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I. Macroscopic structure and functional organization

The liver is the largest full organ in the human body, accounting for almost 2% of body weight in adults. It performs a very large number of tasks that support the functionality of other organs and impact all physiological systems. The essential functions of the liver are the synthesis, metabolism, and storage of proteins, including the metabolism of amino acids, carbohydrates, fats, and vitamins.

The liver is also responsible for removing exogenous agents from the systemic circulation. It participates in the maintenance of the organism's homeostasis as an active, bidirectional biofilter because it rapidly metabolizes most nutritional compounds and neutralizes and prepares for the removal toxic exogenous and endogenous materials. While essential, this exceptional purification capacity puts the liver at risk by making it highly susceptible to damage from excessive exposure to fat, alcohol, drugs, and other toxins as well as a host of several pathogens such as hepatitis viruses.

Given the importance of this organ, it is not surprising that liver diseases, including fibrosis, cirrhosis, hepatitis and hepatocarcinoma, contribute significantly to morbidity and mortality throughout the world [START_REF] Trefts | The liver[END_REF][START_REF] Vekemans | Structural and functional aspects of the liver and liver sinusoidal cells in relation to colon carcinoma metastasis[END_REF].

The key position of the liver, in the upper right part of the abdomen, just under the rib cage and the diaphragm (Figure1 a) and its unique vascular system allow it to degrade toxins and waste products. This organ consists of two parts, the left lobe (1/3 of the volume) and the right lobe (2/3 of the volume), delineated only by being supplied and drained by separate first-and second-order branches of the portal and hepatic veins. The right and left lobes are separated by the remnants of the embryonic umbilical vein called the falciform ligament. It is supplied by two major blood vessels:

the portal vein and the hepatic artery. The blood brought by the portal vein is poor in oxygen but rich in nutrients coming from the digestive tract. Whereas the hepatic artery originates from the heart supplies the liver with oxygen-rich blood. These two vessels, entering the liver, are divided into several branches to supply its different parts, thus making the liver a highly vascularized organ. After irrigating all the liver cells, the blood is evacuated through the hepatic vein, which then flows into the inferior vena cava which returns to the heart [START_REF] Abdel-Misih | Liver Anatomy[END_REF][START_REF] Sibulesky | Normal liver anatomy[END_REF] (Figure 1b). b) The liver is specific by its double vascularization, arterial (hepatic artery dividing into right and left hepatic arteries) and venous (portal vein). The hepatic arteries and the portal vein enter the liver through the hilum, the portal vein behind, the hepatic arteries in front and to the left. Liver blood flow is around 1.5 liters per minute. The portal vein provides 70 to 80% of hepatic blood flow and supplies blood from the entire sub-diaphragmatic digestive tract, pancreas, and spleen. The hepatic arteries supply oxygenated blood representing 20 to 30% of the total flow and ensure the exclusive vascularization of the bile ducts. Part of the hepatic venous blood flows directly into the inferior vena cava via accessory hepatic veins from the adjacent hepatic segments.

II. Microscopic structure and the liver cells

The liver is divided into thousands of small units with hexagonal shape called lobules which represent the microstructural unit of the liver and consists of plates of hepatocytes radiating from a central vein. A distinctive component of a lobule is the portal triad, which can be found at each corner of the lobules. The portal triad consists of a branch of the hepatic artery, a branch of the hepatic portal vein, and a bile duct, which run in parallel, with lymphatic vessels and a branch of the vague nerve [START_REF] Krishna | Microscopic anatomy of the liver[END_REF] (Figure 2a). Between the hepatocyte plates are hepatic sinusoids, which are enlarged capillaries facilitating the exchange between the blood and hepatocytes (Figure 2a)

The liver is constituted of five major cell types including the two epithelial cells including hepatocytes which represent 60% of the hepatic cells and cholangiocytes which line the biliary duct, the sinusoidal endothelial cells, the Kupffer cells which are the resident macrophages of the liver, and the stellate cells, also called Ito cells. The spatiotemporal cooperation of these cells to shape and maintain liver structure and functions (Figure 2b). Between these two entities, the liver cells are organized into spans.

b) Representation of a hepatic lobe located between the central lobular vein and the portal triad.

The spatial relationship among the different cell types of the liver. Sinusoidal plasma comes in direct contact with hepatocytes in the space of Disse. The endothelial cells are fenestrated and lack a basement membrane. Kupffer cells are located in the lumen of the sinusoid, where they are in direct contact with the sinusoidal endothelial cells and portal blood. Stellate cells are situated between the endothelial cells and hepatocytes and come in direct contact with both cell types.

II.1.1 Liver sinusoidal endothelial cells (LSECs)

LSECs are highly specialized endothelial cells representing the interface between blood cells on one side and hepatocytes and hepatic stellate cells on the other side. In physiological conditions, LSECs regulate hepatic vascular tone contributing to the maintenance of a low portal pressure despite the major changes in hepatic blood flow occurring during digestion. In pathological conditions, it play a key role in the initiation and progression of chronic liver diseases [START_REF] Poisson | Liver sinusoidal endothelial cells: Physiology and role in liver diseases[END_REF].

II.1.2 Kuppfer cells

The Kuppfer cells are the resident macrophages of the liver. They capture and eliminate tissue or cell debris and bacterial endotoxins. These cells play a very important role in immune surveillance and are involved in the modulation of systemic responses to severe infections, as well as in the control of immune responses by presenting antigens and suppressing proliferation of T cells. They are also involved in the modulation of metabolic activities of hepatocytes via the production of cytokines which negatively regulate several genes involved in the metabolism and elimination of xenobiotics [START_REF] Higuchi | The potential role of fucosylated cationic liposome/NFκB decoy complexes in the treatment of cytokine-related liver disease[END_REF][START_REF] Sunman | Kupffer Cell-Mediated Il-2 Suppression of Cyp3a Activity in Human Hepatocytes[END_REF][START_REF] Wu | Suppression of hepatocyte CYP1A2 expression by Kupffer cells via AhR pathway: The central role of proinflammatory cytokines[END_REF].

II.1.3 Hepatic stellate cells (HSE)

The stellate cells have varied functions in normal liver homeostasis ranging from liver regeneration and development, retinoid metabolism, extracellular matrix homeostasis, secretion of mediators, drug metabolism to detoxification of noxious substances and metabolites. HSCs in the space of Disse produce ECM components like collagen 1, laminin, collagen III and IV [START_REF] Puche | Hepatic Stellate Cells and Liver Fibrosis[END_REF].

II.1.4 Cholangiocytes

Cholangiocytes are the epithelial cells that line the bile ducts. They represent about 5% of the population of liver cells. Cholangiocytes contribute to the composition of bile via the secretion of bicarbonate in the canaliculi and the bile ducts [START_REF] Celli | Glutathione depletion is associated with decreased Bcl-2 expression and increased apoptosis in cholangiocytes[END_REF]. Bile is a secretory fluid product of the hepatobiliary system containing a variety of components, including bile acids, electrolytes, lipids, proteins and endobiotic and xenobiotic compounds. These factors contribute to health by aiding digestion of nutrients, maintaining the enterohepatic circulation, and helping to eliminate unwanted compounds from the body. They are actively involved in the absorption and secretion of water, lipids, electrolytes and in the regulation of bile secretion [START_REF] Banales | Cholangiocyte pathobiology[END_REF]Tabibian et al., 2013).

II.1.5 Hepatocytes

Hepatocytes comprise up to 80% of the total cell population and volume of the human liver and are intimately associated with both arterial and venous blood (Blouin et al., 1977).

Remarkably, >12% of our blood volume resides within the liver, flowing past and over long rows of hepatocytes. Thus, each hepatocyte is literally 'bathed in blood' along multiple surfaces via a system of highly fenestrated vessels that course through the liver to enable the bidirectional, cell-to-plasma exchange of components. The hepatocytes constitute the liver parenchyma and they do accommodate a huge macromolecules flow linked to both endocrine and exocrine functions through managing lipids, glycogen and amino acids metabolism and bile production (Schulze et al., 2019). For example, the hepatocytes also synthesis and secrete proteins such as α-fetoprotein, transferrin, plasminogen, fibrinogen, and albumin into circulation. Hepatocytes are also responsible for the synthesis of bile, which aids in the emulsification, digestion, and adsorption of dietary fats within the intestinal lumen, as well as the removal of foreign biological substances (xenobiotics) and endogenous waste products (Schulze et al., 2019). In addition, hepatocytes also contribute to maintain the systemic homeostasis of iron which is an essential cofactor for many cellular functions, including mitochondrial respiration, gene transcription, and DNA replication and repair [START_REF] Bogdan | Regulators of Iron Homeostasis: New Players in Metabolism, Cell Death, and Disease[END_REF][START_REF] Ganz | Systemic iron homeostasis[END_REF]. They could absorb and store iron and govern the release of iron into the bloodstream by signaling to Kupffer cells and other circulating macrophages that are rich in stored iron (Schulze et al., 2019). Indeed, if any of these functions become compromised, the liver can quickly succumb to advanced disease, including hepatitis, cirrhosis, or even hepatocellular carcinoma (Schulze et al., 2019).

III. LIVER DISEASES

The Liver disease refers to a gradual decline in the health and condition of the liver. The liver disease progresses through the same stages across different patients, such as the hepatic steatosis, fibrosis, cirrhosis, and liver cancer (Figure 3).

Figure 3 The different stages of liver diseases

III.1 Hepatic steatosis

Hepatic steatosis or fatty liver is defined as intrahepatic triacylglycerol (TG) accumulation which could represent at least 5% of hepatocytes containing lipid. Liver steatosis is graded based on the percentage of TG within the hepatocytes: grade 0 (healthy, <5%), grade 1 (mild, 5%-33%), grade 2 (moderate, 34%-66%), and grade 3 (severe, >66%) [START_REF] Qayyum | MRI steatosis grading: development and initial validation of a color mapping system[END_REF]. Hepatic steatosis is triggered by multiple metabolic, environmental, and pathogenesis factors such as the alcohol consumption, viral infection, hepatic and peripheral insulin resistance, Type 2 Diabetes Mellitus, obesity, and unhealthy dietary habits.

The hepatic steatosis always arises from the excessive importation, diminished exportation, and/or diminished breakdown of free fatty acid in the liver. Excessive FFAs delivered to the liver from the Adipose tissue(AT) or the intestine form fatty acyl-CoAs that are either oxidized by mitochondrial fatty acid β-oxidation or stored inside cytoplasmic lipid droplets in the form of TGs and DGs, or other lipid metabolites such as ceramides [START_REF] Ferramosca | Modulation of hepatic steatosis by dietary fatty acids[END_REF][START_REF] Jacome-Sosa | Fatty acid sources and their fluxes as they contribute to plasma triglyceride concentrations and fatty liver in humans[END_REF]. Insulin resistance correlates strongly with the development of hepatic steatosis and causes profound changes to normal systemic lipid metabolism. Systemic insulin resistance leads to excessive lipolysis in the adipose tissue causing the release of high amounts of FFAs that are then delivered to the liver [START_REF] Bugianesi | Insulin Resistance in Nonalcoholic Fatty Liver Disease[END_REF]. In addition, hepatic insulin resistance contributes to hyperinsulinemia and increased hepatic LD accumulation through increased de novo lipogenesis and inhibition of FFAs β-oxidation, thereby exacerbating steatosis [START_REF] Postic | Contribution of de novo fatty acid synthesis to hepatic steatosis and insulin resistance: lessons from genetically engineered mice[END_REF]. Hepatic de novo lipogenesis was found to be elevated in hepatic steatosis patients compared to controls and is not decreased by fasting [START_REF] Lambert | Increased De Novo Lipogenesis Is a Distinct Characteristic of Individuals With Nonalcoholic Fatty Liver Disease[END_REF]. In addition, the consumption of diets rich in fats and sugars increases hepatic fat delivery and accumulation as well as hepatic de novo lipogenesis, respectively [START_REF] Boden | Fatty acid-induced inflammation and insulin resistance in skeletal muscle and liver[END_REF][START_REF] Cusi | Nonalcoholic fatty liver disease in type 2 diabetes mellitus[END_REF].

III. 2 Fibrosis and cirrhosis

Liver fibrosis is a chronic liver condition that develops as a result of a chronic wound healing response following long-standing liver injury. During hepatic fibrogenesis, the liver parenchyma undergoes fundamental remodeling characterized by progressive accumulation of fibrillar extracellular matrix (ECM) associated with nodular regeneration of the liver parenchyma [START_REF] Böttcher | Pathophysiology of liver fibrosis and the methodological barriers to the development of anti-fibrogenic agents[END_REF]. Liver cirrhosis is defined as an advanced stage of liver fibrosis with distortion of the hepatic vasculature and architecture which causes hemodynamic instability and portal hypertension and leads to global liver dysfunction [START_REF] Noor | Immune Dysfunction in Cirrhosis[END_REF][START_REF] Reungoat | Molecular Crosstalk between the Hepatitis C Virus and the Extracellular Matrix in Liver Fibrogenesis and Early Carcinogenesis[END_REF]. The development of liver fibrosis and subsequent cirrhosis is driven by ongoing liver injury through multiple mechanisms and can be considered as an excessive wound healing response fueled by a pathogenic vicious circle of hepatocyte necrosis, inflammation, and excessive ECM deposition [START_REF] Böttcher | Pathophysiology of liver fibrosis and the methodological barriers to the development of anti-fibrogenic agents[END_REF][START_REF] Pinzani | Pathophysiology of Liver Fibrosis[END_REF].

HSCs are the predominant cell type primarily responsible for liver fibrosis. In normal liver, HSCs are quiescent and play a major role in liver development and regeneration by expressing and secreting hepatocyte mitogens such as hepatocyte growth factor (HGF) or epidermal growth factor (EGF) [START_REF] Gupta | Role of hepatic stellate cell (HSC)-derived cytokines in hepatic inflammation and immunity[END_REF]. In the injured liver, HSCs become activated, with a continuum of changes in gene expression during activation. Activated HSCs migrate and accumulate at the sites of tissue repair, secreting large amounts of ECM [START_REF] Khomich | Metabolic Hallmarks of Hepatic Stellate Cells in Liver Fibrosis[END_REF]. Activation of HSCs is stimulated by damaged and apoptotic hepatocytes. This activation is performed through two main routes: release of damage-associated reactive oxygen species (ROS) [START_REF] Tao | IRE1α/NOX4 signaling pathway mediates ROS-dependent activation of hepatic stellate cells in NaAsO2 -induced liver fibrosis[END_REF] and recruitment of immune cells, which in turn mediate HSC activation and stimulate collagen secretion through the release of cytokines and chemokines [START_REF] Luedde | Cell Death and Cell Death Responses in Liver Disease: Mechanisms and Clinical Relevance[END_REF]. In addition, recent findings from human study and animal models have shown that the impaired communication among different cell types of the liver could contribute to the development of fibrosis and cirrhosis. The involved mechanisms include Toll-like receptor, TGFβ and hedgehog mediated hepatocytes damage [START_REF] Kumar | Pathophysiological communication between hepatocytes and non-parenchymal cells in liver injury from NAFLD to liver fibrosis[END_REF].

III. 3 Liver cancer

Primary liver cancer is the sixth most commonly diagnosed cancer and the third leading cause of cancer death worldwide in 2020, with approximately 906,000 new cases and 830,000 deaths [START_REF] Sung | Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries[END_REF]. The two major primary liver cancers are hepatocellular carcinoma (HCC) (comprising 75%-85% of cases) and intrahepatic cholangiocarcinoma (10%-15%).

III.3.1 HCC

Excess body weight and diabetes are linked to an increased risk of cancer in multiple organs [START_REF] Stone | Obesity and Cancer: Existing and New Hypotheses for a Causal Connection[END_REF]. Excess body weight and diabetes can induce systemic changes, including altered immune function and systemic endocrine changes, which are hallmarks of multiple types of cancer [START_REF] Avgerinos | Obesity and cancer risk: Emerging biological mechanisms and perspectives[END_REF]. Excess body weight and diabetes are always shown associated with fatty liver disease. Current evidence shows that fatty liver disease is rapidly becoming the leading cause of HCC [START_REF] Orabi | Abnormal Metabolism in the Progression of Nonalcoholic Fatty Liver Disease to Hepatocellular Carcinoma: Mechanistic Insights to Chemoprevention[END_REF]. Studies have demonstrated that liver-specific mechanisms through which Non-Alcoholic Fatty Liver Disease (NAFLD) or Nonalcoholic Steatohepatitis (NASH) promote HCC involve metabolic and oxidative stress, altered immune function, pathological inflammatory responses, and altered endocrine or adipokine signaling [START_REF] Anstee | From NASH to HCC: current concepts and future challenges[END_REF][START_REF] Sutti | Adaptive immunity: an emerging player in the progression of NAFLD[END_REF]. In the past decade, there have been improvements in non-drug therapies and drug therapies for HCC treatment. Non-drug therapies include hepatic resection, liver transplantation, trans-arterial chemoembolization (TACE), and ablation. Meanwhile, drugs including small-molecule targeted drugs like sorafenib and monoclonal antibodies such as nivolumab are mainly used for the systematic treatment of advanced HCC [START_REF] Chen | Recent progress in treatment of hepatocellular carcinoma[END_REF].

Pathological inflammation and cell damage induced by oxidative stress and endoplasmic reticulum (ER) stress seem to have a key role in promoting HCC. The deranged fatty acid metabolism in hepatocytes can cause DNA damage owing to increased ROS, produced as a result of mitochondrial dysfunction [START_REF] Nishida | Unique features associated with hepatic oxidative DNA damage and DNA methylation in non-alcoholic fatty liver disease[END_REF]. The altered expression of specific metabolic enzymes can affect hepatocytes by decreasing their ability to repair DNA damage [START_REF] Tummala | Inhibition of De Novo NAD+ Synthesis by Oncogenic URI Causes Liver Tumorigenesis through DNA Damage[END_REF]. Thus, the ER stress, increased ROS production could cause oncogenic genetic alterations in hepatocytes and promote the expansion of malignant cells.

III.3.2 CCA

CCAs are usually asymptomatic in early stages and, therefore, often diagnosed when the disease is already in advanced stages, which highly compromises therapeutic options, resulting in a dismal prognosis [START_REF] Andersen | Genomic and Genetic Characterization of Cholangiocarcinoma Identifies Therapeutic Targets for Tyrosine Kinase Inhibitors[END_REF][START_REF] Banales | Expert consensus document: Cholangiocarcinoma: current knowledge and future perspectives consensus statement from the European Network for the Study of Cholangiocarcinoma (ENS-CCA)[END_REF]. CCAs are a heterogeneous group of tumors that arise from the cholangiocytes that line the biliary tree. Based on their anatomic location, CCAs are classified as intrahepatic CCA (iCCA), perihilar CCA (pCCA), or distal CCA (dCCA) [START_REF] Razumilava | Classification, Diagnosis, and Management of Cholangiocarcinoma[END_REF]. In addition, the high heterogeneity of CCAs at the genomic, epigenetic, and molecular levels severely compromises the efficacy of the available therapies [START_REF] Banales | Cholangiocarcinoma 2020: the next horizon in mechanisms and management[END_REF].

CCA often arises in the setting of chronic biliary inflammation and/or cholestasis [START_REF] Andersen | Molecular pathogenesis of intrahepatic cholangiocarcinoma[END_REF]. For instance, in the western world, primary sclerosing cholangitis (PSC) is associated with 10% of CCA cases [START_REF] Clements | Risk factors for intrahepatic and extrahepatic cholangiocarcinoma: A systematic review and meta-analysis[END_REF]. Uncommon defects of biliary anatomies, such as choledochal cysts (bile duct cyst), Caroli's syndrome (intrahepatic biliary cysts), biliary papillomatosis or adenoma, are linked with a high risk (6-30%) of CCA development [START_REF] Clements | Risk factors for intrahepatic and extrahepatic cholangiocarcinoma: A systematic review and meta-analysis[END_REF][START_REF] Tyson | Risk factors for cholangiocarcinoma[END_REF].

Chronic inflammation and/or cholestasis can provide a unified pathway for the molecular pathogenesis of CCA by acting on a series of intercellular pathways that encourage carcinogenesis [START_REF] Labib | Molecular Pathogenesis of Cholangiocarcinoma[END_REF]. For example, the inflammatory cytokine Interleukin-6 (IL-6) affects multiple intracellular pathways that contribute to cholangiocarcinogenesis, such as, increasing Akt pathway activation which mediates cell survival, mitosis, migration, and angiogenesis [START_REF] Frampton | Interleukin-6-driven progranulin expression increases cholangiocarcinoma growth by an Akt-dependent mechanism[END_REF][START_REF] Zabron | The challenge of cholangiocarcinoma: dissecting the molecular mechanisms of an insidious cancer[END_REF]. Inflammatory cytokine Tumor necrosis factor α (TNFα) causes upregulation of Activation-Induced cytidine Deaminase (AID) resulting in multiple somatic gene mutations including in tumor suppressor gene p53 and the MYC proto-oncogene [START_REF] Komori | Activation-induced cytidine deaminase links bile duct inflammation to human cholangiocarcinoma[END_REF].

Just as shown above, the progression from steatosis to fibrosis/cirrhosis and even liver cancers is an extremely complex process. But the initiation of liver disease is clearer which is always associated with hepatocyte metabolism dysfunction and/or death induced by multiple factors. Since one of the hallmark features for liver disease occurrence is excessive lipid droplet accumulation.

Therefore, understanding the molecular mechanisms of how those risk factors affect hepatocyte's LD metabolism is essential to prevent the development of liver disease.

III. 4 Hepatitis C virus (HCV)

The HCV is an enveloped, single-stranded RNA virus of the genus Hepacivirus, and the family Flaviviridae. The HCV genome encodes a large polyprotein precursor subject to proteolytic cleavage by viral and host proteases to generate both structural (core, E1 and E2) and non-structural (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) proteins. The single-stranded RNA genome is encapsulated in an icosahedral protein coat, within a lipid envelope in which the highly glycosylated E1 and E2 glycoproteins are embedded [START_REF] Beeck | Topology of hepatitis C virus envelope glycoproteins[END_REF][START_REF] Kato | Genome of Human Hepatitis C Virus (HCV): Gene Organization, Sequence Diversity, and Variation[END_REF].

A hallmark of HCV infection is the presence of steatosis in the liver, which is thought to be linked to liver disease and can be detected in up to 70% of infected individuals [START_REF] Leandro | Relationship between steatosis, inflammation, and fibrosis in chronic hepatitis C: a meta-analysis of individual patient data[END_REF]. In chronic hepatitis C patients, the prevalence of steatosis ranges from 40% to 86% (mean, 55%) [START_REF] Mihm | Analysis of histopathological manifestations of chronic hepatitis C virus infection with respect to virus genotype[END_REF][START_REF] Rubbia-Brandt | Hepatocyte steatosis is a cytopathic effect of hepatitis C virus genotype 3[END_REF]. Steatosis occurs more frequently in patients with chronic hepatitis C (55%) than in the general population (20%-30%) of adults in the Western world [START_REF] Clark | Nonalcoholic fatty liver disease[END_REF]. It seems that HCV genotype can play a role in inducing steatosis. As, genotype 3 has the highest association with steatosis, which is present in 73% of patients with genotype 3 and in 50% of patients infected with other genotypes [START_REF] Asselah | Steatosis in chronic hepatitis C: why does it really matter?[END_REF].

Although the mechanisms underlying the development of steatosis in HCV infection are not exactly known, there are some findings to describe the mechanism of TG accumulation. For example, HCV proteins core and NS5A are suspected to interact with the cell machinery involved in lipid metabolism. They inhibit microsomal triglyceride transfer protein (MTP) activity, which is a ratelimiting enzyme with a key role in the assembly of very-low-density lipoprotein (VLDL). The direct and likely consequence of this is the accumulation of TG in the cells causing steatosis [START_REF] Asselah | Steatosis in chronic hepatitis C: why does it really matter?[END_REF][START_REF] Koike | Steatosis, liver injury, and hepatocarcinogenesis in hepatitis C viral infection[END_REF]. HCV core proteins are also capable of impairing the mitochondrial lipid oxidation by decreasing expression of medium-chain acyl-CoA dehydrogenase (MCAD) and shortchain acyl-CoA dehydrogenase (SCAD), both of which are involved in regulating β-oxidation of fatty acids in a process controlled by Forkhead box protein A2 (FoxA2), which also inducing overproduction of reactive oxygen species (ROS) [START_REF] Hino | Mitochondrial reactive oxygen species as a mystery voice in hepatitis C[END_REF][START_REF] Saad | A polymorphism in the microsomal triglyceride transfer protein can predict the response to antiviral therapy in Egyptian patients with chronic hepatitis C virus genotype 4 infection[END_REF].

Chapter II

The lipid droplet

I. Generalities

The lipid droplets (LDs) were first described by Richard Altmann and E. B. Wilson in 1890 and 1896, respectively, as fat droplets inside cells. Because LDs were assumed to be inert forms of fat storage, investigation of their biology was limited for much of the next century. This aspect changed, however, in 1991 when Dean Londos and his laboratory discovered that LDs contained proteins, the most abundant of which he named perilipin [START_REF] Greenberg | Perilipin, a major hormonally regulated adipocyte-specific phosphoprotein associated with the periphery of lipid storage droplets[END_REF]. Across different cell types, the size and number of LDs differ considerably. Small droplets (300-800 nm diameter) that are designated initial LDs form in nearly all cells. Later in LD formation, most cells convert some initial LDs to larger so-called expanding LDs (>1 μm diameter), giving rise to two distinct LD types within cells [START_REF] Wilfling | Triacylglycerol synthesis enzymes mediate lipid droplet growth by relocalizing from the ER to lipid droplets[END_REF]. The LDs have several functions which are all crucial for the maintenance of body homeostasis (Olzmann and Carvalho, 2019;Thiam and Dugail, 2019).

II. LD structure

The LDs have a unique structure with a hydrophobic core of neutral lipids surrounded by a monolayer of phospholipids in contrast to other organelles enclosed in a bilayer membrane, the monolayer surface contains a number of proteins (Figure 4). 

II.1. The hydrophobic core

The hydrophobic core of LDs contains predominantly neutral lipids such as triacylglycerol (TG) and sterol esters (SE) (Figure 4). Depending on the cell type, the ratio between the neutral lipids is different. For example, in white adipocytes, TGs are primarily stored in LDs, whereas in steroidogenic cells, SEs are the main component [START_REF] Fujimoto | Lipid droplets: a classic organelle with new outfits[END_REF]. Although, many other lipids such as retinyl esters, ether lipids are stored in the LD core [START_REF] Blaner | Hepatic stellate cell lipid droplets: A specialized lipid droplet for retinoid storage[END_REF]Wilfling et al., 2014a).

II.2. Phospholipid monolayer

To prevent the coalescence of droplets, cells coat the hydrophobic core of LDs with a surface monolayer of phospholipids [START_REF] Walther | Lipid droplets and cellular lipid metabolism[END_REF], which act as surfactants and stabilize the dispersed particles. The main constituent of LD monolayer membranes is phosphatidylcholine (PC) that is followed by phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS), sphingomyelin (SM), and lyso-forms of PC and PE [START_REF] Chitraju | Lipidomic analysis of lipid droplets from murine hepatocytes reveals distinct signatures for nutritional stress[END_REF][START_REF] Mcintosh | Intracellular lipid droplets contain dynamic pools of sphingomyelin: ADRP binds phospholipids with high affinity[END_REF][START_REF] Penno | Phospholipids and lipid droplets[END_REF] (Figure 5). Phosphatidic acid (PA) and free cholesterol are also present in LD surfaces in small amounts [START_REF] Fei | A role for phosphatidic acid in the formation of "supersized" lipid droplets[END_REF][START_REF] Tauchi-Sato | The Surface of Lipid Droplets Is a Phospholipid Monolayer with a Unique Fatty Acid Composition *[END_REF] (Figure 4). Many studies have shown that changes in the composition of phospholipids can affect LD in a variety of ways, and therefore the phospholipid composition of LDs plays an important role in their homeostasis. 

II.3. LD associate proteins

Besides the phospholipids, the proteins associated with the monolayer of LDs are also important factors in the regulation of the homeostasis of LDs and various proteomics-based approaches have determined their complete repertoire [START_REF] Bersuker | A Proximity Labeling Strategy Provides Insights into the Composition and Dynamics of Lipid Droplet Proteomes[END_REF][START_REF] Brasaemle | Proteomic Analysis of Proteins Associated with Lipid Droplets of Basal and Lipolytically Stimulated 3T3-L1 Adipocytes[END_REF]Krahmer et al., 2013a). Those studies revealed that over two hundred proteins are localized to the surface of LDs. Irrespective of the cell types, LD proteomes are dominated by enzymes involved in lipid metabolism and members of the perilipin family. Nevertheless, proteins with other functions such as membrane trafficking and protein degradation are also represented (Figure 4) (Olzmann and Carvalho, 2019).

II.3.1 Protein motifs for LD targeting

The most common motifs that target a protein to LD surface are amphipathic helices (AH)

and hydrophobic domains such as hydrophobic helices (HH) and hydrophobic hairpin (HP) (Thiam and Dugail, 2019) (Figure 6). 

II.3.1.1 Amphipathic helices

Amphipathic helices (AHs) are protein sequences that fold into a helical structure upon contact with a polar/non-polar interface (Figure 6). The AH motifs are well presented in, perilipins (PLINs) which all use an 11-mer AH repeat in their N-terminus for localization to LDs [START_REF] Rowe | Conserved Amphipathic Helices Mediate Lipid Droplet Targeting of Perilipins 1-3 *[END_REF].

While it is noteworthy that although AH motif provides membrane binding capacity, how proteins were able to specific binding to LDs is still a fascinating question. For this problem, some possible mechanisms have been proposed. For example, the LD surface can accommodate a lower phospholipid density compared to bilayers, which may easily detect and bind by the AHs [START_REF] Prévost | Mechanism and Determinants of Amphipathic Helix-Containing Protein Targeting to Lipid Droplets[END_REF]Thiam et al., 2013a). A tuned balance of the hydrophobic level of an AH may also be required for the specific reorganization. This hydrophobic balance depends on several parameters such as the hydrophobicity of the amino acids in the AH, the proportion of hydrophobic amino acids in the AH sequence, and AH length (Thiam and Dugail, 2019). Increasing the number of bulky hydrophobic residues on the hydrophobic face of AH, such as tryptophan or phenylalanine, will impair its binding specificity to LDs [START_REF] Giménez-Andrés | The Many Faces of Amphipathic Helices[END_REF][START_REF] Prévost | Mechanism and Determinants of Amphipathic Helix-Containing Protein Targeting to Lipid Droplets[END_REF]. Further in proteins with long AH sequences such as PLIN4, which has a weak hydrophobic face but the overall hydrophobic level equal to shorter AHs with more hydrophobic resides may gain specificity to LDs by having an optimal length (Čopič et al., 2018).

II.3.1.2 Hydrophobic domains

The hydrophobic domains are another motif that is always present in LD associate proteins (Figure 6). Indeed, the lipid synthesis enzymes, such as GPAT4 [START_REF] Wilfling | Triacylglycerol synthesis enzymes mediate lipid droplet growth by relocalizing from the ER to lipid droplets[END_REF], DGAT2 [START_REF] Stone | Membrane topology and identification of key functional amino acid residues of murine acyl-CoA:diacylglycerol acyltransferase-2[END_REF] possess hydrophobic domains. Interestingly, a peroxisomal membrane protein fatty acyl-CoA reductase 1 (Far1) may use a similar motif to attach LD [START_REF] Exner | An alternative membrane topology permits lipid droplet localization of peroxisomal fatty acyl-CoA reductase 1[END_REF]. These proteins are generally thought to adopt a hairpin conformation in which a hydrophobic domain embedded in the monolayer is flanked by hydrophilic regions that are exposed to the cytosol, forming a V shape extending from the membrane. And the lack of luminal loops or domains typically found in transmembrane proteins allow them to be accommodated in the outer leaflet of the ER and the monolayer of the LD [START_REF] Roberts | Protein Quality Control and Lipid Droplet Metabolism[END_REF]. Most of the proteins that contain HHs target LDs after their initial incorporation into the ER membrane, Their targeting to LDs is through membrane bridges from the ER [START_REF] Kory | Targeting Fat: Mechanisms of Protein Localization to Lipid Droplets[END_REF].

It is worth noting that the proteins associated with LD are not invariable and the composition of the proteins can change, under different physiological conditions. Proteins are dynamically recruited to and dissociated from the LD surface to control LD behavior and function. And it has been believed that this dynamic change was achieved by the temporal remodeling of the physical chemistry properties of the LD surface (Thiam and Dugail, 2019). In the following, we present the different stages of the lipid droplet, from lipid droplets synthesis to its catabolism process, to discuss the crucial role of LD proteins and surface phospholipids composition in regulating lipid droplets.

III. LDs biogenesis

LD biogenesis is processed by three major steps: the synthesis of neutral lipids and lens formation in ER, LD budding from the ER membrane and the cytosolic stages of LD growth, and maturation.

III.1. The neutral lipids synthesis and lens formation

The first step in LD biogenesis is the synthesis of neutral lipids, most commonly TGs and SEs.

This process is mediated by several enzymes which are all localized primarily to the ER. 7). The newly formed neutral lipids are transferred into the intermembrane space of the ER. At low concentrations, neutral lipids are dispersed between the leaflets of the ER bilayer. As long as the neutral lipid concentration reaches a critical level, neutral lipids eventually coalesce, forming a lipid lens (Figure 7). The formation of lipid lens has been described as a phase de-mixing phenomenon, which is controlled by energetic constraints in response to the increased accumulation of TGs in the intermembrane space of the ER [START_REF] Thiam | The physics of lipid droplet nucleation, growth and budding[END_REF], which means the formation of lipid lens needs to overcome an energy barrier. Thus, the region where the lens is formed is likely to have a lower energy barrier as seen in the situation like membrane curvature [START_REF] Thiam | The why, when and how of lipid droplet diversity[END_REF]. For instance, LDs appear to arise from ER tubules in mammalian cells, which are the highly curved region of the ER [START_REF] Kassan | Acyl-CoA synthetase 3 promotes lipid droplet biogenesis in ER microdomains[END_REF].

One way to induce membrane curvature is the insertion of proteins into the membrane [START_REF] Mcmahon | Membrane curvature at a glance[END_REF]. Among the several proteins inserted in the ER membrane, the seipin protein, has been shown to play an important role in regulating LD lens formation sites and impacts lipogenesis [START_REF] Bi | Seipin Promotes Adipose Tissue Fat Storage through the ER Ca2+-ATPase SERCA[END_REF][START_REF] Wang | Seipin is required for converting nascent to mature lipid droplets[END_REF]. The fat-storage-induced transmembrane (FIT) proteins are also needed for the budding of lipid droplets from the ER membrane [START_REF] Choudhary | A conserved family of proteins facilitates nascent lipid droplet budding from the ER[END_REF] (Figure 8). The membrane curvature is also essentially controlled by the globe and local phospholipid composition of the ER (Figure 8). For instance, phospholipase A2 (PLA2) can generate membrane curvature by generating lysophospholipids, and promote LD biogenesis in vitro [START_REF] Ben M'barek | ER Membrane Phospholipids and Surface Tension Control Cellular Lipid Droplet Formation[END_REF]. Overexpressing PLA2 in HeLa and Huh7 cells promoted LD formation, and lyso-PC also stimulated LD formation from the ER (Ben M 'barek et al., 2017;[START_REF] Choudhary | Architecture of Lipid Droplets in Endoplasmic Reticulum Is Determined by Phospholipid Intrinsic Curvature[END_REF]. Interestingly, the change of phospholipid composition in lens formation site seems also to be controlled by proteins. Such as seipin protein which has been reported specifically binding to the PA [START_REF] Sui | Cryo-electron microscopy structure of the lipid droplet-formation protein seipin[END_REF][START_REF] Yan | Human SEIPIN Binds Anionic Phospholipids[END_REF]. 

III.2. LD Budding

The LDs budding from the ER membrane results from the expansion of the neutral lipid lens.

Although, during the budding stage, the LD shares its phospholipid monolayer with the ER while the composition of the two membranes is different [START_REF] Zanghellini | Phospholipid demixing and the birth of a lipid droplet[END_REF]. Furthermore, several works, particularly those performed in vivo, confirmed that ER membrane phospholipid composition is critical for LD budding (Adeyo et al., 2011;Skinner et al., 2009). It has been proposed that the ER phospholipid composition affects budding efficiency mostly through geometric effects. For example, the conically shaped molecules, such as DG or PE, disfavor budding, whereas molecules with opposite geometry, such as lysophospholipids, promote budding [START_REF] Ben M'barek | ER Membrane Phospholipids and Surface Tension Control Cellular Lipid Droplet Formation[END_REF][START_REF] Choudhary | Architecture of Lipid Droplets in Endoplasmic Reticulum Is Determined by Phospholipid Intrinsic Curvature[END_REF] (Figure 9). It should be noticed that the positive curvature that enriched of inverted cone structure lipid, like LysoPIs, facilitated the initial LD emergence into the cytoplasm, However, the fully emerged LDs are connected to the ER through a neck with a strong negative curvature. Thus, the final scission of LDs from the ER may be promoted by conical/negative curvature generating shaping lipids such as PA and DAG [START_REF] Gao | The biogenesis of lipid droplets: Lipids take center stage[END_REF]. The alteration of phospholipid composition also appears to impose directionality on the budding process, at least in vitro [START_REF] Chorlay | An Asymmetry in Monolayer Tension Regulates Lipid Droplet Budding Direction[END_REF].

Figure 9 The molecular shape of Phospholipids affects LD budding.

Lipids with different headgroups and acyl chains are inscribed within their corresponding geometrical shapes. Alignment of the same molecular shape lipids will produce different membrane curvatures. In LD budding process, ER phospholipid composition affects budding efficiency.

III. 3 LD growth and maturation

The LD growth could occur through their fusion, transfer of TG to LDs via ER membrane bridges, or through TG synthesis directly on the LD surface.

III.3.1 LDs fusion

Two different pathways of LD fusion have been described. It can occur by Ostwald ripening or coalescence of small LD to form one large LD (Thiam et al., 2013a). Although usually, the surfactant properties of the phospholipid on the LD surface prevent LD fusion, an alteration of the phospholipid composition which reduced the surface tension leads to the spontaneously merge of LDs (Figure 10). For example, the PC deficiency resulting from genetic depletion or culture conditions specifically leads to LD coalescence [START_REF] Guo | Functional genomic screen reveals genes involved in lipid-droplet formation and utilization[END_REF][START_REF] Krahmer | Phosphatidylcholine Synthesis for Lipid Droplet Expansion Is Mediated by Localized Activation of CTP:Phosphocholine Cytidylyltransferase[END_REF]. In addition to the alteration of the phospholipid composition, some specific proteins are involved in LD fusion, such as the cell death-inducing DFF45-like effector (CIDE) family proteins.

When two LD are closed contacted, the CIDE proteins are re-localized, enriched, and clustered at LD-LD contact sites and promotes LD fusion and growth by generating a special pore/channel-like structure allowing lipid transfer from smaller to larger LDs in the contacted pair and the final merging and growth of the LDs [START_REF] Gong | Fsp27 promotes lipid droplet growth by lipid exchange and transfer at lipid droplet contact sites[END_REF][START_REF] Sun | Perilipin1 promotes unilocular lipid droplet formation through the activation of Fsp27 in adipocytes[END_REF] (Figure 10). A further study on CIED proteins identified CIDEA protein as a PA interactor [START_REF] Barneda | The brown adipocyte protein CIDEA promotes lipid droplet fusion via a phosphatidic acid-binding amphipathic helix[END_REF], thus, they proposed that the CIDEA LD fusion activity needs their interaction with LD surface PA, since they found that CIDEA was inactive in cells defective in phospholipase D (pld1△), which catalyzes the production of PA from PC [START_REF] Rose | Phospholipase D signaling is essential for meiosis[END_REF]. In addition, although the author didn't mention it, their results also showed CIEDA interacted with several phosphatidylinositols [START_REF] Barneda | The brown adipocyte protein CIDEA promotes lipid droplet fusion via a phosphatidic acid-binding amphipathic helix[END_REF], thus, the PIs may also involve in the CIDEA dependent LD fusion.

III.3.2 Local synthesis by enzymes

The localized synthesis of TGs is enabled through the re-localization of several enzymes from the ER to the LD surface, with newly made TG accumulating in LD hydrophobic core (Figure 11).

Figure 11 The re-localization of several enzymes from the ER to the LD surface promotes the LD growth.

The enzymes that re-localize from the ER to the surfaces of LD are GPAT 4 and DGAT2. DGAT1

remain localized in ER duo to its ER luminal domains.

The enzymes that re-localize from the ER to the surfaces of LD are GPAT 4 and DGAT2 which catalyze the first and last steps of TG synthesis, respectively. While, some TG synthesis enzymes, such as DGAT1, always remain in the ER. This retention may raise from the structure of the protein, indeed, DGAT1 contains multiple membranes spanning domains with large ER luminal domains that anchor the protein in the ER [START_REF] Mcfie | Topological orientation of acyl-CoA:diacylglycerol acyltransferase-1 (DGAT1) and identification of a putative active site histidine and the role of the n terminus in dimer/tetramer formation[END_REF]. By contrast, GPAT4 and DGAT2 are mostly in the cytoplasm and are anchored by a membrane-embedded segment that does not seem to span the entire bilayer and might adopt a hairpin conformation [START_REF] Wilfling | Triacylglycerol synthesis enzymes mediate lipid droplet growth by relocalizing from the ER to lipid droplets[END_REF]. These ER luminal domains may determine whether the enzymes are localized to the LD surface or not.

III.3.3 COPI for LD growth

In addition, to these two pathways, proteins involved in membrane trafficking could play a role in this modification of LD composition and growth. The coat protein complex I (COPI), which is known for its function in the trafficking of proteins and lipids from the Golgi back to the ER [START_REF] Beck | The COPI system: molecular mechanisms and function[END_REF] and small cargo between Golgi stacks [START_REF] Pellett | Inter-Golgi transport mediated by COPI-containing vesicles carrying small cargoes[END_REF], has been shown to control several proteins targeting to LDs surface, such as the GPAT4, DGAT2 [START_REF] Wilfling | Arf1/COPI machinery acts directly on lipid droplets and enables their connection to the ER for protein targeting[END_REF]. This is also achieved through modifying the LDs surface composition by budding nano-LDs, which in turn altered the phospholipid composition of LDs and increase LD surface tension [START_REF] Thiam | COPI buds 60-nm lipid droplets from reconstituted waterphospholipid-triacylglyceride interfaces, suggesting a tension clamp function[END_REF], and promoting the formation of bridges between matured LD and the ER [START_REF] Wilfling | Arf1/COPI machinery acts directly on lipid droplets and enables their connection to the ER for protein targeting[END_REF].

III.3.4 The protein composition changes during LD growth and maturation

The composition of the binding proteins is changing during LD growth and maturation (Figure 12). For example, in adipocytes, small LDs stained positive for PLIN3, while medium LDs had PLIN2 and the largest LDs were enriched with PLIN1 [START_REF] Wolins | S3-12, Adipophilin, and TIP47 Package Lipid in Adipocytes[END_REF]. This change of proteins composition on LDs surface at different stages of their expansion has been corroborated by videomicroscopy of LD biogenesis [START_REF] Kassan | Acyl-CoA synthetase 3 promotes lipid droplet biogenesis in ER microdomains[END_REF] and by a proteomics study that identified the proteins present on purified LDs of different sizes (Zhang et al., 2016c). Thus, it was proposed that a unique set of proteins is recruited and subsequently dissociated as LDs grow and mature [START_REF] Wolins | A proposed model of fat packaging by exchangeable lipid droplet proteins[END_REF]. Although the exact mechanism for this exchange is currently unknown, the different binding affinity of each PLINs to the phospholipid monolayer at the LD surface may have a role in this process [START_REF] Thiam | The why, when and how of lipid droplet diversity[END_REF]. Furthermore, the sequential recruitment of proteins could also be based on an enzyme-mediated remodeling of the phospholipid monolayer, which would result in altered biophysical properties of lipid droplet surface that are potentially recognized by the given protein [START_REF] Thiam | The why, when and how of lipid droplet diversity[END_REF]. 

III.3.5 Phospholipid synthesis

Noticed that the cytoplasmic leaflet of the ER membrane was needed to continually supply additional phospholipids for the monolayer of LD, thus, under very active LD expansion, new phospholipid synthesis is required to maintain phospholipid homeostasis (Olzmann and Carvalho, 2019). And it seems like that the biosynthesis level of phospholipid is also crucial for regulating the LD size. For example, cells lacking the rate-limiting step in phosphatidylcholine (PC) synthesis, CCTα (phosphocholine cytidylyltransferase α), have only very large LDs, lacking a sufficient level of phospholipids to cover the surface of many small LDs [START_REF] Krahmer | Phosphatidylcholine Synthesis for Lipid Droplet Expansion Is Mediated by Localized Activation of CTP:Phosphocholine Cytidylyltransferase[END_REF].

IV. LD catabolism

The studies on LD catabolism generally refer to the hydrolysis of TGs to FAs and glycerol.

So far, TG hydrolysis occurs through two different processes, the action of lipases that act directly on the LD surface and the delivery of LDs to lysosomes where they will be hydrolyzed by the lysosomal acid lipase.

IV. 1 Lipases

There are three main lipases implicated in the complete hydrolysis of TG. The patatin-like phospholipase domain-containing protein 2 (PNPLA2), also known as adipocyte triglyceride lipase The physiological activities of ATGL, HSL, and MGL are regulated by their interaction with different proteins and co-activators [START_REF] Krintel | Ser649 and Ser650 Are the Major Determinants of Protein Kinase A-Mediated Activation of Human Hormone-Sensitive Lipase against Lipid Substrates[END_REF] [START_REF] Garton | Phosphorylation of bovine hormone-sensitive lipase by the AMP-activated protein kinase[END_REF]. For example, ATGL requires a coactivator protein, comparative gene identification-58 (CGI-58), for full hydrolase activity.

Normally, in adipocytes, PLIN1 interacts with CGI-58, preventing its binding to ATGL, when the lipolysis is stimulated, the protein kinase A (PKA) phosphorylates PLIN1 and causing the release of CGI-58, then the coactivator bins and stimulates ATGL [START_REF] Granneman | Perilipin controls lipolysis by regulating the interactions of AB-hydrolase containing 5 (Abhd5) and adipose triglyceride lipase (Atgl)[END_REF][START_REF] Miyoshi | Control of adipose triglyceride lipase action by serine 517 of perilipin A globally regulates protein kinase A-stimulated lipolysis in adipocytes[END_REF]. For HSL, the phosphorylation is important for its enzyme activity and several kinases such as protein kinase A (PKA), AMP-activated protein kinase (AMPK), extracellular signal-regulated kinase (ERK), glycogen synthase kinase-4 (GSK-4), and Ca 2+ /calmodulin-dependent kinase (CAMK) [START_REF] Lass | Lipolysis -a highly regulated multi-enzyme complex mediates the catabolism of cellular fat stores[END_REF] have been involved in its modulation. The targeting of ATGL to LDs also depends on COPI [START_REF] Beller | COPI complex is a regulator of lipid homeostasis[END_REF][START_REF] Soni | Coatomer-dependent protein delivery to lipid droplets[END_REF], thus the proper intercellular trafficking is crucial for LD homeostasis. In addition, the lysosomal acid lipase (LAL) which is localized in the lysosome, exhibits broad substrate specificity, hydrolyzing TGs, DGs SEs [START_REF] Sheriff | Characterization of lysosomal acid lipase by sitedirected mutagenesis and heterologous expression[END_REF][START_REF] Warner | Purification of the lysosomal acid lipase from human liver and its role in lysosomal lipid hydrolysis[END_REF] and REs [START_REF] Grumet | Lysosomal Acid Lipase Hydrolyzes Retinyl Ester and Affects Retinoid Turnover[END_REF], and contributes to LD catabolism. Thus, the interaction of LDs and lysosomes is also crucial for the regulation of the LD size.

When lipases digest the core of LDs, the LDs shrink in size, and as a consequence, the LD surface also shrinks [START_REF] Kory | Protein Crowding Is a Determinant of Lipid Droplet Protein Composition[END_REF]. What happens to the proteins on the LD surface under these conditions is not fully understood, but at least two pathways have been suggested: either proteins decreased due to the macromolecular crowding [START_REF] Kory | Protein Crowding Is a Determinant of Lipid Droplet Protein Composition[END_REF] or, they could be selectively eliminated by lysosomal degradation.

IV .2 Autophagy and lysosome

In addition to the lipases described above, cells also utilize autophagy to catabolize LDs.

Autophagy is a process in which intracellular components and dysfunctional organelles are delivered to the lysosome for degradation and recycling [START_REF] Yang | Autophagy and disease: unanswered questions[END_REF]. The Basis on the mechanism of lysosomal cargo delivery and the cargo type delivered to the lysosome, autophagy is classified into three distinct categories: macroautophagy [START_REF] He | Regulation mechanisms and signaling pathways of autophagy[END_REF], microautophagy [START_REF] Sahu | Microautophagy of cytosolic proteins by late endosomes[END_REF], and chaperone-mediated autophagy (CMA) [START_REF] Cuervo | Chaperone-mediated autophagy: roles in disease and aging[END_REF]. Macroautophagy is the best-characterized and most universal mechanism among the three types of autophagy (Soto-Avellaneda and Morrison, 2020). It is capable of sequestering cytosolic organelles inside double-membrane vesicles known as autophagosomes, which deliver this cargo to lysosomes upon heterotypic fusion with their membrane [START_REF] Mizushima | Autophagy fights disease through cellular self-digestion[END_REF][START_REF] Yang | Mammalian autophagy: core molecular machinery and signaling regulation[END_REF]. In this process, a complex interplay of proteins is required, such as ATGs (autophagy-related proteins), LC3 (microtubule-associated proteins 1A and 1B, light chain 3), and P62 (ubiquitin-binding protein p62). In contrast, microautophagy transports cytosolic material into lysosomes through direct invagination or protrusion of the lysosomal membrane [START_REF] Mijaljica | Microautophagy in mammalian cells: revisiting a 40-year-old conundrum[END_REF]. CMA selectively degrades single proteins with a specific amino acid signature, which is recognized by cytosolic heat shock cognate protein 70 (Hsc70) and then delivered to lysosomes by the CMA receptor lysosomal associated membrane glycoprotein 2A (LAMP2A).

All three forms of autophagy could be utilized to catabolize LD (Figure 14). For example, the selective degradation of LD by macroautophagy was first described in mouse hepatocytes by electron microscopy data confirming sequestrations of LDs by autophagosomes [START_REF] Singh | Autophagy regulates lipid metabolism[END_REF].

Further studies revealed that the recognition of LD by an autophagosomal membrane is through LC3 [START_REF] Singh | Lipophagy: connecting autophagy and lipid metabolism[END_REF]Wang, 2016), also LC3 promotes the movement of cytoplasmic ATGL to LD and induces lipophagy [START_REF] Sathyanarayan | ATGL Promotes Autophagy/Lipophagy via SIRT1 to Control Hepatic Lipid Droplet Catabolism[END_REF]. For microautophagy, LD entry into invaginated lysosomes was observed (Tsuji et al., 2017) in yeast. A more recent study also showed microautophagy in hepatocytes, since they observed that LDs appear to be directly injected into or "fuse" with adjacent lysosomal structures [START_REF] Schulze | Direct lysosome-based autophagy of lipid droplets in hepatocytes[END_REF]. In the CMA pathway, PLIN2 and PLIN3 are CMA targets, which are abundant LD-associated proteins that prevent LDs from lipases [START_REF] Kaushik | Degradation of lipid droplet-associated proteins by chaperone-mediated autophagy facilitates lipolysis[END_REF]. Thus, stimulated CMA leads to the release of PLIN2 and PLIN3 from the LD surface, consequently, enables ATGL to efficiently access the LD surface, thereby increasing lipolytic rates. transferred to the lysosome for degradation. Adopted from [START_REF] Gluchowski | Lipid droplets and liver disease: from basic biology to clinical implications[END_REF] It is important to note that to complete the entire degradation process for all forms of autophagy, the interaction with lysosomes is necessary. Meanwhile, the lysosome itself is a very dynamic organelle and its own function needs to be strictly controlled. Therefore, it can be inferred that the factors that affect lysosomes may also affect LDs.

IV.3.1 Lysosome structure

Lysosome is an organelle delimited by a bilayer lipid membrane with an acidic internal pH of 4.5-5.0 which is maintained by an adenosine triphosphate (ATP)-dependent proton pump (Figure 15).

Morphologically, it is a highly heterogeneous organelle. The lysosome size, shape, and number are variable according to the cell types. 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. 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 (Ballabio and Bonifacino, 2019;[START_REF] Saftig | Lysosome biogenesis and lysosomal membrane proteins: trafficking meets function[END_REF]. 

IV3.2 Lysosome positioning and motility

Lysosomes are highly dynamic structures [START_REF] Bonifacino | Moving and positioning the endolysosomal system[END_REF]. Lysosomes are spread throughout the cytoplasm, although with a higher concentration in the perinuclear region. At any given time, some lysosomes are stationary, while others move bidirectionally along microtubule tracks. All lysosomes, however, are potentially motile, as over time some stationary lysosomes start to move, while some moving lysosomes stop moving. Several factors contribute to these dynamics, including immobilization by interactions with perinuclear ER (Jongsma et al., 2016a) and Golgi complex [START_REF] Starling | Folliculin directs the formation of a Rab34-RILP complex to control the nutrient-dependent dynamic distribution of lysosomes[END_REF], or with peripheral actin filaments underlying the plasma membrane [START_REF] Encarnação | A Rab3a-dependent complex essential for lysosome positioning and plasma membrane repair[END_REF], as well as mobilization by interaction with microtubule motors [START_REF] Harada | Golgi vesiculation and lysosome dispersion in cells lacking cytoplasmic dynein[END_REF][START_REF] Nakata | Point mutation of adenosine triphosphate-binding motif generated rigor kinesin that selectively blocks anterograde lysosome membrane transport[END_REF]. Whereas lysosomes movement from the cell periphery towards the perinuclear region (retrograde movement) is mediated by coupling to cytoplasmic dynein and its activator dynactin [START_REF] Burkhardt | Overexpression of the dynamitin (p50) subunit of the dynactin complex disrupts dynein-dependent maintenance of membrane organelle distribution[END_REF][START_REF] Harada | Golgi vesiculation and lysosome dispersion in cells lacking cytoplasmic dynein[END_REF], movement from the perinuclear region towards the cell periphery (anterograde movement) is mediated by coupling to several kinesins, including members of the kinesin 1 (KIF5) and kinesin 3 (KIF1) families [START_REF] Guardia | BORC Functions Upstream of Kinesins 1 and 3 to Coordinate Regional Movement of Lysosomes along Different Microtubule Tracks[END_REF][START_REF] Matsushita | A novel kinesinlike protein, KIF1Bbeta3 is involved in the movement of lysosomes to the cell periphery in nonneuronal cells[END_REF][START_REF] Nakata | Point mutation of adenosine triphosphate-binding motif generated rigor kinesin that selectively blocks anterograde lysosome membrane transport[END_REF]. Lysosomal transport and re-positioning appear to be adaptation mechanisms for changing environmental conditions. Growth factors [START_REF] Dykes | The Arf-like GTPase Arl8b is essential for three-dimensional invasive growth of prostate cancer in vitro and xenograft formation and growth in vivo[END_REF], nutrient availability [START_REF] Korolchuk | Lysosomal positioning coordinates cellular nutrient responses[END_REF], and extracellular pH [START_REF] Heuser | Changes in lysosome shape and distribution correlated with changes in cytoplasmic pH[END_REF] trigger the re-positioning of lysosomes which appears to be crucial for nearly all aspects of their functions [START_REF] Neefjes | Stop or Go? Endosome Positioning in the Establishment of Compartment Architecture, Dynamics, and Function[END_REF][START_REF] Pu | Mechanisms and functions of lysosome positioning[END_REF].

IV.3. 3 LD accumulation and lysosome dysfunction

The alterations of the lysosome are implicated in several diseases. Indeed, lysosomes have been implicated in the pathogenesis of various metabolic disorders as best exemplified by their roles in obesity and diabetes [START_REF] Gilleron | Metabolic regulation through the endosomal system[END_REF][START_REF] Jaishy | Lipids, lysosomes, and autophagy[END_REF][START_REF] Mészáros | Lysosomes in nutrient signalling: A focus on pancreatic β-cells[END_REF]. The lipid overload that is characteristic of obesity impairs lysosomal function by various mechanisms [START_REF] Jaishy | Lipids, lysosomes, and autophagy[END_REF]. For instance, feeding of mice with a high-fat diet inhibits lysosomal acidification and acid hydrolase activity, and triggers permeabilization of the lysosomal membrane, with consequent impairment of lysosomal and autophagic functions in different tissues [START_REF] Gornicka | Adipocyte hypertrophy is associated with lysosomal permeability both in vivo and in vitro: role in adipose tissue inflammation[END_REF]. Despite the harmful effects of a high-fat diet, lysosomal adaptation via the transcription factor EB (TFEB) and the transcription factor E3 (TFE3) can exert a protective effect on whole-body lipid and glucose homeostasis, thereby decreasing the tendency towards obesity and diabetes [START_REF] Pastore | TFE3 regulates whole-body energy metabolism in cooperation with TFEB[END_REF]. Lysosomes also participate in whole-body glucose regulation by maintaining the fitness of insulin-producing pancreatic β-cells [START_REF] Mészáros | Lysosomes in nutrient signalling: A focus on pancreatic β-cells[END_REF]. Early response of these cells to nutrient starvation is the degradation of nascent insulin granules by sequestration into Golgi complex-derived double-membraned structures that subsequently fuse with lysosomes-a process distinct from canonical autophagy [START_REF] Goginashvili | Insulin granules. Insulin secretory granules control autophagy in pancreatic β cells[END_REF]. Lysosomal degradation of nascent insulin granules decreases the secretion of insulin and provides the β-cells with an alternative source of amino acids during fasting. When subjected to a high-fat diet, β-cells induce canonical autophagy, which protects them from ER stress and other harmful effects of lipid oversupply (Chu et al., 2015b). However, prolonged lipid overload overwhelms the protective effects of lysosomes and autophagy on metabolic homeostasis and eventually leads to lysosome damage, resulting in deterioration of lysosomal function and β-cell loss.

V. Intracellular membrane trafficking and LDs

V.1 Intracellular membrane trafficking

Intracellular membrane trafficking plays a critical role in diverse cellular functions including both developmental and pathological processes [START_REF] Yarwood | Membrane trafficking in health and disease[END_REF]. In general, intracellular membrane trafficking involves the formation and budding of membrane vesicles from a donor membrane, their transport, and subsequent fusion with target membranes, leading to transport of cargo from the donor to the target organelle [START_REF] Rothman | The machinery and principles of vesicle transport in the cell[END_REF][START_REF] Søreng | Chapter One -Membrane Trafficking in Autophagy[END_REF]. Membrane trafficking can be divided into two basic pathways based on the direction of travel, the secretory pathway, and the endocytic pathway. The secretory pathways refer to the movement of cargoes of newly synthesized proteins, lipids, or carbohydrates moving from the ER via the Golgi to the cell membrane or extracellular space. Conversely, endocytic pathways are the movement of cargoes from the plasma membrane or extracellular space into the cell. This can be often used for the uptake of nutrients or to receive receptor-dependent cell signaling from the extracellular space. Another important function of the endocytic pathway is to direct cargoes for recycling or degradation. In the secretory pathway, newly synthesized proteins are translocated into the ER. ER-derived cargo enters the cis-Golgi complex and moves through the TGN to the target sites such as lysosome or plasm membrane. On the other hand, endocytic pathways start at the plasma membrane and use multiple ways for internalization, such as clathrin-dependent, caveolin-dependent internalization. Internalized cargo can traffic into early endosomes, where it is sorted either back to the surface of the cell by recycling or into multivesicular bodies (MVBs) and lysosomes for degradation. The caveolindependent internalized cargo termed caveolae could transport to the LD. (Figure 16) V.2 Phosphoinositides (PIs)

V.2.1 PIs and their metabolism

The PIs are minor constituents of the cellular membranes, representing about 1% of total phospholipids with phosphatidylinositol representing about 10% [START_REF] Payrastre | Phosphoinositides: key players in cell signalling, in time and space[END_REF]. The inositol ring of PIs is a polyol cyclohexane of which positions 3, 4 and 5 can be phosphorylated to generate seven possible PIs: PtdIns3P, PtdIns4P, PtdIns5P, PtdIns(3,4)P2, PtdIns(3,5)P2, PtdIns(4,5)P2 andPtdIns(3,4,5) specific to the different membranes which allow the spatiotemporal regulation of events, such as budding, membrane fusion, and dynamics (Balla, 2013;[START_REF] De Craene | Phosphoinositides, Major Actors in Membrane Trafficking and Lipid Signaling Pathways[END_REF][START_REF] Schink | Phosphoinositides in Control of Membrane Dynamics[END_REF]. The type and distribution of PIs in the membrane serve as a molecular tag to recruit specific effectors [START_REF] Hammond | Polyphosphoinositide binding domains: key to inositol lipid biology[END_REF][START_REF] Várnai | Quantifying lipid changes in various membrane compartments using lipid binding protein domains[END_REF]. These recruited effectors may contain PI-binding domains which include the PH (Pleckstrin Homology), PTB (phosphotyrosine-binding), PDZ (PSD-95, Discs Large, and ZO-1), GRAM (glucosyltransferases, Rab-like GTPase activators, and myotubularins), GLUE (GRAM-like ubiquitin-binding in EAP45), FERM (4.1, ezrin, radixin, and moesin), PX (phox homology), FYVE (Fab1p, YOTB, Vac1p, and EEA1), C2 (protein kinase C (PKC) conserved 2), Tubby, PROPPINs (β-propellers that bind phosphoinositides), ENTH 50 (Epsin N-terminal homology), ANTH (AP180 N-terminal homology), and BAR (Bin, Amphiphysin, and Rvs) domain families [START_REF] Chandra | Classification of the human phox homology (PX) domains based on their phosphoinositide binding specificities[END_REF][START_REF] Pemberton | Polyphosphoinositide-Binding Domains: Insights from Peripheral Membrane and Lipid-Transfer Proteins[END_REF][START_REF] Singh | Redefining the specificity of phosphoinositide-binding by human PH domain-containing proteins[END_REF][START_REF] Yamamoto | Multiple lipid binding sites determine the affinity of PH domains for phosphoinositide-containing membranes[END_REF]. While many proteins are recruited to PIs independently of those domains which could be mediated through multiple different molecular mechanisms, including polybasic motifs [START_REF] Hammond | Novel roles of phosphoinositides in signaling, lipid transport, and disease[END_REF]. Furthermore, lipid kinases and phosphatases contain specific PI-binding domains contributing to their recruitment or dissociation to a specific membrane and leading to the dynamic changes of membrane PIs. Subsequently, these changes in membrane composition, control the profile of the membrane-associated proteins, thus, providing a fundamental role of PIs in the regulation of membrane trafficking.

V.1 Rab proteins

Rab proteins are small guanosine triphosphatases (small GTPase) which also play crucial roles in regulating intracellular membrane trafficking. Rabs participate in vesicle budding, membrane fusion, and interactions with the cytoskeleton [START_REF] Mccaffrey | G-proteins | Rab Family☆[END_REF]. Over 70 members of the Rab family of proteins exist in the human genome, representing the largest portion of the Ras-related small GTPases [START_REF] Barr | Review series: Rab GTPases and membrane identity: causal or inconsequential?[END_REF][START_REF] Mizuno-Yamasaki | GTPase networks in membrane traffic[END_REF].

V.1.1 Rabs Prenylation and membrane association

The membrane association of Rabs is ensured by prenylation, which is a posttranslational modification that adds one or two hydrophobic geranylgeranyl groups (20-carbon isoprenoid groups) to Rabs C-terminal cysteine residues [START_REF] Pereira-Leal | Prenylation of Rab GTPases: molecular mechanisms and involvement in genetic disease[END_REF][START_REF] Shinde | Post translational modifications of Rab GTPases[END_REF].

The geranylgeranylation is mediated by Rab geranylgeranyl transferase (GGTase II) in cooperation with Rab escort protein (REP) [START_REF] Leung | Thematic review series: lipid posttranslational modifications. geranylgeranylation of Rab GTPases[END_REF]. The REP chaperones the newly geranylgeranylated Rab GTPase to its correct target membranes [START_REF] Alexandrov | Rab escort protein-1 is a multifunctional protein that accompanies newly prenylated rab proteins to their target membranes[END_REF]. The

Rabs also exist in the cytosol in a soluble form which is achieved by interaction with the Rab GDP dissociation inhibitor (GDI). Rab GDI specifically recognizes Rabs in their GDP-bound form and thereby serves to solubilize Rabs from membranes once GTP hydrolysis has been completed [START_REF] Goody | The structural and mechanistic basis for recycling of Rab proteins between membrane compartments[END_REF]Zhen and Stenmark, 2015) (Figure 19). 

V.1.2 Rabs as molecular switches

The Rab proteins have important roles in the regulation of intracellular membrane trafficking pathways as molecular switches. Its function as molecular switches in the same manner as other small GTPases, cycling between GDP-bound and GTP-bound forms (Figure 19).

Conversion of Rab proteins from inactive GDP-bound forms to active GTP-bound forms is facilitated by guanine nucleotide exchange factors (GEFs), and this conversion, in turn, recruits downstream effector proteins. GTPase-activating proteins (GAPs) convert Rab proteins back to an inactive, GDP-bound state by GTP hydrolysis [START_REF] Barr | Rab GEFs and GAPs[END_REF]Blümer et al., 2013;[START_REF] Lamber | Rab regulation by GEFs and GAPs during membrane traffic[END_REF]. In the GTP-bound active form, Rabs specifically interact with proteins that termed Rab effectors. These Rab effectors include molecular tethers, fusion regulators, motors, sorting adaptors, kinases, phosphatases, components of membrane contact sites and Rab regulators, and spatiotemporally recruitment of those effectors contributes to the regulation of the intracellular membrane trafficking [START_REF] Gillingham | Toward a comprehensive map of the effectors of rab GTPases[END_REF][START_REF] Homma | Rab family of small GTPases: an updated view on their regulation and functions[END_REF].

Each Rab protein localizes to specific intracellular compartments (Figure 20). For example, in the secretory pathway, about one-third of known Rabs have been found associated with membranes at the ER/Golgi/TGN level [START_REF] Liu | Are Rab Proteins the Link Between Golgi Organization and Membrane Trafficking? Cell[END_REF]. In the endocytic pathway, the Rabs commonly identified are Rab4, Rab5, Rab7, and Rab11. Rab4, Rab5, and Rab11 function in the early endocytic pathway, whereas Rab7 and Rab9 regulate the later stages of endocytosis (Wandinger-Ness and Zerial, 2014). Rab5 primes the pathway by regulating the formation of coated vesicles, the fusion of vesicles with early endosomes, and the homophilic fusion between early endosomes [START_REF] Bucci | The small GTPase rab5 functions as a regulatory factor in the early endocytic pathway[END_REF]. Endosomal maturation into multivesicular bodies, followed by fusion to lysosomes is controlled by Rab7 (Bucci et al., 2000;[START_REF] Rink | Rab Conversion as a Mechanism of Progression from Early to Late Endosomes[END_REF][START_REF] Vanlandingham | Rab7 regulates late endocytic trafficking downstream of multivesicular body biogenesis and cargo sequestration[END_REF]. Rab4, Rab 11, and Rab9 are the recycling GTPases and mediate retro-transport of the cargo to the plasma membrane and the Golgi complex [START_REF] Arjonen | Distinct recycling of active and inactive β1 integrins[END_REF][START_REF] Dong | Rab9 and retromer regulate retrograde trafficking of luminal protein required for epithelial tube length control[END_REF]. Rab11-mediates endosomal recycling is shown to be essential for the maintenance of cellular polarity [START_REF] Jing | Polarized endocytic transport: the roles of Rab11 and Rab11-FIPs in regulating cell polarity[END_REF]. While these Rabs localize primarily to endosomal compartments were also shown associated with trans-Golgi network (TGN) compartments which reflects the dynamic nature of the interface between TGN membranes and endosomes [START_REF] Goud | Rab proteins as major determinants of the Golgi complex structure[END_REF].
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V.3 Coordination between Rabs and PIs

Although Rabs and PIs are biochemically distinct, there are many striking similarities in their essential functions in membrane trafficking. Indeed, their intricate localization patterns and the well-established physical interactions between Rab and PIs regulators such as OCRL (Inositol Polyphosphate-5-Phosphatase) for Rab35 [START_REF] Cauvin | Rab35 GTPase Triggers Switch-like Recruitment of the Lowe Syndrome Lipid Phosphatase OCRL on Newborn Endosomes[END_REF][START_REF] Klinkert | Rab35 GTPase: A Central Regulator of Phosphoinositides and F-actin in Endocytic Recycling and Beyond[END_REF] 

V.3.1 Rabs and PIs coordination in endo-lysosome maturation

A well-established example of the coordination between Rabs and PIs is the maturation of early endosome to the late endosome/lysosome. As described above, the Early endosomes are specified by the Rab5 and PtdIns3P whereas late endosomes/lysosomes are characterized by the Rab7 and PI(3,5)P2 [START_REF] Wallroth | Phosphoinositide conversion in endocytosis and the endolysosomal system[END_REF][START_REF] Wang | Phosphoinositide switches in endocytosis and in the endolysosomal system[END_REF]. Thus, the conversion of early endosomes to late endosomes requires the switching of Rab5 to Rab7 and PI3P to PI(3,5)P2. For the replacement of Rab5 with Rab7 on endosomes, a complex containing Mon1/SAND-1 and Ccz1/CCZ-1 has been reported. By sensing the membrane level and directly binding of PtdIns3P [START_REF] Cabrera | The Mon1-Ccz1 GEF activates the Rab7 GTPase Ypt7 via a longin-fold-Rab interface and association with PI3P-positive membranes[END_REF][START_REF] Poteryaev | Identification of the switch in early-to-late endosome transition[END_REF], Mon1/SAND-1 localizes to early endosomes, where it displaces the GEF of Rab5, Rabex-5/RABX-5, thus preventing the continuous activation of Rab5 [START_REF] Poteryaev | Identification of the switch in early-to-late endosome transition[END_REF]. In the meantime, Mon1/SAND-1 forms a complex with Ccz1/CCZ-1, which functions as the GEF of Rab7 to promote its activation and membrane enrichment [START_REF] Cabrera | The Mon1-Ccz1 GEF activates the Rab7 GTPase Ypt7 via a longin-fold-Rab interface and association with PI3P-positive membranes[END_REF][START_REF] Nordmann | The Mon1-Ccz1 complex is the GEF of the late endosomal Rab7 homolog Ypt7[END_REF][START_REF] Shinde | PTEN modulates EGFR late endocytic trafficking and degradation by dephosphorylating Rab7[END_REF]. The active GTP-bound Rab7

(GTP-Rab7) can recruit TBC-2, a Rab5 GTPase-activating protein, to help to inactivate GTP-bound Rab5 [START_REF] Chotard | TBC-2 regulates RAB-5/RAB-7-mediated endosomal trafficking in Caenorhabditis elegans[END_REF][START_REF] Li | C. elegans Rab GTPase activating protein TBC-2 promotes cell corpse degradation by regulating the small GTPase RAB-5[END_REF].

The PI conversion depends on PIKFYVE, a PI5K, which binds to PtdIns3P via its zing finger FYVE domain and converts it into PtdIns (3,5)P2 [START_REF] Huotari | Endosome maturation[END_REF][START_REF] Wallroth | Phosphoinositide conversion in endocytosis and the endolysosomal system[END_REF]. The endosomal PtdIns3P is generated by the class III phosphatidylinositol 3-kinase (PI3K) complex, which consists of Vps34, p150/Vps15, and Beclin1/Atg6 [START_REF] Christoforidis | Phosphatidylinositol-3-OH kinases are Rab5 effectors[END_REF][START_REF] Funderburk | The Beclin 1-VPS34 complex--at the crossroads of autophagy and beyond[END_REF] and both Rab5 and Rab7 are interacting with p150/Vps15. The active GTP-Rab5 promotes endosomal association of the PI3K complex and facilitates the generation of PtdIns3P on endosomes [START_REF] Christoforidis | Phosphatidylinositol-3-OH kinases are Rab5 effectors[END_REF][START_REF] Murray | Role of Rab5 in the recruitment of hVps34/p150 to the early endosome[END_REF]. In contrast, active Rab7 recruit and directly interact with WDR91 (WD repeat domain 91), the homologues of C. elegans SORF-1, leading to the inhibition of Rab7-associated PI3K complex activity. This allows the turnover of endosomal PtdIns3P and consequently conversion of early endosomes to late endosomes [START_REF] Liu | WDR91 is a Rab7 effector required for neuronal development[END_REF].

V.3.2 Rabs and PIs in lysosome positioning and motility

Several protein complexes have been implicated in the regulation of lysosomal positioning.

For example, the anterograde movement of lysosomes is regulated by the multi-subunit complex BORC, the small GTPase Arl8, and its effector SKIP, which directly interacts with the kinesin light chain, thus linking lysosomes to the plus-end-directed microtubule motor kinesin [START_REF] Pu | BORC, a Multisubunit Complex that Regulates Lysosome Positioning[END_REF][START_REF] Rosa-Ferreira | Arl8 and SKIP Act Together to Link Lysosomes to Kinesin-1[END_REF]. The lysosomal transmembrane proteins such as LAMP1/2 [START_REF] Huynh | LAMP proteins are required for fusion of lysosomes with phagosomes[END_REF][START_REF] Krzewski | LAMP1/CD107a is required for efficient perforin delivery to lytic granules and NK-cell cytotoxicity[END_REF], TRPML1 (transient receptor potential cation channel, mucolipin subfamily, member 1) [START_REF] Li | A molecular mechanism to regulate lysosome motility for lysosome positioning and tubulation[END_REF], TMEM55B (Type 1 phosphatidylinositol 4,5-bisphosphate 4-phosphatase) [START_REF] Willett | TFEB regulates lysosomal positioning by modulating TMEM55B expression and JIP4 recruitment to lysosomes[END_REF] were also shown to regulate the retrograde lysosomal transport by recruitment of dynein-dynactin. Rab7 has been shown to play a fundamental role in both anterograde and retrograde movements of lysosomes. It seems that the PIs present in their membranes will determine which direction of movement Rab7 will involve-in (Figure 21). Indeed, active Rab7 were able to recruit effector proteins such as the Rab-interacting lysosomal protein (RILP), which binds to the p150glued subunit of dynactin and dynein light intermediate chain, then acquiring the dynein-dynactin complex for microtubule minus-end transport (Johansson et al., 2007;[START_REF] Rocha | Cholesterol sensor ORP1L contacts the ER protein VAP to control Rab7-RILPp150 Glued and late endosome positioning[END_REF][START_REF] Tan | Recruitment of dynein to late endosomes and lysosomes through light intermediate chains[END_REF]. In contrast, in combination with PtdIns3P, activated Rab7 can bind the effector FYCO1 (FYVE and coiled-coil domain containing protein 1) to recruit the kinesin-1 motor and then, regulate the anterograde directed motility and, hence, transport of late endosomes from the cytoplasm to the cell periphery [START_REF] Pankiv | Gerondopoulos et al., 2014mediate microtubule plus end-directed vesicle transport[END_REF]. PtdIns3P also contributes to the formation of ER membrane contact sites with lysosomes by engaging ORP1L (Oxysterol-binding protein-related protein 1) and protrudin which interacts with late endosomal Rab7 to deliver the kinesin-1 to FYCO1 [START_REF] Johansson | The oxysterol-binding protein homologue ORP1L interacts with Rab7 and alters functional properties of late endocytic compartments[END_REF]Raiborg et al., 2015).
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Figure 21 Machineries involved in Rab7 and PI3P in lysosome motility

Rab7 interacts with RILP and recruits dynein for retrograde transport of lysosome to the MTOC/Golgi apparatus or in the presence of PtdIns3P interact with FYCO1 to mediate the anterograde transport of lysosome to the cell periphery. Adopted from (Ballabio and Bonifacino, 2019) V.4 Rabs and PIs in LD regulation

V .4.1 Rabs proteins and LDs

More than 30 Rab proteins have been shown to be associated with LDs through proteomic analysis in mammals [START_REF] Bersuker | A Proximity Labeling Strategy Provides Insights into the Composition and Dynamics of Lipid Droplet Proteomes[END_REF][START_REF] Brasaemle | Proteomic Analysis of Proteins Associated with Lipid Droplets of Basal and Lipolytically Stimulated 3T3-L1 Adipocytes[END_REF]Krahmer et al., 2013a). However, only a few of them have been reported to be functionally linked with LDs.

V .4.1.1 Rab18

Rab18 is the best characterized Rab family protein, with extensive evidence for a direct association with the monolayer surface of LDs [START_REF] Gerondopoulos | Rab18 and a Rab18 GEF complex are required for normal ER structure[END_REF][START_REF] Gronemeyer | Localization of Rab proteins to peroxisomes: a proteomics and immunofluorescence study[END_REF]Xu et al., 2018a). Both endogenous Rab18 and GFP-tagged Rab18 fusion proteins show ring-like staining surrounding a subset of LDs in adipocytes as well as non-adipocyte cells such as Vero, BHK, and C2C12 cells treated with oleic acid [START_REF] Deng | Rab18 binds PLIN2 and ACSL3 to mediate lipid droplet dynamics[END_REF][START_REF] Martin | Regulated localization of Rab18 to lipid droplets: effects of lipolytic stimulation and inhibition of lipid droplet catabolism[END_REF][START_REF] Ozeki | Rab18 localizes to lipid droplets and induces their close apposition to the endoplasmic reticulum-derived membrane[END_REF][START_REF] Pulido | Rab18 dynamics in adipocytes in relation to lipogenesis, lipolysis and obesity[END_REF]. The association of LDs with Rab18 is regulated by its guanine nucleotide status, as only overexpressed wild-type and dominant-active, Rab18 localizes to LDs and not the dominant-negative [START_REF] Martin | Regulated localization of Rab18 to lipid droplets: effects of lipolytic stimulation and inhibition of lipid droplet catabolism[END_REF] (Figure 22). Also, Rab18 could interact with PLIN2, PLIN2

facilities and stabilize the LD targeting of Rab18, which, in turn, promotes ACSL3 (acyl-CoA synthetase long-chain family member 3) recruitment onto LDs for acyl-CoA synthesis, which induce the LD growth and accumulation [START_REF] Deng | Rab18 binds PLIN2 and ACSL3 to mediate lipid droplet dynamics[END_REF].

V.4.1.2 Rab7

As mentioned above, the Rab7 is associated with MVB and lysosomes. Interestingly, It has been demonstrated that Rab7 is involved in LD degradation via lipophagy (Schroeder et al., 2015).

Nutrient deprivation activates Rab7 on the LD surface and in the late endocytic/autophagic compartments, promoting LD targeting of late endosomes/lysosomes and autophagosomes, ultimately resulting in lipophagic breakdown of LDs. Further studies have shown that the active, membrane-associated form of Rab7 interacts with RILP to connect lysosomes or autophagosomes to the microtubule network, promoting the fusion of LDs with lysosomes. Therefore, depletion of Rab7 significantly reduces the breakdown of LDs during starvation, although this impairment can be rescued by expression of wild-type and constitutively active (Q67L), but not dominant-negative (T22N), mutant forms of Rab7 (Schroeder et al., 2015) (Figure 22). Lipolysis stimulated by the βadrenergic receptor (ADRB2) also requires autophagic machinery mediated by Rab7 [START_REF] Lizaso | β-adrenergic receptor-stimulated lipolysis requires the RAB7-mediated autolysosomal lipid degradation[END_REF]. The localization of Rab7 to LDs is enhanced by ADRB2 stimulation, which then facilitates the fusion of LD-containing autophagic vacuoles with lysosomes. Depletion of Rab7 or expression of the dominant-negative mutant of Rab7 in 3T3-L1 adipocytes impairs autophagosome-lysosome association and in turn, reduces basal and ADRB2-stimulated lipolysis. In a follow-up study, it was observed that chronic ethanol exposure inhibits Rab7 activity, disrupts degradative compartment 59 morphology and motility, and causes reduced LD turnover during the process of lipophagy [START_REF] Schulze | Ethanol exposure inhibits hepatocyte lipophagy by inactivating the small guanosine triphosphatase Rab7[END_REF]. Taken together, these results indicate that Rab7 is essential in the auto-lysosomal pathway of lipolysis.

Figure 22 The activation of Rab18 and Rab7 affect its association with LD.

Schematic representation of GTPase cycle of Rab18 and Rab7 and its association with LD. GEF, guanine nucleotide exchange factor; GAP, GTPase activating protein. Rab18 GTPase active (-Q67L)

form and Rab7 GTPase active(-Q79L) form were found associated with LD, not the inactive forms.

Images were adorpted from (Schroeder et al., 2015), [START_REF] Ozeki | Rab18 localizes to lipid droplets and induces their close apposition to the endoplasmic reticulum-derived membrane[END_REF]. 60

V.4.2 PIs and LD

As mentioned above, the PIs are constituents of the phospholipid monolayer of LD, while their presence and their role have not been well documented so far. This is probably because their low level makes their detection difficult. But recent studies have shown that the PIs have an important role in regulating LDs and particularly in yeast. For example, in yeast, the sfh3, a nonclassical member of the Sec14-like phosphatidylinositol transfer protein (PITP) superfamily whose members help specify the outcomes of PI-signaling in cells, acts as a negative regulator of neutral lipid utilization. This requires its ability to bind PIs and to stimulate PtdIns4P production [START_REF] Ren | A phosphatidylinositol transfer protein integrates phosphoinositide signaling with lipid droplet metabolism to regulate a developmental program of nutrient stress-induced membrane biogenesis[END_REF]. In addition, we reported that the monophosphorylated PIs such as PtdIns3P, PtdIns4P, and PtdIns5P but not the PtdIns(4,5)P2, increases the LDs (Akil et al., 2016a). Consistent with our results, a recent paper has shown that the ORP5 (oxysterol binding protein and its related proteins), which is normally localized at the ER-LD contact sites to deliver PS to the LD surface and bring back PtdIns4P from LD to the ER, regulate LD. When depletion of ORP5 increases the level of PtdIns4P on LD and then increases LD size. Furthermore, they demonstrated that the PtdIns4P produced by PI4K2A is recruited on LDs [START_REF] Du | ORP5 localizes to ER-lipid droplet contacts and regulates the level of PI(4)P on lipid droplets[END_REF].

Overall, these reported data revealed that different PIs have different effects on LD. Thus, here again as shown for trafficking above, we can speculate that coordination may exist between Rabs and PIs to control LD behavior while this needs further investigations.

Chapter III

Septins

I. Septin domains and subgroups

Septins are GTPases that are evolutionarily classified into the phylogenetic branch of P-loop NTPases, including the myosin/kinesin cytoskeleton motor superfamily and the Ras GTPase superfamily (Figure 23) [START_REF] Leipe | Classification and evolution of Ploop GTPases and related ATPases[END_REF]Mostowy and Cossart, 2012). They have first discovered in the budding yeast Saccharomyces cerevisiae by Lee Hartwell in 1971, as cell division control proteins (CDC proteins) involved cytokinesis. The septins were subsequently found arranged into a highly ordered ring of 10-nm filaments by electron and immunofluorescence microscopy, and have been described as intimately associated with plasma membrane within the neck of the bud and formed during early bud emergence and disappear when cytokinesis begins [START_REF] Byers | A highly ordered ring of membrane-associated filaments in budding yeast[END_REF]. Because of their localization in the bud neck and their role in the septum, these proteins were named septins [START_REF] Sanders | Cell division. Septins in common?[END_REF]. (translation factor), on the basis of phylogenetic studies [START_REF] Hall | The pathobiology of the septin gene family[END_REF][START_REF] Leipe | Classification and evolution of Ploop GTPases and related ATPases[END_REF] adopted form [START_REF] Weirich | The septin family of GTPases: architecture and dynamics[END_REF].

The number of septins genes in an organism varies widely. In humans, septins comprise a family of 13 members (septin1-septin12, septin14). This number of septins could be further amplified by the expression of isoforms which result from alternative splicing of the transcript on the septin genes. For example, septin 4, 8, and 9, long or short N-terminal extensions have been identified [START_REF] Kinoshita | The septins[END_REF][START_REF] Russell | Septin genomics: a road less travelled[END_REF]. Such diversity allows a vast repertoire of septin assembly, which could explain its multiplicity of localizations and sub-cellular functions.

I. 1 Septin structure

All mammalian septins have a central core domain with a minimum sequence similarity of 70%. The core consists of a polybasic domain (PB), a GTP-binding domain, and 52 highly conserved amino acids of unknown function called the septin unique element [START_REF] Cao | Phylogenetic and evolutionary analysis of the septin protein family in metazoan[END_REF][START_REF] Pan | Analysis of septins across kingdoms reveals orthology and new motifs[END_REF]. Their amino-and carboxy-terminal regions contain Pro-rich and coiled-coil domains, respectively, which vary in length and amino acid composition (within each septin group, the Cterminal regions share 50-60% sequence identity) (Figure 24) (Mostowy and Cossart, 2012). 

I.1.1 GTP binding domain

Similar to the Ras proteins, the GTP-binding structure of septins consists of alternating αhelices, β-sheets, and loops (P-loops) that come in contact with the phosphate groups of GTP.

Septins, however, contain additional helices and β-strands in the N-or C-terminal, which in part support tandem dimerization into oligomers and polymers [START_REF] Macedo | The structure and properties of septin 3: a possible missing link in septin filament formation[END_REF]Sirajuddin et al., 2007a[START_REF] Sirajuddin | GTP-induced conformational changes in septins and implications for function[END_REF]. Assembly of these septin hetero-oligomers depends on GTP-binding and hydrolysis, which further stabilizes the dimerization interfaces through allosteric effects [START_REF] Mcmurray | Lean forward: Genetic analysis of temperature-sensitive mutants unfolds the secrets of oligomeric protein complex assembly[END_REF][START_REF] Zent | Human septin isoforms and the GDP-GTP cycle[END_REF][START_REF] Zeraik | Crystal structure of a Schistosoma mansoni septin reveals the phenomenon of strand slippage in septins dependent on the nature of the bound nucleotide[END_REF]. In contrast to the monomeric Ras GTPases, whose function relies on the hydrolysis and exchange of GTP by GAPs and GEFs, septins hydrolyze and exchange GTP on their own, albeit at very slow rates [START_REF] Abbey | GTPase domain driven dimerization of SEPT7 is dispensable for the critical role of septins in fibroblast cytokinesis[END_REF][START_REF] Abbey | Septins: Active GTPases or just GTP-binding proteins?[END_REF].

I.1.2 Septin unique domain

The septin unique domain (SUD) are highly conserved among septins, which distinguishes septins from other small GTP-binding proteins, is located near the C-terminus, and partly overlaps with the GTP-binding interface where it has been suggested from structural studies to participate in septin polymerization [START_REF] Sirajuddin | GTP-induced conformational changes in septins and implications for function[END_REF] and is known be required for the interaction of septin monomers during the assembly of complexes and filaments (Sirajuddin et al., 2007b). (Figure 24)

I.1.3 Polybasic domain (PB)

A short polybasic region (PB) is present between the N-terminus and the GTPase domain in most septin sequences and binds directly to PtdIns(4,5)P2, and thus mediates interactions with plasma membranes [START_REF] Casamayor | Molecular dissection of a yeast septin: distinct domains are required for septin interaction, localization, and function[END_REF]. Our laboratory reported that recombinant septin 9 bound specifically to mono-phosphorylated PtdIns (PtdIns3P, PtdIns4P, and PtdIns5P) while the strongest interaction was observed with PtdIns5P (Akil et al., 2016a). Subsequently, we further identified a second polybasic domain motif enriched in basic amino acids (aa 399-402 of human septin 9 isoforms 1, 586 residues). This second polybasic domain termed PB2 is conserved in all human septins (Omrane et al., 2019). (Figure 24)

I.1.4 C-terminal region

The carboxyl-terminus of septins is often predicted to form coiled-coil structures, which are important determinants for filament assembly and stability and are important for recognition and binding of partner molecules ( [START_REF] De Almeida Marques | Septin C-terminal domain interactions: implications for filament stability and assembly[END_REF][START_REF] Meseroll | Septin ring size scaling and dynamics require the coiled-coil region of Shs1p[END_REF][START_REF] Meseroll | Septin Phosphorylation and Coiled-Coil Domains Function in Cell and Septin Ring Morphology in the Filamentous Fungus Ashbya gossypii[END_REF]. For example, some septins interact with proteins such as Centromere-associated protein E/F (CENPE/F), Sorting Nexin 6 (SNX6) which are associated with intracellular trafficking and exocytosis or are part of the kinetochore via coiled-coil domains [START_REF] Nakahira | A draft of the human septin interactome[END_REF][START_REF] Zhu | Septin 7 Interacts with Centromere-associated Protein E and Is Required for Its Kinetochore Localization[END_REF]. (Figure 24)

I.1.5 N-terminal region

The amino-terminus of septins are different both in length and sequences, and may contain a proline-rich domain, which is important for protein-protein interactions and frequently involved in the interaction of proteins with cytoskeletal components (Bai et al., 2013;[START_REF] Kremer | Mammalian septins regulate microtubule stability through interaction with the microtubule-binding protein MAP4[END_REF]. In addition, our laboratory reported that the AH motif is also presented in this region which is crucial for septins to membrane binding. (Figure 24)

I.2 The septin Homology-based subgroups

Based on their sequence similarity and the number of coiled-coil domains in their sequences, mammalian septins can be subdivided into four different groups (septin 2, septin3, septin 6, or septin 7) termed according to their founding member (Figure 25). The septin 2 subgroup (septin 1, 2, 4, 5) contains two coiled-coil domains. The septin 3 subgroup (septin 3, 9, 12) has no coiled-coil domain. The septin6 (septin 6, 8, 10, 11, 14) and the septin 7 subgroup (septin 7), respectively comprise one coiled-coil domain [START_REF] Macara | Mammalian Septins Nomenclature[END_REF]Kinoshita, 2003b).

Figure 25 Homology-based subgroups

The 13 human septins are classified into four subgroups (3, 2, 7, and 6) based on sequence homology and coiled-coil domains. Adopted from [START_REF] Kinoshita | The septins[END_REF][START_REF] Macara | Mammalian Septins Nomenclature[END_REF][START_REF] Neubauer | The Mammalian Septin Interactome[END_REF] II. Septin complex assembly and regulation

II.1 Septin complex assembly

Since their discovery, it has been suggested that septins work as complexes. The crystallographic structural study of the septin complex carried out by Sirajuddin and these colleagues in 2007 has greatly clarified our understanding of the interaction between the different septin (Sirajuddin et al., 2007b). The structure of human septin complexes revealed an apolar rodshaped structure of the following order: 7 -6-2-2-6-7. In the meantime, this study also revealed that the filament-forming septin-septin interactions are mediated via their G-domains which form two alternating interfaces between the septin subunits of the filaments, namely G-G which is an interaction of the nucleotide-binding pocket and the flanking regions of the G-domain and N-C interface as N-and C-termini interactions of the G-domains [START_REF] Sirajuddin | GTP-induced conformational changes in septins and implications for function[END_REF]. (Figure 26a)

In some cases, septins can also assemble into hetero octamers, which additionally contain a member of the septin3 group. It is currently viewed that septin 9 caps the ends of hetero-hexameric complexes by interacting with septin 7, resulting in a hetero-octameric composition arranged as 9-7-6-2-2-6-7-9 (Kim et al., 2011;[START_REF] Nakahira | A draft of the human septin interactome[END_REF][START_REF] Sandrock | Characterization of human septin interactions[END_REF]Sellin et al., 2011). In addition, another type of assembly is proposed for octamer formation: Septin 9 can also interact with both septin 6 and septin 7 by associating laterally with a trimer [START_REF] Sandrock | Characterization of human septin interactions[END_REF][START_REF] Versele | Some assembly required: yeast septins provide the instruction manual[END_REF] (Figure 26b).

The hexameric and octameric septin complexes described above are considered as the building blocks of higher-order structures of septins. The protofilament is formed by the association of each oligomer end to end, those filaments can associate laterally, forming bundled filaments, which can, in turn, assemble into higher-order structures such as ring [START_REF] Bertin | Saccharomyces cerevisiae septins: supramolecular organization of heterooligomers and the mechanism of filament assembly[END_REF][START_REF] Demay | Septin filaments exhibit a dynamic, paired organization that is conserved from yeast to mammals[END_REF]Garcia et al., 2011a;[START_REF] John | The Caenorhabditis elegans septin complex is nonpolar[END_REF]Sirajuddin et al., 2007b) (Figure 26c). The filament formation is required for many functions performed by septins. II.2 Regulation of septins complex assembly

II.2.1 GTP/GDP cycle

As mentioned above, septins polymerize and interact with other septins via two interfaces (G-and NC-interfaces). The G-interface comprises the GTP-binding domain whereas the NCinterfaces involve the N-and C-terminal regions, which are brought into close proximity upon folding [START_REF] Sheffield | Borg/septin interactions and the assembly of mammalian septin heterodimers, trimers, and filaments[END_REF]. This means each septin subunit assembles and extends apolar filaments arranged in a palindromic order by alternating NC-and G-interface associations. Upon GTP-binding a conformational change in the switch regions is provoked, which affects the G-and the NC-interface. The GTP-binding capacity of septins is essential for septin-septin interactions and fundamental to ensure structural integrity, in a way that GTP-binding and its hydrolysis control assembly and disassembly of filaments and also the stability of the interface within the septin polymer [START_REF] Zeraik | Crystal structure of a Schistosoma mansoni septin reveals the phenomenon of strand slippage in septins dependent on the nature of the bound nucleotide[END_REF]. In the septin 2-6-7 complex, septin 2 and 7 bind to GDP, while septin 6 binds to GTP ( [START_REF] De Almeida Marques | Septin C-terminal domain interactions: implications for filament stability and assembly[END_REF]. Moreover, a septin 11 mutant, which showed reduced GTPase activity, was unable to form filaments [START_REF] Hanai | Biochemical and cell biological characterization of a mammalian septin[END_REF].

II.2.2 Protein interactor

The assembly and disassembly of septin filaments are also regulated by their interaction with other proteins. In mammalian cells, septins interact with the CDC42-binding Borg3 protein, and overexpression of Borg3 leads to the aggregation of septin filaments (G et al., 2001). Another example is the Orc6 protein in drosophila, an ORC subunit required for DNA replication, which binds to septin complexes in the stoichiometric ratio of two Orc6 molecules per hexamer and stimulates polymerization of filaments [START_REF] Akhmetova | Functional insight into the role of Orc6 in septin complex filament formation in Drosophila[END_REF][START_REF] Huijbregts | Drosophila Orc6 facilitates GTPase activity and filament formation of the septin complex[END_REF]. Orc6 remains bound to the polymerized filaments and apparently stabilizes them due to Orc6-Orc6 dimerization [START_REF] Akhmetova | Functional insight into the role of Orc6 in septin complex filament formation in Drosophila[END_REF].

II.2.3 Posttranslational modification

The dynamics of septin filaments in vivo may be regulated by various posttranslational modifications, such as SUMOylation, acetylation, and phosphorylation.

II.2.3.1 SUMOylation

SUMOylation is a posttranslational modification consisting of the covalent addition of a small ubiquitin-like modifier (SUMO) polypeptide into the lysine residues of the target proteins. This modification controls the subcellular localization, activity, and stability of many proteins. The SUMOylation process requires the E1-activating enzyme and the E2-conjugating enzyme, as well as ATP. Ubc9 is one member of the E2 family that is involved in recognizing the SUMOylation motif on targeted proteins [START_REF] Bernier-Villamor | Structural Basis for E2-Mediated SUMO Conjugation Revealed by a Complex between Ubiquitin-Conjugating Enzyme Ubc9 and RanGAP1[END_REF]. SUMOylation plays a central role in the control of cell division and is the first posttranslational modification described for septins in yeast (Johnson and Blobel, 1999a).

Indeed, the Saccharomyces cerevisiae proteins Cdc3, Cdc11, and Shs1 (the homologous of mammalian septins) were found to be SUMOylated at the G2/M transition and deSUMOylated at cytokinesis. Mutation of all SUMO sites in Cdc3, Cdc11, and Shs1 prevented the disappearance of septin rings at division sites and blocks cytokinesis (Johnson and Blobel, 1999a;[START_REF] Takahashi | Comparative Analysis of Yeast PIAS-Type SUMO Ligases In Vivo and In Vitro[END_REF]Takahashi et al., 1999a). Several studies have identified components of the SUMOylation machinery as putative interactors with human septins. They include the Ubc9/UBE2I, the E3 SUMO-protein ligase PIAS3 (Protein Inhibitor of Activated STAT3), or SUMO1 itself [START_REF] Havugimana | A census of human soluble protein complexes[END_REF][START_REF] Nakahira | A draft of the human septin interactome[END_REF]. High-throughput analyses of SUMOylated proteins have identified human septins as SUMO targets [START_REF] Becker | Detecting endogenous SUMO targets in mammalian cells and tissues[END_REF][START_REF] Hendriks | A comprehensive compilation of SUMO proteomics[END_REF]. Furthermore, human SUMO proteome identified some of the SUMO-modified lysines in septin 2, septin 6, septin 7, septin 8, septin 9, and septin 10 [START_REF] Hendriks | Site-specific mapping of the human SUMO proteome reveals co-modification with phosphorylation[END_REF]. Indeed, a subsequent study reveals that there are SUMO sites in the C-terminal domain of septin 6 and septin 7 and in the N-terminal domain of septin 9. Additional SUMO sites were also identified in central domains of septin 6,7 and 9 but mutagenesis analysis suggests those sites do not constitute major SUMO sites (Ribet et al., 2017a). They further demonstrated that septin SUMOylation plays a critical role in the organization of septin filaments.

But a lack of SUMOylation in septin 7 and septin 11 does not inhibit canonical septin complex formation which suggests that SUMOylation is not required for septin-septin interactions. However, they proposed that SUMOylation of septins is critical for the correct assembly of septin higher-order structures (Ribet et al., 2017a).

II.2.3.1 Phosphorylation

Phosphorylation is the most characterized posttranslational modification in septins. In yeast, fifty-nine phosphorylation sites have been mapped. Phosphorylation of yeast septins is generally found in the N-and C-terminal regions. Loss of septin phosphorylation leads to defects in morphogenesis and cytokinesis. Thus, the phosphorylation state appears to regulate the dynamics of septin ring formation (Hernández-Rodríguez and Momany, 2012a). In mammals, several protein kinases have been involved in septin phosphorylation. Septin 4 is phosphorylated by GSK3. During the epididymal transit of spermatozoa, deficiency in septin 4 phosphorylation leads to a defective membrane diffusion barrier [START_REF] Koch | Post-transcriptional Wnt Signaling Governs Epididymal Sperm Maturation[END_REF]. The cyclin-dependent kinase 1 (Cdk1)

phosphorylates septin 9 and this phosphorylation effect in Pin1 binding and is necessary for cytokinesis [START_REF] Estey | Mitotic Regulation of SEPT9 Protein by Cyclin-dependent Kinase 1 (Cdk1) and Pin1 Protein Is Important for the Completion of Cytokinesis *[END_REF]. The ERK3/MK5/septin 7signaling complex is activated by p21activated protein kinases and contributes to neuronal morphogenesis [START_REF] Brand | The Extracellular Signal-Regulated Kinase 3 (Mitogen-Activated Protein Kinase 6 [MAPK6])-MAPK-Activated Protein Kinase 5 Signaling Complex Regulates Septin Function and Dendrite Morphology[END_REF]. Upon phosphorylation through mitogen-activated protein kinase-activated protein kinase 5 (MK5), phosphorylated septin 8 may be implicated in vesicle trafficking [START_REF] Shiryaev | Septin 8 is an interaction partner and in vitro substrate of MK5[END_REF].

II.2.3.1 Acetylation

Regulation of septins by acetylation is probably the least studied posttranslational modification. In yeast, all mitotic septins, except Cdc11, are acetylated by the lysine acetyltransferase complex NuA4 [START_REF] Mitchell | Regulation of Septin Dynamics by the Saccharomyces cerevisiae Lysine Acetyltransferase NuA4[END_REF]. Septins became mislocalized during the nascent ring-to-hourglass transition in NuA4 complex deletion mutant strains, implying that acetylation of septins may regulate septin hourglass formation or its stability. The authors investigated how the loss of acetylation on specific septins could influence septin localization and function using a C-terminal truncation of Shs1 that loses a majority of acetylation sites. They conceded that many of their phenotypes associated with this truncation allele are complicated by the fact that this region of Shs1 is also heavily phosphorylated and SUMOylated.

III Septin interaction with cytoskeleton and membrane

III.1 Septin and Actin

Early in the identification and characterization of mammalian septins, septins were reported to colocalize with actin [START_REF] Jeon | Borg Proteins Control Septin Organization and Are Negatively Regulated by Cdc[END_REF][START_REF] Kinoshita | Nedd5, a mammalian septin, is a novel cytoskeletal component interacting with actin-based structures[END_REF][START_REF] Surka | The Mammalian Septin MSF Localizes with Microtubules and Is Required for Completion of Cytokinesis[END_REF] (Figure 27). In non-dividing cells, septins localize most prominently to actin stress fibers (SFs), which consist of bundles of linear actin filaments (Dolat et al., 2014a;[START_REF] Aj | Cdc42EP3/BORG2 and Septin Network Enables Mechano-transduction and the Emergence of Cancer-Associated Fibroblasts[END_REF], and also been observed at lamellipodia, pseudopodia, and phagocytic cups, which contain branched actin filaments [START_REF]Possible Role of a Septin, SEPT1, in Spreading in Squamous Cell Carcinoma DJM-1 Cells[END_REF][START_REF] Yw | Mammalian Septins Are Required for Phagosome Formation[END_REF]. Recent work suggests that septins are also involved in the maintenance of a perinuclear actin network. On the ventral side of nuclei, septins form a dense network of filaments, which colocalizes with actin [START_REF] Verdier-Pinard | Septin 9_i2 is downregulated in tumors, impairs cancer cell migration and alters subnuclear actin filaments[END_REF].

Initially, the interaction between septins and actin was considered as indirect and mediated by the adapter protein Anillin (Kinoshita et al., 2002), myosin II motor protein (Joo et al., 2007) as well as proteins of the BORG family (F et al., 2015). While, Sept1/Sept2/Pnut complexes in drosophila have been shown to directly interact and bind actin filaments together into curved bundles (M et al., 2014b). A similar effect was also shown in human septin 2/6/7 complexes on the bending of actin bundles in vitro. Subsequently, septin 9 binds directly to actin and promotes its crosslinking which contributes to the stabilization of developing focal contacts, and cell motility was also found in MDCK cells (Dolat et al., 2014a). The association of septin 9 with actin depends on the unique domain of its N-terminal domain and does not necessarily require the association in complexes with other septins. (Figure 27).

Figure 27 Septins and actin colocalization and interaction

Septins colocalized with F-actin in actin-rich areas. Sep1/Sep2/Pnut complexes in drosophila, septin 2/6/7 complexes in humans directly interact with actin; septin 9 alone is also able to bind actin and promotes the actin fiber bundle. Image adapted from (Dolat et al., 2014a), (Mostowy et al., 2009a) and reproduced.

Increasing reports suggest that septins influence actin organization by interacting directly with actin filaments and/or actin-binding proteins (ABPs), septins have also been implicated in the regulation of actin by the Rho-signaling GTPases Cdc42 and RhoA. Septin localization and function in actin SFs is dependent on Cdc42 activity, and the mammalian Borg (binding of Rho GTPases) family of Cdc42 effector proteins (Cdc42EPs), which regulates the formation of higher-order septin filaments in a Cdc42-dependent manner [START_REF] Aj | Cdc42 Regulates Cdc42EP3 Function in Cancer-Associated Fibroblasts (Small GTPases)[END_REF][START_REF] Aj | Cdc42EP3/BORG2 and Septin Network Enables Mechano-transduction and the Emergence of Cancer-Associated Fibroblasts[END_REF] as mentioned above.

III.2 Septin and microtubule

The MT-associated septins localize to specific subsets of MTs, rather than decorating the entire MT network. In non-mitotic epithelial cells, septins associate with perinuclear MT bundles, Golgi-emanating MTs, peripheral focal adhesion-targeted MTs and/or ciliary MTs [START_REF] Ghossoub | Septins 2, 7 and 9 and MAP4 colocalize along the axoneme in the primary cilium and control ciliary length[END_REF][START_REF] Jr | Septin GTPases Spatially Guide Microtubule Organization and Plus End Dynamics in Polarizing Epithelia[END_REF]M et al., 2014a). In dividing cells, septins have been reported to localize to spindle poles, metaphase kinetochore MTs as well as MTs of the central spindle and the midbody [START_REF] Menon | Genetic deletion of SEPT7 reveals a cell typespecific role of septins in microtubule destabilization for the completion of cytokinesis[END_REF][START_REF] Surka | The Mammalian Septin MSF Localizes with Microtubules and Is Required for Completion of Cytokinesis[END_REF]) (Figure 28).

Among the 13 septins, septin 9 has been shown to bind to MTs directly (Bai et al., 2013).

The N-terminal tail of septin 9 contains a series of tetrapeptide motifs with the sequence Lys/Arg-Arg/x-x-Asp/Glu. Detailed biochemical analysis suggests that the basic residues (Lys/Arg) of these motifs interact with the acidic amino acids of the C-terminal tail of βII-tubulin (Bai et al., 2013). It is unknown whether other septins associate with MTs through similar repeat motifs, but the Nterminal tail of septin 9 is unique among all septins. Notably, the N-terminal sequence of septin 9 is alternatively spliced, resulting in septin 9 isoforms that lack MT-binding motifs (septin 9_i4, i5) or contain unique N-terminal sequences upstream of them (septin 9_i2, i3) (Figure 28).

Figure 28 Septins and tubulin colocalization and interaction

Septins colocalized with microtubules (MTs) in specific subsets of MTs such as the cilia and peripheric MTs. septin 9 using the tetrapeptide motifs in the N-terminal to bind the C-terminal tail of βII-tubulin promotes the MTs bundle. Image adapted from [START_REF] Ghossoub | Septins 2, 7 and 9 and MAP4 colocalize along the axoneme in the primary cilium and control ciliary length[END_REF], (Bai et al., 2013), [START_REF] Targa | Septin filament coalignment with microtubules depends on SEPT9_i1 and tubulin polyglutamylation, and is an early feature of acquired cell resistance to paclitaxel[END_REF] and reproduced.

III.3 Septin and membrane

The association of septins with membranes was mediated by an interaction between their PB1

and the recently identified PB2 domain and PI lipids (Omrane et al., 2019;Tanaka-Takiguchi et al., 2009;Zhang et al., 1999a). Recently, several studies have revealed that the septins were also able to directly associate with the membranes through their AH motifs. An evolutionarily conserved septin AH motif was identified at the C-terminus of the yeast septin Cdc12 and shown to be necessary and sufficient for curvature preference in vitro. When the authors made an equivalent truncation mutation in the Ashbya homologue of Cdc12, septin association with curved membranes in vivo was drastically reduced [START_REF] Cannon | An amphipathic helix enables septins to sense micrometer-scale membrane curvature[END_REF] (Figure 29a). As in our team, we performed a bioinformatics screening for AHs in the full sequence of septin 9. Two striking sequences emerged from our analysis as being the most prominent AHs (aa 274 to 294 and aa 370 to 402). Surprisingly, these AHs were directly adjacent to PB1 and PB2, respectively. And MD simulation showed that this portion of the protein indeed folded as an α-helix and was well-positioned to bind membranes. The AH close to PB2 was folded but oriented toward the interior of the protein unless a conformational switch occurred. These

AHs contain very hydrophobic residues, such as tyrosine, tryptophan, and phenylalanine, a feature that enhances membrane association. Our analysis, therefore, suggested that septin 9 has at least one PB-adjacent AH associated with PB1 that can mediate its physical association with membranes. In addition, for the other septins, we also found flagrant AHs juxtaposed with the PB2 of septins 2, 6, showing the predicted amphipathic helices opposed to PB2 and the helical wheel representation of these helices generated using Heliquest. The sequence of each predicted helix is presented; the corresponding helical wheel and PB1 basic residues are highlighted in magenta and those of PB2 in blue. Image adapted from [START_REF] Cannon | An amphipathic helix enables septins to sense micrometer-scale membrane curvature[END_REF], (Omrane et al., 2019) and reproduced.

AHs do not generally require specific phospholipids for membrane association, and septin curvature preference in vitro is at least partially independent of phospholipid identity [START_REF] Mcmurray | The long and short of membrane curvature sensing by septins[END_REF]. However, when human septins bind to the curved ends of rod-shaped bacterial cells in the context of bacterial infection, they are recruited there by cardiolipin, a curvature-specific bacterial membrane lipid (Krokowski et al., 2018). And, we proposed that the septin PB domains may interact with specific PI lipids to dock the protein on specific organelles since we have already shown that septin specifically binds to LDs and Golgi apparatus, which are enriched of PI5P and PI4P, respectively (Akil et al., 2016a;Omrane et al., 2019).

IV. The cellular processes involving septins

Thanks to their ability to form filaments and their binding to cell membranes and cytoskeleton, the septins frequently serve as a scaffold for a wide range of proteins. These included membrane-bound receptors, cytoskeletal proteins, thus providing them a diffusion barrier function involved in various cell processes (Figure 30), such as cytokinesis, and cell polarity.

Figure 30 septins role as diffusion barrier and protein scaffold in various biological processes.

Septins localization was shown in the polarization of epithelial cells; cleavage furrow in yeast

budding; in cilia; in protrusion of migration cells. Images were adopted and reproduced from (T et al., 2016), [START_REF] Dobbelaere | Spatial Coordination of Cytokinetic Events by Compartmentalization of the Cell Cortex[END_REF], [START_REF] Hu | A septin diffusion barrier at the base of the primary cilium maintains ciliary membrane protein distribution[END_REF], [START_REF] Kuo | SEPT12 mutations cause male infertility with defective sperm annulus[END_REF], (Dolat et al., 2014a;[START_REF] Marcus | Septin 9 isoforms promote tumorigenesis in mammary epithelial cells by increasing migration and ECM degradation through metalloproteinase secretion at focal adhesions[END_REF]Mostowy and Cossart, 2012).

IV.1 Cytokinesis

In yeast, upon entering a new cell cycle, five septins (CDC3, CDC10, Cdc11, CDC12 and Shs1) are recruited to the bud site [START_REF] Iwase | Role of a Cdc42p effector pathway in recruitment of the yeast septins to the presumptive bud site[END_REF]. Septins are initially organized into clusters and then form a dynamic cortical ring [START_REF] Longtine | Regulation of septin organization and function in yeast[END_REF] (Figure 30 Cytokinesis). The budding ring structure serves as a platform for approximately 40 proteins [START_REF] Douglas | Septin function in yeast model systems and pathogenic fungi[END_REF][START_REF] Gladfelter | The septin cortex at the yeast mother-bud neck[END_REF], for example, it served for the proteins Bud3, Bud4, and Axl2/Bud10, which determine the direction of the division axis in a yeast cell, as well as for Bud5 and Bud2 factors, which regulate the accuracy of budding [START_REF] Douglas | Septin function in yeast model systems and pathogenic fungi[END_REF]. This ring structure also represents a physical barrier that prevents the free diffusion of certain proteins between daughter and mother cells. For instance, during budding, Ist2p, a protein of the internal membrane which is only found in the daughter cell, but if the septin ring was destroyed, Ist2p spread into the maternal cell [START_REF] Douglas | Septin function in yeast model systems and pathogenic fungi[END_REF][START_REF] Takizawa | Plasma membrane compartmentalization in yeast by messenger RNA transport and a septin diffusion barrier[END_REF]. The septins diffusion barrier is also critical for preventing the segregation of misfolded proteins from the mother to daughter compartment [START_REF] Chao | Polarization of the Endoplasmic Reticulum by ER-Septin Tethering[END_REF][START_REF] Clay | A sphingolipid-dependent diffusion barrier confines ER stress to the yeast mother cell[END_REF].

In mammals, cytokinesis is usually accompanied by the formation of a septin ring that serves as a platform for signaling effectors and some other proteins [START_REF] Joo | Septins: traffic control at the cytokinesis intersection[END_REF][START_REF] Kinoshita | Roles of septins in the mammalian cytokinesis machinery[END_REF]. In mammalian fibroblasts, mouse embryonic epithelial cells, or human HeLa cells, cytokinesis is impossible in the absence of septins. Different mammalian septins control different stages of cytokinesis; for instance, in HeLa cells, septin 2, septin 7, or septin 11 deficiency impairs the early stages of cytokinesis, while the lack of septin 9 affects the last stage of cell division [START_REF] Estey | Distinct roles of septins in cytokinesis: SEPT9 mediates midbody abscission[END_REF].

IV.2 Ciliogenesis

In addition to the cytokinesis, the role of septins in cilia was reported. Cilia are organelles involved in the motion of the intercellular fluid at different stages of ontogenesis. Although the ciliary membrane is continuous to the cell plasma membrane, it is nevertheless distinct from it since the membrane proteins could not circulate freely between the two membranes [START_REF] Hu | Ciliary diffusion barrier: the gatekeeper for the primary cilium compartment[END_REF]. A septin ring is frequently present at the base of both primary (immotile) and motile cilia [START_REF] Dash | Sept7b is essential for pronephric function and development of left-right asymmetry in zebrafish embryogenesis[END_REF][START_REF] Ghossoub | Septins 2, 7 and 9 and MAP4 colocalize along the axoneme in the primary cilium and control ciliary length[END_REF][START_REF] Hu | A septin diffusion barrier at the base of the primary cilium maintains ciliary membrane protein distribution[END_REF][START_REF] Kim | Planar cell polarity acts through septins to control collective cell movement and ciliogenesis[END_REF] (Figure 30 Cilia). Septin 2, septin 7, or septin 9 depletion in human retinal pigmented epithelial cells, which represent a canonical model for the study of primary cilia, resulted in the decrease of cilia length and number [START_REF] Ghossoub | Septins 2, 7 and 9 and MAP4 colocalize along the axoneme in the primary cilium and control ciliary length[END_REF]. The depletion of septin 2 in kidney epithelial cells or in mouse embryonic fibroblasts enhances the diffusion of membrane proteins between cilia and the remaining cell membrane, which demonstrates the importance of the septin diffusion barrier in ciliogenesis [START_REF] Hu | A septin diffusion barrier at the base of the primary cilium maintains ciliary membrane protein distribution[END_REF]. Further studies also showed that different septins had distinct localizations in motile cilia of human respiratory epithelial cells. Septin 2, 7, 9 were found both at the ciliary base and the axoneme, while some were only at the base (septin 6, 8) or the axoneme (septin 11) [START_REF] Fliegauf | Distinct localization of septin proteins to ciliary sub-compartments in airway epithelial cells[END_REF]. This raises the possibility that distinct septin complexes could carry out different functions within cilia in the same cell. septin and junctional complex localization was still not reported, the junctional complexes bind to the actin cytoskeleton via adapter proteins in their cytoplasmic side [START_REF] Fanning | Zonula occludens-1 and -2 regulate apical cell structure and the zonula adherens cytoskeleton in polarized epithelia[END_REF][START_REF] Mège | Integration of Cadherin Adhesion and Cytoskeleton at Adherens Junctions[END_REF]. Thus, we can speculate that septin may affect intercellular junctional complexes localization via affecting the actin cytoskeleton, thus, regulate cell polarity.

IV.3 Cell polarity

IV.4 Cell shape and motility.

The septins also participate in the maintenance and regulation of the cell shape and motility (Dolat et al., 2014b;[START_REF] Gilden | The septin cytoskeleton facilitates membrane retraction during motility and blebbing[END_REF][START_REF] Kremer | Septins regulate actin organization and cellcycle arrest through nuclear accumulation of NCK mediated by SOCS7[END_REF][START_REF] Tooley | Amoeboid T lymphocytes require the septin cytoskeleton for cortical integrity and persistent motility[END_REF]. Membraneassociated septins interact with other components of the cytoskeleton and determine the rigidity of the cell. In the absence of septin 2 or septin 11, rigidity and cortical plasticity of HeLa cells decreased [START_REF] Mostowy | A role for septins in the interaction between the Listeria monocytogenes INVASION PROTEIN InlB and the Met receptor[END_REF]. Septin 7 depletion in mouse amoeboid T cells significantly damaged their morphology but did not alter the cell volume. Cells lacking the septins can squeeze through narrow openings, which may facilitate the progression and metastasis of malignant tumors [START_REF] Tooley | Amoeboid T lymphocytes require the septin cytoskeleton for cortical integrity and persistent motility[END_REF]. In addition, several studies demonstrate that loss of septin 2, septin 7, and septin 9 consistently attenuate wound healing in cultured epithelial and cancer cell monolayers, as well as in Xenopus embryo (Dolat et al., 2014a;[START_REF] Shindo | Septin-dependent remodeling of cortical microtubule drives cell reshaping during epithelial wound healing[END_REF][START_REF] Zeng | SEPT9_i1 regulates human breast cancer cell motility through cytoskeletal and RhoA/FAK signaling pathway regulation[END_REF]Zhang et al., 2016a). The observed promigratory activity of the septin cytoskeleton may be mediated by different mechanisms such as control of cortical MT assembly at the migrating cell edge [START_REF] Shindo | Septin-dependent remodeling of cortical microtubule drives cell reshaping during epithelial wound healing[END_REF], formation of basal actin-based stress fibers (Dolat et al., 2014a), stabilization of FAs (Dolat et al., 2014a;[START_REF] Zeng | SEPT9_i1 regulates human breast cancer cell motility through cytoskeletal and RhoA/FAK signaling pathway regulation[END_REF], and activation of mitogen-activated protein (MAP) kinase signaling (Zhang et al., 2016a). Interestingly, septin 2 and septin 9 are not only essential for focal adhesion maturation but also regulate the assembly of other adhesion structures such as podosomes which mediate matrix degradation [START_REF] Collins | Septin2 mediates podosome maturation and endothelial cell invasion associated with angiogenesis[END_REF][START_REF] Møller | Septins are critical regulators of osteoclastic bone resorption[END_REF] (Figure 30 Migration).

IV.5 Membrane trafficking

Septins also have been shown to participate in the membrane trafficking process (Figure 31).

Membrane traffic relies on the formation of transport carriers, which depend on the concentration of cargo in confined membrane areas. Furthermore, select machinery needs to be assembled to aid membrane deformation into highly curved vesicles, and to promote fission from the donor compartment (Figure 16). Given the proposed scaffolding and diffusion barrier function of septin filaments, and their well-established roles in membrane curve sensors and binding property (Bridges et al., 2016;[START_REF] Cannon | An amphipathic helix enables septins to sense micrometer-scale membrane curvature[END_REF][START_REF] Mcmurray | The long and short of membrane curvature sensing by septins[END_REF], it is conceivable that septins contribute to carrier formation, for instance by shielding membrane subdomains, by imposing or sensing membrane curvature, or by recruiting appropriate effector proteins assisting vesicle generation (Song et al., 2016). For example, accumulating evidence suggests that septins are associated with membranes of the endo-lysosomal system. A proteomic approach identified several septins together with bona fide endosomal proteins on early endosome-like liposomes (T et al., 2008). Later, septin 6 and septin 7 on endosomes regulate the biogenesis of MVBs in a process involving the adaptor complex AP-3 and ESCRT proteins were also demonstrated (S et al., 2014).

Depletion of septin 2 or septin 11 in macrophages perturbs phagocytic uptake of opsonized latex beads [START_REF] Yw | Mammalian Septins Are Required for Phagosome Formation[END_REF], and at sites of phagosome formation both septin family members colocalize with actin-rich structures. Similarly, several septins have been found to assemble in close proximity to actin at the entry site of several pathogens in human non-phagocytic cells, and have been proven important for their internalization [START_REF] Qt | Role of Endothelial Cell Septin 7 in the Endocytosis of Candida Albicans[END_REF][START_REF]Septins as Key Regulators of Actin Based Processes in Bacterial Infection[END_REF]. During the endosome to MVBs maturation, septin 2 was recruited by PI(4,5)P2 to fusion sites on Rab7-positive macropinosomes, while, septin 2 depletion does not impair docking between macropinosomes, but reduces their fusion (Dolat and Spiliotis, 2016). In addition, in our primary studies, we have found that the endogenous septin 9 is present in septin structures associated with the Golgi apparatus, depletion of septin 9 by a specific siRNA promoted Golgi fragmentation and impede Golgi dependent secretory pathways, thus septins also play a critical role in the control of the Golgi apparatus compactness and its subsequent function in cellular trafficking (Omrane et al., 2019) (Figure 31).

Figure 31 Septins involved membrane trafficking processes

Septins associated with nearly all the membrane structure organelles within the cells. Septin 5/11 associated with clathrin-mediated endocytosis [START_REF] Maimaitiyiming | Identification of dynamin as a septin-binding protein[END_REF]; septin 2/11 associated with caveolae [START_REF] Hau | Dynamic Regulation of Caveolin-1 Phosphorylation and Caveolae Formation by Mammalian Target of Rapamycin Complex 2 in Bladder Cancer Cells[END_REF][START_REF] Moreno-Castellanos | The cytoskeletal protein septin 11 is associated with human obesity and is involved in adipocyte lipid storage and metabolism[END_REF]; Septin 6/7 facilitates MVB biogenesis (S et al., 2014); septin 2/6/7/9 related to late lysosome sorting (Dolat and Spiliotis, 2016); septin 9 as a scaffold recruit dynein and dynamin protein for lysosome movement (Kesisova et al., 2020); septin1/9 maintain the proper structure and transport function of Golgi apparatus (Omrane et al., 2019;[START_REF] Song | A SEPT1-based scaffold is required for Golgi integrity and function[END_REF]; Septin 2/6/7 associated with ER (Akil et al., 2016a;[START_REF] Katz | Septins organize endoplasmic reticulum-plasma membrane junctions for STIM1-ORAI1 calcium signalling[END_REF][START_REF] Luedeke | Septindependent compartmentalization of the endoplasmic reticulum during yeast polarized growth[END_REF]. septin 9 interact with LDs (Akil et al., 2016a).

V. Septins associated diseases

Given the range of cellular functions attributed to septins, it is not surprising that the septins might be linked to a variety of diseases due to the loss or gain of such cellular functions.

V.1 Neurological Diseases

The septins are thought to be involved in both neurodegenerative and neurobehavioral disorders. Alzheimer's disease is a progressive neurodegenerative disorder that is histopathologically characterized by the presence of senile plaques as well as neurofibrillary alterations. Septin 2, septin 1, and septin 4 have been shown to be concentrated in the neurofibrillary tangles of Alzheimer's patient brains, potentially suggesting a role in the neurodegenerative process [START_REF] Kinoshita | Identification of Septins in Neurofibrillary Tangles in Alzheimer's Disease[END_REF]. In another common neurodegenerative disorder, Parkinson's disease, septin 4 is thought to have a role in cell death and the formation of Lewy body cytoplasmic inclusions containing α-synuclein [START_REF] Ihara | Association of the cytoskeletal GTP-binding protein Sept4/H5 with cytoplasmic inclusions found in Parkinson's disease and other synucleinopathies[END_REF][START_REF] Shehadeh | Expression of Lewy body protein septin 4 in postmortem brain of Parkinson's disease and control subjects[END_REF]. Proteomic studies performed on postmortem brains of patients with schizophrenia and bipolar disorder demonstrated differential expression of septins in both diseases [START_REF] Pennington | Prominent synaptic and metabolic abnormalities revealed by proteomic analysis of the dorsolateral prefrontal cortex in schizophrenia and bipolar disorder[END_REF].

Deregulation of several proteins in the cerebral cortex of fetuses with Down syndrome included a decrease in the level of septin 7, suggesting involvement in the developmental and cognitive impairment in this disease [START_REF] Engidawork | Aberrant protein expression in cerebral cortex of fetus with Down syndrome[END_REF]. The mass-spectrometry findings that postsynaptic densities contain several members of the septin gene family [START_REF] Tada | Role of Septin cytoskeleton in spine morphogenesis and dendrite development in neurons[END_REF][START_REF] Walikonis | Identification of proteins in the postsynaptic density fraction by mass spectrometry[END_REF] support their possible implication in neurodegeneration and loss of cognitive function.

V.2 Septin and cancer

Septin 9 was the first septin implicated in cancer in the late 1990s, as a fusion partner of the mixednlineage leukemia (MLL) gene, which translocates to various chromosomal loci, giving rise to chimeras that promote the oncogenic potential of MLL [START_REF] Osaka | MSF (MLL septin-like fusion), a fusion partner gene of MLL, in a therapy-related acute myeloid leukemia with a t(11;17)(q23;q25)[END_REF]. Subsequently, the murine SL-3 retrovirus that causes T-cell lymphomas was found to preferentially integrate into the septin 9 gene locus [START_REF] Sørensen | Sint1, a Common Integration Site in SL3-3-Induced T-Cell Lymphomas, Harbors a Putative Proto-Oncogene with Homology to the Septin Gene Family[END_REF]. In the meantime, the human septin 9 gene was mapped to the chromosomal locus 17q25.3, which is frequently deleted in sporadic ovarian and breast cancers [START_REF] Kalikin | Genomic and Expression Analyses of Alternatively Spliced Transcripts of the MLL Septin-like Fusion Gene (MSF) That Map to a 17q25 Region of Loss in Breast and Ovarian Tumors[END_REF]. Following these early findings, an increasing number of studies began to report the overexpression and down-regulation of specific septins in a variety of hematological malignancies and solid tumors. Though, alterations in septin expression have been reported in brain tumors, skin, kidney, colorectal, lung, and hormonally regulated cancers such as prostate, breast, ovarian and endometrial cancers (Dolat et al., 2014b;[START_REF] Hall | The pathobiology of the septin gene family[END_REF][START_REF] Montagna | Mammalian septins in health and disease[END_REF]. In the vast majority of these cancers, septins are overexpressed, but occasionally downregulation, ectopic expression, and epigenetic alterations have also been reported [START_REF] Liu | Linking the septin expression with carcinogenesis[END_REF][START_REF] Shen | Involvement of SEPT4_i1 in 199 hepatocellular carcinoma: SEPT4_i1 regulates susceptibility to apoptosis in hepatocellular carcinoma cells[END_REF][START_REF] Tanaka | Characterization of Tissue-and Cell-Type-Specific Expression of a Novel Human Septin Family Gene, Bradeion[END_REF]. Although septins function as hetero-oligomers, several studies show that abnormalities of the expression levels of a single septin could promote tumorigenic phenotypes [START_REF] Connolly | Septin 9 isoform expression, localization and epigenetic changes during human and mouse breast cancer progression[END_REF]Dolat et al., 2014a;[START_REF] García-Fernández | Sept4/ARTS is required for stem cell apoptosis and tumor suppression[END_REF][START_REF] Gonzalez | Upregulation of SEPT9_v1 stabilizes c-Jun-N-Terminal Kinase and contributes to its pro-proliferative activity in mammary epithelial cells[END_REF][START_REF] Marcus | Septin 9 isoforms promote tumorigenesis in mammary epithelial cells by increasing migration and ECM degradation through metalloproteinase secretion at focal adhesions[END_REF]. By contrast to classical tumor suppressors and oncogenes, the role of septins in cancer is not due to loss and gain of function mutations. Septins are thought to affect tumorigenesis as a consequence of altered expression by alternate slicing [START_REF] Hall | The pathobiology of the septin gene family[END_REF].

Given the advances in the cell biological function of septins, it is now evident that septins are linked to the molecular mechanisms that underlie hallmarks of cancer such as resistance to cell death, proliferation, angiogenesis, invasion, and metastasis. For example, septin 4 is regarded as a pro-apoptotic tumor suppressor, whose down-regulation in leukemia could render resistance to proapoptotic stimuli [START_REF] García-Fernández | Sept4/ARTS is required for stem cell apoptosis and tumor suppression[END_REF]. Septin 9_i1 binds and prevents the degradation of the c-Jun-N-terminal kinase (JNK), which promotes tumor cell proliferation [START_REF] Gonzalez | Upregulation of SEPT9_v1 stabilizes c-Jun-N-Terminal Kinase and contributes to its pro-proliferative activity in mammary epithelial cells[END_REF].

Similarly, septins have also been reported to suppress the degradation of the epidermal growth factor receptor (EGFR) and the receptor-protein tyrosine kinase Erb2/HER2, which are linked to signaling pathways that trigger cell proliferation and migration [START_REF] Diesenberg | SEPT9 negatively regulates ubiquitin-dependent downregulation of EGFR[END_REF][START_REF] Marcus | Septin oligomerization regulates persistent expression of ErbB2/HER2 in gastric cancer cells[END_REF].

Multiple studies have shown that over-expression of septin 9 isoforms enhances cell motility and invasion [START_REF] Connolly | Septin 9 isoform expression, localization and epigenetic changes during human and mouse breast cancer progression[END_REF]Dolat et al., 2014b;[START_REF] Marcus | Septin 9 isoforms promote tumorigenesis in mammary epithelial cells by increasing migration and ECM degradation through metalloproteinase secretion at focal adhesions[END_REF][START_REF] Verdier-Pinard | Septin 9_i2 is downregulated in tumors, impairs cancer cell migration and alters subnuclear actin filaments[END_REF][START_REF] Xu | Repression of Septin9 and Septin2 suppresses tumor growth of human glioblastoma cells[END_REF]. Septin 2 and septin7 have also been implicated in the migration and invasion of breast cancer and glioblastoma cells [START_REF] Zhang | The requirement of SEPT2 and SEPT7 for migration and invasion in human breast cancer via MEK/ERK activation[END_REF]. While septin 7 appears to have the opposite role in gliomas [START_REF] He | Expression of septin 2 and association with clinicopathological parameters in colorectal cancer[END_REF][START_REF] Jiang | MicroRNA-127-3p promotes glioblastoma cell migration and invasion by targeting the tumor-suppressor gene SEPT7[END_REF][START_REF] Zhang | The requirement of SEPT2 and SEPT7 for migration and invasion in human breast cancer via MEK/ERK activation[END_REF].

V.3 Septin and infections

V.3.1 Bacterial infections

A role for septins in bacterial infection was first suggested from studying L. monocytogenes invasion approximately 20 years ago in the laboratory of Pascale Cossart [START_REF] Pizarro-Cerdá | Distinct protein patterns associated with Listeria monocytogenes InlA-or InlB-phagosomes[END_REF]. Since then, septins have been associated with a wide variety of bacterial pathogens, including Chlamydia trachomatis, Clostridium difficile, Salmonella Typhimurium and enteropathogenic Escherichia coli [START_REF] Boddy | Septin-regulated actin dynamics promote Salmonella invasion of host cells[END_REF][START_REF] Lee | Wiskott-Aldrich syndrome protein regulates autophagy and inflammasome activity in innate immune cells[END_REF][START_REF]Septins Guide Microtubule Protrusions Induced by Actin-Depolymerizing Toxins Like Clostridium Difficile Transferase (CDT)[END_REF][START_REF] Volceanov | Septins Arrange F-Actin-Containing Fibers on the Chlamydia trachomatis Inclusion and Are Required for Normal Release of the Inclusion by Extrusion[END_REF] The accumulation at the bacterial entry site of septins and induced morphology changes of the host cell surface to promote efficient invasion [START_REF] Boddy | Septin-regulated actin dynamics promote Salmonella invasion of host cells[END_REF]Mostowy et al., 2009b[START_REF] Mostowy | A role for septins in the interaction between the Listeria monocytogenes INVASION PROTEIN InlB and the Met receptor[END_REF].

After entry into the cell, bacteria replication may take place in the cytoplasm or within vacuoles [START_REF] Castanheira | Salmonella Populations inside Host Cells[END_REF]. And, at the bacterial surface, actin tails are formed enabling bacteria to move in the cytoplasm, escape to defense mechanisms of the host cell and infect adjacent cells [START_REF] Welch | Arp2/3-mediated actin-based motility: a tail of pathogen abuse[END_REF]. However, the epithelial cell may activate defense mechanisms by inducing the reorganization of septins into cage-like structures around the intracellular bacteria [START_REF] Mostowy | Entrapment of Intracytosolic Bacteria by Septin Cage-like Structures[END_REF]. Enclosed in septin cages, bacteria lose the actin-based motility and are prone to degradation by autophagy (Krokowski et al., 2018). Thus, they may participate in the cellular defense against intracellular bacterial infections. Interestingly, septin cages are not formed around dead cytosolic bacteria [START_REF] Sirianni | Mitochondria mediate septin cage assembly to promote autophagy of Shigella[END_REF], this may result from the insufficient release of Salmonella pathogenicity effectors, such as SopB, which is a protein that I worked with during my master. This protein is encoded in the pathogenicity islands (SPI) -1 of Salmonella with inositol phosphatase activity that hydrolyzes a variety of PIs and inositol phosphates at the host cell membrane during Salmonella invasion [START_REF] Hu | Cirtical role for Salmonella effector SopB in regulating inflammasome activation[END_REF].

V.3.2 Virus infections

V.3.2.1. Vaccinia Virus Infection

Vaccinia virus, a member of the Orthopoxviruses genus, is well known for its use as a vaccine to successfully eradicate smallpox [START_REF] Walsh | Vaccinia viruses: vaccines against smallpox and vectors against infectious diseases and tumors[END_REF]. Following host cell invasion, vaccinia replicates in the cytoplasm and is wrapped by two membranes derived from the trans-Golgi network or endosomal cisternae to form an intracellular enveloped virus (IEV). IEV is transported to the cell periphery in an MT-dependent manner, where the outermost membrane of IEV fuses with the plasma membrane. After fusion of IEVs with the plasma membrane, two modes of viral spread are possible [START_REF] Leite | The role of signalling and the cytoskeleton during Vaccinia Virus egress[END_REF]. Either they are released from the cell as an extracellular enveloped virus (EEV) promoting the long-range spread, or they remain attached to the cell membrane as so-called cell-associated enveloped viruses (CEV). CEVs are then capable of signaling back into the cell to induce the polymerization of actin tails, facilitating spreading into and infecting adjacent cells [START_REF] Leite | The role of signalling and the cytoskeleton during Vaccinia Virus egress[END_REF].

The involvement of septins in vaccinia infection was originally reported by two human genome-wide RNAi screens which suggested that knockdown septins enhance vaccinia replication and/or spread [START_REF] Beard | A loss of function analysis of host factors influencing Vaccinia virus replication by RNA interference[END_REF][START_REF] Sivan | Human genome-wide RNAi screen reveals a role for nuclear pore proteins in poxvirus morphogenesis[END_REF]. A subsequent study confirmed that depletion of septins (2,9,11) led to a significantly increased release of the vaccinia virus [START_REF] Pfanzelter | Septins suppress the release of vaccinia virus from infected cells[END_REF]. High-resolution confocal microscopy showed that septins are recruited to viral particles only after their fusion with the plasma membrane and that septin 7 forms ring-like structures, thereby entrapping extracellular CEV. Actin tail formation takes place after the recruitment of septins to CEVs. Upon starting the actin polymerization, septins rapidly disappear from the viral particles.

These results suggest that septin complexes control vaccinia infection by suppressing actin tail formation, viral release, and cell-to-cell spreading [START_REF] Pfanzelter | Septins suppress the release of vaccinia virus from infected cells[END_REF].

V.3.2.2. Hepatitis C Virus (HCV) Infection

As mentioned in chapter I (liver section), HCV is an enveloped, single-stranded RNA virus of the genus Hepacivirus, and the family Flaviviridae. The HCV genome encodes a large polyprotein precursor subject to proteolytic cleavage by viral and host proteases to generate both structural and non-structural proteins [START_REF] Beeck | Topology of hepatitis C virus envelope glycoproteins[END_REF][START_REF] Kato | Genome of Human Hepatitis C Virus (HCV): Gene Organization, Sequence Diversity, and Variation[END_REF]. In a study for seeking proteins interacting with NS5B, a nonstructural HCV protein that functions as RNAdependent RNA polymerase, the heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) and septin 6 have been identified. Knockdown of either septin 6 or hnRNP A1 inhibited HCV replication. They proposed that septin 6 may act as a scaffolding molecule in the replication complex connecting NS5B and hnRNP A1 via protein-protein interactions and hnRNP A1 and viral RNA via RNA-protein interaction. Since hnRNP A1 is an RNA-binding protein, they also proposed that it may direct the HCV RNA replication complex to the proper region(s) of the genomic RNA. [START_REF] Kim | An RNA-binding protein, hnRNP A1, and a scaffold protein, septin 6, facilitate hepatitis C virus replication[END_REF].

Our group also provided evidence that septins are necessary for regulateing HCV replication. In HCV-induced cirrhosis samples, the expression of most septins was modified compared to normal liver samples. Infection of Huh7.5 cells with HCV JFH-1 (Japanese fulminate hepatitis 1), we have shown that the expression level of septin 9 increased. Knocking down septin 9 using siRNAs reduced HCV genomic RNA. HCV-infected Huh7.5 cells exhibited a well-developed microtubule network compare to non-infected cells which colocalized with septins filaments. The siRNA-induced silencing of septin 9 disintegrated the MT network. Septin 9_i1 promoted perinuclear recruitment of LDs surface-associated proteins such as PLIN2, PLIN3, as well as the HCV core and non-structural NS5A. Thus, we concluded that HCV optimizes the conditions for its replication by hijacking host septin 9 to modulate the growth of LDs and build up a lipid-enriched environment (Akil et al., 2016a).

Chapter IV

Experimental results

I. Septin 9 and phosphoinositides regulate lysosome cellular localization and their association with lipid droplets for degradation

Summary

The liver plays a crucial role in the homeostasis of lipids (Bechmann et al., 2012) and thus alterations of the processes involved in their metabolism due to stressful conditions may induce an accumulation of lipid in the liver and the subsequent development of diseases that include steatosis, non-alcoholic steatohepatitis (NASH) which can progress in cirrhosis and cancer (Benedict and Zhang, 2017;Michelotti et al., 2013). The progression from steatosis to fibrosis/cirrhosis and even liver cancers are an extremely complex process. But the initiation of liver disease is clearer which is always associated with hepatocyte metabolism dysfunction and/or death induced by multiple factors.

Since one of the hallmark features for liver disease occurrence is excessive lipid LD accumulation, understanding the underlying molecular mechanisms is essential to prevent the development of liver disease.

LDs consist of a hydrophobic core of neutral lipids (primarily composed of triacylglycerols and cholesterol esters) surrounded by a monolayer of phospholipid and cholesterol in which proteins are embedded. These proteins are dominated by enzymes involved in lipid metabolism and members of the PLIN family. However, proteins with other functions such as membrane trafficking, like small Rab-GTPases are also well represented. In addition, Rab GTPases and PIs present in discrete membrane domains on the different organelles and intracellular trafficking vesicles, facilitate endosomal functions to ensure the maintenance and coordination of membrane trafficking (Jean and Kiger, 2012). The Regulatory role of Rabs and PIs on LDs have been demonstrated respectively (Akil et al., 2016a;[START_REF] Ozeki | Rab18 localizes to lipid droplets and induces their close apposition to the endoplasmic reticulum-derived membrane[END_REF]Schroeder et al., 2015), while, whether they are working in a coordinated manner and how they will be regulated are challenging issues.

Septins belong to a highly conserved family of GTP-binding proteins with 13 members in eukaryotes (Nishihama et al., 2011). Septins assemble in hetero-oligomeric complexes and form nonpolar filaments or rings that bind to actin and MTs (Kim et al., 2011;Kinoshita et al., 2002;Sellin et al., 2011). Septins are therefore essential for cytoskeleton-dependent cell processes and are considered as the fourth component of the cytoskeleton (Bai et al., 2013;Joo et al., 2007;Mostowy and Cossart, 2012;Smith et al., 2015 ). Septins are also associated with a variety of PIs at different intracellular membranes through polybasic domains (PB) (Akil et al., 2016a;Dolat and Spiliotis, 2016;Omrane et al., 2019;Pagliuso et al., 2016;Zhang et al., 1999b). Once attached to the membranes, septins can act as a scaffold that recruits cytosolic proteins and other cytoskeletal elements to control numerous cellular functions such as cytokinesis, ciliogenesis, vesicle trafficking, cell polarity (Akil et al., 2016a;Bridges et al., 2016;Fung et al., 2014;Gassama-Diagne et al., 2006;Mostowy and Cossart, 2012;Song et al., 2016;Tanaka-Takiguchi et al., 2009). Alterations of the expression of septins are associated with several diseases including infectious diseases and cancer (Angelis and Spiliotis, 2016;Henzi et al., 2021;Krokowski et al., 2018).

We reported a high expression of septin 9 in hepatitis C virus (HCV)-induced cirrhosis. We also showed that septin 9 is hijacked by HCV to induce the perinuclear accumulation of LDs by a PtdIns5P and MT-dependent mechanism (Akil et al., 2016a).

While the increase of LDs within cells is controlled by two major pathways of metabolism:

the pathway of anabolism which involves the synthesis of TG and CE and the catabolism pathway which results in the reduction of the lipid content through β oxidation, lipolysis by lipases, autophagydependent on lysosome and export of lipids through secretion. (Bessone et al., 2019;Koo, 2013;Kwanten et al., 2014).

As described in Chapters II and IV, the lysosome plays a central role in LD catabolism and its dysfunction contributes to LD accumulation and has been associated with steatosis in different studies (Inami et al., 2011;Miyagawa et al., 2016;Wang et al., 2018).

According to these main points, we hypothesized that septin 9 may regulate lysosome trafficking and its activity to impair LD degradation and promote their perinuclear accumulation dependent on PI and Rabs (Figure 32).

Figure 32 Hypothesis for thesis 88

In this thesis, we used Huh7 cells loaded with oleate as a model system to study the role of septin 9 in LD accumulation. We showed that after the addition of oleate to the cells, we observed a dramatic Spatio-temporal rearrangement of LDs which showed a perinuclear clustering of LD in the first hours following oleate addition (0-100 M) and later the LD dispersed towards the cell periphery.

However, with a higher concentration of oleate (200-400 M), this dynamic of LDs was disrupted, and LD remained accumulated in the perinuclear region. We observed a similar distribution and change in dynamic of the lysosomes which are associated with LDs. Interestingly, the depletion of septin 9 in oleate treated cells, dispersed the oleate-induced lysosome perinuclear clusters while overexpression of septin 9_i1 maintain lysosome perinuclear clusters. Furthermore, we found that the perinuclear lysosomes are colocalized with Golgi structure and this colocalization is relied on MTs dynamic and enhanced centrosome MTs polymerization which are both regulated by septin 9.

Subsequently, we observed that Rab7 protein was also clustered in the perinuclear region with Golgi whereas the contact between Rab7 and perinuclear LDs clusters was reduced. In such conditions, a high level of septin 9 was found associated with the large LDs. Conversely, when the LDs and lysosomes were dispersed in the cytoplasm, an association between Rab7 and LDs was observed and revealed the increase of the contact of LDs with the lysosomes to permit their degradation. Furthermore, the addition of PtdIns5P or transfection of the cells with MTMR3 which hydrolyses PtdIns(3,5)P2 to form PtdIns5P, strongly increased the cell content of LDs and the perinuclear clustering of Rab7 as observed with septin 9 expression and increase oleate concentration. Interestingly, treatment of cells with PtdIns(3,5)P2 gave opposite data and Rab7 was seen around the LDs. Together, these results indicated that the presence of specific PIs is important for the intracellular distribution of LDs and their interaction with lysosomes for their degradation.

To conclude, our results have uncovered the role of septin 9 and PIs in LDs behavior and their interaction with lysosomes which identified molecular machinery that links lipid metabolism to organelle homeostasis.

Résumé

Le foie joue un rôle crucial dans l'homéostasie des lipides (Bechmann et al., 2012) (Jean et Kiger, 2012).

Le rôle régulateur des Rabs et des PIs sur les GLs a été démontré respectivement (Akil et al., 2016a ;[START_REF] Ozeki | Rab18 localizes to lipid droplets and induces their close apposition to the endoplasmic reticulum-derived membrane[END_REF]Schroeder et al., 2015), alors que, s'ils travaillent de manière coordonnée et comment ils seront régulés sont des questions difficiles.

Les septines appartiennent à une famille hautement conservée de protéines de liaison au GTP qui compte 13 membres chez les eucaryotes (Nishihama et al., 2011). Les septines s'assemblent en complexes hétéro-oligomériques et forment des filaments ou des anneaux non polaires qui se lient à l'actine et aux MTs (Kim et al., 2011 ;Kinoshita et al., 2002 ;Sellin et al., 2011). Les septines sont donc essentielles aux processus cellulaires dépendant du cytosquelette et sont considérées comme le quatrième composant du cytosquelette (Bai et al., 2013 ;Joo et al., 2007 ;Mostowy et Cossart, 2012 ;Smith et al., 2015). Les septines s'associent également à une variété de PI au niveau de différentes membranes intracellulaires par le biais de domaines polybasiques (PB) (Akil et al., 2016a ;Dolat et Spiliotis, 2016 ;Omrane et al., 2019 ;Pagliuso et al., 2016 ;Zhang et al., 1999b). Une fois attachées aux membranes, les septines peuvent agir comme un échafaudage qui recrute des protéines cytosoliques et d'autres éléments du cytosquelette pour contrôler de nombreuses fonctions cellulaires telles que la cytokinèse, la ciliogenèse, le trafic de vésicules, la polarité cellulaire (Akil et al, 2016a ;Bridges et al., 2016 ;Fung et al., 2014 ;Gassama-Diagne et al., 2006 ;Mostowy et Cossart, 2012 ;Song et al., 2016 ;Tanaka-Takiguchi et al., 2009). Les altérations de l'expression des septines sont associées à plusieurs maladies dont les maladies infectieuses et le cancer (Angelis et Spiliotis, 2016 ;Henzi et al., 2021 ;Krokowski et al., 2018).

Nous avons rapporté une forte expression de la septine 9 dans la cirrhose induite par le virus de l'hépatite C (VHC). Nous avons également montré que la septine 9 est détournée par le VHC pour induire l'accumulation périnucléaire des GLs par un mécanisme dépendant de PtdIns5P et de MT (Akil et al., 2016a).

Alors que l'augmentation des GLs au sein des cellules est contrôlée par deux voies majeures du métabolisme : la voie de l'anabolisme qui implique la synthèse de TG et CE et la voie du catabolisme qui se traduit par la réduction du contenu lipidique par β oxydation, lipolyse par les lipases, autophagie dépendante du lysosome et exportation des lipides par sécrétion (Bessone et al., 2019 ;Koo, 2013 ;Kwanten et al., 2014).

Comme décrit dans le chapitre II, IV, le lysosome joue un rôle central dans le catabolisme des GLs et son dysfonctionnement contribue à l'accumulation des GLs et a été associé à la stéatose dans différentes études (Inami et al., 2011 ;Miyagawa et al., 2016 ;[START_REF] Xu | Repression of Septin9 and Septin2 suppresses tumor growth of human glioblastoma cells[END_REF].

Selon ces principaux points, nous avons émis l'hypothèse que la septine 9 pourrait réguler le trafic des lysosomes et son activité pour altérer la dégradation des GLs et favoriser leur accumulation périnucléaire dépendante de PI et Rabs (Figure 32). 

Introduction

The liver plays a crucial role in the homeostasis of lipids (Bechmann et al., 2012) and thus alterations of the processes involved in their metabolism due to stressful conditions, such as exposure to a high-fat diet, alcohol, or infection by pathogens such as hepatitis C virus, may induce an accumulation of lipid in the liver and the subsequent development of diseases that include steatosis, non-alcoholic steatohepatitis (NASH) which can progress in cirrhosis and cancer (Benedict and Zhang, 2017;Michelotti et al., 2013). Most of the lipids within the liver are stored in the hepatocytes in the form of cytosolic lipid droplets (LDs). LDs perform diverse cellular functions, which include sequestering the toxic lipids and acting as dynamic lipid storage that enables the rapid mobilization of fatty acids for energy (Herms et al., 2015;Rambold et al., 2015), membrane biosynthesis (Chauhan et al., 2015;Kurat et al., 2009) and lipid signaling pathways (Haemmerle et al., 2011;Tang et al., 2013). LDs also associate with other organelles to maintain cell homeostasis (Barbosa and Siniossoglou, 2017;Barbosa et al., 2015;Schuldiner and Bohnert, 2017).

LDs consist of a hydrophobic core of neutral lipids (primarily composed of triacylglycerols and cholesterol esters) surrounded by a monolayer of phospholipid and cholesterol in which proteins are embedded. The lipid droplet proteins are dominated by enzymes involved in lipid metabolism and members of the perilipin family. However, proteins with other functions such as membrane trafficking, like small Rab-GTPases, and proteins for degradation are also well represented (Bersuker and Olzmann, 2017;Krahmer et al., 2013). There are about 70 human Rab GTPases, which are mostly involved in membrane trafficking and act as master regulators of organelle biogenesis and cellular homeostasis. The targeting of Rab to the membrane depends on the binding of their corresponding GEF (Guanosine Exchange factor) to specific phospholipids/phosphoinositides (PIs) (Blümer et al., 2013). Specific combinations of Rab GTPases and PIs in discrete membrane domains on the organelles and vesicles, facilitate endosomal functions to ensure the maintaining and coordination of membrane trafficking (Jean and Kiger, 2012). Therefore, identifying the regulators of the mechanisms behind this complex regulation of Rabs and PIs combination and function on organelles such as LDs and their contribution to cellular homeostasis is a challenging issue.

Septins belong to a family of GTP-binding proteins with 13 members and highly conserved in eukaryotes (Nishihama et al., 2011). Septins assemble in hetero-oligomeric complexes and form nonpolar filaments or rings that bind to actin and microtubules (MTs) (Kim et al., 2011;Kinoshita et al., 2002;Sellin et al., 2011). Septins are therefore essential for cytoskeleton-dependent cell processes and are considered as the fourth component of the cytoskeleton (Bai et al., 2013;Joo et al., 2007;Mostowy and Cossart, 2012;Smith et al., 2015 ). Septins associate with a variety of PIs at different intracellular membranes through a polybasic domain (PB1) (Akil et al., 2016;Dolat and Spiliotis, 2016;Pagliuso et al., 2016;Zhang et al., 1999). Recently, we reported that septin 9 has a second polybasic domain (PB2) conserved in the human septin family. This newly identified domain is critical to septin binding to PIs, filament formation, and the assembly and functionality of the Golgi apparatus (Omrane et al., 2019). Once attached to the membranes, septins can act as a scaffold that recruits cytosolic proteins and other cytoskeletal elements to control numerous cellular functions such as cytokinesis, ciliogenesis, vesicle trafficking, cell polarity (Akil et al., 2016;Bridges et al., 2016;Fung et al., 2014;Gassama-Diagne et al., 2006;Mostowy and Cossart, 2012;Song et al., 2016;Tanaka-Takiguchi et al., 2009). Therefore, alterations of the expression of septins are associated with several diseases including infectious diseases and cancer (Angelis and Spiliotis, 2016;Henzi et al., 2021;Krokowski et al., 2018).

We reported a high expression of septin 9 in hepatitis C virus (HCV)-induced cirrhosis. We also showed that septin 9 is hijacked by HCV to induce the perinuclear accumulation of LDs by a phosphatidylinositol-5-phosphate and microtubule-dependent mechanism (Akil et al., 2016).

Excessive intracellular accumulation of LDs in liver cells generally results from increased uptake of hepatic free fatty acids (FFA), enhanced de novo lipogenesis, or impaired lipid catabolism (Bessone et al., 2019;Koo, 2013;Kwanten et al., 2014). The autophagy pathway plays an important role in lipid degradation and depends on the activities of the lysosome which dysfunction has been associated with steatosis in different studies (Inami et al., 2011;Miyagawa et al., 2016;Wang et al., 2018).

Lysosomes are highly dynamic organelles that are subject to bidirectional movements along microtubules between the center and periphery of cells and represent the main degradative compartments of eukaryotic cells (Cabukusta and Neefjes, 2018). Lysosomes movements are also modulated by contacts with other organelles such as the endoplasmic reticulum (ER) (Jongsma et al., 2016;Raiborg et al., 2015), trans-Golgi network (TGN) (Wang and Hong, 2002) and peroxisomes (Chu et al., 2015).

Thus, according to the binding capacities of septin 9 to PI and its critical role in the microtubule-dependent assembly of Golgi and vesicle trafficking, we made a hypothesis that septin 9 could control LD perinuclear accumulation by regulating the lysosomes. Our data validated this hypothesis.

Results

Kinetic study of oleate-treated cells indicates that the size and perinuclear accumulation of LDs are related to lysosome localization and depend on oleate concentration

To understand how hepatocytes could respond to lipid overload and the mechanisms behind the cytoplasmic LD accumulation, we used hepatocellular carcinoma derived Huh7 cells. The cells were treated with sodium oleate at 50,100, 200 and 400µM and analyzed after 12h, 24, 48, and 72h of treatment. First, we used BODIPY, to stain LDs and assess their total intensity and their time course distribution within cells. Immunofluorescence data revealed non-significant time-dependent changes of the LD behavior in non-treated (0µM) cells. However, at the different concentrations of oleate, the intensity of LDs significantly increased up to 24h after the treatment and then continued to decrease until 72h. However, while the increase of LD intensity increased in an oleate dosedependent manner to reach the maximum at 24h, the decrease was inverse correlated to the dose of oleate and almost no change was observed in the kinetic for the dose of 400 µM of oleate (Fig 1A -B), (Table 1-2). Furthermore, we showed a correlation between the strong increase in the total intensity of LDs and their perinuclear localization (Fig 1C) (Table 3). Indeed, at 400µM of oleate, no significant change was observed over time for LDs distribution. In fact, nearly 83% of LDs consistently distributed in the perinuclear area (Fig 1C).

Lysosomes are broadly distributed throughout the cytoplasm, although a higher pool was found in the perinuclear region near the microtubule-organizing center (MTOC) and a very dynamic pool was at the periphery of the cells. These spatial different pools of lysosomes contribute to different biological roles (Cabukusta and Neefjes, 2018). Subsequently, we studied both the total intensity and the intracellular distribution of lysosomes by staining LAMP1 (Lysosomal-associated membrane protein 1). Surprisingly, no significant changes were observed on the total intensity of LAMP1 whatever the oleate concentration and the time after treatment (Fig 1D). Nevertheless, the increase of oleate concentration affected the intracellular distribution of LAMP1 which was mainly compact and formed a cluster in the perinuclear region. The maximum perinuclear distribution of LAMP1 was for the dose of 400 µM of oleate (Fig 1E) as observed for LDs (Fig 1C). Then we stained the cells using the red LysoTracker® probe which is a fluorescent probe for labeling and tracking acidic organelles in live cells such as lysosomes (Supplemental Fig. 1A). Data revealed a profile of LysoTracker® distribution in the cells similar to LAMP1 distribution. Thus, suggesting that the lysosomal components present in the cells and mainly those accumulated in the perinuclear area are still acidic.

Lysosomes accomplish their catabolic function through a wide range of enzymes including proteases, lipases, nucleases, and other hydrolytic enzymes that break down complex macromolecules (Perera and Zoncu, 2016;Settembre et al., 2013). Thus, to get further insights into the function of lysosomes in oleate treated cells, we analyzed by RT-PCR the mRNA expression of several lysosomal proteins at 24 and 72h after the treatment of the cells with 0, 100 and 400 µM of oleate. Surprisingly, we observed an increase of the transcripts of those genes after treatment compared to non-treated cells (Supplemental figure 2A), indicating that the accumulation of LDs and lysosome in the perinuclear region is not associated with a decrease in the expression of lysosomal enzymes but probably to the organelle clustering which could not be associated with LDs for their degradation.

Indeed, we observed that when LAMP1 were clustered in the perinuclear area, which was observed in the cells treated with 100,400µM oleate for 24h or 400µM for 72h, there is less interaction between LAMP1 and LD compared to the control cells and 100µM oleate treated for 72h whose LAMP1 displays disperse distribution (Supplemental figure 2B).

Septin 9 regulates oleate induced lysosome perinuclear clustering

In line with our results described above, and given our previous report on the role of septin 9

in HCV infection or oleate treatment-induced LD perinuclear accumulation (Akil et al., 2016), we hypothesized that septin 9 might control the dynamic of LDs in our kinetic studies through changes in lysosome distribution. To validate that, Huh7 cells were transfected with cDNA of either the isoform 1 of septin 9 (septin 9_i1) or with the empty vector (EV) as a control and treated with 100µM of oleate. In EV transfected cells, the LD intensity and the perinuclear distribution increased until 24h and then decreased up to 72h after the treatment (Fig 2B -C) as shown in Fig1A. However, expression of septin 9_i1 in those cells blocked the decrease of LDs and accumulated them in the perinuclear region and sustain the perinuclear cluster of LAMP1 (Fig 2B -C). Subsequently, knockdown of septin 9 with septin 9 siRNA before treatment with 100µM oleate for 24h significantly decreased the intensity of cellular LDs and the clustering of lysosome in the perinuclear region and the latter was dispersed throughout the cytoplasm (Fig 2D -F). This effect of septin 9 knockdown were also confirmed in cell treated with 400µM oleate (Supplemental figure 3). We, therefore, concluded that septin 9 regulated oleate-induced lysosome clustering in the perinuclear area.

Septin 9 and MTs regulate oleate induced co-localization of perinuclear lysosomes with

Golgi

Several studies have shown that the cellular localization of lysosomes is regulated by the Golgi (Tapia et al., 2019;Wang and Hong, 2002). For example, the activation of KDELR, which has been described as the Golgi-localized G protein-coupled receptor (GPCR) which regulates Golgi homeostasis, induces lysosome redistribution in the perinuclear area (Tapia et al., 2019). Besides, we reported that septin 9 co-localizes with Golgi, while depletion of septin 9 promotes Golgi fragmentation, thus impairing Golgi-dependent secretion (Omrane et al., 2019). Accordingly, we costained the cells treated with 100µM of oleate with LAMP1 and the trans-Golgi network marker (TGN46). As expected, after oleate treatment, the perinuclear lysosome co-localized with TGN46 at 12h and 24h whereas the LAMP1 signal re-localized to the peripheral area of the cells from 48 to 72h and its co-localization with Golgi decreased (Fig. 3A-B). Interestingly, knocked down of septin 9 using siRNA markedly decreased LAMP1 perinuclear signal and its co-localization with Golgi which was also dispersed in the cytoplasm as previously reported (Omrane et al., 2019) 

Oleate induces MT polymerization at MTOC

Subsequently, we sought to determine the potential effect of oleate treatment on MTs by staining the -tubulin. The data indicated that oleate enhance MT network around the MTOC (Supplemental figure 5A), suggesting that LD accumulation may have a positive effect on MT polymerization. We subsequently examined the effect of LDs on tubulin polymerization in vitro using Paclitaxel and nocodazole treatments as positive and negative controls respectively. Immunoblots for soluble (S) and polymerized (P) tubulin fractions showed that oleate treatment promoted a dosedependent polymerization of MTs compared to control cells (Supplemental figure 5B), which were consistent with the observation of tubulin staining (Supplemental figure 5A).

Next, by co-staining septin 9 and -tubulin at 24 and 72h after the treatment of the cells with 0, 100 and 400 µM of oleate (Fig 4A ), we observed that the MTs are both enhanced in cells treated with 100,400µM oleate for 24h, while, after 72h treatment, the MT enhancement decrease in 100µM oleate treated cell compared to 24h, But not in the 400µM (Fig 4B). In the meantime, we observed that the endogenous septin 9 are increased in the perinuclear area and colocalize with the enhanced MT (Fig 4B). Furthermore, by co-staining LAMP1 and -tubulin, we found that the perinuclear cluster of LAMP1 associated with the MT network enhancement around the MTOC (Supplemental Figure 5C). Interestingly the treatment of cells with the siRNA of septin 9 impaired the MTOC accumulation of MT (Fig 4C -D). Thus, these data revealed that LD accumulation enhanced MT stabilization that involved septin 9.

Septin 9 regulates Rab7 intracellular distribution and its association with LDs

In line with our results described above, we wondered if septin 9 association with LDs might also change over time. Subsequently, we stained endogenous septin 9 and LDs under conditions or 400µM oleate, septin 9 was found around the LDs at 24h for both conditions. Interestingly, at 72h, the LD size decreased as well as their association with septin 9 in cells treated with 100µM oleate.

Whereas septin 9 was still present around the large LDs in cells treated with 400µM oleate (Fig 5B).

Rab7 is an important regulator of lysosome biogenesis (Bucci et al., 2000). It has been reported that when placed under nutrient deprivation, Rab7 is markedly recruited to LDs and is required to promote direct physical interactions between lysosomes and LDs which is essential for the subsequent utilization of LDs (Schroeder et al., 2015). Therefore, to further determine how septin 9 controlled the fate of LDs and lysosomes in oleate treated cells we studied Rab7. For that, Huh7 cells were transfected with the construct of GFP-Rab7 and treated with oleate. First, we validated the association of Rab7 with lysosome staining with LAMP1. In the control cells, both LAMP1 and GFP-Rab7 were co-distributed throughout the cytoplasm and treatment with oleate induced the colocalization and clustering of both proteins in the perinuclear area (Supplemental Fig 6). Next, we treated the cells expressing GFP-Rab7 with 100µM and 400µM oleate for 24h and 72h and we analyzed the GFP-Rab7 and LDs (Fig 6A -B). In control cells, the GFP-Rab7 was consistently dispersed distribute within the cytoplasm and low levels of Rab7 could be resolved surrounding the LDs surfaces. When treated with either 100µM or 400µM oleate for 24h, Rab7 was clustered in the perinuclear region and surrounded by large LDs. However, after 72h treatment, in cells treated with 100µM oleate, Rab7 signal was dispersed in the cytoplasm and appeared clearly around the LDs, whereas both LDs and Rab7 remained clustered in the perinuclear region when cells are treated with 400µM oleate (Fig. 6A-B), consistent with data obtained with LAMP1 staining (Fig1). Strikingly, knock down of septin 9 in the cell treated with 400µM oleate at 72h re-localized Rab7 on LDs (Fig 6C). Those results were also validated for endogenous Rab7 (Supplemental figure 7). We also showed a co-localization of the perinuclear Rab7 cluster with Golgi and treatment with siRNA of septin 9

disrupt the colocalization (Supplemental Fig 8A -B).

Since the utilization of LDs by Rab7 were related to the autophagy process, we also checked the autophagy markers, like P62 and LC3B, in the same condition (Supplemental figure 8). As expected, there are more P62/LC3B puncta formed in cells treated with 100µM oleate for 72h or septin 9 knock down cells compared to control cells or LD accumulated cells (Supplemental figure 9).

Together, these data strongly suggested that a high dose of oleate promoted the accumulation of LDs by inducing the clustering of lysosomes, thus, impairing the association of lysosomes with LDs for their degradation. These data also highlighted a difference between Rab7 and septin 9 association with LDs. While septin 9 was found around the large and perinuclear LDs, Rab7 was found associated with dispersed and smaller LDs. Thus, strongly suggested that septin 9 inhibit Rab7 associated LD degradation by promoting Rab7 perinuclear cluster and by binding to LDs.

PtdIns(3,5)P2 and PtdIns(5)P regulate Rab7 and septin 9 association with LDs respectively

We reported that different PIs have distinct effects on the LD size and their interaction with endogenous septin 9 and particularly PtdIns5P had the highest effects (Akil et al., 2016). To note, Rab7 is associated with lysosome, which membrane is enriched in PtdIns(3,5)P2. Therefore, we hypothesized that the presence of distinct PIs might regulate Rab7 distribution and its interaction with LDs. To explore this, we treated the cells which expressed GFP-Rab7 with PtdIns(5)P and PtdIns(3,5)P2. Consistent with our primary results, we observed a strong increase of LDs and a perinuclear clustering of Rab7 within the cells treated with PtdIns(5)P compared to non-treated (NT) cells. Interestingly, treatment of cells with PtdIns(3,5)P2 slightly decreased LD size and Rab7 was seen around the LDs (Fig. 7A-B). The effects of PtdIns( 5)P and PtdIns(3,5)P2 on Rab7/LDs interaction was also validated in the cells pretreated with oleate (Fig. 7A-B). In addition, the effect of PtdIns(3,5)P2 on septin 9 and LD association were also checked for endogenous septin 9 and septin 9_i1 overexpression. Consistent with our primary results, adding of PtdIns( 5)P promotes septin 9 interact with LD in perinuclear area and promotes septin 9 filament formation surrounding LD at least in septin 9_i1 overexpression cells. While, adding PtdIns(3,5)P2 ,decrease LD and septin 9 on LD surface (Supplemental figure 10). The effect of PIs on MT were also analyzed, the data showed that the MTs are enhanced in cells treated with PtdIns(5)P, but not in the PtdIns(3,5)P2 treated cells (Supplemental figure 11). In the meantime, endogenous septin 9 are increased in the perinuclear area and colocalize with the enhanced MT (Supplemental figure 11). To further confirm these data, we also performed experiments using MTMR3 (Myotubularin Related Protein 3) which is a phosphatase that converts the endogenous PtdIns(3,5)P2 into endogenous PtdIns( 5)P. As expected, overexpression of MTMR3 increased PtdIns( 5)P, LDs and promoted LAMP1, Rab7 perinuclear clustering and promoted the septin 9 increasing in perinuclear area and MT enhancement (Fig. 8A-B).

In addition, in our primary works, we showed that septin 9 bind PIs via the polybasic domains (PBs). Thus, we further analysis if those PtdIns( 5)P binding domains are important for septin 9 induced-lysosome distribution change. Therefore, we transfected cells with septin 9_i1 and septin 9

PBs-deleted mutant (septin 9_ΔΔ). Expression of septin 9_i1 promoted Rab7 and LAMP1 in the perinuclear area compared to empty vector cells (Supplemental figure12A-D). In contrast, septin 9_ΔΔ expression nearly have no effect on Rab7 and LAMP1 distribution compared to empty vector (Supplemental figure12A-D). Together, these results indicated that the presence of specific PI and the septin 9 PIs binding domains are important for the intracellular distribution of LDs and their interaction with lysosomes for their degradation.

Discussion

The lipids stored in LDs within cells are controlled by two major metabolic pathways that involved the synthesis of lipids to increase the lipid content of LDs and the catabolism pathway that results in a reduction in the lipid content through β-oxidation, lipolysis by lipases and lipophagy. The latter is dependent on lysosomes and the export of lipids via secretory pathways (Ballabio and Bonifacino, 2019;Olzmann and Carvalho, 2019). We had already provided evidence regarding the role of septin 9 in the growth and perinuclear accumulation of LDs (Akil et al., 2016). In the present study, we showed that septin 9 impaired LD catabolism and particularly we demonstrated that septin 9 regulated the intracellular localization of lysosomes and the interaction of lysosomal protein Rab7

and LDs. We also showed that there is a shift between septin 9 or Rab7 localization with LD, their specific localization on LDs is controlled by PIs and then influenced the LD behaviors (Fig 8).

The perinuclear clustering and growth of LDs often occur simultaneously. For example, in adipocytes, LDs arise from the peripheral lamellipodia and grow as they move towards the cell center (Nagayama et al., 2007). Conversely, when lipolysis is chronically stimulated in adipocytes, their large perinuclear LDs fragment into small droplets dispersed throughout the cell (Marcinkiewicz et al., 2006). The dispersed to clustered redistribution of LDs may also result from infection by diverse intracellular pathogens (Cocchiaro et al., 2008;Toledo et al., 2016) such as hepatitis C virus (HCV) (Akil et al., 2016). Furthermore, it has been reported that these changes in the cellular distribution of LDs also contribute to their interaction with other organelles including the endoplasmic reticulum, mitochondria, peroxisomes, and autophagic lysosomes (Herms et al., 2015;Jin et al., 2021). A recent study demonstrated that interfering with the perinuclear accumulation of lysosomes can impair LD turnover (Tapia et al., 2019). Although our results revealed that when we increased oleate concentration or overexpressed septin 9, in such conditions, both LDs and lysosomes were clustered in the perinuclear region, where they appeared to occupy distinct regions. The clustered lysosomes were colocalized with the Golgi apparatus, which occupied the core region, while the LDs seem to be tightly packed around this core region (Figure 1 and4). The Rab7 protein, which is a lysosomal component also found in LDs plays an important role in initiating lysosome-dependent lipophagy. We observed that Rab7 was also clustered in the core region with Golgi and then the contact between Rab7 and LDs was reduced. Therefore, we could speculate that the interaction of Rab7 with LDs for their degradation is impaired. In addition, a high level of septin 9 was found associated with the large clusters of LDs surrounding the core region formed with lysosomal proteins and Golgi. Conversely, when the LD and lysosome behaved more dispersed distributed in the cytoplasm, which has been observed

under the condition such as 72h after treatment of cells knockdown of septin 9, we observed more interaction between Rab7 and LDs (Figure 6) which could further enhance the contact between lysosome and LD thus permitted LD degradation. Interestingly, a recent study showed that in the liver, the process involved in LD degradation is dependent on LD size, and indeed, large LDs were not preferentially degraded through lysosomes and remained the targets of cytoplasmic lipases (Schott et al., 2019). Thus, in line with our data, we could speculate that large perinuclear clustered LDs, which have more association with septin 9, have less chance to contacts lysosomes and therefore could not be degraded via the lipophagy pathway.

We also demonstrated that MTs played a crucial role in lysosome perinuclear clustering and its association with Golgi (Figure 4). Further, we showed that perinuclear LDs are surrounded by organized MT filaments and MT polymerization enhanced particularly in the MTOC where LAMP is clustered (Figure 5). The strong MT network might form a barrier to block contacts between LDs and lysosomes and thus impaired LD degradation and promote their perinuclear growth. Septin 9 control MTs and therefore, an increase of septin 9 could also contribute to lysosome clustering by affecting the MTs dynamics as reported recently (Kesisova et al., 2020). Furthermore, the composition of the monolayer of phospholipid surrounding the core of LDs plays an important role in the regulation of the interaction of LDs with proteins or other organelles (Thiam and Dugail, 2019).

Indeed, we have shown that PtdIns5P was able to promote the interaction between LD and septin 9 (Akil et al., 2016). Here our results revealed that the addition of PtdIns5P on Huh7 cells promoted the perinuclear clustering of Rab7 and reduced the Rab7/LD interaction. On the contrary, PtdIns(3,5)P2 which is enriched in lysosomes promoted the dispersion of LDs through the cytoplasm and increased their interaction with Rab7. In addition, MTMR3 which converts PtdIns(3,5)P2 to PtdIns5P recapitulates the effects of PtdIns5P on both LD and lysosomes perinuclear distribution.

These data strongly highlighted the critical role of PI metabolism in the regulation of LD behavior and septin 9 functions.

LDs are dynamic organelles that are essential for cell homeostasis and participate in processes that maintain cell structure and energy homeostasis. To perform their functions, the interactions of LDs with multiple organelles such as the endoplasmic reticulum, Golgi, mitochondria, peroxisomes, and lysosomes are required. Therefore, to fully understand the biological function of LDs and their alterations during the pathogenesis of LD-associated diseases, their impacts on other organelles needed detailed analysis. Our results have uncovered the role of septin 9 and PIs in LDs behavior and their interaction with lysosomes. To conclude, we have identified molecular machinery that links lipid metabolism to organelle homeostasis. Indeed, understanding how LDs, lysosomes are coordinated both spatially and temporally might help in gaining a clearer understanding of the pathogenesis of LD-associated diseases such as steatosis, cirrhosis or even cancer. Immunofluorescence. Cells were grown on coverslips, fixed with paraformaldehyde 4% for 20 min and permeabilized for 30 min at 37 °C using the permeabilizing buffer (PFS): DPBS containing saponin (Cat#10294440 Fisher scientific) 0.025% m.v-1, gelatin from cold water fish skin (Cat#G7041 Sigma 0.7% m.v-1). Then cells were incubated with primary antibody for 2 h washed three times for 5min with PFS and incubated with the appropriate secondary antibodies or with the dye for 90 min. The coverslips were mounted using Prolong Gold (Cat#P36934 Invitrogen). For

Materials and methods

Chemicals

Lysotracker staining, the cells on coverslips were treated, then, cells were cultured in the same medium contains 75 nM Lysotracker for 1h, after incubation, cells were fixed and performed as described above.

Immunoblot Cells were washed with ice-cold DPBS and lysed on ice using the following buffer: 20mM Tris, HCl, 100mM NaCl, 1% Triton X-100 at PH 7.4 containing protease inhibitors (cOmplete ULTRA Cat#05892970001 Roche). The proteins were separated on SDS-PAGE and electro-transferred onto nitrocellulose membrane. After transfer, the membrane was saturated in DPBS containing 0.1% Tween 20 and 5% milk. Primary antibodies were added overnight at 4 C or for 2 h at room temperature depending on the antibody. The membranes were washed with DPBS and incubated for 1 h at room temperature with appropriate secondary antibody coupled with peroxidase.

ECL plus kit (Cat#32132 Thermo Scientific) was used for protein detection. HCV. The progression of chronic HCV infection involves the development of steatosis. LDs play a crucial role in the HCV life cycle and mostly the interactions between HCV proteins, especially the core protein and LDs are required for the morphogenesis and production of infectious HCV [START_REF] Miyanari | The lipid droplet is an important organelle for hepatitis C virus production[END_REF][START_REF] Paul | Hepatitis C virus RNA replication and assembly: living on the fat of the land[END_REF]. Our study revealed that PIAS1 modulated the redistribution of LDs and their association with HCV core (Figure 2) and thus contributed to establishing a lipid environment required for virus replication and production. Furthermore, we found that PIAS1 directly interacts with septin9_i1 and controls both the filamentous structures of septins and MT in the presence of HCV genomic replicon which is crucial for HCV-induced LD accumulation. Therefore, we suggested that, in addition to its role as a STAT signalling regulator for HCV immune escape, the PIAS1 is also hijacked by HCV to promote LDs accumulation through regulation of MT and septin 9 which are necessary for HCV replication.

To conclude, this work provided fundamental data on the functional features of PIAS1 beyond its action mediated by inhibition of STAT1 transcriptional activity, and it also brought significant insights on the host cellular machinery exploited by HCV for its replication. Thus, targeting PIAS1 may provide new antiviral approaches to combat HCV infection.

Résumé

Comme décrit dans le chapitre I, l'infection par le VHC est un facteur de risque majeur pour le développement du carcinome hépatocellulaire (CHC) [START_REF] Alqahtani | Viral hepatitis as a risk factor for the development of hepatocellular carcinoma[END_REF]. Bien que de nouvelles ap-proches thérapeutiques (antiviraux à action directe (AAD)) semblent éradiquer le VHC, elles n'éliminent pas complètement le risque de CHC, notamment chez les patients atteints de cirrhose avancée [START_REF] Wu | An Investigation of the Side Effects, Patient Feedback, and Physiological Changes Associated with Direct-Acting Antiviral Therapy for Hepatitis C[END_REF]. Nous avons également rapporté précédemment que la septine 9 contribue à la réplication du VHC et contrôle la biogenèse de la GL, nécessaire à l'assemblage correct du complexe de septines (Akil et al., 2016), et nous avons également identifié un second domaine PB polybasique dans la septine 9, qui est conservé dans toutes les septines de mammifères et impliqué dans l'interaction avec les phosphoinositides (PI) et la liaison à la membrane, et joue un rôle crucial dans l'assemblage des filaments de septine et le maintien de la fonction correcte de la structure de Golgi (Omrane et al., 2019). On ne savait pas si d'autres facteurs responsables de l'assemblage des septines pouvaient affecter les GL.

Comme discuté au chapitre III, l'assemblage des septines peut être régulé par plusieurs molécules ou modifications post-traductionnelles (Hernández-Rodríguez et Momany, 2012b) telles que la SUMOylation (Hernández-Rodríguez et Momany, 2012b) (Takahashi et al., 1999b) [START_REF] Garcia | Subunit-dependent modulation of septin assembly: budding yeast septin Shs1 promotes ring and gauze formation[END_REF]. La SUMOylation est une modification post-traductionnelle qui implique l'addition covalente d'un petit polypeptide modificateur de type ubiq-uitin (SUMO) aux protéines cibles. Chez la levure, les septines ont été parmi les premières protéines signalées comme étant modifiées par SUMOylation (Takahashi et al., 1999b) (Johnson et Blobel, 1999b). Cette SUMOylation est médiée par les protéines Siz de la levure, homologues de la protéine inhibitrice de STAT1 activé (PIAS1) des mammifères [START_REF] Johnson | An E3-like Factor that Promotes SUMO Conjugation to the Yeast Septins[END_REF]. La famille PIAS se compose de quatre gènes, PIAS1, PIAS2 (PIASx), PIAS3 et PIASy (PIAS4) qui fonctionnent principalement comme une petite ubiquitine-like modifiers (SUMO) E3 ligase et régulent la fonction de nombreux facteurs de transcription, régulant ainsi divers processus cellulaires, notamment la prolifération cellulaire [START_REF] Hoefer | PIAS1 is increased in human prostate cancer and enhances proliferation through inhibition of p21[END_REF], les réponses aux dommages de l'ADN [START_REF] Morozko | PIAS1 modulates striatal transcription, DNA damage repair, and SUMOylation with relevance to Huntington's disease[END_REF][START_REF] Zlatanou | A PIAS-ed view of DNA double strand break repair focuses on SUMO[END_REF] et les réponses à l'inflammation [START_REF] Liu | Targeting the PIAS1 SUMO ligase pathway to control inflammation[END_REF][START_REF] Rytinki | PIAS proteins: pleiotropic interactors associated with SUMO[END_REF][START_REF] Shuai | Regulation of cytokine signaling pathways by PIAS proteins[END_REF]. Chez les mammifères, le rôle critique de la modification SUMO de septines spécifiques 6, 7 et 11 dans la formation des filaments de septine et la division cellulaire a été ré-établi. (Ribet et al., 2017b). Néanmoins, le rôle de la SUMO ligase telle que PIAS1 sur l'assemblage et les fonctions des septines de mammifères n'a pas été étudié.

Dans cette étude, nous avons démontré un rôle de PIAS1 indépendamment de la signalisation IFN/STAT. Nous avons montré la régulation à la hausse de l'expression de PIAS1 lors d'une infection par le VHC, ce qui est en accord avec les données montrant une surexpression de cette protéine dans les biopsies hépatiques de patients atteints du VHC [START_REF] Bautista | Liver expression of proteins controlling interferon-mediated signalling as predictive factors in the response to therapy in patients with hepatitis C virus infection[END_REF]. De

To avoid paraphrasing what was said in the discussion of the articles presented above, I will summarize this work simply by saying that the present work further deepens our understanding of the role of septin 9 and its interactor PIs effect on LD. In particular, we have learned that septin 9 and PIs not only participate in the processes for LD biogenesis [START_REF] Akil | Septin 9 induces lipid droplets growth by a phosphatidylinositol-5-phosphate and microtubule-dependent mechanism hijacked by HCV[END_REF], but they also affect the LD degradation through regulating the intracellular distribution of lysosome, and its interaction with LD. Of course, many fascinating questions arise and deserve to be explored further.

In this thesis, we observed that the high expression of septin 9 promotes the perinuclear cluster of both LD and lysosomes. The directed motion of either LDs or lysosomes is typically brought about by cytoskeletal motors, such as kinesin, dynein, and myosin [START_REF] Pu | Mechanisms and functions of lysosome positioning[END_REF][START_REF] Welte | Fat on the move: intracellular motion of lipid droplets[END_REF][START_REF] Welte | Lipid droplet functions beyond energy storage[END_REF]. For example, movement of LDs towards the MTOC is mediated by the cytoplasmic retrograde motor dynein [START_REF] Boulant | Hepatitis C virus core protein induces lipid droplet redistribution in a microtubule-and dynein-dependent manner[END_REF] and as described in chapter III, lysosomes move to the perinuclear area by enhancing dynein-dynactin-dependent retrograde transport. Interestingly, recent work has shown that septin 9 was able to promote lysosome perinuclear cluster in a dynein-driven dependent way. It's shown that septin as a membraneassociated GTPase could directly interact with dynein in a GDP-bound state. Septin 9 provides a GDP-activated scaffold for the recruitment of multiple dynein-dynactin complexes (Kesisova et al., 2020). Although the direct interaction of septin 9 with dynein is not found by us, at least, consistent with our results, it demonstrates that upregulated septin 9 promotes the perinuclear cluster of lysosomes. Moreover, instead of direct interaction, septin 9 could also regulate vesicle transport as a microtubule-associated protein (MAPs) that bind along microtubules and modulate the interaction of motors with the microtubule surface. For example, septin 9 localizes specifically in dendrites in neurons, impedes axonal cargo of kinesin-1, and boosts kinesin-3 motor cargo further into dendrites [START_REF] Karasmanis | Polarity of Neuronal Membrane Traffic Requires Sorting of Kinesin Motor Cargo during Entry into Dendrites by a Microtubule-Associated Septin[END_REF]. structure and function of the Golgi apparatus. For example, Golgi compactness is consistently seen when actin and its partners present at the Golgi complex are perturbed, such as after the treatment of actin depolymerization drugs [START_REF] Lázaro-Diéguez | Actin filaments are involved in the maintenance of Golgi cisternae morphology and intra-Golgi pH[END_REF], the depletion of the Arp2/3 activator WHAMM (WASP homolog associated with actin, Golgi membranes, and MTs) [START_REF] Campellone | WHAMM is an Arp2/3 complex activator that binds microtubules and functions in ER to Golgi transport[END_REF], cortactin [START_REF] Kirkbride | Regulation of late endosomal/lysosomal maturation and trafficking by cortactin affects Golgi morphology[END_REF], or myosin 18A [START_REF] Ng | GOLPH3L antagonizes GOLPH3 to determine Golgi morphology[END_REF]. Thus, besides MTs, septin 9 may also affect post-Golgi secretion through regulating the association between actin filaments and Golgi structure (Figure 35). The overexpressed septin 9 may occupy the binding site for actin adaptor protein, thus inhibiting the formation of actin filaments complex and the post-Golgi carriers [START_REF] Almeida | Myosin 1b promotes the formation of post-Golgi carriers by regulating actin assembly and membrane remodelling at the trans -Golgi network[END_REF].

Septin 9 isoforms in LD and lysosome regulation

An important point that arises from this work is the analysis of septin 9_i1 isoforms. While the septin 9 gene (SEPT9) could produce up to 18 alternatively spliced mRNA variants (septin 9 V1-18) and could produce several isoforms. These septin 9 isoforms are likely to possess different binding partners, functions, and properties, and their relative levels of expression could affect cell behavior. For example, it is likely that septin 9 effects on cancer are regulated via upregulation of its specific transcripts, while mutations of its gene are rare in cancer (Angelis and Spiliotis, 2016).

Upregulation of the septin 9_i1 has been reported in human cancer cell lines as well as in the corresponding tumor as observed with breast cancer [START_REF] Gonzalez | High SEPT9_v1 expression in human breast cancer cells is associated with oncogenic phenotypes[END_REF][START_REF] Verdier-Pinard | Septin 9_i2 is downregulated in tumors, impairs cancer cell migration and alters subnuclear actin filaments[END_REF]. Expression of the septin 9_i3 isoform is regulated by DNA methylation upstream of its transcription start site [START_REF] Connolly | Septin 9 isoform expression, localization and epigenetic changes during human and mouse breast cancer progression[END_REF]. Overexpression of septin 9 is detected more commonly in high-grade carcinomas, which are also associated with a worse clinical prognosis [START_REF] Connolly | Septin 9 amplification and isoform-specific expression in peritumoral and tumor breast tissue[END_REF]. The septin 9_i4 has been shown to increase the resistance to MTsinteracting drugs [START_REF] Chacko | Expression of the SEPT9_i4 isoform confers resistance to microtubuleinteracting drugs[END_REF]. More recently, a study of our research laboratory showed that septins overexpression together with long-chain tubulin polyglutamylation induced significant paclitaxel resistance in several naive (taxane-sensitive) cell lines, and such resistance was coupled with a systematic re-localization of septin filaments from actin fibers to MTs. This re-localization of septin could also be promoted by acute treatment with paclitaxel of sensitive cells displaying a high basal level of septin 9_i1, not septin 9_i3 [START_REF] Targa | Septin filament coalignment with microtubules depends on SEPT9_i1 and tubulin polyglutamylation, and is an early feature of acquired cell resistance to paclitaxel[END_REF]. Thus, it will be interesting to assess the role of the other isoforms.

Our preliminary results from Huh7 cells transfected using the specific cDNAs of the different septin 9 isoforms and stained for LAMP1 and LD, revealed that septin 9_i1 promoted the strongest effect on the clustering of LAMP1 and the increase of LD size among the five main isoforms analyzed (Figure 36). This result is in line with the fact that septin 9_i1 displayed the strongest interaction with tubulin compared to the other isoforms (Bai et al., 2013;[START_REF] Targa | Septin filament coalignment with microtubules depends on SEPT9_i1 and tubulin polyglutamylation, and is an early feature of acquired cell resistance to paclitaxel[END_REF][START_REF] Verdier-Pinard | Septin 9_i2 is downregulated in tumors, impairs cancer cell migration and alters subnuclear actin filaments[END_REF]. However, this highest effect of septin 9_1 on LD and lysosomes may also depend on other reasons. For example, different septin 9 isoforms may have different molecular conformations due to differences in protein length, which may affect their recognition of the membrane structures. Furthermore, even in the same conformational structure, different isoforms of septin 9 may recognize specific PIs and thereby selectively bind to certain membrane structures. Therefore, revealing that the differences among septin 9 isoforms need to be investigated in various biological contexts. 

Septin 9 and lysosomes in HCV infection

Chronic HCV infection is a major public health problem and the main risk factor for cirrhosis, and hepatocellular carcinoma, thus remaining the major cause of liver resection and transplantation [START_REF] Yamane | Liver injury and disease pathogenesis in chronic hepatitis C[END_REF]. Although major advances have been recently achieved regarding HCV infection treatment, and the combination of drugs, including protease inhibitors, represents a real breakthrough that cures almost 90% of infected patients. Understanding the key mechanisms driving HCV replication and persistence is still a charming question that will have a profound impact, beyond HCV, for the appraisal of the pathogenesis of this family of viruses.

My Ph.D. work revealed a new mechanism by which Septin 9 interplayed with PI and controls LD through affecting lysosomes in oleate-treated cells. Then, it will be interesting to study if this new mechanism is also involved in the context of HCV infection.

While what is the effect of HCV infection on lysosomes is still unclear. Although there is not much direct evidence, it seems certain that lysosomes are inhibited after HCV infection. The presence of an increased number of autophagosomes in HCV-infected cells has been reported by several groups, based on observations in either cell culture infection systems or liver samples from patients with chronic HCV infection [START_REF] Ait-Goughoulte | Hepatitis C Virus Genotype 1a Growth and Induction of Autophagy[END_REF][START_REF] Dreux | The autophagy machinery is required to initiate hepatitis C virus replication[END_REF][START_REF] Rautou | Changes in Autophagic Response in Patients with Chronic Hepatitis C Virus Infection[END_REF][START_REF] Sir | Induction of incomplete autophagic response by hepatitis C virus via the unfolded protein response[END_REF]. By detecting the mRNA expression of lysosome-related enzymes in both cells, we found enhanced mRNA expression of multiple enzymes in Huh7-replicon cells (Figure 37), so we can propose that HCV influences lysosomes, at least in the transcriptional process. Of course, further research is needed to verify it, and what role septin 9 could play in this process also needs to be studied.

Figure 37 HCV regulate Lysosomes

Huh7 WT and Huh7R were stained for lysotraker(red) and LDs (green), and analysis for Lysosomal genes.

In addition, septin 9 may have a role in HCV infection in other ways, such as in the entry of HCV into cells. For instance, HCV entry in hepatocytes is mediated by the interaction of the viral envelope proteins with several cell surface receptors and entry cofactors including glycosaminoglycans, LDL receptor, tetraspanin CD81, scavenger receptor class B member I, tight junction proteins claudin1 and occludin, and the cholesterol uptake receptor Niemann-Pick C1-like 1 [START_REF] Lindenbach | The ins and outs of hepatitis C virus entry and assembly[END_REF]. HCV particles are then internalized by clathrin-mediated endocytosis [START_REF] Blanchard | Hepatitis C Virus Entry Depends on Clathrin-Mediated Endocytosis[END_REF], and viral-endosomal membrane fuse, in a pH-dependent manner, to release viral nucleocapsid into the cytoplasm where the uncoating occurs [START_REF] Stanković | Time-dependent changes and association between liver free fatty acids, serum lipid profile and histological features in mice model of nonalcoholic fatty liver disease[END_REF]. Septin 9, as mentioned above, plays a role in regulating the endocytosis process for several receptors and is utilized by the bacteria to invade the cells, Thus, septin 9 may also involve in the entry of HCV (Figure 38). Furthermore, the maturation and release of HCV particles are closely linked to the very-lowdensity lipoprotein (VLDL) synthesis and secretion pathways [START_REF] Gastaminza | Cellular Determinants of Hepatitis C Virus Assembly, Maturation, Degradation, and Secretion[END_REF]. Indeed, nascent virions associate with pre-VLDL particles to form lipoviroparticles (LVPs) containing apolipoproteins (ApoB, apoE, apoC, and apoA-I), [START_REF] Catanese | Ultrastructural analysis of hepatitis C virus particles[END_REF][START_REF] Nielsen | Association between Hepatitis C Virus and Very-Low-Density Lipoprotein (VLDL)/LDL Analyzed in Iodixanol Density Gradients[END_REF]. LVPs then pass through the Golgi and are released from the cells by the secretory pathway [START_REF] Scheel | Understanding the hepatitis C virus life cycle paves the way for highly effective therapies[END_REF]. And given the role of septin 9 in regulating the morphology of Golgi apparatus and Golgi-dependent secretion of proteins, we could also suggest the role of septin 9 in HCV particles maturation and release (Figure 38). 

Septin 9 in liver cirrhosis and HCC

Although many studies have shown that LDs accumulation and lysosomal disorders are important inducers of steatosis and various liver injury diseases (Bessone et al., 2019;[START_REF] Hikita | Mechanisms of the autophagosome-lysosome fusion step and its relation to non-alcoholic fatty liver disease[END_REF]Olzmann and Carvalho, 2019;Schulze and McNiven, 2019;[START_REF] Shyu | Dropping in on lipid droplets: insights into cellular stress and cancer[END_REF]Wang et al., 2018), LDs accumulation and lysosomal dysfunction may be beneficial to maintain liver homeostasis at some stage. For example, although, treating MCD diet-fed mice with DGAT2 ASO, which inhibits the final step of TG biosynthesis, decreased hepatic steatosis, but increased hepatic free fatty acids, lipid peroxidation/oxidant stress, lobular necroinflammation and fibrosis, which is a more serious liver injury than steatosis [START_REF] Yamaguchi | Inhibiting triglyceride synthesis improves hepatic steatosis but exacerbates liver damage and fibrosis in obese mice with nonalcoholic steatohepatitis[END_REF]. Fatty acids (FAs) are important sources of cellular energy.

FAs are converted at the mitochondrial membrane into acylcarnitine (AC), which is then taken up by mitochondria and broken down via β-oxidation. However, increased FA levels can be toxic to cells.

Overlord of FAs has been reported to intensify the process of β-oxidation in the mitochondria, causing mitochondrial stress, leading to excessive ROS production (Schönfeld and Wojtczak, 2008), which may lead to the occurrence of inflammation. Overlord of FAs also increased ER stress that trigger UPR (unfolded protein response) leading to inflammation in hepatocytes (Baiceanu et al., 2016).

Septin 9 promotes the accumulation of LDs and sequestered FAs through LD synthesis, thereby reducing the level of FFAs in hepatocytes. This will avoid excessive FFA-initiated mitochondrial stress and thus reduce the risk of inflammation. Thus septin 9 may play a protective role in preventing the occurrence of cirrhosis.

While prolonged lysosomal inactivation will lead to the development of liver cirrhosis through other pathways. For example, the membrane protein TLR4, a liposaccharide (LPS) receptor, has been reported to play an important role in the progression of NASH [START_REF] Kim | Pro-inflammatory hepatic macrophages generate ROS through NADPH oxidase 2 via endocytosis of monomeric TLR4-MD2 complex[END_REF][START_REF] Płóciennikowska | Cooperation of TLR4 and raft proteins in LPS-induced pro-inflammatory signaling[END_REF]. During the progression of simple steatosis to NASH, TLR4 signaling can be activated in hepatocytes, and its downstream molecules, such as proinflammatory cytokines, are increased in NAFLD [START_REF] Kim | High fat diet-induced gut microbiota exacerbates inflammation and obesity in mice via the TLR4 signaling pathway[END_REF][START_REF] Ye | Toll-like receptor-4 mediates obesity-induced non-alcoholic steatohepatitis through activation of X-box binding protein-1 in mice[END_REF]. Since the lysosomal degradation pathway is one of the major pathways for cell surface receptor degradation after ubiquitination [START_REF] Yu | Autophagy pathway: Cellular and molecular mechanisms[END_REF], lysosome dysfunction will increase TLR4 protein expression, subsequently active its downstream molecules and produce proinflammatory cytokines. Although this effect wasn't shown in hepatocytes, in HSCs, increased TLR4 protein expression by enhanced LDLR expression and miR-33a signaling is through suppressing the endosomal-lysosomal TLR4 degradation pathway [START_REF] Tomita | Free cholesterol accumulation in hepatic stellate cells: Mechanism of liver fibrosis aggravation in nonalcoholic steatohepatitis in mice[END_REF]. In addition to TLR4, EGFR which is overexpressed in human cirrhotic liver tissue and HCCs [START_REF] Harada | Transforming growth factor-alpha and epidermal growth factor receptor in chronic liver disease and hepatocellular carcinoma[END_REF][START_REF] Qiao | Over expression of transforming growth factoralpha and epidermal growth factor receptor in human hepatic cirrhosis tissues[END_REF], may also be driven, in part, by dysfunction of the lysosomal degradation pathway. Une expression élevée de la septine 9 favorise le regroupement périnucléaire des lysosomes qui se co-localisent avec le Golgi et non avec les GLs qui les entourent. Inversement, l'inhibition de l'expression de la septine 9 par des siRNAs entraine une dispersion des deux organites qui se colocalisent à la périphérie de la cellule. Ces résultats ont également été validés par l'analyse de Rab7. De même l'addition du PtdIns5P exogène sur les cellules qui se lie à la septine 9 ou la transfection de MTMR3 qui produit du PtdIns5P à partir du PtdIns(3,5)P2 produisent des effets similaires à ceux de la septine 9 sur le lysosome et les GLs. En revanche, la PtdIns(3,5)P2 favorise la co-localisation des GLs avec les lysosomes. Ainsi, nos données dans leur ensemble révèlent un mécanisme d'accumulation intracellulaire des GLs dépendant du rôle du complexe PtdIns5P /septine 9 sur les lysosomes.
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High expression of septin 9 promotes perinuclear clustering of lysosomes that co-localize with the Golgi and not with the surrounding LDs. Conversely, inhibition of septin 9 expression by siRNAs results in dispersion of both organelles which co-localize at the cell periphery. These results were also validated by Rab7 analysis. Similarly the addition of exogenous PtdIns5P to cells that binds to septin 9 or transfection of MTMR3 that produces PtdIns5P from PtdIns(3,5)P2 produce similar effects to septin 9 on the lysosome and LDs. In contrast, PtdIns(3,5)P2 promotes GL co-localization with lysosomes. Thus, our data reveal a mechanism of intracellular LDs accumulation dependent on the role of the PtdIns5P /septin 9 complex on lysosomes.
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Figure 1

 1 Figure 1 Liver position in human body a) The liver is located in the right part of the abdomen, under the diaphragm. It is richly vascularized and allows the purification of blood from the portal vein.

Figure 2

 2 Figure 2 Sturcture of a hepatic lobule and the different cell types for liver a) The hepatic lobules are hexagonal with a branch of the central vein in the center and at each corner the portal triad, formed by a bile duct, a branch of the portal vein and the hepatic artery.

Figure 4

 4 Figure 4 Lipid droplet structure LDs are surrounded by a phospholipid monolayer enclosing a core filled by neutral lipids, most commonly TGs and SEs, on the surface, different proteins have been identified, such as perilipin and enzymes involved in LD metabolism and proteins for trafficking.

Figure 5

 5 Figure 5 Structures of the phospholipid classes Diagram for different phospholipids in membranes. These phospholipid molecules contain various acyl chains.

Figure 6

 6 Figure 6 The main protein motifs for LD targeting Schematic representation of interactions of specific protein motifs such as AH, HH, and HP with LDs. The orange parts are hydrophobic and the red parts are hydrophilic or the domains towards the cytosol.

Figure 7

 7 Figure 7 Neutral lipid synthesis and lens formation in ER Lipid synthesis and lens formation occur within the ER outside membrane, and it takes a few steps: first, triacylglycerol (TAG) synthesis and cholesterol ester synthesis enzymes deposit neutral lipids in between the leaflets of the ER bilayer. Second, the TG and SE reached a critical level and coalesce. AGPAT, acylglycerolphosphate acyltransferase; DG, diacylglycerol; DGAT: diacylglycerol acyltransferase; G3P, glycerol-3-phosphate; GPAT, glycerol-3 phosphate acyltransferase; LPA, lysophosphatidic acid; PA, phosphatidic acid; PAP, phosphatidic acid phosphatase; ACAT, Acetyl-CoA acetyltransferase.

Figure 8

 8 Figure 8 The lipid lens formation site determines by the proteins inserted in or the phospholipid composition of ER membrane. The favorite site for Lens formation is where a membrane curvature emerged, and the emergency of curvature membrane could be arising from the composition change of Phospholipids and proteins insertion.

Figure 10

 10 Figure 10 The LD surface phospholipids and CIDE proteins in LDs fusion Model depicting the mechanism of Phospholipid composition change and CIDEs-mediated LD growth. The alter of the phospholipid composition which reduced the surface tension, lead to the spontaneously merging of LDs. When two LD are closed contacted, the CIDE proteins are relocalized, enriched, and clustered at LDs contact sites and promote LD fusion and growth.

Figure 12

 12 Figure 12 The PLINs association change during LD growth. During the LD growth, the LD associated PLINs change, small LDs stained positive for PLIN3, while medium LDs had PLIN2 and the largest LDs were enriched with PLIN1, this change may arise from the different membrane affinity among the different PLINs.

(

  ATGL) catalyzes the first step of TG to generate DG and FA. DG is then cleaved into MG and FA by hormone-sensitive lipase (HSL), which is a multifunctional enzyme with broad substrate specificity and could hydrolyze TG, MG, and CE. MG is finally cleaved into glycerol and FA by monoglyceride lipase (MGL) (Figure13).

Figure 13

 13 Figure 13 Lipolysis in LDs catabolism. Schematic representation of lipolysis. ATGL catalyzes the first step of lipolysis. HSL is also bound to LD, hydrolyses DG into FFA and MG. MG is, in turn, hydrolyzed to FFA and glycerol by MGL in the cytosol. The size of the LD decreases over time.

Figure 14

 14 Figure 14 The autophagy for LD catabolism Model showing LD autophagy (lipophagy, Microautophagy, and CMA) An autophagosome forms in the cytosol and encapsulates LD, and fuse with lysosomes. LD is directly injected into adjacent lysosomal structures. The PLINs such as PLIN2/3, were shown targeted by HSC70 and be

Figure 15

 15 Figure 15 Lysosome structureThe Lysosome is delimited by a bilayer lipid membrane and has an acidic lumen that contains acid hydrolases, enzyme activators, and transport factors. The lysosome membrane is associated with a specific set of proteins. For example, vacuolar ATPase (v-ATPase) maintains the acidic lumen. the highly glycosylated lysosome-associated membrane proteins (LAMPs) that protect the lysosomal membrane from degradation. Transporters for ions, sugars, nucleosides, AA ,and other products from lysosomal degradation. Small GTPase and motor that mediate the movement.

Figure 16

 16 Figure 16 Intracellular membrane trafficking. Intracellular membrane trafficking is divided into two major routes: the secretory pathway (Green arrows), and endocytic pathways (Red arrows).

  P3. Each PI interconversion reaction is regulated by specific kinases or phosphatases (Figure17). In mammals, 18 PI interconversion reactions have been identified, and these reactions are mediated by 19 PI kinases and 28 PI phosphatases[START_REF] De Craene | Phosphoinositides, Major Actors in Membrane Trafficking and Lipid Signaling Pathways[END_REF][START_REF] Nakada-Tsukui | Phosphatidylinositol Kinases and Phosphatases in Entamoeba histolytica[END_REF][START_REF] Sasaki | Mammalian phosphoinositide kinases and phosphatases[END_REF]. Phosphoinositide Kinase (PI3K, PI4K, and PIP) use PtdIns as a substrate to generate PtdIns3P, PtdIns4P, and PtdIns5P, respectively. Monophosphorylated PIs are further phosphorylated by PIP kinases to generate PtdIns(3,4) P2, PtdIns (3,5)P2, and PtdIns(4,5)P2, which is further phosphorylated to generate PI(3,4,5)P3. Each PI is dephosphorylated by a series of PI phosphatases such as PtdIns 3-phosphatases (PTEN, MTM) PI4phosphatases (INPP4, TMEM55), and PtdIns 5-phosphatases (SHIP). It was believed that the presence and levels of PIs in a given membrane are determined by lipid kinases and phosphatases

Figure

  Figure 17Phosphoinositides and their metabolismPresentation of the 7 PIs and the enzymes involved in their metabolism. Phosphatidylinositol (PtdIns) has five free hydroxyl residues in positions 2,3,4,5 and 6 but only 3 are phosphorylatable, in positions 3, 4, and 5, probably due to steric hindrance. The different types of human lipid kinases and phosphatases that generate them are indicated.

Figure 18

 18 Figure 18 Subcellular localization of PIs. A typical cell showing the subcellular localization of different type of PIs. The seven PI species are depicted with different colors as indicated.

Figure 19

 19 Figure 19 Rab Prenylation and GTPase cycle. Newly synthesized Rab associates with REP and RabGGTase. RGGTase catalyzes the transfer of prenyl groups to C-terminal cysteine residues. REP remains associated with prenylated Rab and targets it to the membrane. Rab GTPases are activated by GEFs and inactivated by GAPs. Inactive Rabs bind to GDP dissociation inhibitor (GDI) and are retained in the cytosol. Active Rabs are associated with intracellular membranes and recruit specific effector proteins that regulate various steps of membrane trafficking.

Figure 20

 20 Figure 20 The intracellular localization of Rabs. A typical cell showing the intracellular localization and associated vesicle transport pathway of several Rab GTPases. Rab1 regulates ER-Golgi traffic while Rab2 is involved in recycling from Golgi and the ERGIC back to the ER. Rab6 regulates intra-Golgi traffic. Several Rabs including Rab8, -10, and -14 regulate biosynthetic traffic from the TGN to the PM. Most early endocytic steps rely on Rab5. Lysosome enriched Rab7. Rab15 directs membrane traffic from the early endosome to the recycling endosome. Rab4 and Rab11 regulate fast and slow endocytic recycling, respectively.

  and the PIs-mediated recruitment of Rab regulators such as the PtdIns3P and Rab5 interactor Rabaptin5 (Campa and Hirsch, 2017), all indicate the existence of coordination between Rab and PIs (Jean and Kiger, 2012).

Figure 23

 23 Figure 23 Classification of septins. A schematic diagram of the position of the septins in the P-loop NTPase superclass, which is divided into two classes, called SIMIBI (signal recognition particle, MinD and BioD), and TRAFAC

Figure 24

 24 Figure 24 Typical septin domainsSeptins possess a GTP-binding domain with G1, G3, and G4 motifs. Between the N-terminus and the GTPase domain, there are highly conserved polybasic regions required for interactions with membranes. The C-terminus of the protein frequently contains a coiled-coil domain involved in protein-protein interactions. In addition, septins include the septin unique element.

Figure 26

 26 Figure 26 Septins complex and high-order structures Septins from different groups are shown in different colors. a) Septins interact with other septins via their G-and NC interfaces; human septins can form hexametric or octameric complexes that contain three or four septins, where each septin group member is present in two copies.b) Two types of assembly are proposed for octamer formation: Septin 9 can either be inserted between two septin 7 to form a linear complex or interact with both septin 6 and septin 7 by associating laterally with a trimer. c) Further association of these oligomers leads to the assembly of non-polar polymers, such as filaments, rings, and cages.

and 7

 7 with which septin 9 interacts to form the octamer(Omrane et al., 2019) (Figure29 b-c).

Figure 29

 29 Figure 29 Septins have Amphipathic Helices mediating its binding to the membrane. a), AHs found in the C-terminal extensions of septins in multiple species represented through helical wheel diagrams. b) Crystal structural model of septin 9 (PDB code 5cyp) showing the predicted amphipathic helices as opposed to PB1 and PB2 and their helical wheel representation generated using Heliquest. c) Structural model of the (NC2G/G6NC/NC7G) septin complex published by Sirajuddin et al.

  Cellular polarity is characterized by an asymmetry in the composition of the plasma membrane, in the distribution of intracellular organelles, and in the cytoskeleton. Subsequently, in epithelial cells, the intracellular and membrane contents are divided into two functionally different domains that consist of apical and basolateral domains. The apical domain faces the lumen of the organ while the basolateral membrane which is enriched with intercellular junctional complexes composed of tight junctions, adherent junctions and desmosomes, establishes the contacts between cells in its lateral part and also with the extracellular matrix (ECM) in the basal part (Rodriguez-Boulan and[START_REF] Rodriguez-Boulan | Organization and execution of the epithelial polarity programme[END_REF][START_REF] Shin | ZOning out Tight Junctions[END_REF]. In Madin Darby canine kidney (MDCK) cells, it has been shown that MTs carrying trafficking vesicles are guided by septin protofilaments. Depletion of septin 2 decreases the transport of vesicles from the TGN to the plasma membrane. As a result, apical and basolateral membrane markers accumulate in the cytoplasm and the cells fail to adopt the characteristic morphology of a polarized epithelial cell(Spiliotis et al., 2008). In addition, in polarized human colon adenocarcinoma (Caco-2) cells, both septin 2 and septin 9 have been shown mainly localized in the basolateral domain(T et al., 2016) (Figure30Polarity), Although a link between

  Dans cette thèse, nous avons utilisé les cellules Huh7 chargées en oléate comme système modèle pour étudier le rôle de la septine 9 dans l'accumulation des GLs. Nous avons montré qu'après l'addition d'oléate aux cellules, nous avons observé un réarrangement spatio-temporel spectaculaire des GLs qui a montré un regroupement périnucléaire des GLs dans les premières heures suivant l'addition d'oléate (0-100µM) et ensuite les GLs se sont dispersés vers la périphérie des cellules. Cependant, avec une concentration plus élevée d'oléate (200-400µM), cette dynamique des GLs a été perturbée, et les GLs sont restés accumulés dans la région périnucléaire. Nous avons observé une distribution similaire et un changement dans la dynamique des lysosomes qui sont associés aux GLs. Il est intéressant de noter que la déplétion de la septine 9 dans les cellules traitées à l'oléate disperse les amas périnucléaires de lysosomes induits par l'oléate, tandis que la surexpression de la septine 9_i1 maintient les amas périnucléaires de lysosomes. De plus, nous avons constaté que les lysosomes périnucléaires sont colocalisés avec la structure de Golgi et cette colocalisation repose sur la dynamique des MTs et la polymérisation accrue des MTs du centrosome qui sont toutes deux régulées par la septine 9. Par la suite, nous avons observé que la protéine Rab7 était également regroupée dans la région périnucléaire avec le Golgi alors que le contact entre Rab7 et les groupes de GLs périnucléaires était réduit. Dans ces conditions, un niveau élevé de septine 9 a été trouvé associé 91 aux grands GLs. Inversement, lorsque les GLs et les lysosomes étaient dispersés dans le cytoplasme, des associations entre Rab7 et les GLs ont été observées et ont révélé l'augmentation du contact des GLs avec le lysosome pour permettre leur dégradation. De plus, l'ajout de PtdIns5P ou la transfection des cellules avec MTMR3 qui hydrolyse PtdIns(3,5)P2 pour former PtdIns5P, a fortement augmenté le contenu cellulaire des GLs et le regroupement périnucléaire de Rab7 comme observé avec l'expression de la septine 9 et l'augmentation de la concentration d'oléate. De façon intéressante, le traitement des cellules avec PtdIns(3,5)P2 a donné des données opposées et Rab7 a été vu autour des GLs. Ensemble, ces résultats indiquent que la présence de PIs spécifiques est importante pour la distribution intracellulaire des GLs et leur interaction avec les lysosomes pour leur dégradation. En conclusion, nos résultats ont mis en évidence le rôle de la septine 9 et des IP dans le comportement des GLs et leur interaction avec les lysosomes, ce qui a permis d'identifier la machinerie moléculaire qui relie le métabolisme des lipides à l'homéostasie des organites.

  . By opposite, overexpression of septin 9_i1 significantly increased the colocalization of LAMP1 with Golgi at 72h of 100µM treatment(Supplemental Fig 4). Taken together, these data revealed that oleate induced the septin 9-dependent perinuclear clustering of lysosomes which colocalized with the Golgi. Because lysosome trafficking is heavily reliant on MTs, nocodazole treatment was performed to assess whether lysosome to Golgi clustering at 24h post-treatment was reliant on MTs. Interestingly, nocodazole treatment disrupted the perinuclear clustering and the co-localization of both lysosomes and Golgi (Fig3E-F). Thus, indicating that oleate induced LAMP1 perinuclear clustering and its colocalization with the Golgi is dependent on MTs.

  similar to that described to analyze MT in Fig 4. As shown in Fig 5A-B, in the cells treated with 100

  Chemiluminescent signal was detected by G:BOX Chemi Fluorescent & Chemiluminescent Imaging System from SYNGENE.Blot quantification was done using ImageJ software.Tubulin polymerization assay. Fraction of soluble and polymerized tubulin were performed as described before. Briefly, soluble tubulin extraction buffer A (1mM MgCl2, 2 mM EGTA, 0.5% NP40, 2 mM PMSF, 20 mM, protease inhibitor cocktail) was added to cells at 4°C for 5 min, plates were gently swirled two to three times, and buffer was removed and saved as soluble fraction. Immediately after, polymerized tubulin extraction buffer B (A + 1% SDS) was added for 2 min, cells were scraped, and the polymerized fraction was sonicated briefly and incubated on ice for 30 min. Soluble and polymerized fractions were loaded on a gel and transferred to nitrocellulose membranes to probe with specific antibody as indicated. Cells treated with nocodazole or Taxol alone served as control for efficient extraction of soluble and polymerized tubulin. ImageJ was used to quantify the intensity of beta-tubulin bands from each blot. Further, the percentage of polymerized tubulin was determined by dividing the densitometry value of polymerized tubulin by the total tubulin content (the sum of the densitometry values of soluble and polymerized tubulin).Images acquisition and analysis. Images were acquired with a Leica TCS SP5 AOBS tandem confocal microscope. For colocalization analysis, images were treated by ImageJ software, the plugin 'Intensity Correlation Analysis' was used to generate the Pearson's correlation coefficient (Rr) which range from -1 (perfect exclusion) to +1 (perfect correlation).To calculate the total intensity of LAMP1 and LDs, images obtained by confocal microscopy were processed cell ROI by free hand selection tool according to thresholding image, then total intensity of LAMP1 and LDs were measured by ImageJ analyses. The line plot for LAMP1 and Bodipy was generated by ImageJ software function 'Plot profile'.To determine LAMP1, LDs and Rab7 distribution in cells, the plugin 'Radial profile Angle' was used. For analysis, the individual cell total area was generated by free hand selection tool according the thresholding image, then a circle which center is located in the center of the cell nucleus was defined at the periphery of each cell. Then, the plugin produces a profile plot of normalized integrated intensities around concentric circles as a function of distance from a point in the image, where considered as the center of the cell. The concentric circles were assembled in three circle bands, the first corresponding to the area of the nuclei and the rest corresponding to the cytoplasm was divided in two equal bands (the band near the nuclei is considered as the 'perinuclear' and the other the 'periphery'. The intensity in each band was calculated from the total integrated intensities around concentric circles present in the band. A diagram of this analysis was present in Supplemental Fig 14A. To measure the mean intensity of Rab7 or septin 9 associated with LD, the Fiji function 'Analyze particles' were performed on the LDs image to obtain the areas occupied by LDs and marked as area1, then enlarge those areas by 0.5µm, and marked this new area as area 2. Apply those two areas on the target signal image and analyze the total area value and intensity of the target signal. Then calculate. A diagram of this analysis was present in Supplemental Fig 14B.Statistical analyses. Unpaired Student's t-tests were used, and statistical significance was

Figure legends Figure 1

 legends1 Figure legends

Figure 33

 33 Figure 33 Septin 9 regulates the VSVG trafficking a. Huh7 cells were transfected with or not septin 9-siRNA for 24h then transfected with Ts VSVG and cultured with medium supplemented with or not 100 µM oleate for 24h under 40°C. And move from 40°C to 32°C at different times, stained for TGN46(red). Scale bar, 5µm. b. 3D reconstruction images were shown for different conditions as described for 120min in a. c. Bar graphs show the Fold changes of VSVG intensity within Golgi structure cells from 3 independent experiments performed as described in a. Data information: Bar graphs present Mean ± SEM. Student's t-test was used. *P < 0.05, **P< 0.001, ***P<0.0001.

Figure 35 A

 35 Figure 35 A hypothesis model for Overexpression septin 9 induced Golgi dysfunctions.

Figure 36

 36 Figure 36 Septin 9 isoforms have different effects on lysosome distribution and LD accumulation a. Exonic structure of SEPT9 showing known exons and splicing patterns b. Huh7 cells culture with medium supplemented with 0, 100 µM oleate for 24h. cells were analyzed for septin different variants mRNA levels by qRT-PCR. Bar graphs show results from 3 independent experiments. c.Huh7 cells were transfected with EV or septin 9_isoforms were strained for LAMP1 (red) and Tag (green). White squares indicate the zoom area shown below. d.Huh7 cells were transfected with EV or septin 9_isoforms were strained for LD (red) and Tag (green). White squares indicate the zoom area shown below.

Figure 38

 38 Figure 38 The possible involvement of septin in the HCV life cycle A model shows the possible role of septins in the HCV life cycle. The HCV life cycle composite multiple steps including attachment, entry, uncoating, translation, replication, assembly, maturation, and release. As described in chapter IV and what we show in this work, we propose that in addition to HCV replication, septins may also be involved in the other steps in HCV life cycle such as the entry and release of viral particles.

Titre:

  Le rôle de la septine 9 dans l'accumulation des gouttelettes lipidiques et la pathogenèse du foie par la régulation du trafic intracellulaire. Mots clés : Gouttelette lipidique, septine 9, Lysosome, Appareil de Golgi, Phosphoinositides. Résumé : Les septines appartiennent à la famille des protéines GTPases qui peuvent former des structures hétéro-oligomériques et sont capables de se lier à l'actine et aux microtubules. Les septines s'associent également aux membranes cellulaires et recrutent ainsi des protéines cytosoliques et d'autres éléments du cytosquelette pour contrôler de nombreuses fonctions cellulaires. Dans notre équipe, nous avons montré que la septine 9 est détournée par le virus de l'hépatite C (VHC) pour induire l'accumulation périnucléaire des gouttelettes lipidiques (GLs). En effet, l'accumulation de GLs est souvent associée à un dysfonctionnement des lysosomes, nous avons donc émis l'hypothèse que la septine 9 pourrait être impliquée dans l'accumulation des GLs en affectant la fonction des lysosomes. Nous montrons dans ce travail que le contenu cellulaire et la distribution des GLs sont corrélés à ceux du lysosome et régulés par l'ajout d'oléate sur les cellules et par la septine 9.

  

  

  

  

  

  

  

  

  

  

  

  

  et donc les altérations des processus impliqués dans leur métabolisme dues à des conditions stressantes peuvent induire une accumulation de lipides dans le foie et le développement ultérieur de maladies qui incluent la stéatose, la stéatohépatite non alcoolique (NASH) qui peut évoluer en cirrhose et en cancer (Benedict etZhang, 2017 ; Michelotti et al., 2013). La progression de la stéatose vers la fibrose/cirrhose et même les cancers du foie sont un processus extrêmement complexe. Mais l'initiation de la maladie hépatique est plus claire et est toujours associée à un dysfonctionnement du métabolisme des hépatocytes et/ou à leur mort induite par de multiples facteurs. L'accumulation excessive de GLs lipidiques étant l'une des caractéristiques de l'apparition de la maladie du foie, il est essentiel de comprendre les mécanismes moléculaires sous-jacents pour prévenir le développement de la maladie du foie.

Les GLs sont constituées d'un noyau hydrophobe de lipides neutres (principalement composé de triacylglycérols et d'esters de cholestérol) entouré d'une monocouche de phospholipides et de cholestérol dans laquelle sont intégrées des protéines. Ces protéines sont dominées par les enzymes impliquées dans le métabolisme des lipides et les membres de la famille PLIN. Cependant, des protéines ayant d'autres fonctions comme le trafic membranaire, comme les petites Rab-GTPases sont également bien représentées. De plus, les Rab GTPases et PIs présentes dans des domaines membranaires discrets sur les différents organites et vésicules de trafic intracellulaire, facilitent les fonctions endosomales pour assurer le maintien et la coordination du trafic membranaire

  Sodium oleate Cat#o-7501 purchased from Sigma-Aldrich. Albumin BSA FFA Cat#126575 was from Calbiochem. Nocodazole Cat#487928 from Calbiochem.Cell treatments Cell treatment with oleate: complexes of sodium oleate with BSA were prepared as previously reported. Briefly, the solution containing 20 mM sodium oleate and 2.4 mM bovine serum albumin-fatty acid free (BSA FFA) was heated to 55 °C. The obtained complex was diluted in a pre-warmed culture medium at indicated concentration before addition to the cells. The treated cells were maintained in culture and collected either for immunoblot or immunofluorescence experiments depends on the treated time.Cells treatment with PIs: PIs as a lyophilized powder were solubilized at 500 mM in water by vortex. The solution was then diluted in Dulbecco's phosphate-buffered saline (DPBS) to the concentration indicated in the legends of the experiment. Cells were washed with DPBS and the PIs solution was added to the cell for indicated time.

	was performed for 24 h unless indicated otherwise in the text.
	Primary antibodies. Anti LAMP1 Cat#ab25630 (WB:1/500, IF:1/25), anti septin 9
	Cat#ab38314 (WB:1/500, IF:1/25), anti α tubulin Cat#ab15246 (WB:1/1,000, IF:1/100), mouse and
	Cell line and culture conditions Human haptocarcinoma cells Huh7 was used. Cells were rabbit anti-V5 tag Cat#ab27671 (WB:1/1,000, IF:1/400), Cat#ab9116 (WB:1/1,000, IF:1/400)
	maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) containing 1g/L glucose respectively and anti PLIN2 Cat#ab52355 (WB:1/2,000, IF:1/100) were from abcam; anti β tubulin
	and supplemented with 10% heat-inactivated fetal bovine serum, 1% nonessential amino acids Cat# T5201 (WB:1/1,000, IF:1/100), anti TGN46 Cat# NBP1-49643(IF:1/100) from Novus
	(GibcoBRL) and 1% penicillin/streptomycin (GibcoBRL). Cells were tested for mycoplasma Biologicals; anti GM130 Cat# 610822 (IF: 1/100) from BD Biosciences; anti-Actin Cat#sc-1616
	contamination weekly. (WB:1/1,000) and anti-PLIN2 Cat#sc-32450 (WB:1/250, IF:1/25) from Santa Cruz Biotechnology.
	Secondary antibodies and dyes. Anti mouse IgG-HRP and anti rabbit IgG-HRP form GE
	healthcare (WB:1/1,000). Anti-goat IgG-HRP Cat#sc-2020 (WB:1/1,000) from Santa Cruz. Alexa
	Fluor 546 Cat#A11003, A11010 and A10040 (IF:1/100), Alexa Fluor 488 Cat#A11001, A21206 and
	A21202 (IF:1/100), acidic vesicles were stained with LysoTracker Red DND-99 Cat# L7528, lipid
	droplet were stained with BODIPY 493/503 or BODIPY 576/589 (ThermoFisher) and nuclei with
	Hoechst Cat#H21486 (IF:1/5,000), both are from Invitrogen.
	Reverse transcription and real-time PCR analysis Total RNA was isolated using RNeasy
	Mini Kit 50 (Cat# 74104 QIAGEN) and applied to reverse transcription using RevertAid First Strand
	cDNA Synthesis Kit (Cat#K1612 Thermo Scientific). The cDNA was analyzed by qPCR using
	QuantiTect SYBR Green PCR Kit (Cat#204143 QIAGEN) and a Light Cycler 480 Real-Time PCR
	System (Roche). Reaction parameters were Preincubation 10 min at 95 °C, followed by 45 cycles of
	15 s at 95 °C, 30 s at 55 °C and 15 s at 72 °C. The triplicate mean values were calculated using
	GAPDH gene transcription as reference for normalization. Used RT-PCR primers sequences are
	presented in the Table 4.
	siRNA, plasmids and transfection reagents. siRNAs from septin 9 were a Stealth RNAi
	siRNA (si1: Cat#SEPT9HSS173895, si2: Cat# SEPT9HSS173896 and si3: Cat# SEPT9HSS173897)
	from Invitrogen and non-targeting siRNA (Cat#sc-37007) was from Santa Cruz. The sequences
	targeting septin 9 are presented in the Table 5.
	The cDNA of septin 9 isoform 1 transcript within pcDNA3.1/V5-His-TOPO vector (cDNA
	septin 9_i1) was a gift from Dr Russell (CCRCB, Queens University Belfast). The GFP-Rab7 cDNA
	plasmid was a gift from Dr Goud (Institut Curie, PSL Research University, CNRS UMR 144, Paris,
	France) The transfection of cDNA and siRNA were performed using X-tremeGENE 9 DNA
	Transfection Reagent (Roche Diagnostics) following the manufacturer's protocol. The transfection

Figure 2 Septin 9 regulates oleate induced lysosome perinuclear clustering A.

  Huh7 cells were transfected with EV or septin 9_I1 for 48h then analysis the expression of septin 9_i1 by Immunoblot for V5-tag, β-Actin was used for loading control. B. Huh7 cells were transfected with EV or septin 9_I1 were grown for 24h. Then culture medium was supplemented with 100 µM sodium oleate complex for different time points (0 h, 12h, 24h, 48h, 72h), after treatment, cells were stained for LDs(green) and LAMP1(red). Scale bar, 20µm. C. Fluorescence intensity of LDs and the percentage of LAMP1 in perinuclear area were analyzed in 25 cells from three experiments performed as described in B. D. Huh7 cells were transfected with or not septin 9-siRNA for 48h then analysis the expression of septin 9 by Immunoblot, β-Actin was used for loading control. The dot squares indicate the zoomed area shown right, TGN46 and LAMP1 were shown below. Scale bar, 5µm. F. Bar graphs show Pearson's correlation coefficient (Rr) for co-localization between LAMP1 and TGN46 of 30 cells from 3 independent experiments performed as described in C. Data information: Bar graphs present Mean ± SEM. Student's t-test was used. *P < 0.05, **P< 0.001, ***P<0.0001. Septin 9 is associated with large LDs in the perinuclear area. A. Huh7 cells were grown overnight. Then culture medium was supplemented without or with 100 and 400 µM sodium oleate complex for different time (24h, 72h), then stained for LDs(red) and septin 9 (green). Scale bar, 20µm. B. Dot rectangles in A are presented in higher magnification. Scale bar, 5µm.Bar graphs show total intensity of LD and Mean intensity of Rab7 on LDs.

	Figure 4 LD accumulation regulates microtubule polymerization
	A. Huh7 cells were culture with medium supplemented with 0,100 or 400 µM oleate complex for 24h
	or 72h then stained for β tubulin(green) and septin 9 (red). Scale bar, 20µm.
	B. Bar graphs show mean intensity of β tubulin in MTOC area, mean intensity of septin 9 in
	perinuclear area and Pearson's correlation coefficient (Rr) for co-localization between β tubulin and
	septin 9 of 18 cells from 3 independent experiments performed as described in A.
	C. Huh7 cells were transfected with or not septin 9-siRNA for 24h then culture with medium
	supplemented with 0,100 or 400 µM oleate complex for 24h or 72h then stained for β tubulin(green)
	and Bodipy (red). Scale bar, 20µm.
	D. Bar graphs show intensity of β tubulin in MTOC area of 24 cells from 3 independent experiments
	performed as described in C.
	Data information: Bar graphs present Mean ± SEM. Student's t-test was used. *P < 0.05, **P< 0.001,
	***P<0.0001.
	E. Huh7 cells were transfected with or not septin 9-siRNA for 24h then culture with medium Figure 5 Data information: Bar and line graphs present Mean ± SEM. Student's t-test was used. *P < 0.05,
	supplemented with or not 100 µM oleate for 24h. Then stained for BODIPY (green) and LAMP1 **P< 0.001, ***P<0.0001.
	(red). Scale bar, 20µm.
	F. Fluorescence intensity of LDs and the percentage of LAMP1 in perinuclear area were analyzed in
	25 cells from three experiments performed as described in D. Figure 6
	Data information: Bar and line graphs present Mean ± SEM. Student's t-test was used. *P < 0.05,
	**P< 0.001, ***P<0.0001.
	Figure 3 Septin 9 induced-perinuclear cluster of lysosomes colocalizes with Golgi structure
	A. Huh7 cells were cultured overnight. Then culture medium was supplemented with or without 100
	µM sodium oleate complex for different time points (12h, 24h, 48h, 72h), after treatment, cells were
	stained for TGN46 (green) and LAMP1(red). Scale bar, 20µm.
	B. Bar graphs show percentage of LAMP1 in perinuclear area and Pearson's correlation coefficient
	(Rr) for co-localization between LAMP1 and TGN46 of 30 cells from 3 independent experiments
	performed as described in A.
	C. Huh7 cells were transfected with or not septin 9-siRNA for 24h then culture with medium
	supplemented with or not 100 µM oleate for 24h and stained for TGN46 (green) and LAMP1 (red).
	The dot squares indicate the zoomed area shown right, TGN46 and LAMP1 were shown below. Scale
	bar, 5µm.

D. Bar graphs show percentage of LAMP1 in perinuclear area and Pearson's correlation coefficient (Rr) for co-localization between LAMP1 and TGN46 of 28 cells from 3 independent experiments performed as described in C. E. Huh7 cells were culture medium supplemented with or without 100 µM oleate for 24h. 4h before fixing, added 33 nM of nocodazole. After incubation cells were stained for LAMP1 (red) and TGN46 (green).

Septin 9 regulates the intracellular distribution of Rab7 and its interaction with LDs A.

  Huh7 cells transfected with GFP-Rab7 were grown for 24h. Then culture medium was supplemented without or with 100 and 400 µM sodium oleate complex for different time (24h, 72h), then stained for LDs (red). Scale bar, 20µm. B. Dot rectangles in A are presented in higher magnification. Scale bar, 5µm. Bar graphs show total intensity of LD and Mean intensity of Rab7 on LDs of 24 cell from 3 independent experiments performed as described in A. C. Huh7 cells were transfected with or not septin 9-siRNA for 24h then culture with medium supplemented with or not 400 µM oleate for 72h then stained for LD (red). The dot squares indicate the zoomed area shown right. Scale bar, 5µm. Bar graphs show total intensity of LD and Mean intensity of Rab7 on LDs of 15 cells from 3 independent experiments performed as described.

	Data information: Bar graphs present Mean ± SEM. Student's t-test was used. *P < 0.05, **P< 0.001,
	***P<0.0001.
	Figure 7 PIs regulate LD behavior and intracellular distribution of lysosomal proteins
	A. Huh7 cells transfected with GFP-Rab7 were pretreated with or without 100µM oleate for 24h, then
	treated with cell-permeant PtdIns5P or PtdIns (3,5) P2 at 30 mM for 15 min before fixing and staining

for LDs (red). The dot squares indicate the zoom area. Scale bar, 5µm. B. Bar graphs show the percentage of Rab7 in perinuclear area and Mean intensity of Rab7 on LDs of 24 cells from three independent experiments performed as described in A.

Figure 8

Overexpression of MTMR3 increases PtdIns5P, promotes LD accumulation, perinuclear clustering of lysosome, septin 9 perinuclear increasing and MT enhancement. A.

  Huh7 cells were transfected with EV or MTMR3 were grown for 48h. Then, cells were stained for 2XPHD (green)/ Flag (red), BODIPY (red)/ Flag (green), LAMP1 (red)/ Flag (green), Rab7 (green)/ MTMR3 (red), septin 9 (green)/ MTMR3 (red) and MTs (green)/ Flag (red). Scale bar, 20µm. B. Bar graphs show total intensity of 2XPHD, LD size and percentage of LAMP1 and Rab7 in perinuclear area, mean intensity of septin 9 in perinuclear are and mean MTs intensity in MTOC area from 3 independent experiments performed as described in A. Normally, the cell contains few LDs which are dispersed distributed throughout the cytoplasm and lysosomes also dispersed distributed, Rab7 were able to bind to LD, thus, initiate the LD degradation. When LDs are accumulated within cells, the LDs are clustered around nucleus, enrich of PtdIns5P, and associated with high level of septin 9. And the lysosomal protein, LAMP1 and Rab7 are colocalized with Golgi apparatus, which have no contact with LD.

	Data information: Bar and line graphs present Mean ± SEM. Student's t-test was used. *P < 0.05, **P< 0.001, ***P<0.0001. Table 1 Analysis of Bodipy distribution LD Mean SEM Position Dosage(µM) 0h 12h 24h 48h 72h 0h 12h 24h 48h 72h Perinuclear 0 0.5134 0.5102 0.5061 0.4975 0.5124 0.0865 0.0592 0.0522 0.0509 0.0534 50 0.5242 0.5822 0.6424 0.6112 0.4545 0.0507 0.0342 0.0302 0.0294 0.0308 100 0.5234 0.7542 0.8143 0.7288 0.5215 0.0605 0.0734 0.0668 0.0402 0.0986 200 0.5454 0.7945 0.8262 0.7126 0.6124 0.0623 0.0704 0.0572 0.0462 0.0598 400 0.5545 0.8457 0.8571 0.8414 0.8349 0.0615 0.0318 0.0234 0.0254 0.0167 C. Tables 0 0.4866 0.4898 0.4939 0.5025 0.4876 0.0865 0.0592 0.0522 0.0509 0.0534
		50	0.4758 0.4178 0.3576 0.3888 0.5455 0.0507 0.0342 0.0302 0.0294 0.0308
	Peripheric	100	0.4766 0.2458 0.1857 0.2712 0.4785 0.0605 0.0734 0.0668 0.0402 0.0986
		200	0.4546 0.2055 0.1738 0.2874 0.3876 0.0623 0.0704 0.0572 0.0462 0.0598
		400	0.4455 0.1543 0.1429 0.1586 0.1651 0.0615 0.0318 0.0234 0.0254 0.0167

Table 2

 2 

	Analysis of LAMP1 distribution								
	LAMP1			Mean					SEM		
	Position	Dosage(µM)	0h	12h	24h	48h	72h	0h	12h	24h	48h	72h
		0	0.6955 0.7119 0.6935 0.7022 0.6922 0.6955 0.7119 0.6935 0.7022 0.6922
		50	0.7074 0.8096 0.8148 0.7022 0.7012 0.7074 0.8096 0.8148 0.7022 0.7012
	Perinuclear	100	0.7046 0.8604 0.9201 0.8364 0.7361 0.7046 0.8604 0.9201 0.8364 0.7361
		200	0.6976 0.9024 0.9128 0.8476 0.7725 0.6976 0.9024 0.9128 0.8476 0.7725
		400	0.6992 0.9095 0.9117 0.9008 0.9018 0.6992 0.9095 0.9117 0.9008 0.9018
		0	0.3045 0.2881 0.3065 0.2978 0.3078 0.6955 0.7119 0.6935 0.7022 0.6922
		50	0.2926 0.1904 0.1852 0.2978 0.2988 0.7074 0.8096 0.8148 0.7022 0.7012
	Peripheric	100	0.2954 0.1396 0.0799 0.1636 0.2639 0.7046 0.8604 0.9201 0.8364 0.7361
		200	0.3024 0.0976 0.0872 0.1524 0.2275 0.6976 0.9024 0.9128 0.8476 0.7725
		400	0.3008 0.0905 0.0883 0.0992 0.0982 0.6992 0.9095 0.9117 0.9008 0.9018

Table 3

 3 Analysis of the correlation between LD and lysosomes distribution

	Position	Dosage(µM)	Correlation Bodipy/LAMP1
		0	-0.209482214
		50	0.614718853
	Perinuclear	100	0.984182479
		200	0.992128811
		400	0.999520416
		0	-0.209482214
		50	0.614718853
	Peripheric	100	0.984182479
		200	0.992128811
		400	0.999520416

Table 4
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	Primers sequences	
	Primer name	Sequence (5' to 3')
	LAMP1 Forward	ACGTTACAGCGTCCAGCTCAT
	LAMP1 Reverse	TCTTTGGAGCTCGCATTGG
	LIPA Forward	CTGACAAAGGTCCCAAACCAG
	LIPA Reverse	GCAAGAATGAAGCCCAGGC
	GNS Forward	CCCATTTTGAGAGGTGCCAGT
	GNS Reverse	TGACGTTACGGCCTTCTCCTT
	GBA Forward	GGGCAAAGGTGGTACTGACAG
	GBA Reverse	GCATGGTGTTGGGGAACAG
	MCOLN1 Forward	TTGCTCTCTGCCAGCGGTACTA
	MCOLN1 Reverse	GCAGTCAGTAACCACCATCGGA
	TMEM55B Forward	GTTCGATGCCCCTGTAACTGTC
	TMEM55B Reverse	CCCAGGTTGATGATTCTTTTGC
	ATP6V1E1 Forward	AAAGGTCGGCTTGTGCAAACCC
	ATP6V1E1 Reverse	GGTCATCTCTTGCTCTGAGGAC
	GAPDH Forward	CCACATCGCTCAGACACCAT
	GAPDH Reverse	CCAGGCGCCCAATACG
	Table 5 siRNA sequences	
	siRNA Name	Sequence (5' to 3')
	si RNA1 (SEPT9HSS173895) Forward AGGCGUACCGUGUGAAGCGCCUCAA
	si RNA1 (SEPT9HSS173895) Reverse UUGAGGCGCUUCACACGGUACGCCU
	si RNA2 (SEPT9HSS173896) Forward AGGCGCCUGCAUCACGGAACGAGAA
	si RNA2 (SEPT9HSS173896) Reverse UUCUCGUUCCGUGAUGCAGGCGCCU
	si RNA3 (SEPT9HSS173897) Forward GCCAUGAAGCAGGGCUUCGAGUUCA
	si RNA3 (SEPT9HSS173897) Reverse UGAACUCGAAGCCCUGCUUCAUGGC

Septins also have the capacity to regulate MT dynamics. For example, in MDCK epithelial cells, septin 2 depletion increases the catastrophic shrinkage of perinuclear and peripheral MTs and decreases the growth of peripheral MTs[START_REF] Bowen | Septin GTPases spatially guide microtubule organization and plus end dynamics in polarizing epithelia[END_REF]. In primary neurons, MT plus-end growth rates were similarly reduced by septin 7 knockdown, suggesting that septins suppress MT catastrophe events and promote MT growth[START_REF] Ageta-Ishihara | Septins promote dendrite and axon development by negatively regulating microtubule stability via HDAC6-mediated deacetylation[END_REF]. Interestingly, depletion of septin 7 also increased the MT acetylation, a feature of MT stability, through modulating the interaction of MTs with MAP4[START_REF] Kremer | Mammalian septins regulate microtubule stability through interaction with the microtubule-binding protein MAP4[END_REF].

plus, nous avons observé une colocalisation du noyau du VHC et de PIAS1 dans la région périnucléaire. Nos résultats ont révélé que PIAS1 contrôlait à son tour l'accumulation des GL et la réplication du HCV. La progression de l'infection chronique par le VHC implique le développement d'un foie gras. Les GLs jouent un rôle crucial dans le cycle de vie du VHC et la plupart des interactions entre les protéines du VHC, en particulier la protéine centrale et les GLs, sont nécessaires pour la morphogenèse et la production du VHC infectieux[START_REF] Miyanari | The lipid droplet is an important organelle for hepatitis C virus production[END_REF][START_REF] Paul | Hepatitis C virus RNA replication and assembly: living on the fat of the land[END_REF]. Notre étude a révélé que PIAS1 modulait la redistribution des LDs et leur association avec le noyau du VHC et contribuait ainsi à établir un environnement lipidique nécessaire à la réplication et à la production du virus. De plus, nous avons découvert que PIAS1 interagit directement avec septin9_i1 et contrôle à la fois les structures filamenteuses des septines et de la MT en présence du réplicon génomique du VHC, ce qui est crucial pour l'accumulation des GL induite par le VHC. Par conséquent, nous avons suggéré que, en plus de son rôle de régulateur de la signalisation STAT pour l'échappement immunitaire du VHC, le PIAS1 est également détourné par le VHC pour promouvoir l'accumulation des GL par la régulation de la MT et de la septine 9 qui sont nécessaires à la réplication du VHC.En conclusion, ce travail a fourni des données fondamentales sur les caractéristiques fonctionnelles de PIAS1 au-delà de son action médiée par l'inhibition de l'activité transcriptionnelle de STAT1, et il a également apporté des informations importantes sur les machineries cellulaires de l'hôte exploitées par le VHC pour sa réplication. Ainsi, le ciblage de PIAS1 pourrait fournir de nouvelles approches antivirales pour combattre l'infection par le VHC.
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Supplemental

Figure 1 Oleate treatment induces acidic vesicles redistribution A. Huh7 cells were grown for 24h. the culture medium was supplemented with or without 100, 200 µM sodium oleate complex for different time points (12h, 24h, 48h, 72h), then stained with Lysotracker(red). Scale bar, 20µm.

Figure 2 Analysis of lysosomal genes in oleate treated cells and LAMP1-Bodipy interaction

A. Huh7 cells were grown overnight. Then culture medium was supplemented without or with 100 and 400 µM sodium oleate complex for different time (24h, 72h), mRNA was extracted, and RT-PCR were performed for LAMP1, TMEM55B, MCOLN1, GBA, GNS, LIPA and ATP6V1E1. B. The line plots for LAMP1 and BODIPY were performed for cells treated with 0,100 and 400 µM sodium oleate complex for different time (24h, 72h).

Figure 3 Knockdown of septin 9 disrupts oleate-induced LDs accumulation and lysosome perinuclear cluster

A. Huh7 cells were transfected with or not septin 9-siRNA for 24h then culture with medium supplemented with or not 400 µM oleate for different time. Then stained for BODIPY (green) and LAMP1 (red). Scale bar, 20µm. B. Fluorescence intensity of LDs and the percentage of LAMP1 in perinuclear area were analyzed in 25 cells from two experiments performed as described in A.

Figure 4 Septin 9_i1 overexpression maintains the colocalization of LAMP1 and TGN46

A. Huh7 cells were transfected with EV or septin 9_i1 were grown for 24h. Then culture medium was supplemented with 100 µM sodium oleate complex for 72h, after treatment, cells were stained for TGN46 (green) and LAMP1 (red). Scale bar, 20µm. B. Bar graphs show Pearson's correlation coefficient (Rr) for co-localization between LAMP1 and TGN46. Data information: Bar and line graphs present Mean ± SEM. Student's t-test was used. *P < 0.05, **P< 0.001, ***P<0.0001.

Figure 5 MT enhance in LD accumulating cells and associated with LAMP1 perinuclear cluster

A. Huh7 cells were culture with medium supplemented with 0, 50, 100 or 200 µM oleate complex for 24h then stained for β tubulin (green) and LDs (red). White squares are presented in higher magnification. Scale bar, 5µm. B. Immunoblot analysis of soluble β tubulin and polymerized β tubulin in Huh7 cells treated with oleate. Taxol and nocodazole were used as polymerized positive and negative control. Bar graph presents the densitometry analysis of the percentage of polymerized β tubulin in total β tubulin (P/(S+P)) from three independent experiments. C. Huh7 cells were grown overnight. Then culture medium was supplemented without or with 100 and 400 µM sodium oleate complex for different time (24h, 72h), then stained for LAMP1 (red) and β tubulin (green). Scale bar, 20µm.

Figure 6 Oleate treatment promotes colocalization of Rab7 with LAMP1 in the perinuclear area

A. Huh7 cells expressed GFP-Rab7 were culture medium supplemented with or without 100 µM oleate for 24h, then stained for LAMP1 (red).

Figure 7 Septin 9 regulates the intracellular distribution of endogenous Rab7

A. Huh7 cells were transfected with or not septin 9-siRNA for 24h then culture with medium supplemented with or not 100, 400 µM oleate for different time (24, 72h). Then stained for Rab7 (green) and BODIPY (red). Scale bar, 20µm. B. Bar graphs show the percentage of Rab7 intensity in perinuclear area from two different experiments.

Figure 8 Septin 9 regulates the formation of autophagosomes

A. Huh7 cells were transfected with or not septin 9-siRNA for 24h then culture with medium supplemented with or not 100, 400 µM oleate for different time (24, 72h). Then stained for P62 (green) and BODIPY (red). Scale bar, 20µm. B. Bar graphs show the number of P62 puncta per cells from two different experiments. C. Huh7 cells were transfected with or not septin 9-siRNA for 24h then culture with medium supplemented with or not 100, 400 µM oleate for different time (24, 72h). Then stained for LC3B (green) and BODIPY (red). Scale bar, 20µm. D. Bar graphs show the number of LC3B puncta per cells from two different experiments. Data information: Bar and line graphs present Mean ± SEM. Student's t-test was used. *P < 0.05, **P< 0.001, ***P<0.0001. 

Figure 11 PIs regulate microtubules in MTOC area

A. Huh7 cells treated with cell-permeant PtdIns5P or PtdIns (3,5) P2 at 30 mM for 15 min before fixing and staining for endogenous septin 9 (red) and β tubulin (red). Scale bar, 20µm. B. Bar graphs show mean intensity of β tubulin in MTOC area, mean intensity of septin 9 in perinuclear area and Pearson's correlation coefficient (Rr) for co-localization between β tubulin and septin 9 from two independent experiments performed as described in A.

Figure 12 Septin 9 PBs are important for its function in lysosome regulation

A. Huh7 cells were transfected with EV, septin 9_i1 or Septin 9_ΔΔ for 48h and then stained for Rab7 (green) and V5-tag (red). B. Bar graphs show the percentage of Rab7 in perinuclear area from two independent experiments performed as described in A. C. Huh7 cells were transfected with EV, septin 9_i1 or Septin 9_ΔΔ for 48h and then stained for LAMP1 (red) and V5-tag (green). D. Bar graphs show the percentage of LAMP1 in perinuclear area from two independent experiments performed as described in A. 

Summary

As described in chapter I, HCV infection is a major risk factor for the development of hepatocellular carcinoma (HCC) [START_REF] Alqahtani | Viral hepatitis as a risk factor for the development of hepatocellular carcinoma[END_REF]. Although new therapeutic approaches (direct acting antivirals (DAA)) seem to eradicate HCV, it does not completely eliminate the risk of HCC, especially in patients with advanced cirrhosis [START_REF] Wu | An Investigation of the Side Effects, Patient Feedback, and Physiological Changes Associated with Direct-Acting Antiviral Therapy for Hepatitis C[END_REF]. We previously also reported that septin 9 contributes to HCV replication and controls LD biogenesis which is needed for the proper assembly of septins complex (Akil et al., 2016a), and further We also identified a second polybasic PB domain in septin 9 which is conserved in all the mammalian septins and involved in interaction with phosphoinositides (PI) and membrane binding and play a crucial role for septin filament assembly and maintain the proper function of Golgi structure (Omrane et al., 2019). Whether other factors that responsible for septin assembly could affect LDs were unknown.

As discirbed in chapter III, the assembly of septins may be regulated by several molecules or post-translational modifications (Hernández-Rodríguez and Momany, 2012b) such as SUMOylation (Hernández-Rodríguez and Momany, 2012b) , (Takahashi et al., 1999b) [START_REF] Garcia | Subunit-dependent modulation of septin assembly: budding yeast septin Shs1 promotes ring and gauze formation[END_REF].

SUMOylation is a posttranslational modification that involves the covalent addition of a small ubiquitin-like modifier (SUMO) polypeptide to the target proteins. In yeast, septins were among the first proteins reported as being modified by SUMOylation (Takahashi et al., 1999b) , (Johnson and Blobel, 1999b). This SUMOylation is mediated by the yeast Siz proteins, the homologous of mammalian protein inhibitor of activated STAT1 (PIAS1) [START_REF] Johnson | An E3-like Factor that Promotes SUMO Conjugation to the Yeast Septins[END_REF]. PIAS family consists of four genes, PIAS1, PIAS2 (PIASx), PIAS3, and PIASy (PIAS4) which mainly function as small ubiquitin-like modifiers (SUMO) E3 ligase and regulate the function of many transcription factors thereby regulating diverse cellular processes, including cell proliferation [START_REF] Hoefer | PIAS1 is increased in human prostate cancer and enhances proliferation through inhibition of p21[END_REF], DNA damage responses [START_REF] Morozko | PIAS1 modulates striatal transcription, DNA damage repair, and SUMOylation with relevance to Huntington's disease[END_REF][START_REF] Zlatanou | A PIAS-ed view of DNA double strand break repair focuses on SUMO[END_REF], and inflammation responses [START_REF] Liu | Targeting the PIAS1 SUMO ligase pathway to control inflammation[END_REF][START_REF] Rytinki | PIAS proteins: pleiotropic interactors associated with SUMO[END_REF][START_REF] Shuai | Regulation of cytokine signaling pathways by PIAS proteins[END_REF]. In mammals, the critical role of SUMO modification of specific septins 6, 7, and 11 in septin filament formation and cell division was reported. (Ribet et al., 2017b). Nevertheless, the role of SUMO ligase such as PIAS1 on the assembly and the functions of mammalian septins was not investigated.

In this study, we demonstrated a role of PIAS1 independently of IFN/STAT signaling. We showed the upregulation of PIAS1 expression upon infection by HCV, which is in agreement with data showing overexpression of this protein in liver biopsies from HCV patients [START_REF] Bautista | Liver expression of proteins controlling interferon-mediated signalling as predictive factors in the response to therapy in patients with hepatitis C virus infection[END_REF]. In addition, we observed colocalization of HCV core and PIAS1 in the perinuclear region.

Our results revealed that PIAS1, in turn, controlled the accumulation of LDs and the replication of

Discussion and Perspective

Septins and Golgi dependent protein trafficking

In addition, we observed that the perinuclear lysosomes are colocalized with Golgi structure which could be arisen from the failure of lysosomal protein exit from the Golgi apparatus. Our preliminary data based on the vesicular stomatitis virus G glycoprotein (VSVG) based assay showed that LDs accumulation itself impacted Golgi compactness and inhibited post-Golgi secretion (Figure). In oleate-treated cells, the VSVG remained in the Golgi apparatus while it reached the membrane in non-treated cells (Figure 33). Notably, our group recently revealed that septin 9 is particularly necessary for Golgi assembly and its function, as the absence of septin 9 provoked Golgi dissociation and impairs secretory pathways as reported also elsewhere (Joshi, Bekier, and Wang 2015) and shown below (Figure siRNA). Given the results, as shown, we thought that the increased septin 9 in the perinuclear area, which promotes Golgi apparatus more compact, also led to the impairment of the Golgi secretion pathway. Thus, either fragmentation or high compactness of Golgi structure could impair Golgi secretion function. Thus, during the functional regulation of the Golgi apparatus, the localization and expression of septin 9 in the Golgi apparatus or the MT that is regulated by septins need to be strictly controlled to ensure the normal Golgi secretion (Figure 34).