p53-positive cells (Kodani and Sutterlin, 2008).

In GM130-depleted cells, mitotic defects were preceded by centrosome defects during interphase. Although GM130 is not localized at the centrosome, it controls centrosome organization from the cis-Golgi membrane. GM130 depletion in different human cell lines resulted in centrosome multiplication and mislocalization in interphase cells (Kodani and Sutterlin, 2008). The supernumerary centrosomes were abnormal in term of composition, and defective with respect to microtubule organization and cell migration. Regulation of the centrosome organization and function by GM130 depends on GM130 interaction with the GEF Tuba (Kodani et al., 2009). This interaction promotes the activation of Cdc42, a small GTPase of the Rho family, by its GEF Tuba.

The demonstration that the organization of the centrosome can be regulated by the Golgi protein GM130 shed light on the significance of the physical proximity between the Golgi and the centrosome.

Role in cell polarity and migration

Not only ERK, but also other kinases are recruited to the Golgi during cell migration. GM130 binds and activates the kinases YSK1 and MST4, and thereby contributes to signaling events at the Golgi apparatus (Preisinger et al., 2004). Upon activation, YSK1 phosphorylates its substrate 14-3-3 and potentially other downstream targets needed for normal cell migration and polarization. Interference with YSK1 function, either by using a dominant-negative mutant form of YSK1 unable to be activated by GM130, or by depleting YSK1, resulted in dispersal of the perinuclear Golgi ribbon into the cell periphery, failure to show polarization of the Golgi and the centrosome in the direction of migration, and disturbed cell migration. MST4 acts via an uncharacterized pathway by blocking cell migration.

The involvement of 14-3-3 is relevant with the role of the Golgi in intracellular signaling events. Indeed, 14-3-3 is an activator the Rho GTPases Rac1 and Cdc42 [START_REF] Bialkowska | 14-3-3 zeta mediates integrin-induced activation of Cdc42 and Rac. Platelet glycoprotein Ib-IX regulates integrin-induced signaling by sequestering 14-3-3 zeta[END_REF], and it can also activate the Ras signaling pathway at the cell surface [START_REF] Fantl | Activation of Raf-1 by 14-3-3 proteins[END_REF][START_REF] Freed | Binding of 14-3-3 proteins to the protein kinase Raf and effects on its activation[END_REF]. Since pools of Ras and Rho GTPases are known to be generated at the Golgi, it is possible that 14-3-3 can modulate these pathways at different subcellular locations including the plasma membrane and the Golgi.

GM130 and YSK1 have also been established as central players in neuronal polarization that is the formation of a single axon and multiple dendrites (Matsuki et al., 2010). GM130 and YSK1 are part of a neuronal polarization pathway involving the protein kinase LKB1. This pathway regulates axon initiation, which was lost when knocking down YSK1, LKB1 or GM130 in mouse or rat hippocampal neuronal cultures using small hairpin RNAs (shRNAs). In contrast, overexpressing YSK1 led to the formation of multiple axons. An opposing pathway based on Reelin and Dab1 signaling has been identified. Hippocampal neurons from dab1-/-mutant mice produced supernumerary axons.

Neuronal polarization is tightly linked to Golgi morphology. Reorientation of the Golgi and the adjoined centrosome is essential for establishment of the site of axon emergence [START_REF] De Anda | Centrosome localization determines neuronal polarity[END_REF]. Later, specialized Golgi outposts which populate dendrites promote the elaboration of the dendritic tree [START_REF] Horton | Polarized secretory trafficking directs cargo for asymmetric dendrite growth and morphogenesis[END_REF][START_REF] Ye | Growing dendrites and axons differ in their reliance on the secretory pathway[END_REF]. Consistently, the LKB1-YSK1-GM130 and Reelin-Dab1 pathways were reported as modulators of the Golgi morphology. Individually knocking down YSK1, LKB1 or GM130 resulted in Golgi fragmentation, whereas overexpressing YSK1 led to condensation of the Golgi into a smaller volume. In neurons of reelin-/-or dab1-/mutant mice, the Golgi failed to extend normally into a dendritic process. In the same line, Reelin stimulation induced Golgi deployment into dendrites, which was suppressed by YSK1 overexpression. Therefore, the balance between the LKB1-YSK1-GM130 and the Reelin-Dab1 pathways regulate Golgi morphology and dispersion, axon specification, and dendrite growth.

Additional mechanisms can account for GM130-mediated control of cell polarization and migration. First, through its effect on centrosome organization, GM130 controls the network of centrosomally nucleated microtubules (Kodani and Sutterlin, 2008). In absence of GM130, aberrant centrosomes were unable to nucleate dynamic microtubules, or to reorient in response to a polarization stimulus. Second, GM130dependent centrosome regulation involves the small GTPase Cdc42 (Kodani et al., 2009), a known regulator of cell polarization [START_REF]In vitro assay of primary astrocyte migration as a tool to study Rho GTPase function in cell polarization[END_REF]. Alternatively, GM130 may also control microtubule organization independently of its role in regulating centrosome function. GM130 may promote microtubule nucleation at the Golgi by recruiting the microtubule nucleation factor AKAP450 (Rivero et al., 2009).

GM130-depleted cells were unable to form stable, acetylated microtubules, which are necessary for directional cell migration (Kodani and Sutterlin, 2008). Thus, GM130 may affect cell polarization and migration through effects on centrosome organization, Cdc42 activation, microtubule nucleation at the Golgi, and YSK1 activation.

The different functions of GM130 are summarized in Figure 18.
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Figure 18: Proposed functions of GM130. GM130, together with p115, Rab1, syntaxin5, giantin and GRASP65 are involved in tethering and fusion events at the Golgi. GM130 participates in centrosome organization by an interaction with Tuba, which activates Cdc42, and in microtubule nucleation at the Golgi by an interaction with AKAP450, which recruits -TuRC. GM130 activities at the level of the centrosome, or microtubules, as well as GM130 interaction with YSK1 and GRASP65 control cell polarization and cell migration. Finally, GM130, together with GRASP65 are involved in cell cycle control. Adapted from Nakamura, 2010.

HS AND GANGLIOSIDE METABOLISM

Three classes of molecules synthesized in the Golgi apparatus are of high importance when considering MPSIIIB, namely lysosomal proteins, primary storage products of the HS family, and secondary storage products of the ganglioside family.

The biosynthesis of lysosomal proteins has already been described elsewhere. This paragraph will concentrate on the biosynthesis of HS and gangliosides at the Golgi, as well as their degradation in the lysosome. The central role of these two organelles in the regulation of HS and ganglioside homeostasis will be pointed out. In addition, the physiological functions of HS and gangliosides will be highlighted.

Finally, mechanisms for deregulated HS and ganglioside metabolism in MPSIII and possible cellular consequences will be discussed. In the case of HS, lysosomal degradation is primarily impaired, although it can not be excluded that downstream mechanisms exist affecting HS biosynthesis as well. In the case of GM2 and GM3 gangliosides, it is not known whether mechanisms leading to accumulation primarily involve degradation into late endosomes/lysosomes (where GM1 GM2 GM3 conversion occurs), or synthesis and transport from the Golgi (where GM3 GM2 GM1 conversion occurs), or both.

HS

HS composition

HS is a member of the GAG family of macromolecules, which also includes chondroitin sulfate, dermatan sulfate, and keratan sulfate. All four groups are linear polysaccharides consisting of repeating disaccharide units composed of a hexuronic acid linked to a hexosamine. They differ in the type of carbohydrates they contain, in the geometry of the glycosidic linkage, and in the number and position of sulfate groups. In the case of HS, the hexuronic acid can be either glucuronic acid (GlcA), or its C5 epimer iduronic acid (IdoA). The hexosamine is a glucosamine (GlcN) (Figure 19). HS chains typically vary in length from 50 to 200 disaccharide units (molecular weight in the range of 25-100 kDa). Disaccharides can be modified on different positions. The hexuronic acid can be O-sulfated on the C2 position. O-sulfation can occur at the C6 position, and to some extent at the C3 position of the GlcN unit. The nitrogen at position 2 of glucosamine may be free (GlcN), N-sulfated (GlcNSO 3 ) or N-acetylated (GlcNAc). Based on substitution and epimerization patterns, HS could theoretically contain up to 48 distinct disaccharides, generating an enormous structural diversity of HS saccharide chains. Amongst these 48 potential disaccharide structures, only 23 naturally occurring structures have been identified so far [START_REF] Esko | Order out of chaos: assembly of ligand binding sites in heparan sulfate[END_REF]. interactions between negatively charged sulfate and carboxyl groups in HS and positively charged amino acid residues in the protein [START_REF] Salmivirta | Heparan sulfate: a piece of information[END_REF]. The introduction of IdoA residues is another crucial modification for the protein-binding properties of HS chains. Sulfated domains are enriched in IdoA which has ring flexibility, conferring conformational versatility to the sugar chain.

HS biosynthesis

HS sugar chains are covalently linked to core proteins to form HS proteoglycans (HSPGs). The protein core can be a transmembrane protein (syndecan or fibroglycan), a membrane-bound protein anchored by GPI (glypican) or an excreted protein (agrin and perlecan). The biosynthesis of HS occurs mainly in the Golgi in a sequential manner (Figure 20). Membrane-bound Golgi enzymes utilize various monosaccharide building blocks after they have been activated to their UDP forms. A linkage tetrasaccharide is first added to the protein core composed of -xylose, 1-4-galactose, 1-3-galactose, 1-3-GlcA. This first reaction is catalyzed by the successive action of a UDP-xylosyl transferase, a UDP-galactosyl transferase I, a UDP-galactosyl transferase II, and a UDP-GlcA transferase I. A GlcNAc residue is then added to the terminal GlcA residue of the linkage tetrasaccharide by a GlcNAc transferase I. The elongation of HS chains that is the consecutive addition of alternating GlcA and GlcNAc residues is mediated by the action of two enzymes, GlcA transferase II, and GlcNAc transferase II, respectively.

These enzymes are the products of the ext genes, ext1 for the GlcNAc transferase and ext2 for the GlcA transferase. Whereas GlcA residues are added via a (1 4) linkage, GlcNAc residues are added via an (1 4) linkage. The initial product is a non-sulfated polymer composed of alternating sequences of GlcA and GlcNAc:

[GlcA (1 4) GlcNAc (1 4)] n .

The HS chain is further modified in a specific and ordered manner. First, GlcNAc groups can be N-deacetylated and then N-sulfated, a process that is catalyzed by the enzyme GlcNAc N-deacetylase/N-sulfotransferase, giving rise to GlcN and GlcNSO 3 .

Then, GlcA groups along the chain can be epimerized into IdoA groups by the action of the enzyme C5-GlcA epimerase. This enzyme converts the carboxyl group on the C5 position of a glucuronic acid so that it is oriented below the hexose ring. Enzymes Monosaccharides building blocks resulting from lysosomal degradation are then recycled. HS proteoglycan digestion is very efficient in normal cells, such as proteoglycans or HSO are not detectable in intracellular organelles.

In each MPS disorder, it can be hypothesized that accumulating HSO possess a nonreducing end that is specific for the deficient enzyme. For instance, this non-reducing end would be GlcNAc in the case of MPSIIIB, or IdoA in the case of MPSI (Figure 23).

In theory, minimal HSO sequences accumulating in MPSIIIB and MPSI are, respectively, [GlcNAc-uronic acid (S)] and [IdoA-hexosamineAc(S)]. interactions. HSPGs primarily regulate interactions between adjacent cells and between cells and the ECM, and they control cell adhesion, proliferation and migration.

Importantly, HSPGs cooperate with a major class of ECM receptors, integrins, to connect the ECM and the cytoskeleton [START_REF] Lopes | Specific structural features of syndecans and heparan sulfate chains are needed for cell signaling[END_REF] HSPGs have important neurobiological functions. They play a role in the establishment and maintenance of neuronal connections and are therefore crucial for both CNS development and plasticity [START_REF] Murrey | The chemical neurobiology of carbohydrates[END_REF]. Extracellular HS present in the cell environment modulate the binding of neurons to the substrate by modulating neuronal perception of environmental cues, interaction with the ECM and with cell adhesion molecules such as laminin or N-CAM. They regulate neural cell migration, the growth and guidance of axons, neuronal polarity and neurite outgrowth [START_REF] Bovolenta | Nervous system proteoglycans as modulators of neurite outgrowth[END_REF]. These effects are mediated by growth factors (e.g. FGFs), secreted morphogens (e.g. wnt or shh), repellents and attractants (e.g. Slit, netrin, or Semaphorins and Ephrins) (Hu 2001;Lin 2004). 

HS-protein interactions

HS-protein interactions do not depend on non-specific ionic interactions, but they are on the contrary regulated in a very specific manner. Specific structural motifs in HS are designed for selective interactions with certain proteins. The high degree of HS structural diversity, as described above, is thus of primary importance as it leads to the many binding of HS toward hundreds of proteins. Different sulfation patterns result from the variable distribution or activity of HS sulfotransferases, generating a 'saccharide code' conferring distinct profiles of ligand sensitivities to individual cells.

Such 'codes' can be a specific pentasaccharide sequence containing a functionally essential 6-O-sulfated GlcNAc or GlcNSO 3 that mediates interaction with anti-thrombin III. In the case of lipoprotein lipase, the binding region within the HS chain is composed of five consecutive N-and 2,6-di-O-sulfated disaccharide repeats. Biochemical and structural studies have revealed the importance of 6-O-sulfation of HS for FGF signaling which appears to be required for interactions with FGF and FGFR [START_REF] Nakato | Heparan sulfate fine structure and specificity of proteoglycan functions[END_REF][START_REF] Schlessinger | Crystal structure of a ternary FGF-FGFR-heparin complex reveals a dual role for heparin in FGFR binding and dimerization[END_REF]. Whereas some proteins interact with short domains on HS chains, many proteins need longer sequences of HS. The different structures by which HS recognize so many distinct proteins are however only poorly characterized [START_REF] Kreuger | Interactions between heparan sulfate and proteins: the concept of specificity[END_REF].

HS can act on proteins in different ways [START_REF] Turnbull | Heparan sulfate: decoding a dynamic multifunctional cell regulator[END_REF]. They can influence protein conformation. For example, the specific pentasaccharide sequence in HS induces a conformational change in anti-thrombin III that accelerates its binding to coagulation Factor Xa 1000 folds. Another mechanism includes effects on proteinprotein interactions. For example, longer HS sequences enhance juxtaposition between anti-thrombin III and thrombin, another actor of blood coagulation that also binds antithrombin III. HS chains can also serve as co-receptors for soluble growth factors such as FGF, increasing the affinity of FGF for its receptor FGFR. HS chains can also regulate protein localization at the cell surface, as it is the case for lipoprotein lipase. Finally, HS can protect proteins against degradation, regulate protein transport through basement membranes, and mediate protein internalization.

HSO species accumulating in MPS

In MPS, HSO are not only stored in lysosomes, but they can also accumulate outside these organelles and outside cells. Little is known about the nature of these fragments. Studies aiming at determining the structure of excreted HSO were performed in the urine of MPS patients, and revealed a complex mixture in term of length, carbohydrate composition, and sulfation pattern. HSO have first been analyzed by polyacrylamide gel electrophoresis, demonstrating a range of oligosaccharide structures from tetrasaccharides to structures with more than 20 disaccharide repeats [START_REF] Byers | Glycosaminoglycan accumulation and excretion in the mucopolysaccharidoses: characterization and basis of a diagnostic test for MPS[END_REF], each type of MPS accumulating a distinct spectrum of GAGs. Mass spectrometry techniques have allowed the analysis of the composition and levels of sulfation of these HSO. In each MPS disorder, it was confirmed that the oligosaccharides that are elevated possess a non-reducing end that is specific for the deficient enzyme [START_REF] Fuller | Disease-specific markers for the mucopolysaccharidoses[END_REF].

Only a minority of oligosaccharides showed non-reducing ends that were not reflective of the enzyme deficiency. Specific markers for each MPS have been identified (Table 3). For example a disaccharide [hexosamineSO 3 -uronic acid] is accumulated in MPSIIIA [START_REF] Fuller | Disease-specific markers for the mucopolysaccharidoses[END_REF][START_REF] King | Validation of a heparan sulfate-derived disaccharide as a marker of accumulation in murine mucopolysaccharidosis type IIIA[END_REF]. MPSIIIB patients may be identified using the tetrasaccharide [GlcNAc-uronic acid-hexosamineAc-uronic acid (S)]. MPSI patients have high levels of monosulfated di-and trisaccharides [IdoA-hexosamineAc (S)] and [IdoA-hexosamineAc-uronic acid (S)].

[GlcNAc-UA-HNAc-UA(S)] [GlcNAc-UA(S)]-MPSIIIB Attempts have been made to draw a correlation between chemical structures of HSO and symptoms of patients suffering from various MPS types. Nuclear magnetic resonance analysis of urinary GAGs showed a possible correlation between the sulfation level and the severity of symptoms. Whereas MPS patients with CNS manifestations (i.e. MPSIIIA patients) excreted a highly sulfated variant of HS, patients with peripheral manifestations (i.e. MPSI and MPSII patients) excreted a different type of HS with lower sulfation [START_REF] Hochuli | Two-dimensional NMR spectroscopy of urinary glycosaminoglycans from patients with different mucopolysaccharidoses[END_REF]. Another link has been proposed between the nature of chemical moieties at the non-reducing terminus and the presence or absence of behavioural symptoms in MPS [START_REF] Wegrzyn | Why are behaviors of children suffering from various neuronopathic types of mucopolysaccharidoses different?[END_REF]. The presence of N-bounded or O-bounded acetyl or sulfate moieties in MPSIII or MPSII may lead to behavioural disturbances. In contrast, the absence of additional chemical moieties at the nonreducing terminus may result in no behavioural disturbance, like in MPSI or MPSVII.

It should be noted that analysis of urinary GAGs may not be reflective of the composition of GAGs accumulating in the CNS, as in the case of MPSIIIB for example.

Indeed, as the most abundant disaccharide unit found in HS is GlcNAc-GlcA (representing 50% of HS disaccharide units), the probability that NAGLU will encounter its substrate site is high. NAGLU deficiency is thus expected to lead to the production of HSO fragments larger than the tetrasaccharide fragment found in urine.

The nephron may preferentially filter and dialyse small HSO which accumulate in patient urine. In contrast, HSO accumulating in the CNS may have a highest structural diversity. Therefore, GAG analysis on cerebrospinal fluid samples may be more appropriate regarding the status of HSO accumulating within brain tissues of affected patients.

Gangliosides

Ganglioside biosynthesis

Sphingolipids are a class of lipids which include sphingomyelin and glycosphingolipids (GSLs). Sphingolipid de novo biosynthesis starts in the ER with the formation of a common precursor, ceramide. Ceramide can either be processed to sphingomyelin via the addition of a phosphocholine headgroup or it can be glycosylated, producing GSLs. Glycosyltransferases acting in GSL biosynthesis can be galactosyltransferase (GalT) 3, giving rise to galactosylceramide (GalCer), and more often glucosyltransferase (GlcT), giving rise to glucosylceramide (GlcCer). GalCerderived GSLs are only present in specialized cells; they represent the major lipids of the myelin sheath assembled around the axons of neurons by myelinating cells such as oligodendrocytes. In contrast, GlcCer is present in most eukaryotic cells. Whereas

GalT3 is concentrated in the ER, GlcT is widely distributed between the ER and the cytosolic side of early Golgi membranes [START_REF] Futerman | Determination of the intracellular sites and topology of glucosylceramide synthesis in rat liver[END_REF]. Once produced and translocated into the lumen of the Golgi apparatus, the GalCer and GlcCer precursors can be further modified to complex GSLs by the stepwise addition of carbohydrate molecules. GSLs containing one or more sialic acid residues in the carbohydrate chain are referred to as gangliosides. A variety of gangliosides have been identified according to the number of sialic acids present and to their migration order in chromatography. Except for GM4, all gangliosides have LacCer as a precursor. LacCer is produced from GlcCer by the action of GalT1.

Biosynthesis of the first ganglioside, GM3, involves the addition of a sialic acid onto LacCer by a sialyltransferase (ST) 1 (Figure 25). GM3 can either be processed to the complex gangliosides of the "a" series including GM2, GM1 and GD1a, or it can be further sialosylated by the sequential action of ST2 and ST3, generating GD3 and GT3, respectively. GD3 and GT3 are the starting points for the "b" and "c" series of complex gangliosides, respectively. At this branching point, the different enzymes compete for the utilization of a common pool of GM3 acceptors. It is the balance between the activities of the competing enzymes rather than the ordered spatial disposition of these enzymes along the Golgi cisternae that influences whether GM3 is used for the synthesis of "a", "b" and "c" pathway gangliosides [START_REF] Maxzud | Functional coupling of glycosyl transfer steps for synthesis of gangliosides in Golgi membranes from neural retina cells[END_REF].

Along each series, elaboration of complex ganglioside structures from the simple gangliosides GM3, GD3, or GT3 is achieved by the sequential addition of Nacetylgalactosamine, galactose and sialic acid residues by non specific Nacetylgalactosaminyl-transferase (GalNAc-T), GalT2 and ST4 and ST5. A further series of GSLs ("o" series) can also originate from LacCer, independently from GM3 formation.

In the Golgi, an association has been observed amongst three enzymes involved in the biosynthesis of simple gangliosides, namely GalT1, ST1 and ST2. In addition, two enzymes that direct the biosynthesis of more complex gangliosides, namely GalNAcT and GalT2 associate through their N-terminal domains.

There is substantial evidence for a gradient distribution in the Golgi apparatus of the different glycosyltransferases involved in the ganglioside biosynthesis pathway, with earlier glycosylations prevailing in the cis-and medial-Golgi, and later glycosylations in the trans-Golgi and the TGN. The use of pharmacological agents that block intra-Golgi transport such as BFA has shed light on the localization of these enzymes. BFA treatment induces the TGN and trans-most Golgi cisternae to condense in a post-BFA compartment, while the proximal Golgi fuses with ER membranes. Studies with BFA indicated that the synthesis of LacCer and the simple gangliosides GM3, GD3, and GT3 occurs on the proximal site of the Golgi apparatus, probably in the cis-Golgi compartment. In contrast, synthesis of the complex gangliosides GM2, GM1 and GD1a is carried out in distal Golgi compartements [START_REF] Van Echten | Uncoupling of ganglioside biosynthesis by Brefeldin A[END_REF][START_REF] Young | Use of brefeldin A to define sites of glycosphingolipid synthesis: GA2/GM2/GD2 synthase is trans to the brefeldin A block[END_REF]. Further biochemical and immunocytochemical studies confirmed these findings, although they pointed out that the enzymes generating LacCer and the simple gangliosides GM3 and GD3 were not only present in proximal Golgi compartments, but their presence could spread along distal Golgi compartments [START_REF] Allende | Evidence supporting a late Golgi location for lactosylceramide to ganglioside GM3 conversion[END_REF][START_REF] Maxzud | Functional coupling of glycosyl transfer steps for synthesis of gangliosides in Golgi membranes from neural retina cells[END_REF].

Ganglioside transport and sorting

The main transport mechanism of GSLs is by vesicular transport along the exocytic and endocytic pathways. Matured GSLs synthesized de novo in the Golgi are transported to the cell surface along the exocytic pathway, where they become components of the plasma membrane. Inversely, they can be internalized from the cell surface by endocytosis. Following endocytosis, GSLs can follow different pathways.

They can be directed to the late endosomal/lysosomal compartment, where they are degraded. They can transit through the Golgi where they are re-glycosylated before being delivered back to the plasma membrane. Alternatively, endocytosis can be followed by a direct return of unmodified GSLs to the plasma membrane (direct recycling), where they can undergo glycosylation or de-glycosylation by plasma membrane-bound enzymes. These processes of re-synthesis and remodeling maintain a dynamic composition of cell surface GSLs.

The mechanism for GSLs trafficking and sorting is based on their incorporation into lipid rafts formed at the Golgi, plasma membrane and endosomes [START_REF] Degroote | The cell biology of glycosphingolipids[END_REF]. As seen in paragraph 6.3.3, lipid rafts formed at the Golgi also sequester apical membrane proteins.

Lipid rafts undergo a tendency to bud into vesicles, facilitating their transport and they can incorporate proteins driving transport specificity. For instance, they can incorporate SNARE molecules, resulting in docking and fusion of exocytic vesicles to the plasma membrane. Sorting of GSLs internalized by endocytosis can be regulated at the plasma membrane and in early endosomes through caveolin and, as described in paragraph 3.3 some Rab proteins [START_REF] Choudhury | Rab proteins mediate Golgi transport of caveola-internalized glycosphingolipids and correct lipid trafficking in Niemann-Pick C cells[END_REF][START_REF] Sharma | Glycosphingolipids internalized via caveolar-related endocytosis rapidly merge with the clathrin pathway in early endosomes and form microdomains for recycling[END_REF].

Ganglioside degradation

GSLs incorporated into the limiting membrane of lysosomes are not degraded, because of the protection offered by LAMP and LIMP proteins from the attack by degrading enzymes. A distinct pool of membranes has to be present in the lysosomal compartment, which is accessible to degrading enzymes. Parts of the plasma membrane internalized by endocytosis reach the lysosome as small intra-lysosomal vesicles, acting as platforms for GSLs degradation.

The lipid composition of intra-lysosomal vesicles differs from that of the plasma membrane [START_REF] Schulze | Principles of lysosomal membrane degradation: Cellular topology and biochemistry of lysosomal lipid degradation[END_REF]. Cholesterol content is decreased in the internal membranes of the lysosome, whereas the concentration of ceramide and of the negatively charged lipid BMP [bis-(monoacylglycero)phosphate] is increased. In fact, cholesterol, which cannot be degraded in the lysosome, is transported out of inner lysosomal membranes by the NPC1/NPC2 system. This unique lipid composition is required for degradation of intra-lysosomal vesicles. Membranes poor in cholesterol and rich in ceramid are less rigid, which facilitates their degradation, whereas BMP acts as an activator of sphingolipid degradation.

GSLs degradation is also helped by the presence of lipid-binding proteins such as sphingolipid activator proteins (comprising the GM2 activator protein or saposins).

Their role is to mediate the interaction between the membrane-bound lipid substrate and the water-soluble enzyme, or activate the enzyme directly.

Within the lysosome, ganglioside catabolism occurs by the stepwise action of specific sialidases and exoglycohydrolases, starting from the non-reducing terminal unit (Figure 26). The sequence of sugar removal from gangliosides is as follows [START_REF] Tettamanti | Ganglioside/glycosphingolipid turnover: new concepts[END_REF]. Initially, a lysosomal sialidase 1 (also called neuraminidase 1) converts multisialogangliosides into mono-sialogangliosides GM1, GM2 or LacCer. From GM1, galactose is then removed to produce GM2, and from GM2 the N-acetyl-galactosamine residue is cleaved to form GM3, by the action of beta-galactosidase and beta-N-acetylhexosaminidase, respectively. In some cell types, sialic acid residues are effectively removed from GM1 and GM2 by a specific sialidase 2 (or neuraminidase 2) producing the corresponding derivatives of the asialo-series GA1 and GA2, which, through the sequential actions of beta-galactosidase and beta-N-acetyl-hexosaminidase, are converted to LacCer. LacCer is then degraded to ceramide by the action of betagalactosidase and beta-glucosidase, respectively. 

The roles of gangliosides

As mentioned in paragraph 3.2, membrane lipid rafts containing GSLs are specialized membrane platforms capable of transducing signaling events. At the plasma membrane, the hydrophobic ceramide moiety of GSLs acts as a membrane anchor, whereas the oligosaccharide chains are exposed toward the cell surface. GSL clusters at the cell surface can interact with pathogens, as well as with membrane-bound receptors and enzymes. These interactions control cell-pathogen interaction, cell-cell interaction and cell-matrix interaction. They can trigger intracellular signaling cascades, resulting in entry of the pathogen in the cell, adhesion, growth, motility, differentiation, migration or apoptosis. Furthermore, available evidence indicates that GSLs have functional roles essential during embryogenesis and brain development.

Whereas GSLs are ubiquitous components of the plasma membrane of all cells, the ganglioside subtype is particularly abundant in the brain and nervous tissues, where they constitute the major components of neuronal plasma membranes.

The major signaling system modulated by gangliosides present at membrane microdomains is the growth factor signaling by receptor tyrosine kinases. The ganglioside GM3 was initially found to down-regulate FGFR activation in response to FGF stimulation in fibroblast cells and in glial cells, resulting in defective cell proliferation or cell migration [START_REF] Bremer | GM3 ganglioside induces hamster fibroblast growth inhibition in chemically-defined medium: ganglioside may regulate growth factor receptor function[END_REF][START_REF] Meuillet | Differential modulation of basic fibroblast and epidermal growth factor receptor activation by ganglioside GM3 in cultured retinal Muller glia[END_REF]. This concept was extended to the inhibitory effects of GM3 on EGFR. GM3 has been shown

to directly interact with N-linked sugars on the extracellular domain of EGFR to inhibit its receptor tyrosine kinase activity [START_REF] Kawashima | Tyrosine kinase activity of epidermal growth factor receptor is regulated by GM3 binding through carbohydrate to carbohydrate interactions[END_REF][START_REF] Miljan | Interaction of the extracellular domain of the epidermal growth factor receptor with gangliosides[END_REF]. In neuroblastoma cell lines, GM3 inhibited neurite outgrowth induced by platelet-derived growth factor receptors (PDGF) or insulin [START_REF] Hynds | Gangliosides inhibit growth factorstimulated neurite outgrowth in SH-SY5Y human neuroblastoma cells[END_REF].

The effect of gangliosides on cell proliferation and motility does not only rely on modulation of growth factor signaling. Gangliosides are also capable of modulating the function of various integrins, thereby influencing cell adhesion to the ECM. In fact, there is increasing evidence for a functional interaction ("cross-talk") of integrins with growth factor receptors. EGFR or FGFR can be activated by both direct ligand binding, but also by cross-talk with integrins. Such effect of cross-talk between integrins and EGFR or FGFR has been shown to be strongly influenced by GM3 within gangliosideenriched microdomains [START_REF] Toledo | Effect of ganglioside and tetraspanins in microdomains on interaction of integrins with fibroblast growth factor receptor[END_REF]Wang et al., 2003a).

Finally, the biological activity of cytokines has also been shown to be regulated by gangliosides, which can bind directly to cytokines such as interferon (IFN) or interleukins (ILs) [START_REF] Besancon | Binding of interferon to gangliosides[END_REF][START_REF] Chu | Interleukin-2 binds to gangliosides in micelles and lipid bilayers[END_REF].

Ganglioside accumulation in MPS

The mechanism leading to ganglioside accumulation in MPS is largely unkown.

Some hypotheses have been drawn, but evidence to support these hypotheses remains to be established. A first model is based on the observation that accumulating GAGs can inhibit the activity of a variety of lysosomal enzymes, some of which are required for ganglioside degradation [START_REF] Avila | Inhibition of leucocytic lysosomal enzymes by glycosaminoglycans in vitro[END_REF]Kint et al., 1973). For instance, neuraminidase activity toward GM3 ganglioside is diminished in fibroblasts derived from MPS patients, possibly due to GAG accumulation [START_REF] Baumkotter | Decreased ganglioside neuraminidase activity in fibroblasts from mucopolysaccharidosis patients. Inhibition of the activity in vitro by sulfated glycosaminoglycans and other compounds[END_REF].

However, it is not the sole explanation, as GM2 and GM3 gangliosides are also elevated in numerous other LSDs in which GAGs do not accumulate. Even more perplexing is the observation that GM2 and GM3 gangliosides are largely localized to separate populations of vesicles in several LSDs, suggesting that independent, or at least physically separate, mechanisms are responsible for their sequestration, as explained in paragraph 3.2. Other models based on more complex perturbations in GSL trafficking and/or homeostatic control mechanisms have been proposed. In addition to gangliosides, unesterified cholesterol also accumulates in MPSIII [START_REF] Mcglynn | Differential subcellular localization of cholesterol, gangliosides, and glycosaminoglycans in murine models of mucopolysaccharide storage disorders[END_REF]. This observation is consistent with data obtained in GSL storage disorders

showing that GSL and cholesterol accumulation are inter-related (see 3.2). In this latter group of diseases, it has been shown that GSL and cholesterol-enriched membrane rafts were abnormally sequestered within late endosomes and lysosomes, due to sorting and transport defects (see 3.3). The same phenomenon might occur in MPS even though GSL storage is a secondary event. As regional correlation is common between the storage of GM3 and cholesterol in brains of mice with MPSIII diseases [START_REF] Mcglynn | Differential subcellular localization of cholesterol, gangliosides, and glycosaminoglycans in murine models of mucopolysaccharide storage disorders[END_REF], it can be assumed that these two storage products sequester together in the late endosomal-lysosomal system and are the products of defective degradation. GM3 sequestration in the degradative compartment may result in a block in retrograde transport of simple GSL breakdown products from lysosomes to the Golgi, impacting the GSL synthetic pathway. Intense GM2 staining was often localized in vesicular compartments exhibiting neither GM3 nor filipin staining. Absence of co-localization between GM2 and GM3 implies that stored GM2 gangliosides are excluded from the degradative compartment, based on the assumption that all degradative enzymes required for the degradation of GSLs are spatially located within the same endosomallysosomal compartments. Elevated expression of GM2 gangliosides may therefore be derived of altered biosynthesis and transport from the Golgi rather than sequestration within the endosomal-lysosomal system. This model would explain how such distinct separate compartmentalization between GM3 and cholesterol on the one hand, and GM2 on the other hand, is achieved.

OBJECTIVES

OBJECTIVES

The MPSs represent a devastating group of LSDs. Advances in biochemistry and genetics over the past three decades have resulted in the identification of the key enzymes underlying these diseases, with subsequent isolation and characterization of the genes involved. Ultimately, these advances have led to the recent development of treatment strategies for some of the MPSs based on direct enzyme replacement. One of the major hurdles to be overcome for MPS subtypes with neurological consequences such as MPSIIIB is to target treatments based on enzyme delivery to the brain. This can possibly be achieved by gene replacement strategies, consisting in providing a functional copy of the defective gene product in the brain of affected patients. Clinical trials will evaluate such strategies in the near future. Experience gained by the development and evaluation of these treatments will be instructive for other rare genetic disorders, and for other neurodegenerative diseases. Although important benefits are expected, it is hard to predict the outcome regarding the correction of the brain plasticity, considering the complex molecular and cellular perturbations that underlie the MPS phenotypes. Coming to a better understanding of the pathophysiology of the MPSs has therefore become a necessity. Confrontation of basic knowledge of disease mechanisms with results of therapeutic gene therapy trials will give a unique opportunity for comprehensive understanding of the disease and definition of the best conditions for treatment. In particular, it will impact on decisions concerning patient eligibility criteria (age, clinical severity) and clinical trial endpoints (behaviour versus biological markers). In addition, pathophysiological studies may allow the identification of new potential targets for therapeutic intervention.

In MPSIIIB, studies of mechanisms acting in the human CNS have been limited to post-mortem biopsies, only providing indications about the final stage of the disease.

Investigations have been facilitated by the creation of a murine model of MPSIIIB, which is available since 1999. Despite the existence of this model, the relationship between abnormal storage of partially degraded HS and neuronal dysfunction is still unclear. Primary MPSIIIB mouse neuron cultures are cumbersome to obtain and they present technical limitations. They offer limited susceptibility to DNA or siRNA transfection and they cannot be expanded to large amounts for biochemistry. In addition, cells grown in these conditions are chronically deficient, and presumably upregulate compensatory mechanisms to survive. Therefore, their study not only reveals direct specific toxic effects of HSO accumulation, but also compensatory phenomena.

The objective of my PhD project was to decipher links between HSO accumulation, Golgi disorganization and GM130 dysfunction, which were previously observed in MPSIIIB primary mouse neurons. A goal was to describe how these perturbations account for cellular defects that are relevant to MPSIIIB pathophysiology. This work was facilitated by the creation of two original human cell models for MPSIIIB. First, a cell system was generated using the iPSc technology. Human skin fibroblasts of children with MPSIIIB were re-programmed into iPSc, and subsequentially differentiated to NSCs and neurons. Patient-specific iPSc were recently generated from patient fibroblasts to model human neurological diseases, including Parkinson disease, Huntington disease, Down Syndrome, or Amyotrophic Lateral Sclerosis [START_REF] Dimos | Induced pluripotent stem cells generated from patients with ALS can be differentiated into motor neurons[END_REF]Park et al., 2008a). The development of iPSc technology offers unique opportunities to study pathogenesis as it pertains to human neurons.

Second, we created a useful tool for biochemistry and cell biology investigations derived from the HeLa cell line. NAGLU, the deficient enzyme in MPSIIIB was specifically depleted in this immortalized cell line in an inducible manner. Acutely depleted HeLa cells represent a unique model to investigate pathological events induced by HSO toxicity at early time-point after enzyme depletion. They present many advantages, being well-suited for imaging, easily manipulable and having indefinite proliferation capacities. Such HeLa cell models have proven useful in studying the pathogenesis of mucolipidosis type IV [START_REF] Miedel | Membrane traffic and turnover in TRP-ML1-deficient cells: a revised model for mucolipidosis type IV pathogenesis[END_REF].

MATERIALS AND METHODS
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GENERATION OF IPSc FROM MPSIIIB HUMAN FIBROBLASTS

The establishment of a MPSIIIB disease model through patient-specific reprogramming involves two steps: first, generation of human iPSc from fibroblasts of MPSIIIB children, and second differentiation of the iPSc into neural progenitors and neurons (Figure 27).

To generate iPSc, the reprogramming transcription factors Oct4, Klf4, Sox2 [and in some cases c-Myc, which is dispensable for reprogramming [START_REF] Nakagawa | Generation of induced pluripotent stem cells without Myc from mouse and human fibroblasts[END_REF] were expressed in patient fibroblasts by using gene transfer with retrovirus vectors (Park et al., 2008b). These factors are involved in self-renewal and pluripotency maintenance. During iPSc generation, retroviruses integrate into the host genome, and are subsequently silenced after the induction of the pluripotent state and expression of the endogenous pluripotency genes. Persistence of transgene expression may render iPSc refractory to differentiation both in vitro and in vivo, and may lead to tumor formation following in vivo transplantation [START_REF] Markoulaki | Transgenic mice with defined combinations of drug-inducible reprogramming factors[END_REF][START_REF] Takahashi | Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors[END_REF]. Extinction of exogenously introduced Oct4, Klf4, Sox2 (and c-Myc) transgenes was verified by quantitative RT-PCR, using specific primers distinguishing them from endogenous genes.

Conversion of a differentiated state to a pluripotent state is accompanied by epigenetic changes comprising DNA methylation state and chromatin organization [START_REF] Sridharan | Role of the murine reprogramming factors in the induction of pluripotency[END_REF]Takahashi et al., 2007a). For instance, the transcription factor Oct4 is silenced through methylation in somatic cells, and demethylated upon reprogramming in iPSc. To determine the degree of reprogramming in iPSc clones, the degree of methylation of the Oct4 promoter was measured. 

GENERATION OF AN IMMORTALIZED CELL LINE MODEL

An immortalized HeLa cell line model was created, in which a specific small shRNA directed against NAGLU can be expressed in an inducible manner. A system based on regulatory elements from the tetracycline resistance operon of the Escherichia coli transposon Tn10 was used [START_REF] Gossen | Tight control of gene expression in mammalian cells by tetracycline-responsive promoters[END_REF]. Two different plasmids were introduced in HeLa cells (Figure 28). The first plasmid provides constitutive expression 

RESULTS

RESULTS

ARTICLE 1

Modeling neuronal defects associated with a lysosomal disorder using patient-derived induced pluripotent stem cells

Human Molecular Genetics ( 2011) 20( 18):3653-66

Results

Results

Results

Results

Results

Introduction

Mucopolysaccharidosis IIIB (MPSIIIB) is a lysosomal storage disease (LSD) caused by the deficiency of the lysosomal enzyme N-acetylglucosaminidase (NAGLU) and the subsequent accumulation of heparan sulfate oligosaccharides (HSO). It results in severe central nervous system involvement. The mechanisms involved are poorly understood. To study the link between the accumulation of HS fragments and downstream cell pathology, we previously created a HeLa cell model of the disease, in which NAGLU can be depleted in an inducible manner through the expression of specific shRNAs (Roy et al. 2011). Studies performed in this cell model provided evidence for an implication of GM130, a Golgi matrix protein associated with cis-Golgi membranes, and involved in multiple cell functions through interactions with various partner proteins (Nakamura 2010).

Interactions of GM130 with p115 form a tethering complex mediating the incorporation of pre-Golgi carriers into cis-Golgi cisternae. Interactions with GRASP65 on Golgi membranes are required for lateral fusion of Golgi cisternae and formation of elongated Golgi ribbons (Puthenveedu et al. 2006). Binding of GM130 to the A-kinase anchoring protein AKAP450

participates in the regulation of microtubule nucleation on cis-Golgi membranes and to the formation of Golgi-derived microtubule network (Rivero et al. 2009;Hurtado et al. 2011). This microtubule network is indispensable for Golgi complex assembly and maintenance (Miller et al. 2009). Through these different functions, GM130 therefore appears essential for proper organization and maintenance of the Golgi. Loss of GM130 results in shortening and fragmentation of the Golgi stacks (Puthenveedu et al. 2006;Marra et al. 2007). In addition, GM130 controls the organization of the centrosome by interacting with Tuba, a Guanine Exchange Factor (GEF) for Cdc42 (Kodani and Sutterlin 2008;Kodani et al. 2009). Depletion of GM130 blocks cell cycle progression as a consequence of centrosome multiplication (Kodani and Sutterlin 2008). Finally, through its action on the Golgi and the centrosome, and through binding to YSK1, GM130 is needed for normal cell polarization and cell migration (Presinger et al. 2004;Matsuki et al. 2010).

In NAGLU-depleted HeLa cells, we showed that Golgi defects consisting of elongated ribbons with marked tendency to bending and important distensions were the consequence of high GM130 levels (Roy et al. 2011). Golgi alterations were associated with increased expression of AKAP450 and expansion of Golgi-derived microtubules. Morphological data suggested that abnormal lysosomes, a hallmark of LSDs were directly derived from abnormal Golgi structures as a consequence of GM130 over-expression. A possible interpretation is that GM130 interactions with AKAP450 and/or GRASP65 are increased when HSO accumulate, leading to cell defects which predominate at the Golgi and affect lysosome biogenesis, giving rise to abnormal lysosomes which are misrouted and accumulate.

The goal of this study was to determine whether other cell functions controlled by GM130

were also affected by HSO accumulation. We documented GM130-mediated control of cell cycle progression and centrosome organization following acute depletion of NAGLU in HeLa cells.

Results

To test the possibility that HSO accumulation impairs cell proliferation and mitotic activity, we monitored the growth behavior of non-depleted and NAGLU-depleted cells over a period of 28 days after tetracycline treatment (Figure 1A andB). The proliferation of HeLa cells rapidly stopped upon NAGLU-depletion. A non-proliferative state was maintained until day 21, after which augmentation of the proliferative rate coincided with selection of revertant cells recovering normal NAGLU levels. Analysis of the DNA profile of PI-labeled cells by flow cytometry showed an increased proportion of cells in the G2 peak with 4N DNA content in NAGLU-depleted cells (26 % versus 19 % in non-depleted cells, Figure 1C). Proliferation arrest and delay at the G2-M transition were associated with an increased proportion of apoptotic cells (Figure 1D). These results suggested that NAGLU-depleted cells were unable to progress further in the cell cycle and died.

We next investigated whether alterations of cell division in NAGLU-depleted cells could have resulted from aberrant centrosomes. To address this issue, we examined centrosome morphology in mononucleated cells during interphase, using immuno-staining for the pericentriolar marker pericentrin. NAGLU-depleted cells showed supernumerary pericentrinpositive foci, as compared to non-depleted cells that contained the normal set of two to four centrioles (Figure 2A). The proportions of cells containing multiple centrosomes reached 22 % in NAGLU-depleted cells versus 7 % in non-depleted cells (p<0.01). Multiple centrioles were also observed by electron microscopy, indicating that alteration was not restricted to the pericentriolar matrix.

We next examined whether modifications of GM130 levels affected this phenotype. GM130

was either transiently depleted with specific siRNAs (Puthenveedu et al. 2006), or transiently over-expressed using a FLAG-tagged GM130 expression plasmid (Kodani et al. 2009). These treatments were performed 4 days after the initiation of tetracycline treatment (i.e. before the occurrence of centrosome defects) and pericentrin-positive foci were scored three days later in mononucleated cells (Figure 2B). Non-transfected cells present on the same coverslip were compared to cells that received siRNAs and did not express GM130, or to cells positive for the FLAG-tagged GM130 construct. In non-depleted cells, siRNA treatment resulted in supernumerary centrosomes (44% of GM130-negative cells versus 7% of GM130-positive cells), in agreement with previous observations (Kodani and Sütterlin, 2008). FLAG-tagged GM130 expression did not affect centrosome number and morphology. In NAGLU-depleted cells, GM130 depletion further increased the proportion of cells with multiple centrosomes (46% of GM130-negative cells versus 22% of GM130-positive cells). NAGLU-depleted cells expressing FLAG-tagged GM130 showed normal centrosome number and morphology, indicating that GM130 over-expression prevented centrosome multiplication.

As centrosome organization is known to be regulated by the interaction of GM130 with Tuba and downstream Cdc42 activation (Kodani et al. 2009), we examined the centrosome phenotype in cells expressing FLAG-tagged GM130 690, a truncated version of GM130 that is unable to interact with Tuba. Expression of FLAG-tagged GM130 690 did not prevent centrosome multiplication in NAGLU-depleted cells.

These results indicate that Tuba-mediated GM130 functions controlling centrosome organization and cell cycle progression were defective in NAGLU-depleted HeLa cells.

Discussion

Characteristic features of MPSIIIB consist in Golgi defects and accumulation of abnormal lysosomes. They were observed in different MPSIIIB cell models including MPSIIIB mouse neurons, induced pluripotent stem cells (iPSc) derived from patient fibroblasts and NAGLUdepleted HeLa cells (Vitry et al. 2010;Lemmonier et al. 2011;Roy et al. 2011). We previously showed in NAGLU-depleted HeLa cells that these phenotypic alterations were related to GM130 gain-of-function. Here, we report that other cell functions controlled by GM130 were impaired in NAGLU-depleted HeLa cells, namely organization of the centrosome and cell cycle progression. Over-expression of GM130, but not GM130 deleted of Tuba binding sites, corrected these defects, indicating that they were caused by GM130 loss-of-function. These results point to a contrasted situation between GM130 gain-of-function and loss-of-function phenotypes, possibly due to increased GM130 interactions with certain protein partners and defective interactions with others.

Interactions of GM130 with its partners

Elongation of the Golgi ribbon, as observed in NAGLU-depleted cells was highly evocative of increased GM130 interaction with GRASP65 and/or AKAP450. In these cells, GRASP65 and GM130 were expressed in storage vesicles, which presumably emanated from abnormal Golgi structures. AKAP450 amounts were increased and Golgi-nucleated microtubules expanded, consistent with enhanced formation of GM130-AKAP450 complexes. We therefore consider a model in which increased GM130 interaction with GRASP65 on Golgi membranes and/or AKAP450 at the Golgi-microtubule interface could result in Golgi alterations and subsequent accumulation of abnormal lysosomes. This could lead to reduced amounts of GM130 available for binding Tuba, affecting GM130-mediated control of centrosome organization. A likely hypothesis is that HSO accumulating in the extracellular environment cause aberrant signaling from the cell surface, triggering GM130 mislocalization and modulating GM130 interactions with its partners.

Acute versus chronic NAGLU depletion

Cell cycle defects and centrosome multiplication have not been previously reported in derived from patient skin fibroblasts, on neural precursors and differentiated neurons derived from iPSc (Lemonnier et al., 2011), and on HeLa cells that can be deprived of NAGLU, the defective enzyme in MPSIIIB, when treated with tetracycline (Roy et al., 2011).

Success in the isolation of these different models was pointed out by the presence of cardinal features of MPSIIIB cell pathology previously observed in MPSIIIB mouse neurons (Vitry et al., 2010). These features include the primary storage of HSO, the natural substrate of NAGLU, the secondary accumulation of GM3 gangliosides, and the formation of distended intracellular vesicles decorated with the lysosomal marker LAMP1. These vesicles exhibited the typical morphology of storage vesicles accumulating in other LSDs, comprising a population of vacuoles with clear or light granular or fibrillar content, and another population containing electron dense material reminiscent of multi-lamellar inclusions, zebra bodies, or fingerprint-like patterns. Coexistence of the lysosomal marker LAMP1 and the cis-Golgi marker GM130 was detected in a fraction of intracellular storage vesicles, as previously seen in MPSIIIB mouse neurons. In MPSIIIB mouse neurons and in NAGLU-depleted cells, 15% and 18% of LAMP1-positive vesicles expressed GM130, respectively (Vitry et al., 2010;and unpublished data). The presence of GM130 in the limiting membrane of storage vesicles was accompanied by increased expression of GM130, and by alterations of the Golgi morphology evocative of GM130 dysfunction.

All these features without exception were consistently found in MPSIIIB mouse neurons, in undifferentiated patient iPSc, in their neuronal progeny, and in NAGLUdepleted HeLa cells, highlighting the relevance of these models to study MPSIIIB cell pathology. Despite these common characteristics, our newly isolated models present cell-specific features, making them invaluable tools for investigating LSD cell pathology, as discussed below.

Previously investigated patient skin fibroblasts, or MPSIIIB mouse neurons were chronically deficient cells. These cells reveal features combining primary effects of mechanisms. Acute models of NPC [START_REF] Schweitzer | ARF6-mediated endosome recycling reverses lipid accumulation defects in Niemann-Pick Type C disease[END_REF] or mucolipidosis IV [START_REF] Miedel | Membrane traffic and turnover in TRP-ML1-deficient cells: a revised model for mucolipidosis type IV pathogenesis[END_REF] have recently been produced in HeLa cells. Observations performed shortly after the induction of lysosomal disorders will probably shed new light on intricate cascades of pathogenic events that characterize LSDs.

An additional challenge to study neurological disorders such as LSDs is the simple fact that, for most purposes, biopsy of diseased human tissues is not an option. Studying human brain development in such disorders would require analysis of embryos, which raises ethical concerns. The emerging of iPSc provides a new approach to study both early development and disease pathology in human neurodegenerative diseases. The ESC-like properties of iPSc permit the investigation of early embryogenesis events in a culture system. Their differentiation capacity offers the opportunity to study neural and neuronal differentiation processes. Finally, the directed differentiation of iPSc can provide a source of human neurons, which can be used for electrophysiology studies or neuritogenesis assays, for example. Several groups have generated disease-specific iPSc lines form patients with neurological diseases such as Down's syndrome, Alzheimer's disease, Parkinson's disease, Huntington's disease or Amyotrophic Lateral Sclerosis (for review, see [START_REF] Cundiff | Impact of induced pluripotent stem cells on the study of central nervous system disease[END_REF]. Such experiments often served as a proof-of-concept of the feasibility of establishing iPSc lines. More recently, studies aimed at investigating disease-related phenotypes have started to emerge. For example, neurons derived from Rett syndrome iPSc, an X-linked autism-spectrum neurodevelopmental disorder, showed reduced spine density and altered calcium signaling [START_REF] Marchetto | A model for neural development and treatment of Rett syndrome using human induced pluripotent stem cells[END_REF]. In the group of LSDs, iPSc from mouse origin have been generated to model MPSVII [START_REF] Meng | Induced pluripotent stem cells derived from mouse models of lysosomal storage disorders[END_REF]. Interestingly, it has been shown that iPSc retain 'epigenetic memory' of the donor tissue from which they were derived at early passage [START_REF] Sullivan | Induced pluripotent stem cells: epigenetic memories and practical implications[END_REF]. Epigenetic memory is however removed with extended passaging. Epigenetic modifications of genes do not involve change of DNA sequence, but include histone modifications, DNA methylation, and chromatin remodeling. These changes are mitotically and meiotically heritable. This information can be of special interest, since epigenetic factors have been proposed to influence phenotypic variation in LSDs (discussed in the introduction, section 2.3). Combining the iPSc technology with epigenomic profiling might provide an important tool for uncovering the role of non-coding mutations in LSDs.

EVIDENCE FOR ACUTE HSO TOXICITY

Examination of HeLa cells at early time-points after NAGLU depletion revealed for Taken together, these results strongly reinforce the hypothesis that modified biological functions identified in chronically deficient MPSIIIB cells can result from adaptive processes turned on to survive HSO accumulation. Performing kinetic studies in NAGLU-depleted HeLa cells represents a means to distinguish acute toxicity from secondary compensatory events. Gene expression profiling studies were performed in these cells at an early time point after tetracycline induction, and at a late time point (unpublished results). NAGLU deficiency was associated with the modification of only 134 mRNAs (among 29 000 transcripts) at day 7 following tetracycline induction.

Identified genes did not belong to networks of genes converging to the same biological pathways, which rendered interpretation difficult. We believe that a transcriptomic approach is not very meaningful at early stages of acute HSO accumulation. Whereas phenotypic changes are visible, transcriptional responses have probably not been turned on yet. Proteomic studies would possibly be more informative at this stage. In the same line, we showed that FGFR1, and FGFR2 mRNA levels, which are known to be affected in MPSIIIB [START_REF] Li | Attenuated plasticity in neurons and astrocytes in the mouse model of Sanfilippo syndrome type B[END_REF], were only slightly increased at day 7, but significantly elevated at day 14 (unpublished data). When performed after installation of cell disorders, at day 28 after tetracycline induction, gene expression profiling revealed network of genes that are coordinately changed in expression levels. Disrupted pathways were related to cell perception to the environment, cell adhesion, regulation of developmental processes, or innate immune responses (Table 4, and discussed later in paragraph 8). Interestingly, these pathways were also disrupted in chronically deficient patient fibroblasts, and in NSCs derived from patient iPSc (Lemonnier et al., 2011), 

strengthening

GOLGI PHENOTYPE

In MPSIIIB mouse neurons, patient iPSc clones, patient neurons, and NAGLUdepleted HeLa cells, increased GM130 immunostaining as compared to normal cells suggested increased Golgi size. In neurons from either human or mouse origin, GM130

staining frequently extended in neurites, reminiscent of the picture observed when the balance between the LKB1-YSK1-GM130 and the Reelin-Dab1 pathways was disturbed (Matsuki et al., 2010). Consistently with this aspect, ultrastructural analysis of the Golgi morphology in NAGLU-depleted HeLa cells showed elongation of the Golgi ribbons. It was previously shown that GM130 depletion results in disconnection and fragmentation of the Golgi ribbons (Kodani and Sutterlin, 2008), whereas GM130 overexpression leads to increased length of Golgi ribbons (Marra et al., 2007). This picture suggested that GM130 gain-of-function was responsible for the Golgi phenotype.

Further ultrastructural studies in all four cell types revealed disorganization of the Golgi architecture at different levels. Disorganized morphology was characterized by loss of linearity between adjacent stacks forming the ribbon, wider cisterna forming internal bulbs and giving rise to dilated saccules, and accumulation of numerous storage vesicles in proximity, or even connected to the Golgi. These abnormalities sometimes resulted in a vesicular, fragmented aspect of the Golgi apparatus.

Contrary to neurons and NAGLU-depleted HeLa cells, Golgi expansion was not seen in iPSc. In iPSc, the predominant feature was abundant short and not well-aligned stacks with an increased density of vesicles near the ribbons. The wording "fragmentation" was used to describe Golgi phenotype in iPSc, although it clearly differs from Golgi fragmentation as it occurs during apoptosis, or in certain neurodegenerative diseases, or upon GM130 depletion. This fragmented aspect resulted from Golgi disorganization rather than from loss of lateral fusion between neighbouring cisternae. The reason for morphological differences between undifferentiated iPSc and other cell types is unclear, although it is conceivable that different cell types do not show identical phenotypes and that cell specificity is especially marked for recently reprogrammed pluripotent stem cells. Contrary to neurons or NAGLU-depleted HeLa cells, iPSc proliferate widely. This proliferative state can possibly impact the Golgi phenotype, since Golgi fragmentation occurs during cell division. Continuing Golgi fragmentation may be incompatible with the formation of elongated ribbons. Amongst all tissues and cell types analyzed, the most striking Golgi defects emerged in MPSIIIB mouse brains, consistent with a link between the presence or absence of cell division and phenotype severity.

Experiments performed in the HeLa cell model confirmed that, as predicted, GM130

gain-of-function was responsible for at least part of the Golgi defects observed upon abnormal organization of the Golgi did not affect overall transport in the secretory pathway. Investigations of VSV-G trafficking showed that this protein successfully exited the ER to reach the Golgi and the cell surface in cultured MPSIIIB mouse neurons, with no kinetic differences as compared to wild-type neurons (Vitry et al., 2010). In agreement with this observation, several studies showed that Golgi ribbon integrity is not critical for global protein secretion (see 7.3). In these experiments, Golgi proteins such as GM130 (Puthenveedu et al., 2006), GRASP65 [START_REF] Sutterlin | The Golgi-associated protein GRASP65 regulates spindle dynamics and is essential for cell division[END_REF], GMAP210, or golgin160 [START_REF] Yadav | A primary role for Golgi positioning in directed secretion, cell polarity, and wound healing[END_REF] were depleted, resulting in normal, or only slightly delayed, VSV-G trafficking.

ACCUMULATION OF ABNORMAL LYSOSOMES

Since co-localization between LAMP1 and GM130 was extensively and consistently found amongst different MPSIIIB cell models, and since vesicles were frequently found to surround the Golgi apparatus, we postulated that storage vesicles accumulating in MPSIIIB might have a Golgi origin. The HeLa cell model was used to address the relationship between Golgi defects induced by HSO accumulation and the emergence of LAMP1-positive storage vesicles.

The identity of LAMP1-positive storage vesicles accumulating in NAGLU-depleted HeLa cells was first defined (Roy et al., 2011). As previously observed for vesicles accumulating in MPSIIIB mouse neurons (Vitry et al., 2010), these vesicles were identified as abnormal lysosomes. They displayed markers of lysosomes, including LAMP1 in the limiting membrane and the lysosomal hydrolase IDUA in the acidic lumen, but they differed from lysosomes with respect to large size and heterogeneous content. These abnormal lysosomes were formed in the absence of autophagy defects, and they did not express markers of early or late endosomes. In particular, they did not acquire M6PR, which is expressed in late endosomes.

Ultrastructural studies on NAGLU-depleted cells led to the introduction of new mechanistic models for the formation of abnormal lysosomes. As mentioned above, they revealed Golgi defects with prominent vesiculation of the Golgi apparatus, or of Golgi-derived elements. Whereas vesicles emanating from Golgi circularization contained densely packed stacks of membranes and were reminiscent of multi-lamellar inclusions, zebra bodies, or fingerprint-like patterns, vesicles emanating from Golgi distensions were reminiscent of vacuoles with clear content. Therefore, it can be postulated from a morphological point of view that the two populations of vesicles typically observed in MPSIIIB are derived from the Golgi compartment.

Interestingly, enhanced genesis of storage vesicles with characteristics of abnormal lysosomes could be reproduced by overexpressing GM130 in normal HeLa cells, indicating that this phenomenon was a consequence of GM130 overexpression in NAGLU-depleted cells. Depleting GM130 prevented the genesis of these vesicles.

In agreement with the notion that storage vesicles originate from abnormal Golgi structures, which are derived from early Golgi compartments, we showed in MPSIIIB mouse neurons and/or in NAGLU-depleted HeLa cells that LAMP1-positive vesicles expressed pre-Golgi and cis-Golgi markers including COPII, GM130 and GRASP65 but did not express the trans-Golgi marker golgin97 (Roy et al., 2011;Vitry et al., 2010).

Consistently, absence of endosomal markers indicated that abnormally formed vesicles did not transit through the trans-Golgi. Storage vesicles were therefore identified as prelysosomes, defined as cis-and medial-Golgi domains enriched in lysosomal proteins and destined to lysosome biogenesis, which were misrouted before they reach the trans-Golgi. Possible consequences on protein sorting and glycosylation are discussed below.

It can be postulated that proteins contained in misrouted pre-lysosomes were almost fully glycosylated by cis-and medial-Golgi resident enzymes, but missed late modifications such as sialylation, which take place in the trans-Golgi [START_REF] Harduin-Lepers | The animal sialyltransferases and sialyltransferase-related genes: a phylogenetic approach[END_REF]. In agreement with this assumption, it was shown that, as in wild-type neurons, oligosaccharide chains born on IDUA molecules produced in MPSIIIB mouse neurons underwent trimming by the medial Golgi resident Mannosidase II (Vitry et al.,2010). Sialylation was not tested.

Because the TGN is a crucial sorting station, inability of lysosomal proteins to reach the TGN could have important consequences. For instance, the targeting signal of the YXX type contained in the cytosolic tail of LAMP1 could not be recognized normally by AP adaptors and packed in clathrin-coated vesicles at TGN exit sites [START_REF] Van Meel | Imaging and imagination: understanding the endo-lysosomal system[END_REF]. Similarly, IDUA tagged with GFP could not properly interact with M6PR located at the membrane of clathrin-coated vesicles budding from the TGN [START_REF] Ghosh | Mannose 6-phosphate receptors: new twists in the tale[END_REF]. As lysosomal proteins presumably missed cell machinery components directing their targeting and fusion with the endo-lysosomal system, they accumulated in vesicular structures representing a dead-end storage compartment that cells are unable to eliminate.

Thus, the HeLa cell model of acute HSO depletion shed light on the mechanisms responsible for the generation of storage vesicles. As these mechanisms rely on early events occurring at the Golgi level, they could not be studied in chronically deficient cells. The utility of the HeLa cell model was further justified by the need to perform transfection experiments for GM130 overexpression or depletion.

The mechanistic model raised here may somehow appear paradoxical. How such widespread Golgi alterations could have effects which are mainly limited to lysosome progenitors? We focused our investigations on lysosomal markers, and therefore observed defects associated with lysosomogenesis. This approach obviously introduced a methodological bias. A search for distended vesicles that would not express lysosomal markers was not performed. Indeed, all Golgi markers used in our studies were components of the Golgi matrix. A systematic examination of Golgi transmembrane proteins could reveal distensions devoid of lysosomal markers. The Golgi membrane protein 1 (GOLM1), a transmembrane protein residing in the cis and medial-Golgi cisternae, represents a good candidate marker for such investigations [START_REF] Hu | The Golgi Localization of GOLPH2 (GP73/GOLM1) Is Determined by the Transmembrane and Cytoplamic Sequences[END_REF].

Expression of GOLM1 mRNAs was indeed found upregulated in fibroblasts and NSCs from MPSIIIB patients (Lemonnier et al., 2011). If the hypothesis of global sorting defects is true, such experiments will detect populations of swollen vesicles in MPSIIIB cells, which are derived from the Golgi, and which are LAMP1-negative. These vesicles could contain different classes of glycoproteins and glycolipids which escaped the Golgi before terminal glycosylation steps. Terminal sialic acids have an outstanding impact on the stability of glycoproteins. They ensure longer half-life, and they influence parameters such as thermal stability or resistance to proteolytic degradation [START_REF] Bork | Increasing the sialylation of therapeutic glycoproteins: the potential of the sialic acid biosynthetic pathway[END_REF]. Augmenting sialylation represents an approach to improve efficacy of therapeutic recombinant glycoproteins such as erythropoietin or blood coagulation factors. It is therefore conceivable that accentuated clearance of synaptophysin, as seen in MPSIIIB mouse brains [START_REF] Vitry | Enhanced degradation of synaptophysin by the proteasome in mucopolysaccharidosis type IIIB[END_REF], is a result of deficient sialylation. The impact of defective glycosylation on physiological functions and developmental processes is undeniable. Human disorders linked to defects in Golgi glycosylation have been identified. They belong to the rare genetic disease family called congenital disorders of glycosylation (CDGs) [START_REF] Ungar | Golgi linked protein glycosylation and associated diseases[END_REF]. Amongst them, CDG type IId is caused by mutations in -1,4-galactosyltransferase, a trans-Golgi resident enzyme [START_REF] Nilsson | The membrane spanning domain of beta-1,4-galactosyltransferase specifies trans Golgi localization[END_REF]. It results in loss of terminal galactose and sialic acid residues [START_REF] Hansske | Deficiency of UDP-galactose:N-acetylglucosamine beta-1,4galactosyltransferase I causes the congenital disorder of glycosylation type IId[END_REF]. Key clinical phenotypes manifest as severe neurological disorders, hydrocephalus, myopathy and blood clotting defects. Considering the importance of full glycoprotein and glycolipid maturation through the Golgi, it should certainly be examined whether late glycosylation steps are impeded in MPSIIIB cells.

LIPID ACCUMULATION

In MPSIIIB mouse neurons and in NAGLU-depleted HeLa cells, LAMP1-positive storage vesicles rarely co-localized with HS or GM3. However, LAMP1-positive vesicles on the one hand, and GM3-positive vesicles on the other hand consistently colocalized with GM130. In NAGLU-depleted cells, large GM3-positive vesicles often sequestered GM130, suggesting that GM3 accumulation was due to defects in the ganglioside biosynthetic pathway. As GM3 is the first ganglioside produced in the cisand medial-Golgi [START_REF] Maccioni | Glycosylation of glycolipids in the Golgi complex[END_REF][START_REF] Tettamanti | Ganglioside/glycosphingolipid turnover: new concepts[END_REF][START_REF] Van Echten | Uncoupling of ganglioside biosynthesis by Brefeldin A[END_REF], vesicles enriched in GM3 could be misrouted due to defects in early Golgi compartments and stored. Vesicles enriched in GM3 and vesicles with clusters of lysosomal enzymes are expected to be generated at spatially distinct sites of the Golgi, as shown by the spatial association of enzymes cooperating in the ganglioside biosynthetic pathway (de [START_REF] De Graffenried | The roles of enzyme localisation and complex formation in glycan assembly within the Golgi apparatus[END_REF]. This would explain that albeit they formed through similar mechanisms, LAMP1-positive vesicles and GM3-positive vesicles are distinct from one another.

GM2 is mainly produced in a Golgi compartment which is presumably not altered in MPSIIIB, the trans-Golgi [START_REF] Young | Use of brefeldin A to define sites of glycosphingolipid synthesis: GA2/GM2/GD2 synthase is trans to the brefeldin A block[END_REF]. The hypothesis that ganglioside accumulation in MPSIIIB arises as a consequence of sorting defects in early Golgi compartments is therefore in agreement with the observation that GM2 overload is minimal, as compared to marked GM3 overload. In MPSIIIB mouse brains, GM3 levels were 4-fold higher, compared to normal brains, whereas GM2 levels increased only 2fold [START_REF] Cressant | Improved behavior and neuropathology in the mouse model of Sanfilippo type IIIB disease after adeno-associated virus-mediated gene transfer in the striatum[END_REF]. In MPSIIIB dog brains, GM3 and GM2 levels increased 4fold and 3-fold, respectively [START_REF] Ellinwood | Safe, efficient, and reproducible gene therapy of the brain in the dog models of Sanfilippo and Hurler syndromes[END_REF]. Although synthesis of GM3 from LacCer peaks in the proximal Golgi, whereas synthesis of GM2 from GM3 precursors peaks in the distal Golgi, co-localization was observed between the two enzymes catalizing these steps [START_REF] Maxzud | Functional coupling of glycosyl transfer steps for synthesis of gangliosides in Golgi membranes from neural retina cells[END_REF]. This suggests that GM2 synthesis is not restricted to distal Golgi compartment, but can also occur in more proximal Golgi compartments. This point explains how sorting defects in early Golgi compartments could also affect GM2 gangliosides.

Defect in GM2 degradation rather than defect in the GM2 biosynthetic pathway represents another possibility, and would explain that GM2 and GM3 accumulate in separate populations of vesicles [START_REF] Mcglynn | Differential subcellular localization of cholesterol, gangliosides, and glycosaminoglycans in murine models of mucopolysaccharide storage disorders[END_REF]. Potential mechanisms that may account for deficient GM2 degradation remain to be identified. The possibility that GAGs accumulating within the lysosome could inhibit the lysosomal enzyme involved in GM2 degradation, namely -hexosaminidase, is unlikely. Indeed, previous reports showed that commercial GAGs do not inhibit this enzyme [START_REF] Kint | Interactions between acid hydrolases of human liver and mucopolysaccharides[END_REF].

Cholesterol represents another class of lipids which accumulate in MPSIIIB. The strong regional correlation observed between cholesterol and GM3 storage in brains of mice with MPSIIIB (McGlynn et al., 2004) suggests that the mechanisms causing accumulation of these substrates are related. Intracellular distributions of cholesterol and sphingolipids are tightly linked. Both classes of lipids are associated within membrane lipid rafts, which are first assembled in the Golgi [START_REF] Brown | Functions of lipid rafts in biological membranes[END_REF]. It was shown that sphingolipids display a high affinity for cholesterol, which results from the structure and the molecular properties of these two lipids [START_REF] Boggs | Lipid intermolecular hydrogen bonding: influence on structural organization and membrane function[END_REF]. Whereas sphingolipids are synthesized on the luminal surface of the Golgi, cholesterol biosynthesis occurs on the ER. From the preferential interaction between cholesterol and sphingolipids, it was speculated that sphingolipid synthesis in the Golgi acts as a sink for ER-synthesized cholesterol [START_REF] Holthuis | The organizing potential of sphingolipids in intracellular membrane transport[END_REF]. Sorting of sphingolipids could be the driving force for sorting of cholesterol in the Golgi and further out along the exocytic pathway. According to this view, it is not surprising that sorting defects in the Golgi affect gangliosides and cholesterol at the same time.

STORAGE PROBLEMS

According to the hypothesis of global lysosome malfunctioning, storage lesions in LSDs are traditionally viewed as deficient hybrid vesicles, resulting from the fusion of lysosomes with late endosome, amphisomes or autophagosomes [START_REF] Fares | Regulation of endocytosis by CUP-5, the Caenorhabditis elegans mucolipin-1 homolog[END_REF][START_REF] Luzio | Membrane dynamics and the biogenesis of lysosomes[END_REF]. Hybrid vesicles are loaded with materials meant for degradation. In LSDs, these vesicles swell, accumulate and proliferate because they are unable to recycle materials contained in their lumen. Storage products are entrapped in storage vesicles, and start to accumulate outside storage vesicles and outside cells. This view appears to be insufficient with regard to our current knowledge of the formation of storage lesions in MPSIIIB (see review in Appendix). We now provided strong evidence that although they contain lysosomal proteins, storage lesions are not lysosomes. As a matter of fact, storage lesions are not connected to the endocytosis or autophagy pathways, but they are likely derived from the Golgi (Vitry et al., 2010;Roy et al., 2011). These results inspire a more open and heterodox vision of LSDs. Are lysosomal diseases Golgi diseases? Such a model should not only be considered in the case of MPSIIIB, but may be extended to other LSDs and offers interesting options for future investigations in the field of LSDs.

In addition, it comes out from these studies that the relationship between storage products and storage lesions, the two main characteristics of LSDs, is not that simple.

Primary and secondary storage products, i.e. HS on the one hand, and GM3

gangliosides, scMAS or ubiquitin on the other hand, were not associated with storage vesicles in MPSIIIB mouse neurons, and in NAGLU-depleted cells. Again, the hypothesis of global lysosome malfunctioning could not account for this observation.

Further investigations will be required to provide links between storage products and storage lesions. We obtained some indications in fibroblasts or NSCs from MPSIIIB patients that extracellular accumulation of primary storage products may trigger aberrant signaling cascades inside cells, which might be at the origin of Golgi defects and accumulation of storage vesicles (discussed later in paragraphs 8 and 9).

According to our new model, it appears that the term "storage vesicles" is inappropriate to designate vesicles which do not accumulate storage products. The term "abnormal lysosome" would be more accurate to designate vesicles which contain lysosomal proteins, but which differ from normal lysosomes.

Dynamic exploration of endocytosis and macroautophagy in MPSIIIB mouse neurons revealed that these pathways were not affected (Vitry et al., 2010). Material [START_REF] Rodriguez | Lysosomes behave as Ca2+-regulated exocytic vesicles in fibroblasts and epithelial cells[END_REF]. This mechanism might represent a compensatory mechanism more actively recruited than in normal cells in order to promote cellular HSO clearance.

It would result in increased HSO amounts delivered in the cell environment. Such regulatory mechanisms could involve the transcription factor EB (TFEB). Previous studies showed that TFEB signaling pathway, which regulates lysosome biogenesis, is activated in a number of LSDs [START_REF] Sardiello | A gene network regulating lysosomal biogenesis and function[END_REF]. Further studies also showed that TFEB does not only regulate lysosomal biogenesis, but also lysosomal exocytosis [START_REF] Medina | Transcriptional activation of lysosomal exocytosis promotes cellular clearance[END_REF]. In pathological conditions, in which the lysosomal degradative capacity of cells is compromised such as LSDs, TFEB activation could serve degradation needs by enhancing lysosomal proliferation, and it could increase cellular clearance of lysosomal substrates by enhancing lysosomal exocytosis. Such activation could be part of compensatory responses, which are activated to protect the cell from the accumulation of lysosomal substrates. However, albeit a therapeutic strategy based on TFEB overexpression would allow cellular clearance of primary storage products by enhancing exocytosis of normal lysosomes, it is unlikely that abnormal lysosomes, which are immobile, would be eliminated from MPSIIIB cells using such strategy.

IMPAIRED GM130 FUNCTIONS

Considering the extent of Golgi alterations, many Golgi matrix proteins are probably affected in MPSIIIB cells. We however focused our investigations on a target matrix protein, GM130, because this protein has been widely analyzed in the literature and plays a central role in the control of Golgi organization (Marra et al., 2007;Puthenveedu et al., 2006). It is the only Golgi protein described so far with such multiple and complex functions, some of which are crucial to neuronal function. Defect in GM130mediated control of polarity and directed migration, for instance, would be relevant to the neurological manifestations characterizing MPSIIIB. In addition, detection of GM130 in storage vesicles accumulating in various MPSIIIB cell models point to this protein as a possible molecular target for HSO toxicity. GM130 controls Golgi structure, cytoskeleton organization and centrosome organization through interactions with different partner proteins including GRASP65, p115, AKAP450 and Tuba (Nakamura, 2010). These functions were assessed in NAGLU-depleted HeLa cells.

They were all affected. Whereas centrosome multiplication and cell cycle arrest were reminiscent of GM130 loss-of-function (Kodani and Sutterlin, 2008), Golgi extension and enhanced nucleation of Golgi-derived microtubules were evocative of GM130 gainof-function (Puthenveedu et al., 2006;Rivero et al., 2009). Enhanced recruitment of GM130 on Golgi membranes and increased interaction with GRASP65 or p115 at this location, and/or enhanced recruitment of GM130 and increased interaction with AKAP450 at the Golgi-microtubule interface may result in decreased pools of GM130 available at the centrosome for interaction with Tuba. Subcellular analysis of GM130 abundance and localization revealed that GM130 levels might be increased in the cytoskeleton, although this result is still preliminary (data not shown). The levels of Golgi-localized AKAP450 were found up-regulated. Consistently, acetylated, Golginucleated microtubules were expanded. These results suggest increased GM130 interaction with AKAP450 and increased microtubule nucleation at the cis-Golgi through GM130-AKAP450 complexes. As a result, expansion of both the tangential microtubule network linking Golgi stacks, and of the asymmetric microtubule network extending toward the cell leading edge presumably occurs (Kodani and Sutterlin, 2009).

Expansion of the former microtubule subset would account for the Golgi phenotype consisting of increased Golgi size and Golgi extension into neuron prolongations.

Expansion of the latter microtubule subset would disturb cytoskeletal dynamics.

However, directionality of post-Golgi trafficking would apparently be unaffected, since Golgi-nucleated microtubules still extend in a single direction toward cell edge in NAGLU-depleted cells. Directional post-Golgi trafficking driven by Golgi-derived microtubules is indispensable for polarized cell motility. Removal of Golgi-derived microtubules results in randomized migration patterns (Miller et al., 2009). In such context of elevated levels of Golgi-nucleated microtubules, cell migration may be delayed, but directionality is likely preserved. Although prelimirary, our recent results are consistent with this view.

Other cell defects induced by GM130 dysfunction can potentially be at the origin of cell polarization defects, subsequently leading to migration defects. In NAGLUdepleted cells, the Golgi was less dynamic, as indicated by increased resistance to BFAinduced fragmentation, and the centrosome number and positioning was impaired. As proper alignment of the centrosome and Golgi, remodeling of the Golgi complex, and potential integrity of the Golgi ribbon are essential for cell polarity, this process was likely impeded [START_REF] Bisel | ERK regulates Golgi and centrosome orientation towards the leading edge through GRASP65[END_REF]Hurtado et al., 2011;[START_REF] Yadav | A primary role for Golgi positioning in directed secretion, cell polarity, and wound healing[END_REF]. As a consequence, cell migration may be blocked, or delayed. MPSIIIB mouse astrocytes and NSCs derived from the MPSIIIB mouse model, or from iPSc, are more appropriate than HeLa cells to investigate such defects.

This context of defective proliferation, polarization and migration may have consequences on behavior of NSCs and neuritogenesis, possibly relevant to the loss of brain plasticity observed in MPSIIIB. Neurogenesis requires NSC proliferation and motility, neuron specification, and migration of new neurons to become incorporated into the functional circuitry of the brain [START_REF] Ming | Adult neurogenesis in the mammalian central nervous system[END_REF]. Neuritogenesis, the first step of neuronal differentiation, takes place soon after mitosis, as the first neurite emerges opposite from the plane of the last mitotic division. This process requires centrosome and Golgi polarization close to the area where the first neurite develops (de [START_REF] De Anda | Centrosome localization determines neuronal polarity[END_REF]. The axon consistently arises from this neurite. Neuritogenesis follows with the elaboration of multiple neurites that subsequently become dendrites, neurite elongation and retraction. Elaboration of the dendritic tree necessitates Golgi extension into dendrites [START_REF] Ye | Growing dendrites and axons differ in their reliance on the secretory pathway[END_REF]. Neurogenesis and neuritogenesis are crucial in developing organisms for the establishment of neuronal connections in the CNS, but also later in life, enabling remodeling of neuronal circuits in order to adapt to environmental changes [START_REF] Duffau | Brain plasticity: from pathophysiological mechanisms to therapeutic applications[END_REF][START_REF] Ming | Adult neurogenesis in the mammalian brain: significant answers and significant questions[END_REF]. Ongoing neurogenesis and neuritogenesis underlie neuronal plasticity, influencing learning and memory throughout life.

Problems related to neurogenesis and neuritogenesis were indeed observed in the MPSIIIB mouse model. Neurogenesis defects consisted in reduced capacity of NSCs to proliferate in MPSIIIB mouse brains [START_REF] Li | Attenuated plasticity in neurons and astrocytes in the mouse model of Sanfilippo syndrome type B[END_REF]. Neuritogenesis defects in MPSIIIB mouse neurons consisted in more frequent neurite elongation and branching and less frequent neurite retraction, resulting in a relative overgrowth of neuritic trees [START_REF] Hocquemiller | GAP43 overexpression and enhanced neurite outgrowth in mucopolysaccharidosis type IIIB cortical neuron cultures[END_REF]. Evidence for a direct link between GM130 dysfunction on the one hand, and defective neurogenesis and neuritogenesis on the other hand, remains to be established.

IDENTIFICATION OF NEW MOLECULAR TARGETS

Gene expression profiling studies comparing fibroblasts or NSCs from patients and non-affected individuals revealed new molecular targets for future investigations (Lemonnier et al., 2011). Genes with modified expression overlapped between the two cell types. They pointed to modifications of ECM constituents such as laminin, fibronectin or collagen, surface receptors involved in cell adhesion to the ECM such as integrins and FGFRs, growth factors (e.g. FGFs), morphogens (e.g. components of the wnt pathway), and molecules involved in cell sensing of environmental cues (e.g. Slit,

Semaphorins and Ephrins). Many of the cell surface proteins pointed by transcriptome analysis are known HS ligands. This suggests that HSO accumulating in MPSIIIB cells are excreted in the cell environment where they interact with ECM constituents and ECM-bound ligands, modifying the bioavailability of multiple signaling molecules, and inducing regulatory mechanisms with consequences on expression levels of ECM proteins. Direct evidence for a biological effect of extracellular HSO had already been obtained in an experimental setting where HSO purified from MPSIIIB samples added onto microglial cell cultures were able to activate these cells [START_REF] Ausseil | Early neurodegeneration progresses independently of microglial activation by heparan sulfate in the brain of mucopolysaccharidosis IIIB mice[END_REF].

Pathways responsible for transducing signals inside the cell downstream of the identified cell surface proteins were also affected. For example downstream effectors in the FGF/FGFR activation pathways including several MAPK were down-regulated, in agreement with MAPK dysregulation reported at the early stage of MPSIIIB brain disease [START_REF] Cecere | Activation of stress kinases in the brain of mucopolysaccharidosis IIIB mice[END_REF]. Actors of the cascade responsible for focal adhesion formation and Rho GTPases activation downstream of integrin signaling were also affected. They include proteins that directly interact with the integrin cytoplasmic tail like calpain or protein kinase C-beta, the focal adhesion constituents tensin and parvin, and proteins recruited at focal adhesions such as Rho-GAPs, Rho-GEFs and Cdc42 effector proteins. Defects in these two signal transduction pathways can have consequences on cell-matrix interaction, cell adhesion, cell polarization, cell migration, cell growth or cell differentiation [START_REF] Hotchin | Regulation of the actin cytoskeleton, integrins and cell growth by the Rho family of small GTPases[END_REF][START_REF] Rubinfeld | The ERK cascade: a prototype of MAPK signaling[END_REF] and see introduction, paragraph 6.7). on matrix-bound cues, compared with adherent iPSc or differentiating neural cells (Lemonnier et al., 2011).

Gene expression profiles

Perturbations in the different pathways highlighted here were also found in NAGLU-depleted cells analyzed at a late time point, presumably after compensatory mechanisms have emerged (see section 2). It can be suggested that actors in these pathways are regulated in response to chronic HSO accumulation, whereas they remain unaffected at early stage after acute enzyme depletion.

LINK BETWEEN HSO ACCUMULATION AND CELL PATHOLOGY

Two hypotheses can be considered to account for HSO-induced cellular alterations in MPSIIIB, including Golgi alterations, GM130 dysfunction, defective lysosome biogenesis and ganglioside accumulation.

1) Enormous increase of HSO local concentration in intracellular compartments and especially in the Golgi may impair protein and lipid sorting in this organelle. Lectin transporters, defined as non-enzymatic, sugar binding proteins, are essential players in this process [START_REF] Hauri | Lectins and traffic in the secretory pathway[END_REF]. One example is the M6PR which interacts with mannose-rich oligosaccharide chains on lysosomal hydrolases [START_REF] Dahms | P-type lectins[END_REF]. A plausible hypothesis would be that HSO accumulating in the Golgi lumen competed for glycoprotein-lectin or glycolipid-lectin interaction. However in our experimental conditions, we did not find evidence for HSO accumulation in the Golgi, but in intracellular structures distinct from the Golgi. The epitope specificity of the antibody used for these experiments may not allow exhaustive detection of all HSO species generated in MPSIIIB. Indeed, monoclonal anti-HS antibodies recognize distinct HS species and show different patterns of immunoreactivity (van den [START_REF] Van Den Born | Novel heparan sulfate structures revealed by monoclonal antibodies[END_REF]. The sensitivity of the antibody could also be too low to detect HS accumulation in Golgi. 

IMPLICATIONS FOR TREATMENTS

In the embryo, the neural plate forms the neural tube which subsequently becomes the CNS. Neurons are initially produced along the central canal in the neural tube.

These neurons then migrate from their birthplace to their final destination, where they differentiate and integrate into the brain circuitry. Two general modes of migration are distinguished during brain development: radial migration, and tangential migration [START_REF] Marin | Cell migration in the forebrain[END_REF]. In radial migration, neurons migrate from the progenitor zone toward the surface of the brain following the radial disposition of the neural tube.

Radial migration establishes the general cytoarchitectonical framework of the different brain subdivisions. In the cerebral cortex, it is responsible for assembly into six layers with distinct patterns of connectivity [START_REF] Rakic | Specification of cerebral cortical areas[END_REF]. In tangential migration, cells migrate orthogonal to the direction of radial migration. Tangential migration increases the cellular complexity of brain circuits by allowing the dispersion of multiple neuronal types. Neurons that eventually become pyramidal or glutamatergic neurons tend to migrate radially, whereas GABA ( -aminobutyric acid)-containing interneurons migrate tangentially [START_REF] Ghashghaei | Neuronal migration in the adult brain: are we there yet?[END_REF]. Appropriate migration of neurons during development is therefore essential to achieve proper brain architecture, and to build functional synaptic circuitry in the brain.

In children suffering MPSIIIB pre-natal development is presumably normal. Some reports are indicative of BBB permeability to M6P-bearing molecules until birth in mice [START_REF] Urayama | Developmentally regulated mannose 6-phosphate receptor-mediated transport of a lysosomal enzyme across the blood-brain barrier[END_REF]. This suggests that NAGLU can cross both the materno-fetal placental barrier and the BBB, and can be supplied to the fetus by the mother.

Consistently, examination of MPSIIIB mouse brains showed normal development of cortical layers and absence of cortical atrophy [START_REF] Vitry | Enhanced degradation of synaptophysin by the proteasome in mucopolysaccharidosis type IIIB[END_REF]. This result suggests that neurogenesis, neuronal proliferation, and radial migration of neurons might occur normally before birth. However, the possibility can not be ruled out that more subtle defects in tangential migration occurred, with consequences on functionality of the brain circuitry. In a teratoma formation assay, patient iPSc were able to differentiate normally and form the three embryonic germ layers upon NAGLU complementation by recipient mice (Lemonnier et al., 2011). What happens in absence of NAGLU supply? Formation of embryoid bodies, and subsequent differentiation into the three germ layers was not impaired, neither was differentiation of iPSc into neural progenitors and neurons. The accuracy of these in vitro investigations is however obviously insufficient to detect subtle deviations from normal differentiation pattern, as they may occur during development in vivo.

Although the bulk of neuronal migration occurs during the embryonic period, neurons can also migrate to some extent during early post-natal periods [START_REF] Ghashghaei | Neuronal migration in the adult brain: are we there yet?[END_REF]. This phenomenon principally concerns tangential migration rather than radial migration [START_REF] Luskin | Restricted proliferation and migration of postnatally generated neurons derived from the forebrain subventricular zone[END_REF][START_REF] Menezes | Cell migration in the postnatal subventricular zone[END_REF]. Other post-natal developmental processes include synaptogenesis, synaptic pruning, changes in neurotransmitter sensitivity, and dendritic and axonal growth [START_REF] Webb | Mechanisms of postnatal neurobiological development: implications for human development[END_REF]. Persistence of developmental processes is essential for completition of the functional circuitry of the brain. It underlies important functions including cognitive functions. Disturbances in post-natal cortical development may be relevant to neuropsychiatric disorders such as autism and schizophrenia [START_REF] Adriani | Windows of vulnerability to psychopathology and therapeutic strategy in the adolescent rodent model[END_REF][START_REF] Lewis | Postnatal development of prefrontal inhibitory circuits and the pathophysiology of cognitive dysfunction in schizophrenia[END_REF].

Our studies in newly isolated MPSIIIB cell models including HeLa cells, iPSc and iPSc-derived neurons showed immediate onset of cell pathology in the absence of NAGLU. These observations suggest that in MPSIIIB children, cellular damages might appear soon after birth, affecting functions such as cell migration that are crucial for CNS development. Even though MPSIIIB is generally not considered a developmental disease, these results, as well as observations made in MPSIIIB patients or animal models, are indicative of early post-natal developmental defects. Reduced neurogenesis started as early as 1 month of age in MPSIIIB mouse brains [START_REF] Li | Attenuated plasticity in neurons and astrocytes in the mouse model of Sanfilippo syndrome type B[END_REF]. In MPSIII children, skill acquisition was impaired at early stages of the disease. Evaluation of the acquisition of early language showed that only 43% acquired the capacity of associating two words before the age of 3 years [START_REF] Heron | Incidence and natural history of mucopolysaccharidosis type III in France and comparison with United Kingdom and Greece[END_REF]. In normal children, changes in neuronal circuitry become increasingly intricate with age to support acquisition of complex skills. Onset of clinical symptoms in MPSIII children, around the age of 2 to 6 years [START_REF] Neufeld | The mucopolysaccharidoses. In: The Metabolic and Molecular Basis of Inherited Disease[END_REF], coincides with acquisition of complex skills. In addition, HSO levels in affected patients are believed to increase progressively with age, aggravating disease clinical expression.

In MPSIIIB children, a several-years period of progressively aggravating behavioral and cognitive disorders is followed by neurodegeneration, which is a late-onset event (after the age of 7-9 years). When administered at the age of diagnosis, around the age of 4 years, gene therapy treatments will likely halt the neurodegenerative process, as indicated by the normalization of biochemical and histological markers of the disease in the brain of treated animals [START_REF] Cressant | Improved behavior and neuropathology in the mouse model of Sanfilippo type IIIB disease after adeno-associated virus-mediated gene transfer in the striatum[END_REF][START_REF] Ellinwood | Safe, efficient, and reproducible gene therapy of the brain in the dog models of Sanfilippo and Hurler syndromes[END_REF]. However, efficacy with regards to mental retardation may be of concern if developmental damages occur in the early post-natal period, and pre-exist treatment. Plasticity of the brain is maximal in the first two years of life, and continues at reduced rates throughout life [START_REF] Mundkur | Neuroplasticity in children[END_REF]. When administered after the critical period of 2 years, gene therapy treatment will likely stop disease progression, but it will hardly reverse pre-existing developmental damage. Reduction of HS burden very early in life, by the age of 2 years, is presumably the best situation for clinical success. Therefore, the efficacy of gene therapy strategies may rely upon early detection and treatment, prior to symptom onset.

Although pre-symptomatic diagnosis raises a number of ethical, economical and technical issues, consideration should be given to expanding newborn screening to include MPSIII once therapy is clinically available [START_REF] Meikle | Diagnosis of lysosomal storage disorders: current techniques and future directions[END_REF].

CONCLUSIONS AND PERSPECTIVES

CONCLUSIONS AND PERSPECTIVES 1. CURRENT MODEL

From the data obtained in the present studies, it can be assumed that the Our studies shed light on intracellular events occurring in MPSIIIB cells. Defective control of GM130 functions appears as a central event in these cells. A likely hypothesis is that this protein is mislocalized and unable to properly interact with its multiple partners. We showed that GM130 dysfunction is responsible for the biogenesis of 

WORKING HYPOTHESIS

Integrin signaling is highly coordinated with growth factor signaling. General mechanisms underlying cross-talk between integrins and growth factor signaling have been widely analyzed in the literature [START_REF] Alam | The integrin-growth factor receptor duet[END_REF][START_REF] Kim | Extracellular matrix and cell signalling: the dynamic cooperation of integrin, proteoglycan and growth factor receptor[END_REF]. First, integrins may enhance the activation and autophosphorylation of tyrosine kinase receptors, and they can recruit adaptor proteins to the plasma membrane, which regulate growth factor receptor signaling. Second, focal adhesions can assemble in response to growth factors. Integrins present at focal adhesions can associate with growth factor receptors, modifying the localization of growth factor receptors to become associated with focal adhesions. Last, the interaction between integrins and growth factor receptors can enhance the efficiency of downstream pathways, such as the Ras-MAPK pathway.

It has been shown that signals from integrins-Src-FAK complex can be integrated with that of growth factors and be transmitted through the same Ras-MAPK pathway.

In the particular case of the FGF pathway, it has been shown that FGFR activity can be augmented by activation of integrins, and that FGF-1 and FGF-2 can simultaneously bind FGFR and integrin v 3 [START_REF] Mori | Direct binding of integrin alphavbeta3 to FGF1 plays a role in FGF1 signaling[END_REF][START_REF] Rusnati | alphavbeta3 integrin mediates the cell-adhesive capacity and biological activity of basic fibroblast growth factor (FGF-2) in cultured endothelial cells[END_REF]. Such cross-talk can be strongly influenced by HS, which is not only able to bind FGFs, but also integrin v 3 [START_REF] Moreau | Molecular interplay between endostatin, integrins, and heparan sulfate[END_REF].

We consider the hypothesis that extracellular accumulation of HSO in MPSIIIB impacts cross-talk between the FGF and integrin pathways, with downstream consequences on the formation of focal adhesions, the regulation of the cytoskeleton by Rho GTPases, and the activation of the MAPK/ERK signaling pathway. These different events are temporally regulated. One of the first events leading to cell polarization is the formation of new cell contacts with the ECM at the future front of the cells. Inhibition of integrin engagement impairs polarity establishment, characterized by process extension and centrosome-Golgi reorientation (Etienne-Manneville and [START_REF] Etienne-Manneville | Integrin-mediated activation of Cdc42 controls cell polarity in migrating astrocytes through PKCzeta[END_REF].

Nascent adhesions mature into large focal adhesions where proteins such as FAK, paxillin or vinculin are recruited, followed by reorganization of the cytoskeleton induced by Rho GTPases activation [START_REF] Kim | Extracellular matrix and cell signalling: the dynamic cooperation of integrin, proteoglycan and growth factor receptor[END_REF]. Cytoskeleton reorganization induces the formation of a protrusion in the direction of migration in cells such as astrocytes (Etienne-Manneville and [START_REF] Etienne-Manneville | Integrin-mediated activation of Cdc42 controls cell polarity in migrating astrocytes through PKCzeta[END_REF], and it induces the development of axons and dendrites in neurons [START_REF] Barnes | Establishment of axon-dendrite polarity in developing neurons[END_REF]. This phenomenon is accompanied by reorientation of the Golgi and the centrosome which involves ERK [START_REF] Bisel | ERK regulates Golgi and centrosome orientation towards the leading edge through GRASP65[END_REF]. Once cell polarization is established, cell migration can follow.

Deregulated cross-talk between the integrin and FGF pathways would lead to impaired cell adhesion, polarization and migration. It would be relevant to neuritogenesis defects observed in MPSIIIB mouse neurons [START_REF] Hocquemiller | GAP43 overexpression and enhanced neurite outgrowth in mucopolysaccharidosis type IIIB cortical neuron cultures[END_REF], considering the crucial importance of the actin cytoskeleton in neuritogenesis (da Silva and Dotti, 2002).

Interestingly, some actors of the MAPK and Rho GTPases pathways controlled by activation of integrins and FGFRs, and found to be affected in response to extracellular HS fragments are not only present at the plasma membrane, but also at the Golgi (see paragraph 6.7). Growth factor-induced activation of the MAPK pathway at the Golgi results in GRASP65 phosphorylation by ERK and subsequent remodeling of the Golgi architecture [START_REF] Bisel | ERK regulates Golgi and centrosome orientation towards the leading edge through GRASP65[END_REF]. One possibility is that GRASP65-GM130 interactions are controlled by the MAPK/ERK pathway. Although only hypothetical, pools of Rho GTPases present at the Golgi may be involved in cytoskeleton remodeling in response to an adhesion stimulus induced by integrin signaling. This hypothesis is supported by the observation that 14-3-3 has been found associated with integrin complexes, where it acts as an adaptor protein recruiting and activating Rho GTPases to sites of newly attached integrins [START_REF] Bialkowska | 14-3-3 zeta mediates integrin-induced activation of Cdc42 and Rac. Platelet glycoprotein Ib-IX regulates integrin-induced signaling by sequestering 14-3-3 zeta[END_REF][START_REF] Deakin | An integrin-alpha4-14-3-3zeta-paxillin ternary complex mediates localised Cdc42 activity and accelerates cell migration[END_REF][START_REF] O'toole | Tiam1 is recruited to beta1integrin complexes by 14-3-3zeta where it mediates integrin-induced rac1 activation and motility[END_REF].

As 14-3-3 and its specific kinase YSK1 can be targeted at the Golgi by GM130, it can be speculated that 14-3-3 can also activate Golgi-localized Rho GTPases in response to integrin activation.

These various hypotheses place GRASP65-GM130 complexes and GM130-YSK1-14-3-3 complexes at the interplay between cell surface signaling and Golgi signaling.

This model points to the MAPK/ERK pathway as a potential target for therapeutic intervention. Inhibitors of the MAPK/ERK pathway already exist and have demonstrated remarkable clinical activity for anticancer therapies [START_REF] Wong | Recent developments in anti-cancer agents targeting the Ras/Raf/ MEK/ERK pathway[END_REF].

When considering the complexity of cascades of events which account for clinical expression of MPSIIIB, it is unlikely that such inhibitors will have widespread benefits.

MAPK/ERK inhibitors may nevertheless provide tools to address questions on cell physiopathology. For example, they might be useful to examine whether Golgi defects or accumulation of abnormal lysosomes are regulated by the MAPK/ERK pathway.

FUTURE DIRECTIONS

Preliminary studies performed in the laboratory, and in which I was involved in collaboration with Julie Bruyère and Sandrine Vitry, confirmed that as predicted, MPSIIIB cells exhibit adhesion and polarization defects. They showed that recruitment and activation of focal adhesion proteins were exacerbated under basal conditions in primary astrocytes cultures derived from MPSIIIB mice. Following activation of migration in these cells, recruitment of focal adhesion proteins at the leading edge was delayed. In NAGLU-depleted cells, HS co-localized with 1 and v integrins at the cellmatrix interface, a feature which was not observed in normal cells. These integrin subunits were overexpressed. These studies will be completed by measuring expression levels of different integrin subunits in MPSIIIB cells. In addition, these preliminary studies suggest that the polarization of astrocytes does not proceed normally in vitro, as measured by the cell capacity to reorient their Golgi and centrosome in front of the nucleus in the migration direction using a wound-healing assay [START_REF]In vitro assay of primary astrocyte migration as a tool to study Rho GTPase function in cell polarization[END_REF]. NSCs purified from the MPSIIIB mouse model also exhibited reduced polarization, as compared with controls. Correction of polarization defects in MPSIIIB cells by supplying NAGLU through gene transfer indicated that they were caused by HSO accumulation.

We purified HSO from MPSIIIB patient urines with the aim to assess whether the addition of HSO to the extracellular space of unaffected cells reproduced adhesion and polarization defects seen in MPSIIIB cells. Preliminary experiments using the adhesion phenotype as an endpoint confirmed the crucial impact of extracellular HSO.

Alternatively, cell-matrix interaction studies will determine the impact of ECM modifications on cell phenotypes. This question will be addressed by examining the phenotype of normal cells cultivated in an ECM environment produced by MPSIIIB cells.

We will also investigate whether altered signals from integrins and FGFR affect downstream pathways, the cross-talks between these pathways, and if these changes affect GM130 functions. Activation of ERK and Rho GTPases such as Cdc42 will be examined in MPSIIIB cells versus normal cells, as well as in normal cells treated with HSO versus untreated cells. Intracellular molecular events will be documented, with special emphasis on the control and modulation of GM130 interaction with its multiple protein partners. The hypothesis that GM130 binding to Tuba is decreased, whereas GM130 binding to AKAP450 and/or GRASP65 is increased in response to the accumulation of extracellular HSO will be explored through co-immunoprecipitation experiments. In addition, the implication of the GRASP65-GM130 and GM130-YSK1 complexes in inducing cell polarization and migration defects should be investigated.

Since GM130 domains which bind GRASP65 and YSK1 are known, truncated forms of GM130 unable to interact with GRASP65 or YSK1 will represent useful tools.
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RESUME -Défauts cellulaires dans les maladies de surcharge lysosomale

La mucopolysaccharidose IIIB (MPSIIIB) est une maladie de surcharge lysosomale (MSL) causée par une accumulation d'oligosaccharides d'héparane sulphate (OHS), induisant chez les enfants atteints un retard mental progressif, une neurodégénérescence et une mort prématurée. Les mécanismes physiopathologiques impliqués sont mal compris. Il est nécessaire d'élucider ces mécanismes, afin d'évaluer l'efficacité d'un traitement par thérapie génique en regard de la perte de la plasticité neuronale, et pour définir les meilleures conditions de traitement. Pour cela, de nouveaux modèles cellulaires de la maladie ont été créés. Des cellules souches pluripotentes induites ont été générées à partir de fibroblastes de patients, lesquelles ont ensuite été différenciées en une lignée neuronale. Un modèle HeLa a également été créé dans lequel l'expression de shRNAs dirigés contre la -Nacétylglucosaminidase (NAGLU), l'enzyme manquante dans la MPSIIIB, est induite par la tétracycline. Ces modèles ont été isolés avec succès, et présentent les caractéristiques pathologiques fondamentales de la MPSIIIB. L'étude de ces modèles a montré que : I) Les OHS excrétés dans la matrice extracellulaire modifient la perception cellulaire des signaux environnementaux, affectant les voies de signalisation en aval avec des conséquences sur la morphologie du Golgi. II) L'accumulation de vésicules de stockage intracellulaires qui caractérisent les MSLs est due à la surexpression de la protéine cis-golgienne GM130 et aux altérations du Golgi qui en résultent. Ces vésicules sont possiblement des lysosomes anormaux formés dans le Golgi cis et médian qui sont déroutés à une étape précoce de la biogenèse du lysosome, donnant naissance à un compartiment « cul-de-sac ». III) D'autres fonctions cellulaires contrôlées par GM130 sont affectées dont la morphologie du centrosome ou la nucléation des microtubules. Ces données suggèrent de possibles conséquences sur la polarisation et la migration cellulaire, et la neuritogenèse.

Mots-clé : maladie de surcharge lysosomale (MSL) ; Mucopolysaccharidose IIIB (MPSIIIB) ; Héparane sulphate (HS) ; Golgi ; GM130.

ABSTRACT -Cell disorders in lysosomal storage diseases

Mucopolysaccharidosis type IIIB (MPSIIIB) is a lysosomal storage disease (LSD) characterized by accumulation of heparan sulfate oligosaccharides (HSO), which results in progressive mental retardation, neurodegeneration and premature death in children. The underlying mechanisms are poorly understood. Coming to a better understanding of the pathophysiology of MPSIIIB has become a necessity to assess the efficacy of gene therapy treatment regarding loss of neuronal plasticity, and to define the best conditions for treatment. To address the link between HSO accumulation and downstream pathological events, new cell models of MPSIIIB were created. First, induced pluripotent stem cells (iPSc) were generated from fibroblasts of affected children, followed by differentiation of patient-derived iPSc into a neuronal progeny. Second, a HeLa cell model was created in which expression of shRNAs directed against -N-acetylglucosaminidase (NAGLU), the deficient enzyme in MPSIIIB, is induced by tetracycline. Success in the isolation of these different models was pointed by the presence of cardinal features of MPSIIIB cell pathology. Studies in these models showed that: I) HSO excreted in the extracellular matrix modifies cell perception of environmental cues, affecting downstream signalling pathways with consequences on the Golgi morphology. II) Accumulation of intracellular storage vesicles, a hallmark of LSDs is due to overexpression of the cis-Golgi protein GM130 and subsequent Golgi alterations. It is likely that these vesicles are abnormal lysosomes formed in the cis-and medial-Golgi which are misrouted at an early step of lysosome biogenesis, giving rise to a dead-end compartment. III) Other cell functions controlled by GM130 are affected, including centrosome morphology and microtubule nucleation. These data point to possible consequences on cell polarization, cell migration and neuritogenesis.
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 1 Figure 1: Lysosome biogenesis. The possible sites at which the biosynthetic and endocytic pathways can converge are shown. Green arrows: endocytic pathway. Blue arrows: indirect intracellular pathway. Red arrows: direct intracellular pathway. Grey arrows: alternative pathways. Black arrows: retrograde pathways.From[START_REF] Saftig | Lysosome biogenesis and lysosomal membrane proteins: trafficking meets function[END_REF] 

Figure 2 :

 2 Figure 2: Lysosomal enzyme sorting by the M6PR system. Adapted from[START_REF] Desnick | Enzyme replacement and enhancement therapies: lessons from lysosomal disorders[END_REF] 

Figure 3 :

 3 Figure 3: The endocytosis pathway. GSL: glycosphingolipids. EGFR: epidermal growth factor receptor. Glycocalix: protection offered by the carbohydrate part of LAMP and LIMP proteins. Adapted from[START_REF] Schulze | Principles of lysosomal membrane degradation: Cellular topology and biochemistry of lysosomal lipid degradation[END_REF] 

Figure 4 :

 4 Figure 4: The autophagy pathway. Adapted from[START_REF] Pattingre | Regulation of macroautophagy by mTOR and Beclin 1 complexes[END_REF] 

Figure 5 :

 5 Figure 5: Degradative systems in mammalian cells. The endocytic and autophagy pathways converge to the lysosome. Another proteolytic system, the ubiquitin-proteasome system (UPS) degrades intracellular proteins equipped with an ubiquitin tag.From Martinez-Vicente and Cuervo, 2007. 

  types and share compositional and physiological characteristics with conventional lysosomes. Depending on the cell-type they may either compose the entire pool of lysosomes or coexist with lysosomes. Some examples are melanosomes which function in melanin formation, storage and transfer; platelet dense granules which release ATP, ADP, serotonin and calcium for blood clotting; lamellar bodies of the lung epithelial type II cells which function in surfactant production; lytic granules of cytotoxic T lymphocytes and natural killer cells; Weibel-Palade bodies of endothelial cells and

  data from Genzyme. a) Prevalence of lysosomal storage diseases. of the different MPS types. Netherlands Portugal Alternatively to the storage material, LSDs may also be classified according to the type of protein deficiency. Although most defective proteins have a lysosomal location, some are enzymes located in the Golgi or in the ER. Defective proteins can be subdivided into: -lysosomal hydrolases, -transmembrane proteins, such as membrane transporters required for incorporation of substrates into the lysosome lumen, and release of degradation products out of the lysosome, -co-factors or co-activators required for lysosomal enzyme function, for example the GM2 ganglioside activator protein whose defective function causes the AB variant of GM2 gangliosidosis, -proteins protecting lysosomal enzymes. For instance, cathepsin A has a protective function for both beta-galactosidase and neuraminidase, preventing their intralysosomal proteolysis, and was shown to be deficient in patients with galactosialidosis, a combined deficiency of beta-galactosidase and neuraminidase, -proteins involved in post-translational processing of lysosomal enzymes as it is the case in multiple sulfatase deficiency, -enzymes involved in targeting mechanisms for protein localization to the lysosome such as one of the enzymes responsible for the acquisition of the M6P marker, N-acetylglucosamine-1-phosphotransferase, which is defective in mucolipidoses type II and III.

A

  technology was developed to purify Human Central Nervous System Stem Cells (HuCNS-SC) using monoclonal antibodies directed against a cell surface marker of human NSCs, and expand these cells in culture. Preclinical studies have shown cell engraftment, migration, and differentiation into the three major CNS cell types following transplantation into the brain of immunodeficient mice, with long-term survival, and no evidence of tumor formation or adverse effects. These successful preclinical studies led to the initiation of a human clinical trial to evaluate the safety and effectiveness of neural stem cell-mediated therapy in children with infantile, or late infantile NCL (ClinicalTrials.gov identifier: NCT00337636). The protocol used includes delivery by direct transplantation into multiple sites within the brain, and medication to suppress the immune system. The results from a Phase I clinical trial demonstrated that high doses of human NSCs were well tolerated.

Figure 6 :

 6 Figure 6: Morphology of storage vacuoles accumulating in LSDs. Schematic representation (top panel), and examples of electron micrographs (bottom panel) in MPSIIIB mouse brain sections (a-c), and in fibroblasts from mucolipidosis type IV patients (d). Adapted from Parkinson[START_REF] Parkinson-Lawrence | Lysosomal storage disease: revealing lysosomal function and physiology[END_REF] Vitry et al., 2010 ;[START_REF] Vergarajauregui | Autophagic dysfunction in mucolipidosis type IV patients[END_REF] 

  attributable to the primary genetic defect in Niemann-Pick type C, it is clearly a secondary event in Niemann-Pick types A and B that are caused by defective sphingolipid hydrolysis. Conversely, accumulation of unesterified cholesterol in Niemann-Pick type C secondarily affects sphingolipid sorting and transport. In fact, cholesterol and sphingolipid levels, both components of lipid raft microdomains at the plasma membrane are inter-related in LSDs. Accumulation of one may lead to accumulation of the other.In LSDs with CNS involvement, cholesterol accumulation can hardly be revealed in the brain, but it can easily be shown on individual neurons and glial cells by in situ filipin labelling, particularly in NPC, GM1 and GM2 gangliosidoses, alphamannosidosis, and several types of MPS. GM2 or GM3 gangliosides which are also accumulated in these diseases are present in independent populations of vesicles and show little co-localization with cholesterol.

  Autophagy involvement has been observed in a number of LSDs including Danon disease, NCL, Pompe disease, Mucolipidosis, NPC, multiple sulfatase deficiency, MPS type IIIA or GM1-gangliosidosis[START_REF] Ballabio | Lysosomal disorders: from storage to cellular damage[END_REF]. Evidences of autophagy alterations include accumulation of autophagic vacuoles, autophagosome accumulation (LC3-II increase), enhanced autophagic degradation of long-lived proteins, or increased expression of Beclin-1, which is accumulated during autophagy induction. A block of autophagy (block of autophagosome-lysosome maturation) was recently suggested in multiple sulfatase deficiency and MPSIIIA. The presence of autophagosome accumulation can thus result either from autophagy overactivation, or a from a defective autophagosome maturation. A hypothesis that reconciles this apparent discrepancy between a block and an induction of autophagy is that lysosomal storage may affect fusion efficiency between autophagosomes and lysosomes, leading to a block of autophagy. Compensatory feedback mechanisms would in turn be activated, leading to activation of autophagy.
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 7 Figure 7: Morphological alterations that neurons undergo in LSDs. Left: ectopic dendritogenesis. Right: axonal spheroid. From[START_REF] Walkley | Cellular pathology of lysosomal storage disorders[END_REF] 

  Belonging to the group of LSDs, the MPSs form a family of inherited disorders caused by deficiencies of lysosomal enzymes required for the degradation of the various types of GAGs, namely heparan-, dermatan-, keratan-and chondroitin-sulfates. The classification of MPSs now recognizes ten different diseases associated with defects in the degradation of one or more GAGs: MPS types I, II, III (comprising four subtypes IIIA, IIIB, IIIC and IIID), IV (comprising two subtypes IVA and IVB), VI and VII[START_REF] Neufeld | The mucopolysaccharidoses. In: The Metabolic and Molecular Basis of Inherited Disease[END_REF].

  Sanfilippo disease) may probably be defined as the most severe subgroup of MPS, as it is always characterized by a severe CNS involvement associated with attenuated expression of the disease in peripheral organs. The different subtypes of MPSIII result from the absence of one of four lysosomal enzymes that are required for the sequential degradation of HS [MPSIIIA: sulfamidase; MPSIIIB: -Nacetylglucosaminidase (NAGLU); MPSIIIC: acetyl CoA: -glucosaminide-N-acetyl transferase; MPSIIID: N-acetylglucosamine 6-sulfatase]. A deficiency in one of these enzymes is responsible for the accumulation of partially digested HS oligosaccharides (HSO) in lysosomes, which are also retrieved in endosomes and other cell compartments and released in the extracellular environmemnt. The four disease subtypes are clinically indistinguishable, although type A seems to have a more severe prognosis.

  activation was mimicked by extracellular HSO purified from MPSIIIB patient urine, or by HSO produced by digestion of porcine HS with heparinase (a bacterial analog to the mammalian heparanase), but not by native HS chains. HSO-induced microglia activation was characterized by morphological changes, increased expression of the microglial marker CD11b, and by increased production of several cytokines and chemokines. It occurred through signals mediated by the cell surface innate immune response receptor TLR4 and its associated adaptor protein Myd88. Absence of brain inflammation in doubly mutant MPSIIIB TLR4-/-or MPSIIIB MyD88-/-young mice did not slow down the installation of neuropathology, supporting the view that neurodegeneration was primarily cell autonomous in MPSIIIB. However, neuroinflammation may still aggravate neuronal pathology in aging MPSIIIB mice.
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 8 Figure 8: Formation of abnormal lysosomes in MPSIIIB mouse neurons. Schematic representation of the secretory (in green), autophagy, and endocytosis (in blue) pathways involved in lysosome (in red) biogenesis. Markers that have been investigated are indicated (in black). The boxes indicate markers found to be associated with storage vesicles in MPSIIIB mouse neurons.

  Although N-linked glycosylation on asparagine residues starts in the ER, further remodeling of N-linked glycan chains occurs in the Golgi. In contrast, O-linked glycosylation on serine or threonine residues is initiated in the Golgi. Not only proteins, but also lipids are substrates for N-linked and O-linked glycosylation and oligosaccharide-chain processing at the Golgi. The Golgi houses enzymes including glycosyltransferases and trimming enzymes which are able to respectively add and remove a variety of sugars at various stereospecific positions. Glycosyltransferases can be mannosidases, sialyltransferases, fucosyltransferases, galactosyltransferases or Nacetylglucosamine transferases. Examples of trimming enzymes include glucosidases or mannosidases. Apart from enzymes responsible for glycosylation, the Golgi contains enzymes required for other post-translational modifications of newly synthesized proteins and lipids (e.g. phosphorylation, methylation and sulfation). It also contains numerous pro-protein convertases (like furin) that cleave protein precursors into their mature forms.

Figure 9 :

 9 Figure 9: Golgi glycosylation machinery. Example of N-linked glycosylation is represented.In the ER, the glycan chain is initially introduced on asparagine residues as a high-mannose type tetradecasaccharide that consists of three glucose (Glc), nine mannose (Man), and two Nacetylglucosamine (GlcNAc) residues (Glc 3 Man 9 GlcNAc 2 ). Terminal glucose residues are trimmed sequentially by two glucosidases, leading to non-glucosylated Man 9 -GlcNAc 2 saccharide chains. Once the glycoprotein has reached the Golgi complex, further mannose trimming occurs, and GlcNAc residues are added. Many pathways are possible for terminal glycosylation regarding the number of branches, and the number and identity of sugars added. Here, addition of terminal sialic acid, fucose and galactose residues are represented. Adapted from[START_REF] Helenius | Intracellular functions of N-linked glycans[END_REF] 

  and sorting station6.3.1. Transport to the Golgi Newly synthesized secretory cargo proteins are packaged into COPII-coated vesicles at specialized ER exit sites lacking bound ribosomes. Subsequently, COPII vesicles can fuse directly with the cis-Golgi, they can fuse with each other or with the ER-to-Golgi intermediate compartment (ERGIC). On ERGIC membranes, a second type of coat assembles, the COPI coat. COPI-coated vesicles bud from the Golgi and from ERGIC elements to recycle components back to the ER. This retrograde movement of COPI vesicles is important, for instance, to recycle ER-resident proteins back to the ER after their processing in the Golgi. Strong evidence for the participation of COPI-vesicles in anterograde traffic between the ERGIC and the Golgi is lacking, although this possibility has to be considered. Instead, it has been shown that tubulovesicular membranes detach from the ERGIC and move toward the Golgi. When cargo are too large to be packed into COPII-coated vesicles, they can be directly included into protrusions of specialized ER domains forming large tubulo-vesicular structures. ERderived, large containers can fuse with each other or with the pre-existing ERGIC, or they can move directly toward the Golgi without interaction with the ERGIC.

  compartment model, resident Golgi proteins are retained in the cisterna representing their final destination. Transport of cargo molecules is mediated by vesicles that bud from one cisterna and then fuse with the next one. The maturation model is more commonly admitted. This model assumes that new Golgi cisternae form de novo at the cis face, progressively mature through the stack, and ultimately peel off from the trans face. Secretory cargo proteins are thought to be carried forward by this process of cisternal progression. Meanwhile, cisternae maturation implies that cisternal components are recycled by a return flow from older to younger cisternae. This recycling is mediated by vesicles.

Figure 10 :

 10 Figure 10: Models for cargo transport through the Golgi. (a) Anterograde transport of cargo molecules. Whereas small cargo transit through COPI vesicles, large cargo transit in vesiculartubular membrane clusters (VTC)-like structures. (b) Retrograde transport of resident Golgi proteins via COPI vesicles. From Glick, 2000.

  sorting signals are used (Figure 11). Different machineries recognize these signals, driving their incorporation into different post-Golgi routes. Sorting signals are contained in the cytoplasmic tail of cargo molecules, and sometimes in specific receptors for these molecules. As described in section 1.2.1, sorting signals directing transport to the endolysosomal system are either tyrosine-based (NPXY or YXXØ peptide motifs) or leucine-based ([DE]XXXL or DXXLL peptide motifs). These signals have also been identified in some basolateral-directed proteins. The presence of common signals forthese two destinations is not surprising, since the indirect route to the endo-lysosomal system involves an intermediate step at the basolateral plasma membrane. Another motif which participates in basolateral targeting is the di-leucine LL motif. This signal is also involved in endocytosis (see 1.2.2). Both basolateral and lysosomal proteins are sorted through interaction of sorting motifs with AP complexes. While basolateral transport is mediated by AP-1B, AP-3 and AP-4, endo-lysosomal transport is mediated by AP-1A, AP-3 and GGAs[START_REF] Rodriguez-Boulan | Protein sorting in the Golgi complex: shifting paradigms[END_REF]. AP-1, AP-2, AP-3 and GGAs have binding sites for clathrin, whereas AP-4 does not. Blocking AP-1,

Figure 11 :

 11 Figure 11: Model for protein sorting in the TGN. Apical sorting signals are highlighted in blue, basolateral sorting signals in red, and endo-lysosomal sorting signals in green. Sorting signals meet different machineries (see circle) that mediate the incorporation of the cargo into different routes. 1a: route to the apical membrane. 1b: route to the basolateral membrane. 1c: route to the endo-lysosomal system. Recycling of apical and basolateral membrane proteins internalized by endocytosis is also shown (routes 2a and 2b). Adapted from Rodriguez-Boulan and Musch, 2005.

Figure 12 :

 12 Figure 12: General principle of vesicle tethering and fusion to acceptor compartments.FromCai et al., 2007. 

Figure 13 :

 13 Figure 13: Golgi membrane tethering by golgins and GRASPs. Different membrane tethering events are supported by these proteins. (A) Tethering of transport vesicles to Golgi cisterna. (B) and (C) Tethering between two Golgi cisternae. The involvement of GRASPs in ribbon formation is not represented. From Ramirez and Lowe, 2009.

Figure 14 :

 14 Figure 14: Comparison of centrosome-derived and Golgi-derived microtubules.FromKodani and Sutterlin, 2009. 

  subunits. Eighteen alpha subunits and eight beta subunits can assemble into 24 different combinations. As integrin tails have no catalytic activity on their own, they must bind accessory molecules that mediate cell responses. An immediate consequence of integrin activation is their clustering and the formation of focal adhesions, attaching cells to the ECM. Focal adhesion proteins are rapidly phosphorylated and activated, in particular through a dual kinase complex formed by the focal adhesion kinase (FAK) and the Src kinase. Some proteins such as talin or vinculin subsequently interact with actin, linking integrins to the cytoskeleton. Other focal adhesion proteins such as FAK, paxillin or tensin act as actin modulators. Later, effects mediated by integrin clustering and activation of focal adhesion constituents lead to reorganization of the actin and microtubule cytoskeletons by recruiting and activating the Rho GTPases Rac, Cdc42 and RhoA, as well as Rho GTPase activating proteins (Rho-GAPs) and guanine exchange factors (Rho-GEFs). In migrating cells, Rac and Cdc42 activities predominate at the leading edge where they control actin polymerization, generating the protrusive force for the lamellipodium, followed by elongation of the microtubules that fill the protrusion. RhoA induces the contraction necessary for retracting the rear-end of a moving cell. Long-term consequences of integrin activation ultimately lead to cell proliferation and control of cell morphology.

Figure 15 :

 15 Figure 15: Mapping of GM130 protein domains. GM130 consists of six coiled-coil regions (black boxes). The Golgi binding domain is shown. The N-terminal 75 amino acids region contains positively-charged residues (indicated by '+') which bind p115. The C-terminal domain (position 976-986) contains hydrophobic residues (indicated by '*') which bind GRASP65. The serine residue phosphorylated by cdk1/cyclinB upon entry into mitosis is pointed. From Nakamura, 2010.The domains interacting with Tuba and YSK1 are not represented and lie within the N-terminal first 690 amino-acids(Kodani et al., 2009), and the 75-271 region of GM130(Preisinger et al., 2004), respectively. The domain interacting with AKAP450 is unknown.
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 19 Figure 19: Structure of disaccharide units composing HS saccharide chains. An hexosamine residue (GlcNAc) is associated with an uronic acid which can be a GlcA residue (left) or an IdoA residue (right). Substitutions can occur at different positions: R 2 : H or SO 3 R 6 : H or SO 3 Y: H, SO 3 or Ac

  responsible for sulfation reactions act later in the HS biosynthetic cascade. A 2-O-GlcA/IdoA sulfotransferase catalyzes the addition of sulfate groups at C2 of GlcA and IdoA. Further sulfation on glucosamine residues can occur at the C6 and C3 residues by the enzymes 6-O-GlcN sulfotransferase and 3-O-GlcN sulfotransferase, respectively. In the Golgi, GlcA transferase and GlcNAc transferase (the products of ext genes) on the8.1.3. HS degradationHSPGs at the cell surface or in the ECM are in a dynamic state. Cells can alter the HS structures they make in response to extracellular signals. HSPGs are constantly internalized, degraded and partially recycled to the cell surface. Their half-life is in the range of 3 to 8 hours[START_REF] Stringer | Heparan sulphate[END_REF]. Molecules are degraded in lysosomes after internalization by endocytosis. Endoglycanases (heparanases) present in early endosomes cleave saccharide chains internally, producing HSO. Resulting fragments have a length varying between 10 to 20 hexose units. The substrate specificity of heparanase has been unraveled recently[START_REF] Peterson | Unraveling the specificity of heparanase utilizing synthetic substrates[END_REF]. Heparanase cleaves the linkage between a non-sulfated GlcA unit and a GlcNSO 3 unit carrying O-sulfation either at the C6 or the C3 position (Figure 21, first case). Alternatively, heparanase can cleave the linkage between a non-sulfated GlcA unit and a non-O-sulfated GlcNSO 3 unit when another O-sulfated GlcNSO 3 residue is present in proximity (Figure 21, second case). If this structure does not occur, the enzyme searches for a 2-O-sulfated GlcA residue located in proximity of the cleavage site (but not a 2-Osulfated IdoA residue) (Figure 21, cases 3 and 4). A structure with repeating disaccharide units consisting of 2-O-sulfated IdoA and GlcNSO 3 residues inhibits the activity of heparanase (Figure 21, case 5).

Figure 21 :

 21 Figure 21: Heparanase substrate recognition sites.
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 22 Figure 22: Stepwise degradation of HS in the lysosome. Three glycosidases (in blue), one acetyltransferase (in red) and five sulfatases (in green) are required. Diseases associated with deficiencies of each enzyme are indicated. Adapted from[START_REF] Hopwood | The mucopolysaccharidoses. Diagnosis, molecular genetics and treatment[END_REF] 

  (Figure 24). Some examples of HS ligands involve cell surface enzymes, ECM constituents (e.g. fibrin, fibronectin, laminin, and various types of collagen), cell adhesion molecules (Lselectin, N-CAM), and soluble growth factors [EGF, FGF, insulin-like growth factor-2, platelet-derived growth factor, transforming growth factor , vascular endothelial growth factor, hepatocyte growth factor]. In addition, HS chains possess the ability to bind to cytokines such as interleukin (IL)-5, IL-6, IL-8, IL-10, or tumor necrosis factor (TNF )[START_REF] Whitelock | Heparan sulfate: a complex polymer charged with biological activity[END_REF], playing a role in cytokine action. HS play another role in inflammation by regulating the interaction between anti-thrombin III and Factor Xa, two components of the coagulation cascade. HS can also interact with lipases, for instance lipoprotein lipase, thus being important in lipid metabolism.Genetic studies in Drosophila, Caenorhabditis elegans and in mice have revealed the essential role of HS in development. Mutations or knockouts of HS biosynthetic enzymes or HSPG core proteins have been shown to dramatically perturb signal transduction pathways involving morphogens including FGF, sonic hedgehog (shh), wingless (wnt), Notch, or bone morphogenetic protein (BMP).

Figure 24 :

 24 Figure 24: HSPGs-integrin cooperation. HSPGs modulate growth factor signaling (A) and participate in cell adhesion (B). (A) Formation of a ternary complex between HS, FGF and FGFR and subsequent signal transduction are represented. (B) Focal adhesion in which integrins and HSPGs cooperate to connect the ECM and the cytoskeleton is represented. From[START_REF] Lopes | Specific structural features of syndecans and heparan sulfate chains are needed for cell signaling[END_REF] 

[

  -specific HSO biomarkers. Theoretical HSO sequences (see 8.1.3) and HSO sequences detected in patient urines are compared for MPSI and in MPSIIIB. UA: uronic acid. HNAc: N-acetyl-hexosamine.

  Some of the fragments resulting from lysosomal degradation (individual monosaccharides, long chain bases, fatty acids as well as intermediate by-products) can leave the lysosome and enter the cytosol where they are re-utilized in the salvage pathway. The salvage pathway represents a relevant event in ganglioside biosynthesis and turnover.

Figure 26 :

 26 Figure 26: Stepwise degradation of GSLs in the lysosome. Enzymes and activator proteins involved (in blue), and enzyme-related diseases (in red) are indicated. Sap: saposin. Adapted from[START_REF] Schulze | Principles of lysosomal membrane degradation: Cellular topology and biochemistry of lysosomal lipid degradation[END_REF] 

  Once generated, iPSc clones were identified based upon morphological criteria, and submitted to different analyses aimed at verifying pluripotency. Expression of different pluripotency markers such as cytoplasmic alkaline phosphatase, stage-specific embryonic antigen (SSEA), tumor recognition antigen (TRA), or the endogenous nuclear transcription factors Oct4, Sox2, or Nanog was assayed by immunofluorescence or reverse transcription (RT)-PCR.

Figure 27 :

 27 Figure 27: Generation and characterization of iPSc. iMEF: irradiated mouse embryonic fibroblasts.

Figure 28 :

 28 Figure 28: Mechanism of tetracycline-regulated expression of NAGLU shRNA. TetR: tetracycline repressor. TetO 2 : tetracycline operator.

  Figures

  storage product toxicity, and compensatory mechanisms activated for the protection of affected cells. Adaptive mechanisms can mask phenotypes triggered by HSO accumulation. NAGLU-depleted cells, on the contrary, represent an acute model of MPSIIIB. At early time points after induction of NAGLU inhibition, their study directly reveals toxic effects of HSO accumulation. Therefore, this cell model can allow distinction between direct consequences of HSO accumulation and compensatory

  the first time acute toxic effects of HSO accumulation. The best evidence for acute HSO toxicity came from increased apoptosis, and rapid selection of revertant cells recovering normal NAGLU levels, which appeared as early as 14 days after tetracycline induction.Whereas chronically deficient cells such aspatient fibroblasts proliferate actively, NAGLU-depleted HeLa cells stopped proliferating. Thus, compensatory mechanisms may exist to overcome growth arrest in chronically deficient cells. The reason for growth arrest induced by acute HSO accumulation was elucidated in HeLa cells. NAGLU-depleted HeLa cells showed centrosome multiplication due to defective GM130 function and as a consequence they underwent cell death. Defective interaction of GM130 with the GEF Tuba at the centrosome, and inefficient Cdc42 activation downstream of GM130-Tuba interaction accounted for this phenotype. Only cells with normal NAGLU levels could proliferate and progressively overgrew the culture, explaining the emergence of revertant cell cultures. Proliferation defects were also observed in newly established iPSc grown in the absence of NAGLU, suggesting that genetic reprogramming of patient fibroblasts induced by the pluripotency factors Oct4, Klf4, Sox2 and c-Myc erased the activation of compensatory mechanisms. Isolation of iPSc clones therefore encountered major difficulties that were circumvented by the supply of exogenous NAGLU in order to eliminate HSO. Once established and over passages, NAGLU-deficient iPSc acquired proliferation capacities when grown in the absence of exogenous NAGLU, showing that cells can rapidly develop adaptive mechanisms allowing survival and permanent growth in response to HSO accumulation. Hypothetical compensatory mechanisms could involve other GEFs recruited by GM130-independent mechanisms to activate Cdc42.Another element that must be taken into account regarding proliferation deficits in iPSc is that the protocol for iPSc generation uses FGF2, a known ligand of HS. It is well described that HSO accumulation in the MPSIIIB mouse brain leads to impaired FGF2 signaling. Inefficient proliferation of MPSIIIB patient iPSc in response to FGF2, and restored responsiveness to FGF2 upon clearance of HSO through exogenous NAGLU supply strengthened that HSO accumulation severely impairs FGF signaling. The differentiation protocol of iPSc into neuronal progeny also makes use of FGF2. In the absence of NAGLU, differentiation of iPSc was not impaired, indicating proper responsiveness to FGF2. This result provides a second evidence for the emergence of compensatory mechanisms to cope with HSO accumulation.

  the relevance of NAGLU-depleted HeLa cells as a model of MPSIIIB. Although cells treated with tetracycline for 28 days recovered about 25% of NAGLU activity relative to normal cells, they exhibited abnormal cell morphology (data not shown). Together with the observation of altered gene expression profiling, these data suggest that these cells are imprinted with the consequences of compensatory mechanisms developed throughout the duration of HSO accumulation. Investigating regulation of transcriptional activities in these cells may shed light on responses related to compensatory mechanisms.

  did not only reveal the consequences of HSO accumulation in the extracellular environment. They also indicated that excreted HSO may have modified sulfation patterns. Three sulfotransferases modulating the density and type of sulfation within HS chains were indeed down-regulated (2-O; 6-O and 3-O sulfotransferases), suggesting modified profiles of ligand sensitivities. In addition to altered sulfation of saccharide chains, the synthesis and degradation of proteoglycans may be affected, as shown by reduced expression of genes coding for glypicans and hyaluronans, and increased levels of chondroitin sulfate proteoglycan mRNAs. Taken together, these data indicate that accumulation of HSO in the extracellular environment and modifications of the 'saccharide code' carried by their oligosaccharide chains may modify cell perception of environmental cues. Modifications of the ECM environment, either ECM-bound ligands or ECM constituents themselves, may modify cell-matrix interactions. In the CNS, downstream cascades of pathological consequences can manifest as defects in NSC proliferation and migration, neuron polarization, neurite outgrowth and the growth and guidance of axons. Considering the importance of these functions in the control of CNS development and plasticity, important damages may occur in the brain of MPSIIIB children. Interestingly, milder expression of the Golgi phenotype and the rare presence of storage vacuoles in floating MPSIIIB neurospheres may result from less stringent dependence of non-adherent cells
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  Development of cell pathology in MPSIIIB may be triggered by HSO secreted in the extracellular environment. This hypothesis is supported by immunostaining with anti-HS antibodies in NAGLU-depleted cells and in iPSc, showing increased reactivity at the cell-substratum interface. Data from gene expression studies in patient fibroblasts or NSCs reinforce the importance of extracellular HSO accumulation. Augmentation of GM130 mRNA levels in NAGLU-depleted cells strongly suggests regulation of GM130 gene expression by extracellular signals. Further investigations will be required to elucidate molecular mechanisms recruited by HSO accumulating in the ECM, which affect GM130 and Golgi functions. These mechanisms could involve the ERK pathway, which receives inputs from both soluble growth factors and extracellular matrix proteins through specific cell surface receptors, and which is also involved in Golgi remodeling.

  development of neuropathology in MPSIIIB is triggered by HSO bound to the ECM, which modifies cell perception of environmental cues (Figure 29). Activation of integrins, responses to growth factors and morphogens, as well as the integration of multiple extracellular signals can be subsequently altered, leading to modified gene expression. Modified expression of genes involved in ECM constitution, in addition to HSO binding to abnormally constituted ECM, would induce a vicious circle perpetuating abnormal cell sensing of the environment. Alterations of cell responses to extracellular signals can have multiple deleterious consequences including on cell adhesion, cell polarization, cell migration, cell growth or cell differentiation.

  abnormal lysosomes and the accumulation of GM3 gangliosides, two fundamental features of MPSIIIB cell pathology. It is at the origin of alterations of the Golgi, centrosome and cytoskeleton, with possible consequences on cell division, polarization, differentiation or migration.Although the intracellular consequences of GM130 dysfunction have been unraveled, and the importance of aberrant signaling from the cell surface uncovered, the relationship between extracellular and intracellular modifications remain to be determined. Such investigations are rendered difficult by the fact that molecular mechanisms controlling GM130 localization, interactions with partners and functions in normal cells are currently unknown.Interestingly, pathways controlled by ECM-bound HSO on the one hand, and by GM130 on the other hand converge to the same cellular functions, suggesting that they are tightly linked. In the CNS, alteration of these functions may cause abnormal neurogenesis, defective neurite retraction, and ectopic dendritogenesis, leading to mental retardation and neurodegeneration.
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 29 Figure 29: Current view of the pathophysiological cascades in MPSIIIB. Dashed arrows indicate HSO binding to the ECM. Arrows indicate possible downstream effects. A vicious circle perpetuating abnormal cell sensing of the environment is shown in bold. Asterisks indicate experimental observations supporting the effect. Other effects are hypothetical.

  

  

  The lysosome, first described by De Duve et al. in 1955 is a cytoplasmic cellular organelle present in all nucleated eukaryotic cells. It is delimited by a single-layer lipid
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Table 1 : Prevalence of lysosomal storage diseases and mucopolysaccharidoses in the Netherlands and in Portugal.
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Table 2 : Classification of the main LSDs.
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	Disease	Protein deficiency	Chromosome location	Storage material
	A. Deficiency of a lysosomal hydrolase or a co-activator		
	Glycogen Storage Disease			
	Pompe disease (Glycogen Storage Disease type II)	-1,4-glucosidase or acid maltase	17q23	Glycogen
	Sphingolipidoses			
	Tay-Sachs (GM2 Gangliosidosis, B variant)	-hexosaminidase A ( chain)	15q23-q24 GM2 ganglioside/asialo-GM2
	Sandhoff (GM2 Gangliosidosis, O variant)	-hexosaminidase A and B ( chain)	5q13	GM2 ganglioside/
				asialo-GM2/globoside
	GM2 Gangliosidosis, AB variant	GM2 activator	5q32-q33 GM2 ganglioside/asialo-GM2
	GM1 Gangliosidosis, type I, II, III	-galactosidase	3p21-pter GM1 ganglioside/
				galactosyloligosaccharides/KS
	Gaucher disease	-glucosidase/glucocerebrosidase	1q21	Glucosylceramide
		or saposin C activator protein	10q21	
	Niemann-Pick A and B	Sphingomyelinase	11p15.1-p15.4 Sphingomyelin
	Krabbe	Galactocerebrosidase	14q31	Galactosylceramide/
				galactosylsphingosine
	Fabry	-galactosidase A	Xq22	Globotriaosyl-digalactosylceramide
	Metachromatic Leukodystrophy	Arylsulfatase A	22q13-3	Sulfatides/GM1 ganglioside/
		or saposin B activator protein	10q21	glycolipids
	Farber	Ceramidase	8q22-21.2 Ceramide
	Prosaposin deficiency	Prosaposin (precursor of	10q22.1	Glucosylceramide/sulfatides/
		saposins A, B, C, D)		ceramides
	Lipidoses			
	Wolman	Acid lipase	10q23.2-q23.3 Cholesterol esters
	Glycoproteinoses			
	-mannosidosis	-mannosidase	19q13.2-q12 -mannosyl-oligosaccharides
	-mannosidosis	-mannosidase	4q22-q25	-mannosyl-oligosaccharides
	Fucosidosis	-fucosidase	1p24	Fucosyl-oligosaccharides/
				fucosyl-glycolipids
	Aspartylglucosaminuria	N-aspartyl -glucosaminidase	4q32-q33 Aspartylglucosamine
	Schindler and Kanzaki	-N-acetyl-galactosaminidase	22q13.1-q13.2 Oligosaccharides/GAGs/
		or -galactosidase B		glycosphingolipids
	Sialidosis	-neuraminidase	6p21.3	Sialyloligosaccharides
	Mucopolysaccharidoses (MPS) (defective degradation of GAGs)		
	MPS I (Hurler, Scheie, Huler:Scheie)	-L-iduronidase	4p16.3	HS/DS
	MPS II (Hunter)	Iduronate-2-sulfate sulfatase	Xq27-28	HS/DS
	MPS IIIA (Sanfilippo A)	Heparan N-sulfatase	17q25.3	HS
	MPS IIIB (Sanfilippo B)	-N-acetyl-glucosaminidase	17q21.1	HS
	MPS IIIC (Sanfilippo C)	Acetyl-CoA: -glucosaminide	8p11-8q11 HS
		acetyltransferase		
	MPS IIID (Sanfilippo D)	N-acetylglucosamine-6-sulfatase	12q14	HS
	MPS IV A (Morquio A)	Galactose-6-sulfatase	16q24.3	KS
	MPS IV B (Morquio B)	-galactosidase	3p21-pter KS
	MPS VI (Maroteaux-Lamy)	Galactosamine-4-sulfatase	5q13-q14 DS
	MPS VII (Sly)	-glucuronidase	7q21-q22 DS/HS/CS
	Pycnodysostosis (defective degradation of polypeptides)		
	Pycnodysostosis	Cathepsin K	1q21	Collagen fragments
	Neuronal Ceroid Lipofuscinoses (NCL)			
	NCL1	Palmitoyl-protein thioesterase (PPT)	1p32	saponins
	NCL2	Tripeptidyl-peptidase (TPP)	11p15.5	scMAS

Multiple deficiencies of lysosomal enzymes secondary to defective post-translational modification in the ER or the Golgi

  

	Multiple sulfatase deficiency			
	Austin	Formylglycine Generating Enzyme	3p26	Sulfated lipids/GAGs
	Deficiency of M6PR-dependent lysosomal targeting			
	Mucolipidosis, type II (I-cell disease)	N-acetylglucosamine-	16p	Oligosaccharides/
		1-phosphotransferase ( -subunits)		GAGs/lipids
	Mucolipidosis, type III (pseudo-Hurler polydystrophy) N-acetylglucosamine-	16p	Oligosaccharides/
		1-phosphotransferase ( subunits)		GAGs/lipids
	E.			

Deficiency of proteins involved in intracellular trafficking

  

	Mucolipidoses		
	Mucolipidosis, type IV	Mucolipin-1	19p13.2-13.3 Defective endocytic pathway
	Others		
	Danon disease (Glycogen Storage Disease Type IIb) LAMP2	Xq24-q25 Defective autophagy pathway

GAGs: glycosaminoglycans, KS: keratan sulfate, CS: chondroitin sulfate, HS: heparan sulfate, DS: dermatan sulfate, scMAS: subunit c of mitochondrial ATP synthase, LRO: lysosome-related organelles.

Table 4 : Modification of gene expression profiles.

 4 Examples of genes with modified expression levels in NAGLU-depleted HeLa cells versus normal cells at day 28 are shown. Only genes belonging to networks also affected in MPSIIIB patient fibroblasts and NSCs are shown.

  internalization via non-specific fluid phase endocytosis on the one hand, and turnover of long-lived proteins on the other hand, were not impaired. These observations suggest that endosomes and autophagosomes are able to fuse normally with lysosomes.

	Abnormal lysosomes likely co-exist with functional lysosomes which maturated
	normally. These normal lysosomes are able to fuse with endosomes and
	autophagosomes and to carry out degradative functions, contrary to abnormal
	lysosomes. Consistently, electron microscopy studies revealed the presence of
	lysosomes presenting normal ultrastructural features in various MPSIIIB cell models
	and in MPSIIIB mouse brains (unpublished data).
	Whereas pools of abnormal lysosomes do not accumulate HSO, pools of functional
	lysosomes most probably accumulate HSO. It is possible that cells developed
	mechanisms allowing them to eliminate these lysosomes loaded with undegraded or
	partially degraded HSO. Indeed, we observed increased lysosomal exocytosis in

NAGLU-depleted HeLa cells, as compared with non-depleted cells, characterized by redistribution of LAMP1 to the plasma membrane (unpublished data). Because abnormal lysosomes are immobile

(Vitry et al., 2010)

, we assume that normal lysosomes only can undergo lysosomal exocytosis, as they do in non-affected cells

Figure 25: Ganglioside biosynthesis. From[START_REF] Yu | Regulation of ganglioside biosynthesis in the nervous system[END_REF] 

MPSs [START_REF] Boland | Macroautophagy is not directly involved in the metabolism of amyloid precursor protein[END_REF][START_REF] Ginsberg | Accumulation of intracellular amyloid-beta peptide (A beta 1-40) in mucopolysaccharidosis brains[END_REF]. This phenomenon can be explained by the accumulation of primary or secondary storage products in these diseases.

Gangliosides that accumulate in GM2-gangliosidoses as a result of the primary genetic defect, but also in MPS due to secondary events, bind to amyloid beta-protein with high affinity [START_REF] Ariga | Characterization of high-affinity binding between gangliosides and amyloid beta-protein[END_REF], and promote its aggregation [START_REF] Yamamoto | Assembly of hereditary amyloid beta-protein variants in the presence of favorable gangliosides[END_REF]. On the other hand, sulfated GAGs, the primary storage product in MPS, stimulate Tau phosphorylation in Alzheimer's disease [START_REF] Goedert | Assembly of microtubule-associated protein tau into Alzheimerlike filaments induced by sulphated glycosaminoglycans[END_REF]. Consistently, increased lysozyme, which is known to induce the formation of hyperphosphorylated Tau, and increased hyperphosphorylated Tau itself have been reported in the mouse model of MPSIIIB [START_REF] Ohmi | Sanfilippo syndrome type B, a lysosomal storage disease, is also a tauopathy[END_REF].

Role in Golgi transport

GM130 and its binding protein p115 act as a tethering complex which participates in ER-to-Golgi transport and/or in intra-Golgi transport.

On the one hand, p115 is known to function in ER-to-Golgi transport. Addition of anti-p115 antibodies or depletion of p115 resulted in VSV-G arrest in the ERGIC compartment, before its delivery to the Golgi [START_REF] Alvarez | ER to Golgi transport: Requirement for p115 at a pre-Golgi VTC stage[END_REF]. p115 is localized to the ERGIC, which is the result of p115 recruitment by an activated Rab1 to COPII vesicles that subsequently form the ERGIC [START_REF] Allan | Rab1 recruitment of p115 into a cis-SNARE complex: programming budding COPII vesicles for fusion[END_REF]. p115 might participate in the tethering of COPII vesicles, as shown by experiments using the yeast homologue of p115 [START_REF] Cao | Initial docking of ER-derived vesicles requires Uso1p and Ypt1p but is independent of SNARE proteins[END_REF][START_REF] Nakajima | A cytoskeleton-related gene, uso1, is required for intracellular protein transport in Saccharomyces cerevisiae[END_REF][START_REF] Sapperstein | Assembly of the ER to Golgi SNARE complex requires Uso1p[END_REF]. Furthermore, p115 might be involved in the docking of Golgi-derived COPI-coated retrieval vesicles with the ERGIC [START_REF] Puthenveedu | Evidence that Golgi structure depends on a p115 activity that is independent of the vesicle tether components giantin and GM130[END_REF]. The role for p115 at the ERGIC stage of transport seems to be independent of binding to GM130. However, it has been proposed that the activity of p115 in ER-to-Golgi transport is dependent upon GM130 binding at later stages, during translocation of ERGIC membranes to the cis-Golgi.

Injection of antibodies competing for the binding of p115 to GM130 on the Golgi complex inhibited VSV-G traffic at the ER-to-Golgi step (Alvarez et al., 2001). This study supports a model where ER-to-Golgi transport requires the sequential action of ERGIC-associated p115 and Golgi-associated GM130. GM130 presumably acts as a receptor for p115 on the cis-Golgi, mediating transport of ERGIC-derived transport intermediates to the Golgi complex.

On the other hand, the association between GM130, p115 and giantin is crucial for COPI vesicle tethering to Golgi membranes and efficient transport of cargo through the Golgi apparatus [START_REF] Seemann | The role of the tethering proteins p115 and GM130 in transport through the Golgi apparatus in vivo[END_REF]. p115 does not only interact with GM130, but also with giantin. GM130 is segregated from COPI vesicles and concentrated in cis-Golgi membranes. In contrast, giantin is enriched in COPI vesicles [START_REF] Sonnichsen | A role for giantin in docking COPI vesicles to Golgi membranes[END_REF]. Therefore, the ternary giantin-p115-GM130 complex is believed to tether COPI vesicles to the Golgi cisternae and facilitate vesicle fusion during inter-cisternal transport. Expression of a GM130 mutant lacking the p115 binding domain in interphase cells induced the accumulation of COPI-coated transport vesicles in the Golgi region [START_REF] Seemann | The role of the tethering proteins p115 and GM130 in transport through the Golgi apparatus in vivo[END_REF]. In addition, it inhibited VSV-G transport to the plasma membrane, which was attributed to defective intra-Golgi transport. Although this model has been contradicted by the finding that GM130 and giantin compete to p115, facilitating formation of the SNARE complex between the donor vesicle and the acceptor membrane, followed by membrane fusion. 

Role in maintenance of the Golgi structure

Recent evidence suggests that GM130 is not only involved in heterotypic tethering of COPI-coated vesicles to the Golgi, or in the tethering of ERGIC membranes to the cis-Golgi, but also in homotypic tethering of ER-derived tubulo-vesicular transport carriers (Marra et al., 2007) and/or in homotypic tethering between neighboring cisternae (Puthenveedu et al., 2006). When these two tethering activities are lost, formation and maintenance of the Golgi structure is altered.

In the first study, GM130 was shown to control homotypic tethering and fusion of ER-to-Golgi carriers, a pre-requisite for their maturation into large membrane units and subsequent incorporation into the Golgi stacks. This is possible because ER-to-Golgi carriers can acquire GM130, which cycles between the cis-Golgi and the late ERGIC via membranous tubules connecting the two compartments [START_REF] Marra | The GM130 and GRASP65 Golgi proteins cycle through and define a subdomain of the intermediate compartment[END_REF].

Following GM130 depletion, ER-to-Golgi carriers remained as distinct tubulo-vesicular entities and could not mature into flat, disk-like shaped cisternal membranes (Figure 17 A). This had an indirect effect on the Golgi structure. Reduced amounts of membrane delivered into the Golgi induced the shortening of the cisternae, and breakdown of the Golgi ribbon. 

The roles of HSPGs

HSPGs are major determinants of how the cells sense, integrate and respond to the cell environment. They mediate multiple biological activities as receptors or coreceptors for many protein ligands in the ECM [START_REF] Esko | Order out of chaos: assembly of ligand binding sites in heparan sulfate[END_REF]. Interactions with protein ligands are mediated via both protein-protein interactions and HS-protein Continuous passaging of human iPSc can result in chromosomal abnormalities [START_REF] Discussion Aasen | Efficient and rapid generation of induced pluripotent stem cells from human keratinocytes[END_REF]. Genomic integrity was monitored by karyotype analysis.

The functional differentiation potential of isolated and propagated iPSc clones was further assessed both in vivo and in vitro. First, immunodeficient mice injected subcutaneously with iPSc formed teratoma six weeks post-injection. Histological examination was performed to determine whether teratoma comprised tissues representative of all three embryonic germ layers (ectoderm, mesoderm and endoderm) [START_REF] Nakagawa | Generation of induced pluripotent stem cells without Myc from mouse and human fibroblasts[END_REF]Park et al., 2008c;Takahashi et al., 2007b;[START_REF] Takahashi | Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors[END_REF]. Second, the potential of iPSc to form embryoid bodies (EB) was assessed in vitro. To promote EB formation, iPSc were detached, transferred to suspension conditions and aggregated into clusters. The capacity of EBs to differentiate into the three germ layers was assessed following cell adhesion.

Once characterized and validated the iPSc cell lines were differentiated into a neuronal lineage. To promote neural differentiation and inhibit other germ layers, iPSc colonies were transferred to a neural medium supplemented with growth factors (FGF and EGF) and attachment was prevented, giving rise to proliferating neurospheres.

Neurospheres were then dissociated and allowed to adhere to induce neural differentiation, resulting in neural progenitors and their differentiated mature neuronal progeny [START_REF] Ebert | Induced pluripotent stem cells from a spinal muscular atrophy patient[END_REF].

To study MPSIIIB pathogenesis, phenotypes were characterized on iPSc, on neurospheres, and on neural progenitors and neurons derived from differentiation protocols.
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GM130 dysfunction induces centrosome defects in a HeLa cell model of

Mucopolysaccharidosis type IIIB

Experimental procedures

Cell culture and transfections A stable HeLa cell line in which the expression of NAGLU can be turned off using tetracyclineinducible shRNA expression was obtained and cultured as previously described (Roy et al. 2011). We used FuGENE® 6 (Roche) for plasmid transfections, and Lipofectamine™ RNAiMAX (Invitrogen) for siRNA transfections, according to the manufacturer's instructions.

All transfections were performed at day 4. GM130 RNA interference (RNAi) was done using previously described siRNA oligos, and a scrambled siRNA duplex as a negative control (Puthenveedu et al. 2006) 

Electron microscopy

Electron microscopy on ultrathin sections was performed as described (Roy et al. 2011).

Samples were analyzed on a JEOL 1200EXII transmission electron microscope (JEOL)

equipped with an Eloise Megaview camera controlled by analysis Pro 3.1 software (Eloise).

Cell proliferation

Cells were plated in six-well plates at 5000 per well, and cell growth was monitored over time using cell counting methods with a hemacytometer. Rates of cell proliferation were also measured using the CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS tetrazolium assay, Promega), according to the manufacturer's instructions.

Fluorescence-activated cell sorting analysis

For fluorescence-activated cell sorting (FACS) analysis of apoptosis, a Vybrant® Apoptosis Assay Kit (Molecular Probes, Invitrogen) was used according to the manufacturer's instructions. For cell cycle analysis, 1.10 6 cells were collected, washed twice in DPBS, filtered using cell strainers with 100 µm nylon mesh and fixed in 70% ethanol overnight. After centrifugation (1500 rpm for 10 min), the cell pellets were washed with DPBS, resuspended in 1 ml DPBS containing 40 µg/ml propidium iodide (PI, Invitrogen) and 100 µg/ml RNase (Roche), and incubated at room temperature for 1 h. Cells were collected on a FACSCalibur flow cytometer (BD Biosciences), using CellQuest Pro for collection and FlowJo for analysis.

Statistical Analysis

Statistics were performed using the SPSS software (SPSS). 

Legends to figures