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For a long time, lysosomes were considered as mere waste bags for cellular constituents. Thankfully, studies carried out in the past 15 years were brimming with elegant and crucial breakthroughs in lysosome research, uncovering their complex roles as nutrient sensors and characterizing them as crucial multifaceted signaling organelles. This review presents the scientific knowledge on lysosome physiology and functions, starting with their discovery and reviewing up to date ground-breaking discoveries highlighting their heterogeneous functions as well as pending questions that remain to be answered. We also review the roles of lysosomes in anti-cancer drug resistance and how they undergo a series of molecular and functional changes during malignant transformation which lead to tumor aggression, angiogenesis, and metastases. Finally, we discuss the strategy of targeting lysosomes in cancer which could lead to the development of new and effective targeted therapies.
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1 INTRODUCTION
In the past decade, the scientific community has shown an exponentially growing interest for lysosome research. Ground-breaking studies have highlighted the stunning intricacy of lysosome biology and functions, deviating from their initial and rather elemental role as garbage disposals for cellular components. Fortunately, we now know that lysosomal functions are as complex as they are fascinating, ranging from the degradation of extracellular and intracellular components to the crucial nutrient sensing ensuring metabolic and cellular homeostasis. Deciphering and understanding all the available scientific literature dealing with the fields of lysosome and autophagy research can quickly become overwhelmingly complex. Accordingly, the main objective of this review is to facilitate the assimilation of the scientific knowledge known to date on lysosomes such as their physiology and their newly discovered cellular functions. This review will outline the basics, starting with the early historical background of lysosome discovery, their physiology and biogenesis as well as their known roles and functions. In addition, recent scientific discoveries are discussed here as well as lysosomal implications in disease development and progression, which will be propitious for new researchers, students, and specialists in the field. Finally, the latest research focusing on targeting lysosomes in the context of cancer and how this strategy could become a promising approach for the development of new and effective targeted therapies is also reviewed.
2 DISCOVERY
The early historical background of lysosome discovery began in the late 19th century with microscopic observations by Élie Metchnikoff (Figure 1) (Metchnikoff, 1893). Regarded by scientists as the father of natural immunity, Metchnikoff initially reported the uptake of foreign particles into cells and their subsequent digestion (Maxfield, 2016; Underhill et al., 2016). By using pieces of litmus, Metchnikoff observed the chemical change from blue to red, implying an acidic environment surrounding the ingested particles, thus documenting the acidity of lysosomes. Afterwards, B. Sachs and I. Strauss unknowingly documented phenotypic variances of lysosomes, describing unusual cellular accumulations of material in patient tissues. In reality, they were observing characteristics of what we now refer to as Lysosomal Storage Diseases (LSD) (Figure 1) (Sachs and Strauss, 1910). In 1946, Albert Claude developed the first differential centrifugation protocol to study the intracellular distribution of enzymes. (Figure 1) (Bainton, 1981). In fact, Christian de Duve’s pioneering lysosome discovery was made possible with Claude’s innovative techniques. It is also of importance to highlight the works of Werner Straus, a researcher who isolated lipid “droplets” rich in acid phosphatase (a ubiquitous lysosomal enzyme) from rat kidneys after intraperitoneal injection of egg white (Straus, 1954, 1956). Straus’ isolation of acid phosphatase-enriched droplets occurred independently of and at a similar time as Christian de Duve’s isolation and identification of lysosomes. Indeed, de Duve accidentally identified the lysosome when trying to purify a liver phosphatase specific for glucose-6-phosphate (Figure 1) (Claude, 1946a; 1946b). By attempting to clarify the role of insulin on the liver, De Duve’s group realized the activity of the enzyme acid phosphatase was latent and only membrane-disrupting treatments or repeat freeze-thawing of the samples were methods that caused a significant increase in the enzyme’s activity (Bowers, 1998; de Duve, 2005; De Duve et al., 1955; Sabatini and Adesnik, 2013). Thus, de Duve concluded that the enzyme was sequestered within “membrane sacs” (Berthet et al., 1951; Berthet and De Duve, 1951). By optimizing Claude’s fractionation protocol, de Duve succeeded in purifying the lysosome organelle. Another important step forward was Alex Novikoff’s work who carried out the first electron microscopic studies of the newly isolated organelle (Figure 1) (Novikoff et al., 1956).
[image: Figure 1]FIGURE 1 | Discovery of Lysosomes. Timeline illustrating key breakthroughs in research that led to lysosomal identification and discovery. Important pioneers of lysosome research are highlighted here, including Élie Metchnikoff, Albert Claude, and Christian de Duve. The photo of Élie Metchnikoff is reproduced with permission from Mary Evans Picture Library. The title page of “The Cell Changes in Amaurotic Family Idiocy” was reproduced with permission from The Rockefeller Institute for Medical Research New York (© Copyright 1910 Sachs B, Strauss I. Originally published in J Exp Med. 1910; 12(5):685–695. https://doi.org/10.1084/jem.12.5.685). The title page of “Isolation and biochemical properties of droplets from the cells of rat kidney” was made freely available under the Creative Commons Attribution 4.0 International Public License (Strauss w. Originally published in J Biol Chem. 1954; 207(2):745–755. https://doi.org/10.1016/S0021-9258(18)65693-5). The photo of Christian de Duve, entitled “Christian de Duve in his laboratory”, was reproduced freely from the Digital Commons at Rockefeller University. Plate 61 seen in “Electron Microscopy of Lysosome-rich Fractions from Rat Liver” was reproduced with permission from The Rockefeller Institute for Medical Research (© Copyright 1956 Novikoff AB, Beaufay H and deDuve C. Originally published in The Journal of biophysical and biochemical cytology, 2(4 Suppl), 179–184.
Following the lysosome discovery, soaring interests in B. Strauss and I. Sachs’ previous studies re-surfaced. Hypotheses that lysosome defects could explain their previously documented accumulations of material in various patient tissues were emerging. This clear correlation was shown for the first time by Hers in 1963, when the defect of a glycogen storage disease was linked to a deficiency in the lysosomal enzyme, acid maltase, also known as Pompe’s Disease (Hers, 1963; Lejeune et al., 1963). In 1974, Christian de Duve, Albert Claude and George Palade all received the Nobel Prize “for their discoveries concerning the structural and functional organization of the cell” (Bowers, 1998; Sabatini and Adesnik, 2013). Finally, in 1978, Ohkuma and Poole elucidated the requirement of ATP for lysosomal acidification and that weak bases could increase the pH of these organelles (Ohkuma and Poole, 1978). This excellent study led to the identification of the vacuolar H+ ATPase pump (V-ATPase), whose main role consists in lysosome acidification. Following this period, from the 1980s until the early 2000s, extraordinary works were accomplished related to identifying the machinery of membrane traffic on the biosynthetic and endocytic routes to lysosomes (Kielian et al., 1986; Chavrier et al., 1990; Schu et al., 1993; Ullrich et al., 1994; Méresse et al., 1995; Horiuchi et al., 1997; Christoforidis et al., 1999; Lewis et al., 2000). Clear examples amongst many are the characterization of the vacuolar protein sorting (VPS) genes in yeast, mammalian orthologs of which were subsequently shown to make up much of the core machinery for delivery of cargo to and from lysosomes, the identification of the ESCRT proteins, crucial for multivesicular body (MVB) formation and the identification of the small Rab GTPases and their regulators and effectors necessary for the endocytic pathway to lysosomes (Katzmann et al., 2001). Excitingly, with a growing interest in autophagic processes, the past 20 years has seen a re-ignited enthusiasm for the characterization and study of lysosomes.
3 DEGRADATION - THE CROSSTALK BETWEEN ENDOCYTOSIS AND AUTOPHAGY
Endocytosis and autophagy maintain cellular homeostasis by delivering extracellular and intracellular materials to lysosomes, respectively (Figure 2). Endocytosis is responsible for internalizing and processing external cues (e.g. fluid, solutes, plasma membrane components and particles) (Huotari and Helenius, 2011). Subtypes of endocytic routes differ by protein complexes including clathrin- and/or dynamin-dependent and -independent pathways. These subtypes are not the focus of this review and are described in-depth elsewhere (Steinman et al., 1983; Maxfield and Yamashiro, 1987; Doherty and McMahon, 2009; Kumari et al., 2010; Huotari and Helenius, 2011; Lamb et al., 2013; Ferreira and Boucrot, 2018; Kaksonen and Roux, 2018; Wallroth and Haucke, 2018). In brief, endocytosis begins with the budding of an endocytic vesicle from the plasma membrane and fuses with an early endosome (EE). This internalized material will meet different fates by trafficking to various compartments: to late endosomes (LE), multivesicular bodies (MVB) and to lysosomes for degradation while proteins that need recycling will travel back to the plasma membrane through either a fast route involving EEs or a slower pathway involving recycling endosomes (RE) (Kumari et al., 2010; Bento et al., 2016). Lysosomal proteins are synthesized in the ER, processed in the Golgi complex and enter the Trans Golgi Network (TGN). Trafficking between endosomes and the TGN is imperative for the maintenance of lysosomal fitness as it delivers enzymes and active V-ATPase pumps to lysosomes via the endocytic route and removes endosomal components during endosome maturation (Huotari and Helenius, 2011; Dutta and Donaldson, 2012). Soluble lysosomal enzymes are modified in the Golgi complex with residues of mannose-6-phosphate (M6P). Following their entry in the TGN, these enzymes bind a M6P receptor (MPR) after which a heterotetrameric adaptor protein complex (AP)-1 and the Golgi-localized, [image: image]-ear-containing, Arf-binding (GGA) protein family, recognizes specific motifs in the cytosolic tail of the MPRs and recruits clathrin. This step permits MPRs to enter clathrin-coated vesicles and travel to endosomes (Bonifacino and Traub, 2003; Ghosh and Kornfeld, 2004a, 2004b).
[image: Figure 2]FIGURE 2 | The lysosome - an indispensable shared organelle for autophagy and endocytosis. Autophagy and Endocytosis, two intimately linked cellular pathways leading to lysosomal degradation of intracytoplasmic and extracellular material, respectively. Autophagy is initiated by the formation of the phagophore also called Pre-Autophagosomal-Structure (PAS) derived from various membranes sources such as the endoplasmic reticulum, the golgi and the plasma membrane. PAS elongation and closure leads to bulk sequestration of intracytoplasmic material in the newly formed double membraned Autophagosome (AP). The AP can either directly fuse with the lysosome (LY) for degradation or can fuse with an endosome (Early Endosome (EE) /Late Endosome (LE)), creating an Amphisome (A). Endocytosis starts with the invagination of extracellular material and the budding of an endocytic vesicle from the plasma membrane. Endosome maturation is essential for lysosomal integrity. EE mature into LE and Multivesicular bodies (MVBs) by continuously maintaining vesicle trafficking with the Trans-Golgi Network (TGN). This trafficking is crucial for lysosomal integrity as it brings newly synthesized lysosomal enzymes and hydrolases to lysosomes to maintain an acidic pH and efficient degradative functions. Endosomes can directly fuse with lysosomes or with an AP. The fusion of LE and terminal storage lysosomes (TL) creates the principal intracellular site of acid hydrolase activity (EL) (Bright et al., 2016) Tubules emanate from EL (or AL) and lead to the reformation of terminal storage lysosomes, which are hydrolase-inactive and appear as dense bodies in electron microscopy.
Several subtypes of autophagy are characterized, namely Chaperone-Mediated Autophagy (CMA), macroautophagy and microautophagy amongst others (Cuervo, 2004; Kaushik and Cuervo, 2012). Macroautophagy (hereafter referred to as autophagy) is the most studied subtype of autophagy and is characterized by the sequestration of cytoplasmic cargoes in a double-membraned vesicle called the autophagosome (AP). The autophagy-related (ATG) proteins assemble at a site called the preautophagosomal structure or phagophore assembly site and together with specific SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptors) proteins, they mediate the formation of a phagophore by orchestrating fusion of ER-, Golgi-, and plasma membrane -derived membranes (Figure 2) (Moreau et al., 2011; Nair et al., 2011; Puri et al., 2013; Bento et al., 2016; Pavel and Rubinsztein, 2017). The elongation and closure of the phagophore sequesters cytoplasmic components and forms the AP. APs fuse with endosomes to form amphisomes and then with lysosomes, creating autolysosomes (AL). Crosstalk between autophagy and endocytosis occurs at many levels as several ATG and endocytic proteins have indispensable roles in both pathways. For example, interactions between endocytic vesicles, ATG proteins and REs occur at early stages of AP biogenesis. Indeed, two essential ATG proteins, ATG16L1 and plasma-membrane-associated ATG9, bind distinct pools of clathrin-coated endocytic vesicles before associating with Rab11-positive REs and EEA1-positive EEs, respectively (Moreau et al., 2011; Longatti et al., 2012; Puri et al., 2013). The fusion of ATG9- and ATG16L1-positive membranes is mediated by the SNARE protein VAMP3, localized at REs. In fact, its knockdown results in the accumulation of ATG9 in EEs and results in a decrease in AP formation. Furthermore, endocytosis assures an efficient autophagic flux as endosome maturation enables lysosomes to acquire newly synthesized hydrolases, V-ATPases, transporters and permeases (Lamb et al., 2013).
4 LYSOSOME PHYSIOLOGY
Today, lysosomes are known to be a highly heterogeneous collection of organelles, differing by their localization and acidity, their functions as well as by the hybrid organelles they form through fusion/fission and “kiss and run” events (Saffi and Botelho, 2019). Several different terms are now used to differentiate these lysosomal compartments (e.g. endolysosomes, phagolysosomes, autolysosomes; or even to distinguish acidic (endolysosomes) vs. non-acidic (terminal lysosomes) lysosomes) (Bright et al., 2016; de Araujo et al., 2020). For comprehensibility, terms used in this review will be clearly defined. Endocytic compartments such as EE mature to become LE which are only moderately acidic. The fusion of LE and terminal storage lysosomes creates a hybrid organelle named the endolysosomes, the principal intracellular site of acid hydrolase activity (Bright et al., 2016). Tubules emanate from EL (or AL) and lead to the reformation of terminal storage lysosomes, which are hydrolase-inactive and appear as dense bodies in electron microscopy (Tjelle et al., 1996). Thus, homeostasis between the formation of terminal storage lysosomes and the number of EL is crucial to maintain adequate cellular degradative capacity. The term ‘lysosome’ will thus be used broadly unless precisely specified.
4.1 Overview
In nutrient-rich conditions, these digestive compartments are heterogeneous in size, morphology, and distribution. Lysosome shape can vary from spherical to tubular and their number differ depending on conditions and cell types (Figure 3) (Appelqvist et al., 2013). In fact, when adopting a vesicular shape, lysosomes have a diameter ranging from 0.5 [image: image]m to >1 m[image: image]. Interestingly, tubular lysosomes can reach lengths of >15 m[image: image] under certain conditions, as seen in phagocytes (Hipolito et al., 2018). Several hundred lysosomes can be counted in a single cell; however, upon nutrient deprivation and when autophagy is induced, lysosome number decreases dramatically to <50 per cell and increase in size because of lysosomal consumption and membrane fusion, respectively (Mellman, 1989; Bandyopadhyay et al., 2014). Lysosomes contain over 60 types of hydrolytic enzymes (e.g. peptidases, phosphatases, nucleases, sulfatases, lipases, proteases and glycosidases) with different target substrates assuring the degradation of all types of macromolecules (Saftig and Klumperman, 2009; Schwake et al., 2013). Degradation products are transported out of lysosomes by specific exporters in the limiting membrane or via vesicular membrane trafficking; these products serve in the maintenance of energy homeostasis or are reutilized in biosynthetic pathways (Ruivo et al., 2009). The best characterized lysosomal hydrolases are the family of cathepsin proteases and are classified in three distinct groups based on the amino acid (AA) found in the active site: serine (A and G), cysteine (B, C, F, H, K, L, O, S, V, W, and X) and aspartic cathepsins (D and E) (Appelqvist et al., 2013). The latter and some cysteine cathepsins (B, C, H, and L) are ubiquitous and are amongst the most abundant proteases (Rossi et al., 2004). The acidic pH of lysosomes (pH 4.5–5.0) is optimal for the activity of these hydrolases (Coffey and De Duve, 1968; Ohkuma and Poole, 1978). This is assured by the V-ATPase, a transmembrane multimeric protein complex that uses energy from ATP hydrolysis to pump protons from the cytosol into the lysosomal lumen (Ohkuma et al., 1982; Mindell, 2012). Lysosomes are mainly made up of glycerophospholipids and sphingolipids and contain high contents of bis(monoacylglycero)phosphate (BMP). The latter ranges from 4 to 17% and up to 70% of the total lysosomal lipid content in the external limiting membrane and the intraluminal vesicles, respectively. The single 7–10 nm external phospholipid-bilayer comprises high carbohydrate content due to heavily glycosylated lysosomal membrane proteins forming a glycocalyx (Saftig et al., 2010). The glycocalyx maintains lysosomal integrity as it protects the membrane from lytic enzymes found in the lysosome.
[image: Figure 3]FIGURE 3 | The heterogeneous nature of the lysosome. Transmission electron micrographs of lysosomes and other related organelles (Huotari and Helenius, 2011; Edgar, 2016). (A) Lysosome identified by an arrow in an Epstein-Barr virus-transformed B cell displaying an increase exosome release. This image was made freely available under the Creative Commons Attribution 4.0 International Public License (Edgar JR. Originally published in BMC Biology. 2016; 14:46. DOI 10.1186/s12915-016-0268-z). (B) Heterogeneous morphologies of endosomes and lysosomes. (i) Early Endosomes (EE) containing HRP-conjugated Transferrin (Tf) (500 nm) (ii) Early Endosomes containing intraluminal vesicles (ILV) and clathrin lattices (100 nm) (iii) Late Endosome and its associated ILVs. (100 nm) (iv) Endolysosome (by fusion of a lysosome and endosome) (100 nm). (v) Micrograph of lysosomes with electron dense lumen. (100 nm). (B) (i) was reproduced with permission from The Rockefeller University Press (© Copyright 1992 Tooze J and Hollinshead M. Originally published in The Journal of cell biology, 118(4), 813–830. https://doi.org/10.1083/jcb.118.4.813). Figure 3B (ii-v) was reproduces with permission from EMBO (Huotari, J., and Helenius, A. (2011). Endosome maturation. The EMBO journal, 30(17), 3481–3500. https://doi.org/10.1038/emboj.2011.286).
4.2 Lysosomal Membrane Proteins
Lysosomal membrane proteins are synthesized in the ER and make their way to the lysosome through several clathrin dependent and independent pathways. Following synthesis in the ER and glycosylation, they enter the TGN and can either follow the secretory route to the plasma membrane for reinternalization by endocytic processes or can be directly transported to lysosomes through endosomal compartments (Carlsson and Fukuda, 1992; Harter and Mellman, 1992). To date, more than 100 lysosomal membrane proteins have been identified through proteomics (Lübke et al., 2009; Schröder et al., 2010). The most abundant are the type-1 transmembrane proteins harboring more than 10 glycosylation sites, the lysosome-associated membrane protein (LAMP)-1 and -2, lysosomal integral membrane protein (LIMP)-2, and CD63 (LIMP1) (Eskelinen et al., 2003). These proteins have been recognized for their important roles in transport processes across the lysosomal membrane, for instance, knockout of LAMP proteins result in a significant accumulation of lysosomal cholesterol (Eskelinen et al., 2004; Schneede et al., 2011). The transmembrane segments of these proteins are generally implicated in transport events across the membrane while the short cytosolic part of lysosomal membrane proteins mediates interactions with cytosolic proteins and/or proteins present on other organelles (Schwake et al., 2013). LAMP proteins were also shown to stabilize a polypeptide translocation machinery (TAPL), required for the transport of cytosolic peptides assuring their lysosomal degradation (Demirel et al., 2012). Moreover, a specialized autophagic pathway, chaperone-mediated autophagy (CMA), which assures the lysosomal degradation of approximately 30% of all cytosolic soluble proteins containing a KFERQ sorting motif, is executed by one of the three isoforms of LAMP-2, LAMP-2A (Kaushik and Cuervo, 2012). Other known roles of LAMP proteins include lysosome motility, lysosomal exocytosis as well as lysosome fusion with the plasma membrane (Huynh et al., 2007; Yogalingam et al., 2008).
Other lysosomal membrane proteins include various transporters and exchangers such as cystinosin, sugar channels including spindling (SPIN), AA transporters including SLC38A9, LYAAT-1, LAAT-1 and SNAT7, ion channels including mucolipin 1 (MCOLN1, also known as TRPML1), assuring the regulation of calcium levels as well as stores of AA, sugars and ions (Cu+, Fe+), the well-characterized multi-subunit vacuolar type H+ATPase (v-ATPase), responsible for the transport of protons into the lysosomal lumen, and some newly identified proteins such as DIRC2, which is suggested to be involved in electrogenic transport across the lysosomal membrane (Lawrence and Zoncu, 2019; Schwake et al., 2013). In addition to lysosomal transmembrane proteins, the lysosomal membrane accommodates several other proteins such as tethering factors and SNARE proteins which is crucial for fission and fusion events (Bröcker et al., 2010; Hong and Lev, 2014). Lysosomal fusion events with target organelles are mediated by the assembly of four SNARE proteins; a parallel four-helix bundle that forms a SNAREpin (also known as a trans-SNARE complex). Fusion with late endosomes is mediated by the assembly between an R-SNARE (VAMP7 or VAMP8) located at the lysosomal membrane, and three Q-SNAREs (syntaxin 7, syntaxin 8, and VTI1B) located on LEs, or similar constituents on autophagosomes (SNAP27, Syntaxin 17). (Figure 4) Membrane fusion occurs following a calcium-dependent conformational change of the SNAREpin which is later disassembled by the AAA ATPase N-ethylmaleimide-sensitive factor (Luzio et al., 2007). Lastly, a recently identified complex, the multi-subunit protein complex BLOC-1-related complex (BORC), was also shown to localize to the lysosomal membrane and mediate movement through physical interaction with kinesin-5 via ARL8. This protein complex will be further described in the sections below (Pu et al., 2015).
[image: Figure 4]FIGURE 4 | Proteins implicated in lysosome-endosome fusion events. SNAp REceptor (SNARE) proteins regulate fusion events between lysosomes and other organelles such as late-endosomes, autophagosomes, and amphisomes. VAMP7 and VAMP8 are R-SNAREs, a type of SNARE proteins that provides an arginine (R) residue in the assembly of the SNARE complex and are located at the lysosomal membrane. Syntaxin 7, Syntaxin 8 and VTI1B are Q-SNARES, providing a glutamine (Q) residue in the assembly of the SNARE complex, and localize to late endosomes (LE). The homotypic fusion and vacuole protein sorting (HOPS) tethering complex assures heterotypic fusion between endosomes and lysosomes (LY) by first recognizing and interacting with Rab7. Similarly, the class C core vacuole/endosome tethering (CORVET) mediates homotypic fusion of Rab5-positive early endosomes (EE). These two tethering complexes share core members, VPS11, 16, 18, and 33A/B while HOPS and CORVET uniquely contains VPS39 and VPS41 and VPS8 and TRAP-1, respectively. EL: Endolysosome.
4.3 pH, Acidification, Ion Flux and Transporters
The acidity and degradative capacity of lysosomes stem from the complex establishment of an acidic endosomal lumen during endosome maturation. This process requires a dynamic collection of channels, transporters, and exchangers at the limiting membrane of endosome compartments. Alterations in lysosomal ion channels and ion flux have important repercussions on lysosome motility, membrane trafficking and repair, nutrient sensing, organelle membrane contact, lysosome biogenesis and overall homeostasis (Li et al., 2019). While the v-ATPase assures an electrogenic proton translocation in endolysosomes, a flux of ions other than protons are needed as a compensatory flow of charge. Without this flux of ions, the transmembrane voltage generated by the v-ATPase would simply form a self-limiting electrochemical gradient and consequently impede luminal acidification. Along the endocytic pathway, there are continuous changes in ionic composition, starting at the nascent endocytic vesicle budding from the plasma membrane to early endosome and multi-vesicular body formation and finally at late endosomes and terminal storage lysosomes. Differing concentrations of ions have been measured in each endosomal compartment such as a significant decrease of sodium (Na+, 120 mM at the nascent endocytic vesicle to less than 20 mM in lysosomes) coupled with an increase in potassium (K+, 5 mM at the nascent endocytic vesicle to 60 mM in lysosomes). Two additional ions that seem to play crucial roles in endocytic processes and acidification are chloride (Cl−) and calcium (Ca2+). Interestingly, the concentration of these ions are higher in the extracellular fluid and decreases dramatically after vesicle formation and as measured in the early endosome (Cl−, 130 mM at the PM to 19 mM in the EE; Ca2+, 1 mM at the PM to ∼5 [image: image]M in the EE). However, from EE to MVB formation and to endolysosomes where acidity is at its highest, it is believed that there is a steady increase in Cl− and Ca2+ concentrations (Gerasimenko et al., 1998; Christensen et al., 2002; Weinert et al., 2010).
Specific transporters have in fact been linked to the regulation of endolysosomal function through pH regulation. The major active ion transporters within the endocytic pathway are 1) the electroneutral NHE sodium (potassium)/proton exchangers, 2) the ClC chloride anti-porters, 3) members of the transient receptor potential (TRP) superfamily of calcium channels such as the mucolipins (TRPMLs) and 4) members of the two-pore channels (TPCs), other known endolysosomal Ca2+ channels. The latter channels have been shown to modulate lysosomal pH, directly linking TPCs to endosome function (Morgan and Galione, 2007). Mechanistically, the function of the NHE sodium/potassium exchangers remains debatable; however, it is likely that they exchange Na+ or K+ for H+ in endosomal and Golgi compartments which influences pH and salt concentrations in endocytic compartments. Finally, several ClCs have been identified along the endocytic pathway (EE, RE, and at the lysosome) and their function has also been linked to endolysosomal pH (Mohammad-Panah et al., 2003; Hara-Chikuma et al., 2005; Graves et al., 2008). Identifying which transporters are responsible for generating a compensatory flux of ions to assure endosomal acidification has been difficult for many reasons such as the lack of proper probes or obvious discrepancies when tested in vivo (Mohammad-Panah et al., 2003; Hara-Chikuma et al., 2005; Kasper et al., 2005; Graves et al., 2008; Steinberg et al., 2010; Weinert et al., 2010; Wellhauser et al., 2010). More recently, TPCs (TPC1, TPC2) have been shown to be sodium selective and activated by a low-abundant phosphoinositide, PI(3,5)P2, linking phosphoinositides to pH regulation (Wang et al., 2012). To date, two potential mechanisms have been proposed to explain the modulation of endocytic functions through pH acidification by ion exchange activity; the continuous major alterations in luminal ion concentrations along the endocytic pathway, and/or a pivotal role for a specific ion flux that could be dependent on spatiotemporal factors (Scott and Gruenberg, 2011). Nevertheless, the activation, permeability, selectivity and biophysical properties of these channels remain controversial and necessitate further investigation.
4.4 Lysosome Size
Lysosomes respond to several different intra- and extracellular stimuli by continuously adjusting their position, motility, numbers and size (de Araujo et al., 2020). The newly identified effectors of lysosome size are the phosphoinositides, more specifically, the phosphatidylinositol-3-phosphate (PI3P) and phosphatidylinositol-3,5-biphosphate (PI(3,5)P2). These lipids regulate precise spatiotemporal regulation of membrane dynamics as well as membrane and vesicular trafficking by modulating the recruitment and activity of specific effector proteins (Phan et al., 2019). The first evidence of an implication of phosphoinositides in mediating lysosome size was highlighted when the treatments of cells with weak base compounds such as chloroquine and wortmannin resulted in the swelling of lysosome structures (Fernandez-Borja et al., 1999; Ohkuma and Poole, 1981). Wortmannin inhibits PI3K, which consequently inhibits the synthesis of PI(3)P, the product of PI3K, essential for autophagy initiation as well as for the integrity of early and late endocytic compartments. PI(3)P regulates several aspects of the endosomal pathway such as the promotion of early to late endosomal transition (Poteryaev et al., 2010). In mammalian cells, PI(3,5)P2 account for approximately 0.08% of total inositol phosphoinositides, which complicates its study, isolation and quantification. Despite its low abundance, a deregulation of PI(3,5)P2 levels has devastating effects on endolysosomal structures and causes a significant enlargement of early and late endolysosomal compartments (Rutherford et al., 2006). In fact, PI(3,5)P2 has been shown to maintain the functionality of endocytic compartments and calcium channels, to mediate fusion and fission events, and even to assure lysosome turnover by mediating lysosome reformation (Ho et al., 2012). Importantly, the lipid kinase PIKfyve is the only enzyme able to synthesize PI(3,5)P2 from PI(3)P and its activity is assured by a protein complex comprising the enzyme itself, a pentameric ArPIKfyve (VAC14) scaffold and the antagonistic 5-phosphatase Sac3 (Fig4) (PAS complex) (Ikonomov et al., 2018; Ikonomov et al., 2009; Lees et al., 2020). Notably, although Fig4/Sac3 has an enzymatic role opposing PI(3,5)P2 biosynthesis, it is crucial for the stability and activity of the PAS complex; hence, a deletion/inhibition of the enzyme leads to a reduction of the lipid rather than an augmentation (Botelho et al., 2008; Chow et al., 2007). Aside from its structural role in the complex and its lipid phosphatase activity, Fig4 is also a protein phosphatase targeting PIKfyve, priming the enzyme. This explains why catalytically active Fig4 is necessary for the activity of the complex (Duex et al., 2006a; Duex et al., 2006b; Lees et al., 2020; Strunk et al., 2020). Furthermore, PIKfyve inhibits its lipid kinase activity by autophosphorylation which in turn stimulates Fig4 activity. The dynamic cues and players regulating this complex remains an avid area of research, with many unresolved questions. For instance, it would be important to identify what signals are responsible for the switch from kinase to phosphatase activity and how this avoids inefficacious cycles of ATP hydrolysis. Surprisingly, it has been shown that decreased levels as well as an accumulation of PI(3,5)P2 both result in swelling of endolysosome structures, demonstrating the importance of a fine-tuned phosphoinositide turnover. PIKfyve inhibition also causes important defects in retrograde transport and impedes lysosome reformation, two processes requiring efficient fission events (Rutherford et al., 2006; Bissig et al., 2017; de Araujo et al., 2020). Consequently, it is thought that endolysosomal swelling occurring in response to PIKfyve inhibition is a result of decreased fission events and inadequate lysosomal reformation (Bissig et al., 2017). PI(3)P assures fusion events between autophagosomes and endosomes and/or lysosomes, whereas PI(3,5)P2 has been shown to regulate specific ion channels which assures adequate calcium concentrations and acidification of endolysosomal compartments for ideal degradative functions. In fact, a recent study by Yordanov et al. showed the ability of BORC to regulate PIKfyve activity and consequently affect PI(3,5)P2 levels and thus, endolysosomal size (Yordanov et al., 2019). Specifically, by inhibiting core effectors of BORC, Dyaskedin and Myrlysin, the group showed an increased activation of the AMP-activated protein kinase (AMPK) resulting in increased levels of PI(3,5)P2, indicative of an increased activation of the PIKfyve kinase. Increased levels of PI(3,5)P2 activated the calcium channel TRPML1 at endolysosome membranes, causing a release in Ca2+ which consequently activated the protein Calcineurin enabling the dephosphorylation and nuclear translocation of the transcription factor EB (TFEB). TFEB activation led to an initiation of autophagic processes and most importantly to an increase in lysosomal reformation and subsequent reduction in lysosome size.
5 LYSOSOMAL FUNCTIONS
5.1 Nutrient Sensing
A breakthrough in lysosomal research was achieved when a mechanistic co-regulation of cell growth and catabolism was established with the localization of the mammalian target of rapamycin (mTOR) at the lysosomal surface. Including mTOR, the proteins RAPTOR, mLST8, PRAS40 and DEPTOR comprises the mTOR complex 1 (mTORC1) (Figure 5). This complex assures anabolic processes such as protein, lipid, and nucleotide synthesis by mTOR-dependent phosphorylation of downstream effectors p70S6K and eukaryotic translation initiation factor 4E-binding protein (4EBP1) (Guertin and Sabatini, 2007; Laplante and Sabatini, 2012; Sancak et al., 2010). Growth-factor receptors activate mTOR through phosphatidyl-inositol-3-kinase (PI3K) and protein kinase B (PKB/Akt). Subsequent inhibition of the tuberous sclerosis complex (TSC1/2) leads to activation of the small GTPase Rheb which interacts and activates mTORC1 (Figure 5A). Regulating molecules control the metabolic status of the cell by using the lysosomal membrane as a signaling platform such as AMP-activated protein kinase (AMPK), ERK1/MAPK3 and MEK1 (Figures 5B,C) (Hamalisto and Jaattela, 2016; Medina et al., 2015; Zhang et al., 2013). Lysosomes also have the ability to sense amino acid availability through protein complexes that are localized at the lysosomal membrane. When amino acid levels are low, the appropriate signaling from the lysosomal membrane acts by shutting down anabolic pathways and activating catabolic routes such as the liver kinase B1 (LKB1)-AMPK signaling thus, initiating autophagy (Figure 5B) (Pu et al., 2017). Contrastingly, when amino acid levels are abundant, anabolic pathways are activated and mTORC1 suppresses the activity of the kinase ULK1 required for autophagosome biogenesis (Figure 5C).
[image: Figure 5]FIGURE 5 | Lysosomes - Nutrient sensors via mTOR and autophagy regulation. The lysosomes receive information from the extracellular environment and generates a signaling response mediated by the activation of mTORC1. Two major independent signals regulate mTOR activity; growth-factor receptors and amino acids. (A) Growth factor receptors activate mTOR through PI3K and AKT pathways and leads to tuberous sclerosis complex (TSC1/2) and Rheb. mTOR is brought in proximity to its activator Rheb by both the Ragulator complex and Rag GTPases in response to elevated amino acid contents. Activated mTORC1 phosphorylates S6K and 4EBP1 and activates protein synthesis while inactivating mTORC1 by starvation inhibits anabolic processes and activates autophagy. (B) In the absence of nutrients and amino acids, Ragulator can activate catabolic pathways such as LKB1-AMPK signaling pathway through the scaffold Axin. The population of these lysosomes are thus located in the perinuclear area. (C) In the presence of nutrients and growth factors, the newly identified BORC complex and Axin dissociate from the Ragulator complex and leads to inactivation of catabolic processes (AMPK) and an association of BORC to the kinesin motors thus, increasing anterograde movement of lysosomes away for the microtubule organizing center (MTOC). *Adaptation of Colaco and Jaattela (2017).
Aside from growth factors, the main sensors of lysosomal luminal levels of AA (such as glutamine and arginine) are the V-ATPase and the lysosomal amino acid transporter/receptor SLC38A9 (Rebsamen et al., 2015; Rebsamen and Superti-Furga, 2016). The pentameric Ragulator complex interacts with both SLC38A9 and the V-ATPase for nutrient-sensing, more specifically, levels of lysosomal luminal AA activate Ragulator through an inside-out mechanism requiring SLC38A9 and the V-ATPase (Figure 5) (Korolchuk et al., 2011; Soulard and Hall, 2007; Tee et al., 2003a; Tee et al., 2003b; Zoncu et al., 2011). The Ragulator complex is composed of LAMTOR1 which anchors the complex to the lysosome and tightly holds together the heterodimers LAMTOR2/3 and LAMTOR 4/5 (Figure 5C) (Bar-Peled et al., 2012). Importantly, Ragulator acts as a guanine nucleotide exchange factor and mediates the activation and docking of Rag GTPases (RagA/B and RagC/D) to the lysosomal membrane, which form obligate heterodimers in which RagA or B pairs with RagC or D (Figure 5C) (Inoki et al., 2003; Sancak et al., 2008; Bar-Peled et al., 2012; Schweitzer et al., 2015). Specifically, LAMTOR2/3 binds RagA/B and RagC/D which enables RagA/B to be GTP-bound; hence, recruiting mTORC1 to the complex for its activation. In nutrient-rich conditions, LAMTOR2/3 also binds MEK1, enabling the activation of ERK1. Ragulator also interacts with Axin, a scaffold protein for the LKB1-AMPK complex on the lysosomal surface. These interacting protein complexes reveal a clear role for the lysosome as a signaling hub. Thus, mTORC1 is brought in proximity to its activator Rheb by both the Ragulator complex and the Rag GTPases and enhances the association of mTORC1 with both late endosomal and lysosomal compartments (Kim et al., 2008; Sancak et al., 2008; Sancak et al., 2010). Inhibiting lysosomal functions cause the release of mTORC1 from the lysosome surface and the inactivation of its catalytic activity. In addition to its role as an activation platform for metabolic signaling, Ragulator now emerges as the protein complex responsible for lysosomal positioning (Colaco and Jaattela, 2017). Lysosomes can be divided in two distinct populations: a juxtanuclear pool, located close to the microtubule organizing center (MTOC) and a smaller peripheral population close to the plasma membrane. The latter is responsible for various cell type-specific functions (cell adhesion, cell motility, tumor invasion, cell death, metabolic signaling, cytosolic and extracellular pH, plasma membrane repair and bone resorption) while the juxtanuclear lysosomal pool assures “housekeeping” degradative functions (Kallunki et al., 2013). Rubinsztein and colleagues, the first to link lysosomal movements to autophagy modulation, showed that lysosomes respond to amino acids and growth factors by moving to the plasma membrane while starvation conditions resulted in their perinuclear localization (Korolchuk et al., 2011; Korolchuk and Rubinsztein, 2011).
Recently, a lysosomal associated hetero-octameric protein complex named BLOC-1 related complex (BORC) was identified. BORC is comprised of BLOC1S1/BLOS1/BORCS1 (biogenesis of lysosomal organelles complex 1 subunit 1), BLOC1S2/BLOS2/BORCS2 (biogenesis of lysosomal organelles complex 1 subunit 2), SNAPIN/BORCS3 (SNAP associated protein), KXD1/BORCS4 (KxDL motif containing 1), BORCS5/myrlysin/LOH12CR1 (BLOC-1 related complex subuunit 5), BORCS6/lypersin/C17orf59 (BLOC-1 related complex subunit 6), BORCS7/diaskedin/C10orf32 (BLOC-1 related complex subunit 7) and BORCS8/MEF2BNB (BLOC-1 related complex subunit 8). Anterograde (centrifugal) and retrograde (centripetal) lysosomal movements along the microtubule tracks are mediated by plus end-directed kinesin motors and minus end-directed dynein motors, respectively. BORC links lysosomes to kinesin motors by activating the Arf-like GTPase Arl8 (Figures 5B,C) (Pu et al., 2017; Pu et al., 2015). Functionally, the active form of Arl8b (bound to GTP) localizes largely to the lysosome, where it recruits the kinesin-interacting linker protein SKIP, which in turn enables the downstream interaction of Kinesin 1 to lysosomes (Hofmann and Munro, 2006; Rosa-Ferreira and Munro, 2011). Thus, the BORC/arl8b/SKIP complex recruited to Kinesin promotes lysosomal transport toward the cell periphery (Farías et al., 2017; Pu et al., 2016; Pu et al., 2015). Two elegant studies elucidate how lysosome positioning changes in response to growth factor signaling and nutrient availability. Pu et al. and Filipek et al. show that nutrient availability and growth factor signaling increase the anterograde movement of lysosomes through a weakened BORC and Ragulator interaction, thus permitting the recruitment of Arl8/SKIP to the lysosomal surface. This enables the tethering of lysosomes to the kinesin motors and subsequent anabolic signaling (Figure 5) (Filipek et al., 2017; Pu et al., 2017). The elucidation of the intercommunication between these protein complexes at the lysosomal surface helped enormously in understanding the complexity of lysosome functions. However, some mechanistic questions remain unanswered such as which LAMTOR subunit interacts with the scaffold Axin.
The regulation of lysosome positioning by BORC has also led to the discovery of its role in the maintenance of autophagic flux by promoting both encounter and fusion of lysosomes with autophagosomes (Jia et al., 2017). Knockout of BORC subunits deregulated the juxtanuclear positioning of lysosomes and led to an increase in SQSTM1/p62 and lipidated LC3, two autophagic markers, indicative of a decreased lysosomal degradation. Interestingly, this study reveals a requirement of lysosomal dispersal in autophagy that is independent of mTORC1 signaling (Jia et al., 2017).
Neurons are susceptible to the accumulation of cellular waste that cannot be diluted through cell division; thus, lysosomal function and positioning is an imperative process for neuronal health (Menzies et al., 2017). Consequently, the role of BORC has recently been studied in the context of neurodegenerative disease. Namely, mutations in the Borc7 gene (diaskedin) demonstrably led to progressive axonal dystrophy and the impairment of motor functions in animal models (Snouwaert et al., 2018). Further insight into the implication of lysosomal positioning in neurodegenerative disease could lead to novel therapeutic options. Moving in the opposite direction, retrograde movement of lysosomes is assured by a single cytoplasmic dynein which acts in a dynactin-dependent manner (p150-glued, Arp1) and relies on Rab7 and the Rab7-interacting lysosomal protein (RILP) (Burkhardt et al., 1997; Johansson et al., 2007; Progida et al., 2007; Ishikawa, 2012). Interestingly, the snapin subunit of BORC is also important in retrograde movement through dynein, implicating either the anterograde complex itself or snapin as an integral part of a novel complex in retrograde movement (Cai et al., 2010; Pu et al., 2015). Furthermore, the retrograde movement of lysosomes on microtubule motors over long distances in neuronal cells is critically regulated by JIP3 and JIP4, the loss of which leads to the accumulation of Alzheimer’s disease-related amyloid plaques, also linking retrograde movement to neurodegenerative disease (Drerup and Nechiporuk, 2013; Gowrishankar et al., 2021).
5.2 Lysosomal Exocytosis
Lysosomal exocytosis is a process where lysosomes fuse with the plasma membrane and release their luminal contents extracellularly (Chavez et al., 1996; Coorssen et al., 1996; Rodriguez et al., 1997; Jaiswal et al., 2002). This is important for physiological processes such as degranulation in cytotoxic T lymphocytes, bone resorption by osteoclasts, parasite defense by mast cells and eosinophils, platelet function in coagulation, hydrolase release by spermatozoa during fertilization and membrane repair (Mostov and Werb, 1997; Tulsiani et al., 1998; Logan et al., 2003; Stinchcombe et al., 2004; Ren et al., 2008; Wesolowski and Paumet, 2011). Lysosomal exocytosis was thought to be limited to specialized secretory cells; it is now characterized as a ubiquitous physiological process. Lysosomal exocytosis is a two-step process: lysosomes relocate next to the plasma membrane and fuse with each other after which an increased intracellular concentration of calcium accompanies lysosomal fusion with the plasma membrane (Rodriguez et al., 1997; Appelqvist et al., 2013). ATP amounts are abundant within lysosomes and can be released in the extracellular space during lysosomal exocytosis to participate in intercellular communication (Ralevic and Burnstock, 1998; Zhang et al., 2007). The molecular machinery mediating lysosomal exocytosis includes the vesicle SNARE (v-SNARE) VAMP7, the Ca2+ sensor synaptotagmin VII (SYTVII), the target SNAREs (t-SNAREs) SNAP23 and syntaxin 4 as well as several RAB proteins on the lysosomal surface (Settembre et al., 2013a). Aside from lysosomal content secretion, lysosomal exocytosis is important for plasma membrane injury repair where lysosomes reseal the damaged site (Gerasimenko et al., 2001; Reddy et al., 2001). Lysosomes are thought to be used for this function rather than other organelles because of their excess limiting and internal membranes. They possess all necessary proteins needed for membrane fusion and their content elimination is known to be helpful in ridding lysosomes of any build-up of cellular waste (Blott and Griffiths, 2002). Finally, lysosomal exocytosis is transcriptionally regulated by the transcription factor-EB (TFEB), which induces both the docking and fusion of lysosomes with the plasma membrane by regulating the expression of specific genes which increase lysosomal dynamics and cause an intracellular calcium increase mediated by MCOLN1 (Medina et al., 2011). The importance of lysosomal exocytosis has, sometimes controversially, urged the classification of lysosomes into 2 distinct types; the conventional lysosome, which has a catabolic function and, the secretory lysosome, sometimes referred to as lysosome-related organelles such as melanosomes, immune cell related lytic granules and the late endosomal major histocompatibility complex class II compartment (Raposo and Marks, 2007; Marks et al., 2013). Although very similar in terms of acidity and associated proteins, they have cargo specific properties like perforins and granzymes; furthermore, their biogenesis and secretion remain elusive. Genetic defects in secretory lysosomes have been demonstrated to be involved rare diseases such as Chediak-Higashi disease and Hermansky-Pudlak syndrome (Huizing et al., 2008).
6 LYSOSOME BIOGENESIS
Another breakthrough in lysosome research was achieved with the discovery of the Coordinated Lysosomal Enhancement And Regulation (CLEAR) regulatory network (Sardiello et al., 2009). The CLEAR network was discovered using co-expression and promoter analyses which led to the identification of a palindromic sequence located at 200bp from the transcription start site, named the CLEAR-consensus sequence. In humans, the microphthalmia-transcription factor E (MiT/TFE) subfamily of bHLH factors is composed of four members; MITF, TFE3, TFEB and TFEC and they bind the CLEAR consensus sequence (Steingrimsson et al., 2004). TFEB and TFE3 are expressed ubiquitously whereas MiTF and TFEC are expressed in specialized cells (melanocytes, osteoclasts, mast cells, macrophages, NK cells, B cells and the heart) and in cells of myeloid origin, respectively. All four members homo- or heterodimerize to activate transcription (Rehli et al., 1999; Massari and Murre, 2000; Meadows et al., 2007; Martina et al., 2014). TFEB positively regulates the expression of lysosomal genes through its subcellular localization which is controlled by mTORC1 phosphorylation at the lysosome (Pena-Llopis et al., 2011). TFEB localizes to both endo-lysosomes and terminal lysosomes (Bright et al., 2016). Under normal nutrient conditions, phosphorylated TFEB (Ser142 and Ser211) is retained in the cytoplasm by binding to the 14-3-3 protein, whereas starvation and mTORC1 inhibition causes its dephosphorylation and its nuclear translocation (Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre et al., 2012). Thus, information on lysosomal AA content is relayed to the nucleus via TFEB (Settembre et al., 2012). As with mTORC1, TFEB is also recruited to the lysosome by RagC/D and this recruitment is dependent on the GTPase activating protein for RagC/D, Folliculin (FLCN) (Martina and Puertollano, 2013; Petit et al., 2013). Non-canonically, mTORC1’s inhibitory phosphorylation of TFEB was demonstrated to also be dependent on the Tuberous Sclerosis Complex (TSC) 1 and 2 upstream of mTORC1 in pathogenic TSC models (Alesi et al., 2021). The pathogenic phosphorylation of TFEB was also demonstrated to be RagC dependent. As the inhibition of TSC1 or TSC2 leads to the downstream activation of mTORC1, we would suppose a concomitant phosphorylation and inactivation of TFEB; however, this is not the case. Rather, TFEB remains unphosphorylated, assumes a chiefly nuclear localization, and is accompanied by an increase in lysosome gene expression as well as the proliferation of malignant cells. Interestingly, TSC also shares some clinical phenotype with the Birt-Hogg-Dube (BHD) cancer syndrome which is caused by germline mutations in FLCN and which was demonstrated to be TFEB-dependent, reinforcing the importance of RagC in the regulation of TFEB (Schmidt and Linehan, 2018; Napolitano et al., 2020). Further molecular insight in this mechanism is however undoubtfully warranted.
Interestingly, lysosomal Rag GTPases and Tfe3 also plays a critical role in embryonic stem cell differentiation and disease (Villegas et al., 2019). Mechanistically, Ragulator recruits RagC/D to the lysosome where it interacts directly with Ttfe3 to promote its phosphorylation and sequestration in the cytosol which licenses the downregulation of metabolic transcripts and upregulation of developmental transcripts. Interestingly, in contrast to somatic cells, Rag A/B is dispensable to the activation of the Rag GTPases heterodimer complex, and the phosphorylation of Ttfe3 (Saxton and Sabatini, 2017). Functionally, the impairment in the cytosolic retention of Tfe3 which leads to its nuclear localization impedes exit from self-renewal. Interestingly, gain-of-function mutations in the Tfe3 domain, which regulates its cellular localization, has been found in renal cell carcinoma and developmental disorders (Grabiner et al., 2014; Kauffman et al., 2014; Villegas et al., 2019).
In addition, a phosphatase siRNA library revealed new phosphatases responsible for the dephosphorylation of TFEB.(Medina et al., 2015) This study identified a calcium-dependent serine-threonine phosphatase, calcineurin, that binds and dephosphorylates TFEB. Moreover, promoter, transcriptome and ChIP-seq analyses performed in HeLa cells identified 471 TFEB direct targets and revealed that the function of the TFEB/CLEAR network was not limited to lysosomal function but also impacted crucial cellular processes of catabolism such as autophagy, exocytosis, endocytosis and immune response (Palmieri et al., 2011; Settembre et al., 2013b).
A fascinating mechanism of lysosomal regeneration was first discovered by Dr. M.J. Lenardo’s research team called Autophagic Lysosomal Reformation (ALR) (Yu et al., 2010). By investigating autophagy termination, L.Yu et al. discovered this lysosomal mechanism where tubules and vesicles emanate from autolysosomes (AL) in a microtubule-dependent manner and mature into newly functional lysosomes. The tubules detach from the autolysosome through vesiculation and form globular compartments named proto-lysosomes. This elucidated a new model describing autophagy as a continuing circular signaling dependent on mTOR reactivation rather than the classic linear depiction beginning with phagophore formation and ending with lysosome degradation. During prolonged starvation conditions, AL degradation of macromolecules and the subsequent release of intracellular substituents triggers the reactivation of mTOR and the inhibition of autophagy. This negative feedback signal that downregulates autophagy and triggers ALR is dependent on mTOR seen as rapamycin or genetic knock down of mTOR inhibits this process, leaving giant AL. The newly forming proto-lysosomal tubules are positive for lysosomal membrane markers like LAMP-1 but are not acidic and lack enzymes such as cathepsin D, which remain in the vacuolar body of AL. Another study conducted in Drosophila showed that the sugar transporter activity of Spinster was required to restore nutrient levels and reactivation of mTOR in this context (Rong et al., 2011). Furthermore, fibroblasts from Lysosomal Storage disease (LSD) patients showed impaired mTOR reactivation and an absence of ALR (Yu et al., 2010). In this cycle of lysosome consumption and reformation, ALR permits the cell to utilize the lysosomal membrane and associated proteins for continued autophagy activation when few resources are available. These studies show that the identified feedback mechanism plays an important role in preventing autophagic cell death by prolonged autophagy and seem to play a crucial role in the pathophysiology of LSDs. The reformation tubules were shown to require the dissociation of Rab7 and the recruitment of clathrin (Rong et al., 2012). The conversion of phosphatidylinositol-4-phosphate(PI(4)P) into phosphatidylinositol-4,5-biphosphate (PI(4,5)P(2)) was required for the recruitment of the clathrin adaptor AP2 that consequently mediated the association of clathrin. Also, fission of proto-lysosomes from the reformation tubules required the recruitment of the GTPase DYNAMIN2 since its depletion prevented fission events (Schulze et al., 2013). PI(4,5)P(2), AP2, DYNAMIN2 and clathrin molecules are localized at the plasma membrane and are well-known for their role in clathrin-mediated endocytosis, thus, it is highly intriguing that this machinery would regulate new, uncharacterized clathrin-mediated sorting events dependent on cellular nutritional status. Contrastingly to clathrin-mediated endocytosis, AP2 recruitment to AL does not require transmembrane proteins but only PI(4,5)P(2) (Schulze et al., 2013) New studies will be needed to answer some key concepts as to how proto-lysosomes acquire their functional set of lysosomal enzymes, whether the mannose-phosphate receptors are required or if undiscovered lysosomal enzyme transport routes are involved. Furthermore, the PAS complex, shown to maintain the functionality of endocytic compartments, calcium channels, and fusion/fission events, has also been shown to initiate terminal lysosome reformation from EL. Indeed, the inhibition of PIKfyve leads to the formation of enlarged EL through homotypic fusion and heterotypic fusion with terminal lysosomes; however, no fission events can be observed leading to the depletion of terminal lysosomes (Bissig et al., 2017). Deeper mechanistic understanding of this process will shed further light on this fascinating process.
7 LYSOSOMAL DYSFUNCTIONS, RELATED DISEASES, AND THERAPEUTICS
7.1 Cancer
A predictable and unfortunate outcome of cancer therapeutics is the development of tumor resistance. However, the comprehension of tumor heterogeneity and the molecular complexity of tumor cells within their microenvironment has improved exponentially with high-throughput techniques, bioinformatics, and systems biology. This led to the identification of new targets that are directly implicated in anti-cancer drug resistance (Piao and Amaravadi, 2016). Targeting lysosomes in cancer seemed both promising and innovative because of their roles in homeostatic pathways, autophagy and endocytosis. Together in cancer, these pathways contribute to cell death escape pathways, evading immune surveillance and to metabolism deregulation. Targeting lysosomes is a promising approach as it triggers apoptotic and lysosomal cell death pathways and inhibits the cytoprotective role that autophagy brings to tumor progression (Hanahan and Weinberg, 2011). In fact, lysosomes undergo a series of molecular and functional changes during malignant transformation which leads to tumor aggression, angiogenesis and metastases (Mohamed and Sloane, 2006). To fulfill the excessive needs of cancer cells in the tumor microenvironment, lysosomes become hyperactive. Cancer cells highly depend on lysosomes: they increase lysosomal exocytosis benefitting tumor invasiveness and resistance, they ingest adhesion molecules and large amounts of extracellular matrix, repair membranes, and upregulate their cellular movement and routes (Kallunki et al., 2013; Xu and Ren, 2015; Hamalisto and Jaattela, 2016). Accordingly, striking lysosomal changes include increased lysosome volume, biogenesis and hydrolase activity, and changes in cellular distribution and lysosomal membrane composition (Nishimura et al., 1998; Kroemer and Jaattela, 2005; Gocheva et al., 2006). During malignant transformation, the peripheral population of lysosomes increases and is associated with an increased activity of luminal proteases such as cathepsins B and L (Hamalisto and Jaattela, 2016). This characteristic has led cancer researchers to try and develop novel cancer therapies that could selectively target the particularities of this lysosome population seen as it has been linked to cancer cell migration and invasion. Despite these tumor-promoting aspects, overactive lysosomes exhibit vulnerable and weaker lysosomal membranes that can be exploited and selectively targeted to induce cell death. This increased lysosome sensitivity in tumors can be targeted through Lysosomal Membrane Permeabilization (LMP) causing the release of lysosomal contents in the cytosol (i.e. cathepsins) and leading to lysosomal death pathways. The development of new, precise, and sensitive methods for detecting LMP has helped uncover precise mechanisms of cell death triggered by this phenomenon (Aits and Jaattela, 2013; Aits et al., 2015a; Aits et al., 2015b; Jaattela and Nylandsted, 2015). LMP is an attractive method that could be utilized to selectively target metastatic cancer cells whose lysosomes are more vulnerable.
Tumor microenvironment characteristics include hypoxia and acidity and together, they contribute to cancer progression, metastasis and significantly reduce the sensitivity of tumors to chemotherapeutic agents (Fais et al., 2007). In metastatic cancers, V-ATPase pumps are often overexpressed and localize at the plasma membrane. They alter the tumor microenvironment by proton extrusion into the extracellular medium causing extracellular acidification and contributing to the maintenance of an aberrant pH gradient between the mostly alkaline cytosol and the acidic extracellular environment (Dettmer et al., 2006; Fais et al., 2007). This leads to the secretion and activation of several proteases and promotes the degradation and remodeling of the extracellular matrix which drives cancer metastasis (Martinez-Zaguilan et al., 1996; Rofstad et al., 2006). Accordingly, V-ATPase inhibitors were shown to decrease the acidity of tumors and allowed a reduction of tumor metastases (Luciani et al., 2004; Fais et al., 2007). However, weak-base anticancer drugs often accumulate in lysosomes via cation trapping (i.e. Sunitinib), thus deviating them from their protein targets within the cells and limiting their effectiveness (Jansen et al., 1999; Gotink et al., 2011; Zhitomirsky and Assaraf, 2015). By traversing freely across phospholipid membranes, these drugs get protonated when exposed to the acidic pH of the lysosomal lumen and are unable to exit (Kaufmann and Krise, 2007; Adar et al., 2012; Zhitomirsky and Assaraf, 2016). In fact, the number of drug-trapped lysosomes per cell correlates with the extent of cellular resistance to these drugs (Zhitomirsky and Assaraf, 2017). Studies by B. Zhitomirsky and Y.G Assaraf show that anticancer drug accumulation in lysosomes triggers their fusion with the plasma membrane and the secretion of their contents (Zhitomirsky and Assaraf, 2017). Indeed, research has linked invasiveness, angiogenesis and tumor progression to extracellular cathepsins (Palermo and Joyce, 2008). These findings suggest that lysosomal exocytosis of chemotherapeutic-loaded lysosomes is a crucial aspect of lysosome-mediated cancer multidrug resistance and could be utilized as new targeted therapies. Although the accumulation of anticancer drugs in lysosomes is mostly due to ion-trapping, some studies have highlighted the active transport of such drugs into the lysosome by ABC transporter P-glycoprotein (Yamagishi et al., 2013). Thus, therapeutically targeting this receptor in combinatory treatment could potentially surmount resistance (Hraběta et al., 2020). However, P-glycoprotein inhibitors have failed in preclinical and clinical studies owing to their toxicity. Instead, repurposing FDA approved drugs with P-glycoprotein inhibitory properties might prove more useful (Lai et al., 2020). Furthermore, recent lines of evidence show that the mechanism by which some cancer cells become resistant to radiation is associated with lysosomal exocytosis, which is enhanced by the activity of Arl8b (Wu et al., 2020). High levels of Arl8b and BORC subunit genes is indeed correlated with a poor prognosis in breast cancer, and knockdown of these genes decreases the survival and invasiveness of cancer cells. These findings point to this pathway as a potential anti-cancer therapeutic avenue.
Targeting lysosomal functions in cancer can also be used to block autophagy and improve cancer therapy effectiveness. Autophagy serves as a survival pathway in cancer, especially in advanced stages and so, blocking its flux could re-sensitize tumors in advanced malignancies. While autophagy can limit tumorigenesis by eliminating damaged proteins and alleviating oxidative stress and genomic instability, it enhances the survival of cancer cells in low-oxygen and low nutrient conditions and engenders therapeutic resistance to cancer therapies in later stages of tumor progression (Mathew et al., 2007a; Xiaohong Ma et al., 2016). In advanced tumors, suppression of autophagy renders cells unable to withstand starvation and results in cell death in response to metabolic stress (Mathew et al., 2007b). However, targeting autophagy remains a challenge because this dynamic process is intimately linked with pathways such as endocytosis. The autophagic process is cell-context dependent and there are varying canonical and non-canonical pathways that, mechanistically, remain to be fully established. Currently, there are five major types of agents used to target lysosomes: chloroquine derivatives (CQ), v-ATPase inhibitors, acid sphingomyelinase modulators (ASM), cathepsin and HSP70 inhibitors (Smith and Schuchman, 2008; Lankelma et al., 2010; Granato et al., 2013; Maynadier et al., 2013; Duong et al., 2014; Kos et al., 2014; Tsai et al., 2014; Piao and Amaravadi, 2016). While most of them are utilized in fundamental research, chloroquine derivatives have shown potential in cancer therapy and have reached clinical trial; however, a recurrent problem with CQ derivatives is that high doses were required for an effective autophagy blockage in human tissues, which produced dose-limiting toxicities (Rebecca and Amaravadi, 2016). PIKfyve is also being considered as a potential target against autophagy-dependent cancers and new molecules have been identified in vitro for this purpose, namely, the WX8 series of potent inhibitors (Sharma et al., 2019). Furthermore, combinatory treatments of novel PIKfyve inhibitor, ESK981, with immune checkpoint blockade in castration-resistant prostate efficiently decreased tumor growth in preclinical models (Qiao et al., 2021). The proof of concept demonstrated in this study will be further investigated in phase II clinical trials alone or in combination treatments with the immune checkpoint blockade therapy, nivolumab. This, however, will not be the first use of a PIKfyve inhibitor in clinical trials for the treatment of various diseases, including cancer (Sands et al., 2010; Krausz et al., 2012; Cai et al., 2013; Nelson et al., 2017). The PIKfyve inhibitor, Apilimod, initially proved hopeful against B-cell malignancies; however, this approach still requires progress in terms of pharmacokinetics, cell death mechanism and the potential use of combinatory treatments (Gayle et al., 2017; Ikonomov et al., 2019).
7.2 Lysosomal Storage Diseases
Lysosomal Storage Disorders started being characterized in the 19th century by leading physicians whose surnames were used to name the disorders i.e. Warren Tay, Bernard Sachs, Phillipe Gaucher, Johanness Fabry, Albert Niemann, Ludwig Pick and Joannes Pompe (Tay, 1881; Gaucher, 1882; Sachs, 1887; Fabry, 1898; Niemann, 1914; Pick, 1926; Pompe, 1932).Today, close to 60 LSDs are identified and are caused by mutations in genes implicated in lysosomal integrity such as lysosomal hydrolases and lysosomal membrane proteins (Coutinho and Alves, 2016). LSDs are multisystemic and affect a plethora of organs including the skeletal system, muscles, liver and spleen, heart, lungs and the central nervous system, the latter being the leading cause of most pediatric neurodegenerative diseases (Coutinho and Alves, 2016). Biochemically, LSDs are characterized by the accumulation of un- or partially digested molecules inside lysosomes. Lysosomes are implicated in a multitude of signaling pathways comprising specialized functions and for this reason, a compromised lysosomal catabolism will inevitably impede cellular functions such as: 1) defects in glycosaminoglycan, lipid, or protein degradation; 2) transport across the lysosomal membrane or 3) vesicle trafficking. Consequently, a novel classification of LSDs is now emerging including groups of disorders that are due to defects in non-enzymatic lysosomal protein such as transmembrane protein (transporters and structural proteins), lysosomal enzyme protection, post-translational processing of lysosomal enzymes, trafficking of lysosomal enzymes and polypeptide degradation. Even though LSDs are caused by a single defective protein, accumulation of non-degraded material will block later stages of autophagy (Reggiori and Klumperman, 2016). Accordingly, diverse studies are highlighting the close interconnection between LSDs and an impaired autophagic flux (Lieberman et al., 2012). Defects in autophagy is now a common feature of LSDs. In many cases, their pathology often involves neurodegeneration caused by impaired autophagy and accumulation of cytoplasmic aggregates leading to neuronal cell death (Komatsu et al., 2006; Pastores and Maegawa, 2013). Thus, the current LSD classification is based on the nature of the accumulated substrate(s) and many enzyme deficiencies are now associated to some LSDs: [image: image]-glucocerebrosidase (GCase) underlying Gaucher disease, [image: image]-galactosidase triggering Fabry disease, sphingomyelinase causing Niemann-Pick disease and [image: image]-L-Iduronidase or iduronate sulfatase underlying Hurler and Hunter syndromes (Brady et al., 1966; Kanfer et al., 1966; Fratantoni et al., 1968).
Enzyme replacement therapies have been approved and are marketed for the treatment of a few LSD, namely Gaucher disease (type 1), Fabry disease, and Pompe disease, amongst others (Platt, 2018). Indeed, this strategy was initially pioneered over 4 decades ago to treat patients suffering from Gaucher disease (Brady, 2006). Functionally, the treatment consists in the administration of a functional enzyme via mannose or mannose-6-phosphate receptors for the delivery of the enzyme to the lysosome where it can degrade its substrate (Platt, 2018). Although considered an effective treatment, a clear limitation remains the inability of recombinant enzymes to cross the blood-brain barrier, rendering the treatment inefficacious for central nervous system manifestations (Safary et al., 2018). The more invasive delivery of enzymes by way of intracerebroventricular and intrathecal administration is thus a potential alternative delivery route (Desnick and Schuchman, 2012; Platt, 2018). Furthermore, this strategy relies on the delivery of functional enzymes via membrane receptors that may not be heavily expressed, as seen in skeletal muscles; hence, high doses are needed for the treatment of Pompe disease, for example (Platt, 2018). Modifying the enzyme for greater receptor accessibility could potentially aid in overcoming this hurdle (Platt, 2018). Furthermore, substrate reduction therapy presents an alternative therapeutic avenue. These therapies consist of small molecules that can reduce substrate accumulation by inhibiting enzymes involved in substrate synthesis. In fact, some therapies have been approved, such as miglustat and eliglustat, and others are presently undergoing clinical trials (Lucerastat, ibiglustat and genistein) (Radin, 1996; Hughes et al., 2017; Guérard et al., 2018; Pineda et al., 2018). Stabilizing mutated enzymes using substrate mimics has also proved potentially beneficial, such as seen with marketed migalastat (Fabry disease), and other drugs in clinical trials; pyrimethamine (Sandhoff disease, phase I), afegostat (Gaucher disease, failed phase II), and ambroxol (Gaucher disease, suspended phase I/II) (Steet et al., 2006; Hughes et al., 2017; Magalhaes et al., 2018; Bonam et al., 2019). The screening of small molecules able to ameliorate the functionality of mutated proteins has highlighted another promising approach. In a screen, NCGC607 was able to reduce lysosome substrate accumulation in stem cells derived from patients diagnosed with Gaucher disease; however, further testing is needed to test its effectiveness in LSD patient directly (Aflaki et al., 2016; Platt, 2018). Gene therapy for the treatment of LSD has also started to garner attention, with preclinical and clinical trial underway (Sevin and Deiva, 2021). Altogether, more clinical trials are needed to determine the robustness of these approaches.
LSDs also significantly contribute to cardiovascular disorders with patients presenting severe phenotypes such as hypertrophic and dilated cardiomyopathy, coronary artery disorders, and valvular defects (Chi et al., 2020). Cardiac involvement is most often found in glycogen storage diseases such as Pompe and Danon diseases (Nair et al., 2019). In fact, Pompe and Danon diseases as well as Mucopolysaccharidosis (MPS, a group of storage diseases caused by loss of function mutations of lysosomal enzymes responsible for the degradation of glycosaminoglycans) are all types of LSDs that can have direct repercussions on cardiac function (Braunlin et al., 2011; Chi et al., 2020). In Pompe disease, several cardiac complications have been observed such as enlargement of the heart, thickening of the left ventricular free wall and the papillary muscles, severe wall thickening associated with obstruction of the left and right ventricular outflow, cardiac dilatation, and fibroelastic thickening of the endocardium (Wenger et al., 1986; Nair et al., 2019) In Danon disease, the cardiac manifestations are generally more severe in men and include left ventricular hypertrophy and Wolf Parkinson’s White syndrome, a condition of electrical abnormality in the heart that can cause tachycardia (Stokes et al., 2016). Finally, individuals with MPS suffer from coronary artery narrowing and occlusion and generalized cardiomegaly and calcification of the mitral valve ring (Raben et al., 2002; Nair et al., 2019).
7.3 Neurodegenerative Diseases
Several neurodegenerative disorders, namely Alzheimer disease (AD), Parkinson disease (PD), and Huntington disease (HD) are the result of inadequate disposal of neurotoxic proteins by the lysosomal pathway (Boland et al., 2018). For instance, in AD, the amyloid precursor protein (APP) is cleaved into amyloid-β peptide (Aβ) fragments, the accumulation of which leads to alterations in the lysosomal membrane, ultimately resulting in neuronal cell death (Zhang et al., 2009). Patients with inherited forms of AD have also presented with mutations in presenilin genes (PSEN1 and PSEN2). This results in the loss of lysosome acidification by the misrouted V0A1 subunit of the v-ATPase, having a deleterious effect on lysosomal functioning (Lee et al., 2010; Lauritzen et al., 2019). The accumulation of phosphorylated tau in neurofibrillary tangles has also been considered endemic in AD (Hampel et al., 2010). Cathepsin D has notably been shown to be involved in the cleavage of tau proteins into tangle fragments. Indeed, the inhibition of cathepsin D in the brain of patients with AD was shown to diminished its hyperphosphorylation (Bi et al., 2000). TFEB has also been shown to be selectively lost in AD patients (Wang et al., 2016). Increasing TFEB activity might prevent neuronal death in this case (Torra et al., 2018). Several genes directly or indirectly linked to endocytic and lysosomal physiology have also been documented in PD, for instance, mutations in [image: image]-GCase (the causative gene of Gaucher disease) and α-synuclein (Zhang et al., 2009; Dehay et al., 2013; Aflaki et al., 2017). Mutated α-synuclein is unable to be degraded via its regular route (CMA pathway) and eventually forms macro-aggregates that further impede the degradation of other cargo by binding and inhibiting LAMP2A. Fibrillar α-synuclein accumulates and form neurotoxic protein inclusions named Lewis bodies. HD is a rare autosomal-dominant neurodegenerative disease caused by the HTT gene. The mutated gene disrupts post-Golgi trafficking leading to the misrouting of optineurin/RAB8 complex, also negatively affecting lysosome physiology (del Toro et al., 2009). Altogether, there is increasing evidence for the role of lysosomes in neurodegenerative disease; therefore, these organelles may present a novel target for their treatment.
8 DISCUSSION
The growing interest in lysosome research has led to some ground-breaking discoveries by passionate and talented researchers in the field. Elegant mechanistic studies have now characterized these acidic organelles as being much more complex than originally thought. In addition to their fascinating mechanisms of biogenesis and reformation, they are the key to cellular nutrient sensing, communicators of energy necessities. Most importantly, lysosomes are linked to essential pathways such as autophagy, endocytosis as well as vesicle trafficking and recycling routes placing them at the center of highly dynamic processes. Open questions regarding lysosome ionic channels’ biophysical properties and functionality still need investigating, as well as the regulation of the PIKfyve complex and retrograde movement of the lysosome. As defects in this pathway have been linked to rare hereditary diseases as well as neurodegeneration and cancer, deep insight into the molecular mechanism of lysosome physiology could help in the molecular characterization of disease as well as guide the development of new therapeutic strategies. In the context of cancer pathophysiology, cancer cells become highly dependent on lysosomal functions making it possible to exploit this characteristic by selectively targeting weakened lysosomes, an approach that has proven highly promising. However, to fully exploit oncogenic lysosomal changes, we need to continue to uncover and understand non-canonical compensation mechanisms utilized by transformed cells. Novel tools are desperately needed to better understand the complex symphony existing between these dynamic pathways, where their interdependence is very much cancer-type and stage-dependent. Elucidating mechanistic insights in these processes in several cancer models will undeniably lead to the identification of effective single- and combinatorial drug therapies for new targetable effectors in cancer.
AUTHOR CONTRIBUTIONS
NB wrote 75% of the manuscript and designed all figures. DC wrote 25% of the manuscript and helped in modifying the article figures for final submission. NB and DC worked under the supervision of ST. ST read and corrected the manuscript before submission.
FUNDING
ST is supported by a Canadian Cancer Society Research Chair and has received funding from the Canadian Institutes of Health Research (CIHR 326436). NB was supported by Mitacs Accelerate postdoc program (IT18994).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Adar, Y., Stark, M., Bram, E. E., Nowak-Sliwinska, P., van den Bergh, H., Szewczyk, G., et al. (2012). Imidazoacridinone-dependent Lysosomal Photodestruction: a Pharmacological Trojan Horse Approach to Eradicate Multidrug-Resistant Cancers. Cell Death Dis 3, e293. doi:10.1038/cddis.2012.30
 Aflaki, E., Borger, D. K., Moaven, N., Stubblefield, B. K., Rogers, S. A., Patnaik, S., et al. (2016). A New Glucocerebrosidase Chaperone Reduces α-Synuclein and Glycolipid Levels in iPSC-Derived Dopaminergic Neurons from Patients with Gaucher Disease and Parkinsonism. J. Neurosci. 36 (28), 7441–7452. doi:10.1523/JNEUROSCI.0636-16.2016
 Aflaki, E., Westbroek, W., and Sidransky, E. (2017). The Complicated Relationship between Gaucher Disease and Parkinsonism: Insights from a Rare Disease. Neuron 93 (4), 737–746. doi:10.1016/j.neuron.2017.01.018
 Aits, S., and Jaattela, M. (2013). Lysosomal Cell Death at a Glance. J. Cel Sci 126 (Pt 9), 1905–1912. doi:10.1242/jcs.091181
 Aits, S., Jaattela, M., and Nylandsted, J. (2015a). Methods for the Quantification of Lysosomal Membrane Permeabilization: a Hallmark of Lysosomal Cell Death. Methods Cel Biol 126, 261–285. doi:10.1016/bs.mcb.2014.10.032
 Aits, S., Kricker, J., Liu, B., Ellegaard, A. M., Hamalisto, S., Tvingsholm, S., et al. (2015b). Sensitive Detection of Lysosomal Membrane Permeabilization by Lysosomal Galectin Puncta Assay. Autophagy 11 (8), 1408–1424. doi:10.1080/15548627.2015.1063871
 Alesi, N., Akl, E. W., Khabibullin, D., Liu, H. J., Nidhiry, A. S., Garner, E. R., et al. (2021). TSC2 Regulates Lysosome Biogenesis via a Non-canonical RAGC and TFEB-dependent Mechanism. Nat. Commun. 12 (1), 4245. doi:10.1038/s41467-021-24499-6
 Appelqvist, H., Waster, P., Kagedal, K., and Ollinger, K. (2013). The Lysosome: from Waste Bag to Potential Therapeutic Target. J. Mol. Cel Biol 5 (4), 214–226. doi:10.1093/jmcb/mjt022
 Bainton, D. F. (1981). The Discovery of Lysosomes. J. Cel Biol 91 (3 Pt 2), 66s–76s. doi:10.1083/jcb.91.3.66s
 Bandyopadhyay, D., Cyphersmith, A., Zapata, J. A., Kim, Y. J., and Payne, C. K. (2014). Lysosome Transport as a Function of Lysosome Diameter. PLoS One 9 (1), e86847. doi:10.1371/journal.pone.0086847
 Bar-Peled, L., Schweitzer, L. D., Zoncu, R., and Sabatini, D. M. (2012). Ragulator Is a GEF for the Rag GTPases that Signal Amino Acid Levels to mTORC1. Cell 150 (6), 1196–1208. doi:10.1016/j.cell.2012.07.032
 Bento, C. F., Renna, M., Ghislat, G., Puri, C., Ashkenazi, A., Vicinanza, M., et al. (2016). Mammalian Autophagy: How Does it Work?Annu. Rev. Biochem. 85, 685–713. doi:10.1146/annurev-biochem-060815-014556
 Berthet, J., Berthet, L., Appelmans, F., and De Duve, C. (1951). Tissue Fractionation Studies. II. The Nature of the Linkage between Acid Phosphatase and Mitochondria in Rat-Liver Tissue. Biochem. J. 50 (2), 182–189. doi:10.1042/bj0500182
 Berthet, J., and De Duve, C. (1951). Tissue Fractionation Studies. I. The Existence of a Mitochondria-Linked, Enzymically Inactive Form of Acid Phosphatase in Rat-Liver Tissue. Biochem. J. 50 (2), 174–181. doi:10.1042/bj0500174
 Bi, X., Haque, T. S., Zhou, J., Skillman, A. G., Lin, B., Lee, C. E., et al. (2000). Novel Cathepsin D Inhibitors Block the Formation of Hyperphosphorylated Tau Fragments in hippocampus. J. Neurochem. 74 (4), 1469–1477. doi:10.1046/j.1471-4159.2000.0741469.x
 Bissig, C., Hurbain, I., Raposo, G., and van Niel, G. (2017). PIKfyve Activity Regulates Reformation of Terminal Storage Lysosomes from Endolysosomes. Traffic 18 (11), 747–757. doi:10.1111/tra.12525
 Blott, E. J., and Griffiths, G. M. (2002). Secretory Lysosomes. Nat. Rev. Mol. Cel Biol 3 (2), 122–131. doi:10.1038/nrm732
 Boland, B., Yu, W. H., Corti, O., Mollereau, B., Henriques, A., Bezard, E., et al. (2018). Promoting the Clearance of Neurotoxic Proteins in Neurodegenerative Disorders of Ageing. Nat. Rev. Drug Discov. 17 (9), 660–688. doi:10.1038/nrd.2018.109
 Bonam, S. R., Wang, F., and Muller, S. (2019). Lysosomes as a Therapeutic Target. Nat. Rev. Drug Discov. 18 (12), 923–948. doi:10.1038/s41573-019-0036-1
 Bonifacino, J. S., and Traub, L. M. (2003). Signals for Sorting of Transmembrane Proteins to Endosomes and Lysosomes. Annu. Rev. Biochem. 72, 395–447. doi:10.1146/annurev.biochem.72.121801.161800
 Botelho, R. J., Efe, J. A., Teis, D., and Emr, S. D. (2008). Assembly of a Fab1 Phosphoinositide Kinase Signaling Complex Requires the Fig4 Phosphoinositide Phosphatase. Mol. Biol. Cel 19 (10), 4273–4286. doi:10.1091/mbc.e08-04-0405
 Bowers, W. E. (1998). Christian de Duve and the discovery of lysosomes and peroxisomes. Trends Cel Biol 8 (8), 330–333. doi:10.1016/s0962-8924(98)01314-2
 Brady, R. O. (2006). Enzyme Replacement for Lysosomal Diseases. Annu. Rev. Med. 57, 283–296. doi:10.1146/annurev.med.57.110104.115650
 Brady, R. O., Kanfer, J. N., Mock, M. B., and Fredrickson, D. S. (1966). The Metabolism of Sphingomyelin. II. Evidence of an Enzymatic Deficiency in Niemann-Pick Diseae. Proc. Natl. Acad. Sci. U S A. 55 (2), 366–369. doi:10.1073/pnas.55.2.366
 Braunlin, E. A., Harmatz, P. R., Scarpa, M., Furlanetto, B., Kampmann, C., Loehr, J. P., et al. (2011). Cardiac Disease in Patients with Mucopolysaccharidosis: Presentation, Diagnosis and Management. J. Inherit. Metab. Dis. 34 (6), 1183–1197. doi:10.1007/s10545-011-9359-8
 Bright, N. A., Davis, L. J., and Luzio, J. P. (2016). Endolysosomes Are the Principal Intracellular Sites of Acid Hydrolase Activity. Curr. Biol. 26 (17), 2233–2245. doi:10.1016/j.cub.2016.06.046
 Bröcker, C., Engelbrecht-Vandré, S., and Ungermann, C. (2010). Multisubunit Tethering Complexes and Their Role in Membrane Fusion. Curr. Biol. 20 (21), R943–R952. doi:10.1016/j.cub.2010.09.015
 Burkhardt, J. K., Echeverri, C. J., Nilsson, T., and Vallee, R. B. (1997). Overexpression of the Dynamitin (P50) Subunit of the Dynactin Complex Disrupts Dynein-dependent Maintenance of Membrane Organelle Distribution. J. Cel Biol 139 (2), 469–484. doi:10.1083/jcb.139.2.469
 Cai, Q., Lu, L., Tian, J. H., Zhu, Y. B., Qiao, H., and Sheng, Z. H. (2010). Snapin-regulated Late Endosomal Transport Is Critical for Efficient Autophagy-Lysosomal Function in Neurons. Neuron 68 (1), 73–86. doi:10.1016/j.neuron.2010.09.022
 Cai, X., Xu, Y., Cheung, A. K., Tomlinson, R. C., Alcázar-Román, A., Murphy, L., et al. (2013). PIKfyve, a Class III PI Kinase, Is the Target of the Small Molecular IL-12/IL-23 Inhibitor Apilimod and a Player in Toll-like Receptor Signaling. Chem. Biol. 20 (7), 912–921. doi:10.1016/j.chembiol.2013.05.010
 Carlsson, S. R., and Fukuda, M. (1992). The Lysosomal Membrane Glycoprotein Lamp-1 Is Transported to Lysosomes by Two Alternative Pathways. Arch. Biochem. Biophys. 296 (2), 630–639. doi:10.1016/0003-9861(92)90619-8
 Chavez, R. A., Miller, S. G., and Moore, H. P. (1996). A Biosynthetic Regulated Secretory Pathway in Constitutive Secretory Cells. J. Cel Biol 133 (6), 1177–1191. doi:10.1083/jcb.133.6.1177
 Chavrier, P., Parton, R. G., Hauri, H. P., Simons, K., and Zerial, M. (1990). Localization of Low Molecular Weight GTP Binding Proteins to Exocytic and Endocytic Compartments. Cell 62 (2), 317–329. doi:10.1016/0092-8674(90)90369-p
 Chi, C., Riching, A. S., and Song, K. (2020). Lysosomal Abnormalities in Cardiovascular Disease. Int. J. Mol. Sci. 21 (3), 811. doi:10.3390/ijms21030811
 Chow, C. Y., Zhang, Y., Dowling, J. J., Jin, N., Adamska, M., Shiga, K., et al. (2007). Mutation of FIG4 Causes Neurodegeneration in the Pale Tremor Mouse and Patients with CMT4J. Nature 448 (7149), 68–72. doi:10.1038/nature05876
 Christensen, K. A., Myers, J. T., and Swanson, J. A. (2002). pH-Dependent Regulation of Lysosomal Calcium in Macrophages. J. Cel Sci 115 (Pt 3), 599–607. doi:10.1242/jcs.115.3.599
 Christoforidis, S., Miaczynska, M., Ashman, K., Wilm, M., Zhao, L., Yip, S. C., et al. (1999). Phosphatidylinositol-3-OH Kinases Are Rab5 Effectors. Nat. Cel Biol 1 (4), 249–252. doi:10.1038/12075
 Claude, A. (1946a). Fractionation of Mammalian Liver Cells by Differential Centrifugation; Experimental Procedures and Results. J. Exp. Med. 84, 61–89. doi:10.1084/jem.84.1.61
 Claude, A. (1946b). Fractionation of Mammalian Liver Cells by Differential Centrifugation; Problems, Methods, and Preparation of Extract. J. Exp. Med. 84, 51–59. doi:10.1084/jem.84.1.51
 Coffey, J. W., and De Duve, C. (1968). Digestive Activity of Lysosomes. I. The Digestion of Proteins by Extracts of Rat Liver Lysosomes. J. Biol. Chem. 243 (12), 3255–3263. doi:10.1016/s0021-9258(18)93301-6
 Colaco, A., and Jaattela, M. (2017). Ragulator-a Multifaceted Regulator of Lysosomal Signaling and Trafficking. J. Cel Biol 216 (12), 3895–3898. doi:10.1083/jcb.201710039
 Coorssen, J. R., Schmitt, H., and Almers, W. (1996). Ca2+ Triggers Massive Exocytosis in Chinese Hamster Ovary Cells. EMBO J. 15 (15), 3787–3791. doi:10.1002/j.1460-2075.1996.tb00752.x
 Coutinho, M. F., and Alves, S. (2016). From Rare to Common and Back Again: 60years of Lysosomal Dysfunction. Mol. Genet. Metab. 117 (2), 53–65. doi:10.1016/j.ymgme.2015.08.008
 Cuervo, A. M. (2004). Autophagy: in Sickness and in Health. Trends Cel Biol 14 (2), 70–77. doi:10.1016/j.tcb.2003.12.002
 de Araujo, M. E. G., Liebscher, G., Hess, M. W., and Huber, L. A. (2020). Lysosomal Size Matters. Traffic 21 (1), 60–75. doi:10.1111/tra.12714
 De Duve, C., Pressman, B. C., Gianetto, R., Wattiaux, R., and Appelmans, F. (1955). Tissue Fractionation Studies. 6. Intracellular Distribution Patterns of Enzymes in Rat-Liver Tissue. Biochem. J. 60 (4), 604–617. doi:10.1042/bj0600604
 de Duve, C. (2005). The Lysosome Turns Fifty. Nat. Cel Biol 7 (9), 847–849. doi:10.1038/ncb0905-847
 Dehay, B., Martinez-Vicente, M., Caldwell, G. A., Caldwell, K. A., Yue, Z., Cookson, M. R., et al. (2013). Lysosomal Impairment in Parkinson's Disease. Mov Disord. 28 (6), 725–732. doi:10.1002/mds.25462
 del Toro, D., Alberch, J., Lázaro-Diéguez, F., Martín-Ibáñez, R., Xifró, X., Egea, G., et al. (2009). Mutant Huntingtin Impairs post-Golgi Trafficking to Lysosomes by Delocalizing optineurin/Rab8 Complex from the Golgi Apparatus. Mol. Biol. Cel 20 (5), 1478–1492. doi:10.1091/mbc.e08-07-0726
 Demirel, Ö., Jan, I., Wolters, D., Blanz, J., Saftig, P., Tampé, R., et al. (2012). The Lysosomal Polypeptide Transporter TAPL Is Stabilized by Interaction with LAMP-1 and LAMP-2. J. Cel Sci 125 (Pt 18), 4230–4240. doi:10.1242/jcs.087346
 Desnick, R. J., and Schuchman, E. H. (2012). Enzyme Replacement Therapy for Lysosomal Diseases: Lessons from 20 Years of Experience and Remaining Challenges. Annu. Rev. Genomics Hum. Genet. 13, 307–335. doi:10.1146/annurev-genom-090711-163739
 Dettmer, J., Hong-Hermesdorf, A., Stierhof, Y. D., and Schumacher, K. (2006). Vacuolar H+-ATPase Activity Is Required for Endocytic and Secretory Trafficking in Arabidopsis. Plant Cell 18 (3), 715–730. doi:10.1105/tpc.105.037978
 Doherty, G. J., and McMahon, H. T. (2009). Mechanisms of Endocytosis. Annu. Rev. Biochem. 78, 857–902. doi:10.1146/annurev.biochem.78.081307.110540
 Drerup, C. M., and Nechiporuk, A. V. (2013). JNK-interacting Protein 3 Mediates the Retrograde Transport of Activated C-Jun N-Terminal Kinase and Lysosomes. Plos Genet. 9 (2), e1003303. doi:10.1371/journal.pgen.1003303
 Duex, J. E., Nau, J. J., Kauffman, E. J., and Weisman, L. S. (2006a). Phosphoinositide 5-phosphatase Fig 4p Is Required for Both Acute Rise and Subsequent Fall in Stress-Induced Phosphatidylinositol 3,5-bisphosphate Levels. Eukaryot. Cel 5 (4), 723–731. doi:10.1128/EC.5.4.723-731.2006
 Duex, J. E., Tang, F., and Weisman, L. S. (2006b). The Vac14p-Fig4p Complex Acts Independently of Vac7p and Couples PI3,5P2 Synthesis and Turnover. J. Cel Biol 172 (5), 693–704. doi:10.1083/jcb.200512105
 Duong, L. T., Wesolowski, G. A., Leung, P., Oballa, R., and Pickarski, M. (2014). Efficacy of a Cathepsin K Inhibitor in a Preclinical Model for Prevention and Treatment of Breast Cancer Bone Metastasis. Mol. Cancer Ther. 13 (12), 2898–2909. doi:10.1158/1535-7163.mct-14-0253
 Dutta, D., and Donaldson, J. G. (2012). Search for Inhibitors of Endocytosis: Intended Specificity and Unintended Consequences. Cell Logist 2 (4), 203–208. doi:10.4161/cl.23967
 Edgar, J. R. (2016). Q&A: What Are Exosomes, Exactly?BMC Biol. 14, 46. doi:10.1186/s12915-016-0268-z
 Eskelinen, E. L., Schmidt, C. K., Neu, S., Willenborg, M., Fuertes, G., Salvador, N., et al. (2004). Disturbed Cholesterol Traffic but normal Proteolytic Function in LAMP-1/LAMP-2 Double-Deficient Fibroblasts. Mol. Biol. Cel 15 (7), 3132–3145. doi:10.1091/mbc.e04-02-0103
 Eskelinen, E. L., Tanaka, Y., and Saftig, P. (2003). At the Acidic Edge: Emerging Functions for Lysosomal Membrane Proteins. Trends Cel Biol 13 (3), 137–145. doi:10.1016/s0962-8924(03)00005-9
 Fabry, J. (1898). Ein Beitrag zur Kenntniss der Purpura haemorrhagica nodularis. Arch. Dermatol. Res. 43, 187–200. doi:10.1007/bf01986897
 Fais, S., De Milito, A., You, H., and Qin, W. (2007). Targeting Vacuolar H+-ATPases as a New Strategy against Cancer. Cancer Res. 67 (22), 10627–10630. doi:10.1158/0008-5472.CAN-07-1805
 Farías, G. G., Guardia, C. M., De Pace, R., Britt, D. J., and Bonifacino, J. S. (2017). BORC/kinesin-1 Ensemble Drives Polarized Transport of Lysosomes into the Axon. Proc. Natl. Acad. Sci. U S A. 114 (14), E2955–E2964. doi:10.1073/pnas.1616363114
 Fernandez-Borja, M., Wubbolts, R., Calafat, J., Janssen, H., Divecha, N., Dusseljee, S., et al. (1999). Multivesicular Body Morphogenesis Requires Phosphatidyl-Inositol 3-kinase Activity. Curr. Biol. 9 (1), 55–58. doi:10.1016/s0960-9822(99)80048-7
 Ferreira, A. P. A., and Boucrot, E. (2018). Mechanisms of Carrier Formation during Clathrin-independent Endocytosis. Trends Cel Biol 28 (3), 188–200. doi:10.1016/j.tcb.2017.11.004
 Filipek, P. A., de Araujo, M. E. G., Vogel, G. F., De Smet, C. H., Eberharter, D., Rebsamen, M., et al. (2017). LAMTOR/Ragulator Is a Negative Regulator of Arl8b- and BORC-dependent Late Endosomal Positioning. J. Cel Biol 216 (12), 4199–4215. doi:10.1083/jcb.201703061
 Fratantoni, J. C., Hall, C. W., and Neufeld, E. F. (1968). The Defect in Hurler's and Hunter's Syndromes: Faulty Degradation of Mucopolysaccharide. Proc. Natl. Acad. Sci. U S A. 60 (2), 699–706. doi:10.1073/pnas.60.2.699
 Gaucher, P. (1882). De l'épithelioma primitif de la rate. Paris. 
 Gayle, S., Landrette, S., Beeharry, N., Conrad, C., Hernandez, M., Beckett, P., et al. (2017). Identification of Apilimod as a First-In-Class PIKfyve Kinase Inhibitor for Treatment of B-Cell Non-hodgkin Lymphoma. Blood 129 (13), 1768–1778. doi:10.1182/blood-2016-09-736892
 Gerasimenko, J. V., Gerasimenko, O. V., and Petersen, O. H. (2001). Membrane Repair: Ca(2+)-Elicited Lysosomal Exocytosis. Curr. Biol. 11 (23), R971–R974. doi:10.1016/s0960-9822(01)00577-2
 Gerasimenko, J. V., Tepikin, A. V., Petersen, O. H., and Gerasimenko, O. V. (1998). Calcium Uptake via Endocytosis with Rapid Release from Acidifying Endosomes. Curr. Biol. 8 (24), 1335–1338. doi:10.1016/s0960-9822(07)00565-9
 Ghosh, P., and Kornfeld, S. (2004a). The Cytoplasmic Tail of the Cation-independent Mannose 6-phosphate Receptor Contains Four Binding Sites for AP-1. Arch. Biochem. Biophys. 426 (2), 225–230. doi:10.1016/j.abb.2004.02.011
 Ghosh, P., and Kornfeld, S. (2004b). The GGA Proteins: Key Players in Protein Sorting at the Trans-golgi Network. Eur. J. Cel Biol 83 (6), 257–262. doi:10.1078/0171-9335-00374
 Gocheva, V., Zeng, W., Ke, D., Klimstra, D., Reinheckel, T., Peters, C., et al. (2006). Distinct Roles for Cysteine Cathepsin Genes in Multistage Tumorigenesis. Genes Dev. 20 (5), 543–556. doi:10.1101/gad.1407406
 Gotink, K. J., Broxterman, H. J., Labots, M., de Haas, R. R., Dekker, H., Honeywell, R. J., et al. (2011). Lysosomal Sequestration of Sunitinib: a Novel Mechanism of Drug Resistance. Clin. Cancer Res. 17 (23), 7337–7346. doi:10.1158/1078-0432.CCR-11-1667
 Gowrishankar, S., Lyons, L., Rafiq, N. M., Roczniak-Ferguson, A., De Camilli, P., and Ferguson, S. M. (2021). Overlapping Roles of JIP3 and JIP4 in Promoting Axonal Transport of Lysosomes in Human iPSC-Derived Neurons. Mol. Biol. Cel 32 (11), 1094–1103. doi:10.1091/mbc.E20-06-0382
 Grabiner, B. C., Nardi, V., Birsoy, K., Possemato, R., Shen, K., Sinha, S., et al. (2014). A Diverse Array of Cancer-Associated MTOR Mutations Are Hyperactivating and Can Predict Rapamycin Sensitivity. Cancer Discov. 4 (5), 554–563. doi:10.1158/2159-8290.CD-13-0929
 Granato, M., Lacconi, V., Peddis, M., Lotti, L. V., Di Renzo, L., Gonnella, R., et al. (2013). HSP70 Inhibition by 2-phenylethynesulfonamide Induces Lysosomal Cathepsin D Release and Immunogenic Cell Death in Primary Effusion Lymphoma. Cel Death Dis 4, e730. doi:10.1038/cddis.2013.263
 Graves, A. R., Curran, P. K., Smith, C. L., and Mindell, J. A. (2008). The Cl-/H+ Antiporter ClC-7 Is the Primary Chloride Permeation Pathway in Lysosomes. Nature 453 (7196), 788–792. doi:10.1038/nature06907
 Guérard, N., Oder, D., Nordbeck, P., Zwingelstein, C., Morand, O., Welford, R. W. D., et al. (2018). Lucerastat, an Iminosugar for Substrate Reduction Therapy: Tolerability, Pharmacodynamics, and Pharmacokinetics in Patients with Fabry Disease on Enzyme Replacement. Clin. Pharmacol. Ther. 103 (4), 703–711. doi:10.1002/cpt.790
 Guertin, D. A., and Sabatini, D. M. (2007). Defining the Role of mTOR in Cancer. Cancer Cell 12 (1), 9–22. doi:10.1016/j.ccr.2007.05.008
 Hamalisto, S., and Jaattela, M. (2016). Lysosomes in Cancer-Living on the Edge (Of the Cell). Curr. Opin. Cel Biol 39, 69–76. doi:10.1016/j.ceb.2016.02.009
 Hampel, H., Frank, R., Broich, K., Teipel, S. J., Katz, R. G., Hardy, J., et al. (2010). Biomarkers for Alzheimer's Disease: Academic, Industry and Regulatory Perspectives. Nat. Rev. Drug Discov. 9 (7), 560–574. doi:10.1038/nrd3115
 Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of Cancer: the Next Generation. Cell 144 (5), 646–674. doi:10.1016/j.cell.2011.02.013
 Hara-Chikuma, M., Yang, B., Sonawane, N. D., Sasaki, S., Uchida, S., and Verkman, A. S. (2005). ClC-3 Chloride Channels Facilitate Endosomal Acidification and Chloride Accumulation. J. Biol. Chem. 280 (2), 1241–1247. doi:10.1074/jbc.M407030200
 Harter, C., and Mellman, I. (1992). Transport of the Lysosomal Membrane Glycoprotein Lgp120 (Lgp-A) to Lysosomes Does Not Require Appearance on the Plasma Membrane. J. Cel Biol 117 (2), 311–325. doi:10.1083/jcb.117.2.311
 Hers, H. G. (1963). Alpha-Glucosidase Deficiency in Generalized Glycogenstorage Disease (Pompe's Disease). Biochem. J. 86, 11–16. doi:10.1042/bj0860011
 Hipolito, V. E. B., Ospina-Escobar, E., and Botelho, R. J. (2018). Lysosome Remodelling and Adaptation during Phagocyte Activation. Cell Microbiol 20 (4). doi:10.1111/cmi.12824
 Ho, C. Y., Alghamdi, T. A., and Botelho, R. J. (2012). Phosphatidylinositol-3,5-bisphosphate: No Longer the Poor PIP2. Traffic 13 (1), 1–8. doi:10.1111/j.1600-0854.2011.01246.x
 Hofmann, I., and Munro, S. (2006). An N-Terminally Acetylated Arf-like GTPase Is Localised to Lysosomes and Affects Their Motility. J. Cel Sci 119 (Pt 8), 1494–1503. doi:10.1242/jcs.02958
 Hong, W., and Lev, S. (2014). Tethering the Assembly of SNARE Complexes. Trends Cel Biol 24 (1), 35–43. doi:10.1016/j.tcb.2013.09.006
 Horiuchi, H., Lippé, R., McBride, H. M., Rubino, M., Woodman, P., Stenmark, H., et al. (1997). A Novel Rab5 GDP/GTP Exchange Factor Complexed to Rabaptin-5 Links Nucleotide Exchange to Effector Recruitment and Function. Cell 90 (6), 1149–1159. doi:10.1016/s0092-8674(00)80380-3
 Hraběta, J., Belhajová, M., Šubrtová, H., Merlos Rodrigo, M. A., Heger, Z., and Eckschlager, T. (2020). Drug Sequestration in Lysosomes as One of the Mechanisms of Chemoresistance of Cancer Cells and the Possibilities of its Inhibition. Int. J. Mol. Sci. 21 (12), 4392. doi:10.3390/ijms21124392
 Hughes, D. A., Nicholls, K., Shankar, S. P., Sunder-Plassmann, G., Koeller, D., and Nedd, K. (2017). Oral Pharmacological Chaperone Migalastat Compared with Enzyme Replacement Therapy in Fabry Disease: 18-month Results from the Randomised Phase III ATTRACT Study. J. Med. Genet. 54 (4), 288–296. doi:10.1136/jmedgenet-2016-104178
 Huizing, M., Helip-Wooley, A., Westbroek, W., Gunay-Aygun, M., and Gahl, W. A. (2008). Disorders of Lysosome-Related Organelle Biogenesis: Clinical and Molecular Genetics. Annu. Rev. Genomics Hum. Genet. 9, 359–386. doi:10.1146/annurev.genom.9.081307.164303
 Huotari, J., and Helenius, A. (2011). Endosome Maturation. EMBO J. 30 (17), 3481–3500. doi:10.1038/emboj.2011.286
 Huynh, K. K., Eskelinen, E. L., Scott, C. C., Malevanets, A., Saftig, P., and Grinstein, S. (2007). LAMP Proteins Are Required for Fusion of Lysosomes with Phagosomes. EMBO J. 26 (2), 313–324. doi:10.1038/sj.emboj.7601511
 Ikonomov, O. C., Altankov, G., Sbrissa, D., and Shisheva, A. (2018). PIKfyve Inhibitor Cytotoxicity Requires AKT Suppression and Excessive Cytoplasmic Vacuolation. Toxicol. Appl. Pharmacol. 356, 151–158. doi:10.1016/j.taap.2018.08.001
 Ikonomov, O. C., Sbrissa, D., Fenner, H., and Shisheva, A. (2009). PIKfyve-ArPIKfyve-Sac3 Core Complex: Contact Sites and Their Consequence for Sac3 Phosphatase Activity and Endocytic Membrane Homeostasis. J. Biol. Chem. 284 (51), 35794–35806. doi:10.1074/jbc.M109.037515
 Ikonomov, O. C., Sbrissa, D., and Shisheva, A. (2019). Small Molecule PIKfyve Inhibitors as Cancer Therapeutics: Translational Promises and Limitations. Toxicol. Appl. Pharmacol. 383, 114771. doi:10.1016/j.taap.2019.114771
 Inoki, K., Li, Y., Xu, T., and Guan, K. L. (2003). Rheb GTPase Is a Direct Target of TSC2 GAP Activity and Regulates mTOR Signaling. Genes Dev. 17 (15), 1829–1834. doi:10.1101/gad.1110003
 Ishikawa, T. (2012). Structural Biology of Cytoplasmic and Axonemal Dyneins. J. Struct. Biol. 179 (2), 229–234. doi:10.1016/j.jsb.2012.05.016
 Jaattela, M., and Nylandsted, J. (2015). Quantification of Lysosomal Membrane Permeabilization by Cytosolic Cathepsin and Beta-N-Acetyl-Glucosaminidase Activity Measurements. Cold Spring Harb Protoc. 2015 (11), 1017–1023. doi:10.1101/pdb.prot086165
 Jaiswal, J. K., Andrews, N. W., and Simon, S. M. (2002). Membrane Proximal Lysosomes Are the Major Vesicles Responsible for Calcium-dependent Exocytosis in Nonsecretory Cells. J. Cel Biol 159 (4), 625–635. doi:10.1083/jcb.200208154
 Jansen, G., Barr, H., Kathmann, I., Bunni, M. A., Priest, D. G., Noordhuis, P., et al. (1999). Multiple Mechanisms of Resistance to Polyglutamatable and Lipophilic Antifolates in Mammalian Cells: Role of Increased Folylpolyglutamylation, Expanded Folate Pools, and Intralysosomal Drug Sequestration. Mol. Pharmacol. 55 (4), 761–769.
 Jia, R., Guardia, C. M., Pu, J., Chen, Y., and Bonifacino, J. S. (2017). BORC Coordinates Encounter and Fusion of Lysosomes with Autophagosomes. Autophagy 13 (10), 1648–1663. doi:10.1080/15548627.2017.1343768
 Johansson, M., Rocha, N., Zwart, W., Jordens, I., Janssen, L., Kuijl, C., et al. (2007). Activation of Endosomal Dynein Motors by Stepwise Assembly of Rab7-RILP-p150Glued, ORP1L, and the Receptor Betalll Spectrin. J. Cel Biol 176 (4), 459–471. doi:10.1083/jcb.200606077
 Kaksonen, M., and Roux, A. (2018). Mechanisms of Clathrin-Mediated Endocytosis. Nat. Rev. Mol. Cel Biol. 19, 313. doi:10.1038/nrm.2017.132
 Kallunki, T., Olsen, O. D., and Jaattela, M. (2013). Cancer-associated Lysosomal Changes: Friends or Foes?Oncogene 32 (16), 1995–2004. doi:10.1038/onc.2012.292
 Kanfer, J. N., Young, O. M., Shapiro, D., and Brady, R. O. (1966). The Metabolism of Sphingomyelin. I. Purification and Properties of a Sphingomyelin-Cleaving Enzyme from Rat Liver Tissue. J. Biol. Chem. 241 (5), 1081–1084. doi:10.1016/s0021-9258(18)96805-5
 Kasper, D., Planells-Cases, R., Fuhrmann, J. C., Scheel, O., Zeitz, O., Ruether, K., et al. (2005). Loss of the Chloride Channel ClC-7 Leads to Lysosomal Storage Disease and Neurodegeneration. EMBO J. 24 (5), 1079–1091. doi:10.1038/sj.emboj.7600576
 Katzmann, D. J., Babst, M., and Emr, S. D. (2001). Ubiquitin-dependent Sorting into the Multivesicular Body Pathway Requires the Function of a Conserved Endosomal Protein Sorting Complex, ESCRT-I. Cell 106 (2), 145–155. doi:10.1016/s0092-8674(01)00434-2
 Kauffman, E. C., Ricketts, C. J., Rais-Bahrami, S., Yang, Y., Merino, M. J., Bottaro, D. P., et al. (2014). Molecular Genetics and Cellular Features of TFE3 and TFEB Fusion Kidney Cancers. Nat. Rev. Urol. 11 (8), 465–475. doi:10.1038/nrurol.2014.162
 Kaufmann, A. M., and Krise, J. P. (2007). Lysosomal Sequestration of Amine-Containing Drugs: Analysis and Therapeutic Implications. J. Pharm. Sci. 96 (4), 729–746. doi:10.1002/jps.20792
 Kaushik, S., and Cuervo, A. M. (2012). Chaperone-mediated Autophagy: a Unique Way to Enter the Lysosome World. Trends Cel Biol 22 (8), 407–417. doi:10.1016/j.tcb.2012.05.006
 Kielian, M. C., Marsh, M., and Helenius, A. (1986). Kinetics of Endosome Acidification Detected by Mutant and Wild-type Semliki Forest Virus. EMBO J. 5 (12), 3103–3109. doi:10.1002/j.1460-2075.1986.tb04616.x
 Kim, E., Goraksha-Hicks, P., Li, L., Neufeld, T. P., and Guan, K. L. (2008). Regulation of TORC1 by Rag GTPases in Nutrient Response. Nat. Cel Biol 10 (8), 935–945. doi:10.1038/ncb1753
 Komatsu, M., Kominami, E., and Tanaka, K. (2006). Autophagy and Neurodegeneration. Autophagy 2 (4), 315–317. doi:10.4161/auto.2974
 Korolchuk, V. I., and Rubinsztein, D. C. (2011). Regulation of Autophagy by Lysosomal Positioning. Autophagy 7 (8), 927–928. doi:10.4161/auto.7.8.15862
 Korolchuk, V. I., Saiki, S., Lichtenberg, M., Siddiqi, F. H., Roberts, E. A., Imarisio, S., et al. (2011). Lysosomal Positioning Coordinates Cellular Nutrient Responses. Nat. Cel Biol 13 (4), 453–460. doi:10.1038/ncb2204
 Kos, J., Mitrovic, A., and Mirkovic, B. (2014). The Current Stage of Cathepsin B Inhibitors as Potential Anticancer Agents. Future Med. Chem. 6 (11), 1355–1371. doi:10.4155/fmc.14.73
 Krausz, S., Boumans, M. J., Gerlag, D. M., Lufkin, J., van Kuijk, A. W., and Bakker, A. (2012). Brief Report: a Phase IIa, Randomized, Double-Blind, Placebo-Controlled Trial of Apilimod Mesylate, an Interleukin-12/interleukin-23 Inhibitor, in Patients with Rheumatoid Arthritis. Arthritis Rheum. 64 (6), 1750–1755. doi:10.1002/art.34339
 Kroemer, G., and Jaattela, M. (2005). Lysosomes and Autophagy in Cell Death Control. Nat. Rev. Cancer 5 (11), 886–897. doi:10.1038/nrc1738
 Kumari, S., Mg, S., and Mayor, S. (2010). Endocytosis Unplugged: Multiple Ways to Enter the Cell. Cell Res 20 (3), 256–275. doi:10.1038/cr.2010.19
 Lai, J. I., Tseng, Y. J., Chen, M. H., Huang, C. F., and Chang, P. M. (2020). Clinical Perspective of FDA Approved Drugs with P-Glycoprotein Inhibition Activities for Potential Cancer Therapeutics. Front. Oncol. 10, 561936. doi:10.3389/fonc.2020.561936
 Lamb, C. A., Dooley, H. C., and Tooze, S. A. (2013). Endocytosis and Autophagy: Shared Machinery for Degradation. Bioessays 35 (1), 34–45. doi:10.1002/bies.201200130
 Lankelma, J. M., Voorend, D. M., Barwari, T., Koetsveld, J., Van der Spek, A. H., and De Porto, A. P. (2010). Cathepsin L, Target in Cancer Treatment?Life Sci. 86 (7-8), 225–233. doi:10.1016/j.lfs.2009.11.016
 Laplante, M., and Sabatini, D. M. (2012). mTOR Signaling in Growth Control and Disease. Cell 149 (2), 274–293. doi:10.1016/j.cell.2012.03.017
 Lauritzen, I., Pardossi-Piquard, R., Bourgeois, A., Bécot, A., and Checler, F. (2019). Does Intraneuronal Accumulation of Carboxyl-Terminal Fragments of the Amyloid Precursor Protein Trigger Early Neurotoxicity in Alzheimer's Disease?Curr. Alzheimer Res. 16 (5), 453–457. doi:10.2174/1567205016666190325092841
 Lawrence, R. E., and Zoncu, R. (2019). The Lysosome as a Cellular centre for Signalling, Metabolism and Quality Control. Nat. Cel Biol 21 (2), 133–142. doi:10.1038/s41556-018-0244-7
 Lee, J. H., Yu, W. H., Kumar, A., Lee, S., Mohan, P. S., Peterhoff, C. M., et al. (2010). Lysosomal Proteolysis and Autophagy Require Presenilin 1 and Are Disrupted by Alzheimer-Related PS1 Mutations. Cell 141 (7), 1146–1158. doi:10.1016/j.cell.2010.05.008
 Lees, J. A., Li, P., Kumar, N., Weisman, L. S., and Reinisch, K. M. (2020). Insights into Lysosomal PI(3,5)P. Mol. Cel 80 (4), 736–743. e734. doi:10.1016/j.molcel.2020.10.003
 Lejeune, N., Thines-Sempoux, D., and Hers, H. G. (1963). Tissue Fractionation Studies. 16. Intracellular Distribution and Properties of Alpha-Glucosidases in Rat Liver. Biochem. J. 86, 16–21. doi:10.1042/bj0860016
 Lewis, M. J., Nichols, B. J., Prescianotto-Baschong, C., Riezman, H., and Pelham, H. R. (2000). Specific Retrieval of the Exocytic SNARE Snc1p from Early Yeast Endosomes. Mol. Biol. Cel 11 (1), 23–38. doi:10.1091/mbc.11.1.23
 Li, P., Gu, M., and Xu, H. (2019). Lysosomal Ion Channels as Decoders of Cellular Signals. Trends Biochem. Sci. 44 (2), 110–124. doi:10.1016/j.tibs.2018.10.006
 Lieberman, A. P., Puertollano, R., Raben, N., Slaugenhaupt, S., Walkley, S. U., and Ballabio, A. (2012). Autophagy in Lysosomal Storage Disorders. Autophagy 8 (5), 719–730. doi:10.4161/auto.19469
 Logan, M. R., Odemuyiwa, S. O., and Moqbel, R. (2003). Understanding Exocytosis in Immune and Inflammatory Cells: the Molecular Basis of Mediator Secretion. J. Allergy Clin. Immunol. 111 (5), 923–932. doi:10.1016/s0091-6749(03)80114-8
 Longatti, A., Lamb, C. A., Razi, M., Yoshimura, S., Barr, F. A., and Tooze, S. A. (2012). TBC1D14 Regulates Autophagosome Formation via Rab11- and ULK1-Positive Recycling Endosomes. J. Cel Biol 197 (5), 659–675. doi:10.1083/jcb.201111079
 Lübke, T., Lobel, P., and Sleat, D. E. (2009). Proteomics of the Lysosome. Biochim. Biophys. Acta 1793 (4), 625–635. doi:10.1016/j.bbamcr.2008.09.018
 Luciani, F., Spada, M., De Milito, A., Molinari, A., Rivoltini, L., and Montinaro, A. (2004). Effect of Proton Pump Inhibitor Pretreatment on Resistance of Solid Tumors to Cytotoxic Drugs. J. Natl. Cancer Inst. 96 (22), 1702–1713. doi:10.1093/jnci/djh305
 Luzio, J. P., Pryor, P. R., and Bright, N. A. (2007). Lysosomes: Fusion and Function. Nat. Rev. Mol. Cel Biol 8 (8), 622–632. doi:10.1038/nrm2217
 Magalhaes, J., Gegg, M. E., Migdalska-Richards, A., and Schapira, A. H. (2018). Effects of Ambroxol on the Autophagy-Lysosome Pathway and Mitochondria in Primary Cortical Neurons. Sci. Rep. 8 (1), 1385. doi:10.1038/s41598-018-19479-8
 Marks, M. S., Heijnen, H. F., and Raposo, G. (2013). Lysosome-related Organelles: Unusual Compartments Become Mainstream. Curr. Opin. Cel Biol 25 (4), 495–505. doi:10.1016/j.ceb.2013.04.008
 Martina, J. A., Chen, Y., Gucek, M., and Puertollano, R. (2012). MTORC1 Functions as a Transcriptional Regulator of Autophagy by Preventing Nuclear Transport of TFEB. Autophagy 8 (6), 903–914. doi:10.4161/auto.19653
 Martina, J. A., Diab, H. I., Li, H., and Puertollano, R. (2014). Novel Roles for the MiTF/TFE Family of Transcription Factors in Organelle Biogenesis, Nutrient Sensing, and Energy Homeostasis. Cell Mol Life Sci 71 (13), 2483–2497. doi:10.1007/s00018-014-1565-8
 Martina, J. A., and Puertollano, R. (2013). Rag GTPases Mediate Amino Acid-dependent Recruitment of TFEB and MITF to Lysosomes. J. Cel Biol 200 (4), 475–491. doi:10.1083/jcb.201209135
 Martinez-Zaguilan, R., Seftor, E. A., Seftor, R. E., Chu, Y. W., Gillies, R. J., and Hendrix, M. J. (1996). Acidic pH Enhances the Invasive Behavior of Human Melanoma Cells. Clin. Exp. Metastasis 14 (2), 176–186. doi:10.1007/BF00121214
 Massari, M. E., and Murre, C. (2000). Helix-loop-helix Proteins: Regulators of Transcription in Eucaryotic Organisms. Mol. Cel Biol 20 (2), 429–440. doi:10.1128/mcb.20.2.429-440.2000
 Mathew, R., Karantza-Wadsworth, V., and White, E. (2007a). Role of Autophagy in Cancer. Nat. Rev. Cancer 7 (12), 961–967. doi:10.1038/nrc2254
 Mathew, R., Kongara, S., Beaudoin, B., Karp, C. M., Bray, K., Degenhardt, K., et al. (2007b). Autophagy Suppresses Tumor Progression by Limiting Chromosomal Instability. Genes Dev. 21 (11), 1367–1381. doi:10.1101/gad.1545107
 Maxfield, F. R. (2016). “Lysosomes: An Introduction,” in Lysosomes: Biology, Diseases and Therapeutics ( John Wiley & Sons). doi:10.1002/9781118978320.ch1
 Maxfield, F. R., and Yamashiro, D. J. (1987). Endosome Acidification and the Pathways of Receptor-Mediated Endocytosis. Adv. Exp. Med. Biol. 225, 189–198. doi:10.1007/978-1-4684-5442-0_16
 Maynadier, M., Vezenkov, L. L., Amblard, M., Martin, V., Gandreuil, C., Vaillant, O., et al. (2013). Dipeptide Mimic Oligomer Transporter Mediates Intracellular Delivery of Cathepsin D Inhibitors: a Potential Target for Cancer Therapy. J. Control. Release 171 (2), 251–257. doi:10.1016/j.jconrel.2013.07.017
 Meadows, N. A., Sharma, S. M., Faulkner, G. J., Ostrowski, M. C., Hume, D. A., and Cassady, A. I. (2007). The Expression of Clcn7 and Ostm1 in Osteoclasts Is Coregulated by Microphthalmia Transcription Factor. J. Biol. Chem. 282 (3), 1891–1904. doi:10.1074/jbc.M608572200
 Medina, D. L., Di Paola, S., Peluso, I., Armani, A., De Stefani, D., Venditti, R., et al. (2015). Lysosomal Calcium Signalling Regulates Autophagy through Calcineurin and TFEB. Nat. Cel Biol 17 (3), 288–299. doi:10.1038/ncb3114
 Medina, D. L., Fraldi, A., Bouche, V., Annunziata, F., Mansueto, G., Spampanato, C., et al. (2011). Transcriptional Activation of Lysosomal Exocytosis Promotes Cellular Clearance. Dev. Cel 21 (3), 421–430. doi:10.1016/j.devcel.2011.07.016
 Mellman, I. (1989). Organelles Observed: Lysosomes. Science 244 (4906), 853–854. doi:10.1126/science.244.4906.853
 Menzies, F. M., Fleming, A., Caricasole, A., Bento, C. F., Andrews, S. P., Ashkenazi, A., et al. (2017). Autophagy and Neurodegeneration: Pathogenic Mechanisms and Therapeutic Opportunities. Neuron 93 (5), 1015–1034. doi:10.1016/j.neuron.2017.01.022
 Méresse, S., Gorvel, J. P., and Chavrier, P. (1995). The Rab7 GTPase Resides on a Vesicular Compartment Connected to Lysosomes. J. Cel Sci 108 (Pt 11), 3349–3358. 
 Metchnikoff, E. (1893). Lectures on the Comparative Pathology of Inflammation, Delivered at the Pasteur Institute in 1891. London: Kegan Paul. 
 Mindell, J. A. (2012). Lysosomal Acidification Mechanisms. Annu. Rev. Physiol. 74, 69–86. doi:10.1146/annurev-physiol-012110-142317
 Mohamed, M. M., and Sloane, B. F. (2006). Cysteine Cathepsins: Multifunctional Enzymes in Cancer. Nat. Rev. Cancer 6 (10), 764–775. doi:10.1038/nrc1949
 Mohammad-Panah, R., Harrison, R., Dhani, S., Ackerley, C., Huan, L. J., Wang, Y., et al. (2003). The Chloride Channel ClC-4 Contributes to Endosomal Acidification and Trafficking. J. Biol. Chem. 278 (31), 29267–29277. doi:10.1074/jbc.M304357200
 Moreau, K., Ravikumar, B., Renna, M., Puri, C., and Rubinsztein, D. C. (2011). Autophagosome Precursor Maturation Requires Homotypic Fusion. Cell 146 (2), 303–317. doi:10.1016/j.cell.2011.06.023
 Morgan, A. J., and Galione, A. (2007). NAADP Induces pH Changes in the Lumen of Acidic Ca2+ Stores. Biochem. J. 402 (2), 301–310. doi:10.1042/BJ20060759
 Mostov, K., and Werb, Z. (1997). Journey across the Osteoclast. Science 276 (5310), 219–220. doi:10.1126/science.276.5310.219
 Nair, U., Jotwani, A., Geng, J., Gammoh, N., Richerson, D., Yen, W. L., et al. (2011). SNARE Proteins Are Required for Macroautophagy. Cell 146 (2), 290–302. doi:10.1016/j.cell.2011.06.022
 Nair, V., Belanger, E. C., and Veinot, J. P. (2019). Lysosomal Storage Disorders Affecting the Heart: a Review. Cardiovasc. Pathol. 39, 12–24. doi:10.1016/j.carpath.2018.11.002
 Napolitano, G., Di Malta, C., Esposito, A., de Araujo, M. E. G., Pece, S., Bertalot, G., et al. (2020). A Substrate-specific mTORC1 Pathway Underlies Birt-Hogg-Dubé Syndrome. Nature 585 (7826), 597–602. doi:10.1038/s41586-020-2444-0
 Nelson, E. A., Dyall, J., Hoenen, T., Barnes, A. B., Zhou, H., Liang, J. Y., et al. (2017). The Phosphatidylinositol-3-Phosphate 5-kinase Inhibitor Apilimod Blocks Filoviral Entry and Infection. Plos Negl. Trop. Dis. 11 (4), e0005540. doi:10.1371/journal.pntd.0005540
 Niemann, A. (1914). Ein Unbekanntes Krankheitsbild. Jahrb. Kinderheilkd. 79, 1–10. 
 Nishimura, Y., Sameni, M., and Sloane, B. F. (1998). Malignant Transformation Alters Intracellular Trafficking of Lysosomal Cathepsin D in Human Breast Epithelial Cells. Pathol. Oncol. Res. 4 (4), 283–296. doi:10.1007/bf02905219
 Novikoff, A. B., Beaufay, H., and De Duve, C. (1956). Electron Microscopy of Lysosomerich Fractions from Rat Liver. J. Biophys. Biochem. Cytol. 2 (4 Suppl. l), 179–184. doi:10.1083/jcb.2.4.179
 Ohkuma, S., Moriyama, Y., and Takano, T. (1982). Identification and Characterization of a Proton Pump on Lysosomes by Fluorescein-Isothiocyanate-Dextran Fluorescence. Proc. Natl. Acad. Sci. U S A. 79 (9), 2758–2762. doi:10.1073/pnas.79.9.2758
 Ohkuma, S., and Poole, B. (1981). Cytoplasmic Vacuolation of Mouse Peritoneal Macrophages and the Uptake into Lysosomes of Weakly Basic Substances. J. Cel Biol 90 (3), 656–664. doi:10.1083/jcb.90.3.656
 Ohkuma, S., and Poole, B. (1978). Fluorescence Probe Measurement of the Intralysosomal pH in Living Cells and the Perturbation of pH by Various Agents. Proc. Natl. Acad. Sci. U S A. 75 (7), 3327–3331. doi:10.1073/pnas.75.7.3327
 Palermo, C., and Joyce, J. A. (2008). Cysteine Cathepsin Proteases as Pharmacological Targets in Cancer. Trends Pharmacol. Sci. 29 (1), 22–28. doi:10.1016/j.tips.2007.10.011
 Palmieri, M., Impey, S., Kang, H., di Ronza, A., Pelz, C., Sardiello, M., et al. (2011). Characterization of the CLEAR Network Reveals an Integrated Control of Cellular Clearance Pathways. Hum. Mol. Genet. 20 (19), 3852–3866. doi:10.1093/hmg/ddr306
 Pastores, G. M., and Maegawa, G. H. (2013). Clinical Neurogenetics: Neuropathic Lysosomal Storage Disorders. Neurol. Clin. 31 (4), 1051–1071. doi:10.1016/j.ncl.2013.04.007
 Pavel, M., and Rubinsztein, D. C. (2017). Mammalian Autophagy and the Plasma Membrane. FEBS J. 284 (5), 672–679. doi:10.1111/febs.13931
 Pena-Llopis, S., Vega-Rubin-de-Celis, S., Schwartz, J. C., Wolff, N. C., Tran, T. A., Zou, L., et al. (2011). Regulation of TFEB and V-ATPases by mTORC1. EMBO J. 30 (16), 3242–3258. doi:10.1038/emboj.2011.257
 Petit, C. S., Roczniak-Ferguson, A., and Ferguson, S. M. (2013). Recruitment of Folliculin to Lysosomes Supports the Amino Acid-dependent Activation of Rag GTPases. J. Cel Biol 202 (7), 1107–1122. doi:10.1083/jcb.201307084
 Phan, T. K., Williams, S. A., Bindra, G. K., Lay, F. T., Poon, I. K. H., and Hulett, M. D. (2019). Phosphoinositides: Multipurpose Cellular Lipids with Emerging Roles in Cell Death. Cell Death Differ 26 (5), 781–793. doi:10.1038/s41418-018-0269-2
 Piao, S., and Amaravadi, R. K. (2016). Targeting the Lysosome in Cancer. Ann. N. Y Acad. Sci. 1371 (1), 45–54. doi:10.1111/nyas.12953
 Pick, L. (1926). Der Morbus Gaucher und die ihm ähnlichen Krankheiten (die lipoidzellige Splenohepatomegalie Typus Niemann und die diabetische Lipoidzellenhypoplasie der Milz). Ergebnisse der Inneren Medizin und Kinderheilkunde (Berlin) 29, 519–627. 
 Pineda, M., Walterfang, M., and Patterson, M. C. (2018). Miglustat in Niemann-Pick Disease Type C Patients: a Review. Orphanet J. Rare Dis. 13 (1), 140. doi:10.1186/s13023-018-0844-0
 Platt, F. M. (2018). Emptying the Stores: Lysosomal Diseases and Therapeutic Strategies. Nat. Rev. Drug Discov. 17 (2), 133–150. doi:10.1038/nrd.2017.214
 Pompe, J. (1932). Over Idiopatische Hypertropie Van Het hart. Ned Tijdschr Geneeskd 76, 304. 
 Poteryaev, D., Datta, S., Ackema, K., Zerial, M., and Spang, A. (2010). Identification of the Switch in Early-To-Late Endosome Transition. Cell 141 (3), 497–508. doi:10.1016/j.cell.2010.03.011
 Progida, C., Malerød, L., Stuffers, S., Brech, A., Bucci, C., and Stenmark, H. (2007). RILP Is Required for the Proper Morphology and Function of Late Endosomes. J. Cel Sci 120 (Pt 21), 3729–3737. doi:10.1242/jcs.017301
 Pu, J., Guardia, C. M., Keren-Kaplan, T., and Bonifacino, J. S. (2016). Mechanisms and Functions of Lysosome Positioning. J. Cel Sci 129 (23), 4329–4339. doi:10.1242/jcs.196287
 Pu, J., Keren-Kaplan, T., and Bonifacino, J. S. (2017). A Ragulator-BORC Interaction Controls Lysosome Positioning in Response to Amino Acid Availability. J. Cel Biol 216 (12), 4183–4197. doi:10.1083/jcb.201703094
 Pu, J., Schindler, C., Jia, R., Jarnik, M., Backlund, P., and Bonifacino, J. S. (2015). BORC, a Multisubunit Complex that Regulates Lysosome Positioning. Dev. Cel 33 (2), 176–188. doi:10.1016/j.devcel.2015.02.011
 Puri, C., Renna, M., Bento, C. F., Moreau, K., and Rubinsztein, D. C. (2013). Diverse Autophagosome Membrane Sources Coalesce in Recycling Endosomes. Cell 154 (6), 1285–1299. doi:10.1016/j.cell.2013.08.044
 Qiao, Y., Choi, J. E., Tien, J. C., Simko, S. A., Rajendiran, T., Vo, J. N., et al. (2021). Autophagy Inhibition by Targeting PIKfyve Potentiates Response to Immune Checkpoint Blockade in Prostate Cancer. Nat. Cancer 1, 978. doi:10.1038/s43018-021-00237-1
 Raben, N., Plotz, P., and Byrne, B. J. (2002). Acid Alpha-Glucosidase Deficiency (Glycogenosis Type II, Pompe Disease). Curr. Mol. Med. 2 (2), 145–166. doi:10.2174/1566524024605789
 Radin, N. S. (1996). Treatment of Gaucher Disease with an Enzyme Inhibitor. Glycoconj J. 13 (2), 153–157. doi:10.1007/BF00731489
 Ralevic, V., and Burnstock, G. (1998). Receptors for Purines and Pyrimidines. Pharmacol. Rev. 50 (3), 413–492.
 Raposo, G., and Marks, M. S. (2007). Melanosomes--dark Organelles Enlighten Endosomal Membrane Transport. Nat. Rev. Mol. Cel Biol 8 (10), 786–797. doi:10.1038/nrm2258
 Rebecca, V. W., and Amaravadi, R. K. (2016). Emerging Strategies to Effectively Target Autophagy in Cancer. Oncogene 35 (1), 1–11. doi:10.1038/onc.2015.99
 Rebsamen, M., Pochini, L., Stasyk, T., de Araujo, M. E., Galluccio, M., Kandasamy, R. K., et al. (2015). SLC38A9 Is a Component of the Lysosomal Amino Acid Sensing Machinery that Controls mTORC1. Nature 519 (7544), 477–481. doi:10.1038/nature14107
 Rebsamen, M., and Superti-Furga, G. (2016). SLC38A9: A Lysosomal Amino Acid Transporter at the Core of the Amino Acid-Sensing Machinery that Controls MTORC1. Autophagy 12 (6), 1061–1062. doi:10.1080/15548627.2015.1091143
 Reddy, A., Caler, E. V., and Andrews, N. W. (2001). Plasma Membrane Repair Is Mediated by Ca(2+)-Regulated Exocytosis of Lysosomes. Cell 106 (2), 157–169. doi:10.1016/s0092-8674(01)00421-4
 Reggiori, F., and Klumperman, J. (2016). “Lysosome Biogenesis and Autophagy,” in Lysosomes: Biology, Diseases and Therapeutics ed . Editors F. R. Maxfield, J. M. Willard, and S. Lu ( John Wiley & Sons). doi:10.1002/9781118978320.ch2
 Rehli, M., Lichanska, A., Cassady, A. I., Ostrowski, M. C., and Hume, D. A. (1999). TFEC Is a Macrophage-Restricted Member of the Microphthalmia-TFE Subfamily of Basic helix-loop-helix Leucine Zipper Transcription Factors. J. Immunol. 162 (3), 1559–1565.
 Ren, Q., Ye, S., and Whiteheart, S. W. (2008). The Platelet Release Reaction: Just when You Thought Platelet Secretion Was Simple. Curr. Opin. Hematol. 15 (5), 537–541. doi:10.1097/MOH.0b013e328309ec74
 Roczniak-Ferguson, A., Petit, C. S., Froehlich, F., Qian, S., Ky, J., Angarola, B., et al. (2012). The Transcription Factor TFEB Links mTORC1 Signaling to Transcriptional Control of Lysosome Homeostasis. Sci. Signal. 5 (228), ra42. doi:10.1126/scisignal.2002790
 Rodriguez, A., Webster, P., Ortego, J., and Andrews, N. W. (1997). Lysosomes Behave as Ca2+-Regulated Exocytic Vesicles in Fibroblasts and Epithelial Cells. J. Cel Biol 137 (1), 93–104. doi:10.1083/jcb.137.1.93
 Rofstad, E. K., Mathiesen, B., Kindem, K., and Galappathi, K. (2006). Acidic Extracellular pH Promotes Experimental Metastasis of Human Melanoma Cells in Athymic Nude Mice. Cancer Res. 66 (13), 6699–6707. doi:10.1158/0008-5472.CAN-06-0983
 Rong, Y., Liu, M., Ma, L., Du, W., Zhang, H., and Tian, Y. (2012). Clathrin and Phosphatidylinositol-4,5-Bisphosphate Regulate Autophagic Lysosome Reformation. Nat. Cel Biol 14 (9), 924–934. doi:10.1038/ncb2557
 Rong, Y., McPhee, C. K., Deng, S., Huang, L., Chen, L., and Liu, M. (2011). Spinster Is Required for Autophagic Lysosome Reformation and mTOR Reactivation Following Starvation. Proc. Natl. Acad. Sci. U S A. 108 (19), 7826–7831. doi:10.1073/pnas.1013800108
 Rosa-Ferreira, C., and Munro, S. (2011). Arl8 and SKIP Act Together to Link Lysosomes to Kinesin-1. Dev. Cel 21 (6), 1171–1178. doi:10.1016/j.devcel.2011.10.007
 Rossi, A., Deveraux, Q., Turk, B., and Sali, A. (2004). Comprehensive Search for Cysteine Cathepsins in the Human Genome. Biol. Chem. 385 (5), 363–372. doi:10.1515/BC.2004.040
 Ruivo, R., Anne, C., Sagne, C., and Gasnier, B. (2009). Molecular and Cellular Basis of Lysosomal Transmembrane Protein Dysfunction. Biochim. Biophys. Acta 1793 (4), 636–649. doi:10.1016/j.bbamcr.2008.12.008
 Rutherford, A. C., Traer, C., Wassmer, T., Pattni, K., Bujny, M. V., Carlton, J. G., et al. (2006). The Mammalian Phosphatidylinositol 3-phosphate 5-kinase (PIKfyve) Regulates Endosome-To-TGN Retrograde Transport. J. Cel Sci 119 (Pt 19), 3944–3957. doi:10.1242/jcs.03153
 Sabatini, D. D., and Adesnik, M. (2013). Christian de Duve: Explorer of the cell who discovered new organelles by using a centrifuge. Proc. Natl. Acad. Sci. U S A. 110 (33), 13234–13235. doi:10.1073/pnas.1312084110
 Sachs, B. (1887). On Arrested Cerebral Development with Special Reference to Cortical Pathology. J. Nervous Ment. Disord. 14, 541–553. doi:10.1097/00005053-188709000-00001
 Sachs, B., and Strauss, I. (1910). The Cell Changes in Amaurotic Family Idiocy. J. Exp. Med. 12 (5), 685–695. doi:10.1084/jem.12.5.685
 Safary, A., Akbarzadeh Khiavi, M., Mousavi, R., Barar, J., and Rafi, M. A. (2018). Enzyme Replacement Therapies: what Is the Best Option?Bioimpacts 8 (3), 153–157. doi:10.15171/bi.2018.17
 Saffi, G. T., and Botelho, R. J. (2019). Lysosome Fission: Planning for an Exit. Trends Cel Biol 29 (8), 635–646. doi:10.1016/j.tcb.2019.05.003
 Saftig, P., and Klumperman, J. (2009). Lysosome Biogenesis and Lysosomal Membrane Proteins: Trafficking Meets Function. Nat. Rev. Mol. Cel Biol 10 (9), 623–635. doi:10.1038/nrm2745
 Saftig, P., Schroder, B., and Blanz, J. (2010). Lysosomal Membrane Proteins: Life between Acid and Neutral Conditions. Biochem. Soc. Trans. 38 (6), 1420–1423. doi:10.1042/BST0381420
 Sancak, Y., Bar-Peled, L., Zoncu, R., Markhard, A. L., Nada, S., and Sabatini, D. M. (2010). Ragulator-Rag Complex Targets mTORC1 to the Lysosomal Surface and Is Necessary for its Activation by Amino Acids. Cell 141 (2), 290–303. doi:10.1016/j.cell.2010.02.024
 Sancak, Y., Peterson, T. R., Shaul, Y. D., Lindquist, R. A., Thoreen, C. C., Bar-Peled, L., et al. (2008). The Rag GTPases Bind Raptor and Mediate Amino Acid Signaling to mTORC1. Science 320 (5882), 1496–1501. doi:10.1126/science.1157535
 Sands, B. E., Jacobson, E. W., Sylwestrowicz, T., Younes, Z., Dryden, G., Fedorak, R., et al. (2010). Randomized, Double-Blind, Placebo-Controlled Trial of the Oral Interleukin-12/23 Inhibitor Apilimod Mesylate for Treatment of Active Crohn's Disease. Inflamm. Bowel Dis. 16 (7), 1209–1218. doi:10.1002/ibd.21159
 Sardiello, M., Palmieri, M., di Ronza, A., Medina, D. L., Valenza, M., and Gennarino, V. A. (2009). A Gene Network Regulating Lysosomal Biogenesis and Function. Science 325 (5939), 473–477. doi:10.1126/science.1174447
 Saxton, R. A., and Sabatini, D. M. (2017). mTOR Signaling in Growth, Metabolism, and Disease. Cell 168 (6), 960–976. doi:10.1016/j.cell.2017.02.004
 Schmidt, L. S., and Linehan, W. M. (2018). FLCN: The Causative Gene for Birt-Hogg-Dubé Syndrome. Gene 640, 28–42. doi:10.1016/j.gene.2017.09.044
 Schneede, A., Schmidt, C. K., Hölttä-Vuori, M., Heeren, J., Willenborg, M., and Blanz, J. (2011). Role for LAMP-2 in Endosomal Cholesterol Transport. J. Cel Mol Med 15 (2), 280–295. doi:10.1111/j.1582-4934.2009.00973.x
 Schröder, B. A., Wrocklage, C., Hasilik, A., and Saftig, P. (2010). The Proteome of Lysosomes. Proteomics 10 (22), 4053–4076. doi:10.1002/pmic.201000196
 Schu, P. V., Takegawa, K., Fry, M. J., Stack, J. H., Waterfield, M. D., and Emr, S. D. (1993). Phosphatidylinositol 3-kinase Encoded by Yeast VPS34 Gene Essential for Protein Sorting. Science 260 (5104), 88–91. doi:10.1126/science.8385367
 Schulze, R. J., Weller, S. G., Schroeder, B., Krueger, E. W., Chi, S., Casey, C. A., et al. (2013). Lipid Droplet Breakdown Requires Dynamin 2 for Vesiculation of Autolysosomal Tubules in Hepatocytes. J. Cel Biol 203 (2), 315–326. doi:10.1083/jcb.201306140
 Schwake, M., Schroder, B., and Saftig, P. (2013). Lysosomal Membrane Proteins and Their central Role in Physiology. Traffic 14 (7), 739–748. doi:10.1111/tra.12056
 Schweitzer, L. D., Comb, W. C., Bar-Peled, L., and Sabatini, D. M. (2015). Disruption of the Rag-Ragulator Complex by C17orf59 Inhibits mTORC1. Cell Rep 12 (9), 1445–1455. doi:10.1016/j.celrep.2015.07.052
 Scott, C. C., and Gruenberg, J. (2011). Ion Flux and the Function of Endosomes and Lysosomes: pH Is Just the Start: the Flux of Ions across Endosomal Membranes Influences Endosome Function Not Only through Regulation of the Luminal pH. Bioessays 33 (2), 103–110. doi:10.1002/bies.201000108
 Settembre, C., De Cegli, R., Mansueto, G., Saha, P. K., Vetrini, F., and Visvikis, O. (2013a). TFEB Controls Cellular Lipid Metabolism through a Starvation-Induced Autoregulatory Loop. Nat. Cel Biol 15 (6), 647–658. doi:10.1038/ncb2718
 Settembre, C., Fraldi, A., Medina, D. L., and Ballabio, A. (2013b). Signals from the Lysosome: a Control centre for Cellular Clearance and Energy Metabolism. Nat. Rev. Mol. Cel Biol 14 (5), 283–296. doi:10.1038/nrm3565
 Settembre, C., Zoncu, R., Medina, D. L., Vetrini, F., Erdin, S., Erdin, S., et al. (2012). A Lysosome-To-Nucleus Signalling Mechanism Senses and Regulates the Lysosome via mTOR and TFEB. EMBO J. 31 (5), 1095–1108. doi:10.1038/emboj.2012.32
 Sevin, C., and Deiva, K. (2021). Clinical Trials for Gene Therapy in Lysosomal Diseases with CNS Involvement. Front. Mol. Biosci. 8, 624988. doi:10.3389/fmolb.2021.624988
 Sharma, G., Guardia, C. M., Roy, A., Vassilev, A., Saric, A., and Griner, L. N. (2019). A Family of PIKFYVE Inhibitors with Therapeutic Potential against Autophagy-dependent Cancer Cells Disrupt Multiple Events in Lysosome Homeostasis. Autophagy 15 (10), 1694–1718. doi:10.1080/15548627.2019.1586257
 Smith, E. L., and Schuchman, E. H. (2008). Acid Sphingomyelinase Overexpression Enhances the Antineoplastic Effects of Irradiation In Vitro and In Vivo. Mol. Ther. 16 (9), 1565–1571. doi:10.1038/mt.2008.145
 Snouwaert, J. N., Church, R. J., Jania, L., Nguyen, M., Wheeler, M. L., and Saintsing, A. (2018). A Mutation in the Borcs7 Subunit of the Lysosome Regulatory BORC Complex Results in Motor Deficits and Dystrophic Axonopathy in Mice. Cel Rep 24 (5), 1254–1265. doi:10.1016/j.celrep.2018.06.118
 Soulard, A., and Hall, M. N. (2007). SnapShot: mTOR Signaling. Cell 129 (2), 434. doi:10.1016/j.cell.2007.04.010
 Steet, R. A., Chung, S., Wustman, B., Powe, A., Do, H., and Kornfeld, S. A. (2006). The Iminosugar Isofagomine Increases the Activity of N370S Mutant Acid Beta-Glucosidase in Gaucher Fibroblasts by Several Mechanisms. Proc. Natl. Acad. Sci. U S A. 103 (37), 13813–13818. doi:10.1073/pnas.0605928103
 Steinberg, B. E., Huynh, K. K., Brodovitch, A., Jabs, S., Stauber, T., Jentsch, T. J., et al. (2010). A Cation Counterflux Supports Lysosomal Acidification. J. Cel Biol 189 (7), 1171–1186. doi:10.1083/jcb.200911083
 Steingrimsson, E., Copeland, N. G., and Jenkins, N. A. (2004). Melanocytes and the Microphthalmia Transcription Factor Network. Annu. Rev. Genet. 38, 365–411. doi:10.1146/annurev.genet.38.072902.092717
 Steinman, R. M., Mellman, I. S., Muller, W. A., and Cohn, Z. A. (1983). Endocytosis and the Recycling of Plasma Membrane. J. Cel Biol 96 (1), 1–27. doi:10.1083/jcb.96.1.1
 Stinchcombe, J., Bossi, G., and Griffiths, G. M. (2004). Linking Albinism and Immunity: the Secrets of Secretory Lysosomes. Science 305 (5680), 55–59. doi:10.1126/science.1095291
 Stokes, M. B., Taylor, A. J., McLean, C. A., D'Arcy, C. E., and Mariani, J. A. (2016). Severe Left Ventricular Hypertrophy and Marked Cardiac Fibrosis in Danon Disease. Int. J. Cardiol. 221, 14–16. doi:10.1016/j.ijcard.2016.06.311
 Straus, W. (1956). Concentration of Acid Phosphatase, Ribonuclease, Desoxyribonuclease, Beta-Glucuronidase, and Cathepsin in Droplets Isolated from the Kidney Cells of normal Rats. J. Biophys. Biochem. Cytol. 2 (5), 513–521. doi:10.1083/jcb.2.5.513
 Straus, W. (1954). Isolation and Biochemical Properties of Droplets from the Cells of Rat Kidney. J. Biol. Chem. 207 (2), 745–755. doi:10.1016/s0021-9258(18)65693-5
 Strunk, B. S., Steinfeld, N., Lee, S., Jin, N., Muñoz-Rivera, C., and Meeks, G. (2020). Roles for a Lipid Phosphatase in the Activation of its Opposing Lipid Kinase. Mol. Biol. Cel 31 (17), 1835–1845. doi:10.1091/mbc.E18-09-0556
 Tay, W. (1881). Symmetrical Changes in the Region of the Yellow Spot in Each Eye of an Infant. Trans. Ophthalmological Societies United Kingdom 1, 55–57. 
 Tee, A. R., Anjum, R., and Blenis, J. (2003a). Inactivation of the Tuberous Sclerosis Complex-1 and -2 Gene Products Occurs by Phosphoinositide 3-kinase/Akt-dependent and -independent Phosphorylation of Tuberin. J. Biol. Chem. 278 (39), 37288–37296. doi:10.1074/jbc.M303257200
 Tee, A. R., Manning, B. D., Roux, P. P., Cantley, L. C., and Blenis, J. (2003b). Tuberous Sclerosis Complex Gene Products, Tuberin and Hamartin, Control mTOR Signaling by Acting as a GTPase-Activating Protein Complex toward Rheb. Curr. Biol. 13 (15), 1259–1268. doi:10.1016/s0960-9822(03)00506-2
 Tjelle, T. E., Brech, A., Juvet, L. K., Griffiths, G., and Berg, T. (1996). Isolation and Characterization of Early Endosomes, Late Endosomes and Terminal Lysosomes: Their Role in Protein Degradation. J. Cel Sci 109 (Pt 12), 2905–2914. doi:10.1242/jcs.109.12.2905
 Torra, A., Parent, A., Cuadros, T., Rodríguez-Galván, B., Ruiz-Bronchal, E., and Ballabio, A. (2018). Overexpression of TFEB Drives a Pleiotropic Neurotrophic Effect and Prevents Parkinson's Disease-Related Neurodegeneration. Mol. Ther. 26 (6), 1552–1567. doi:10.1016/j.ymthe.2018.02.022
 Tsai, J. Y., Lee, M. J., Chang, M. D., Wang, H. C., Lin, C. C., and Huang, H. (2014). Effects of Novel Human Cathepsin S Inhibitors on Cell Migration in Human Cancer Cells. J. Enzyme Inhib. Med. Chem. 29 (4), 538–546. doi:10.3109/14756366.2013.823957
 Tulsiani, D. R., Abou-Haila, A., Loeser, C. R., and Pereira, B. M. (1998). The Biological and Functional Significance of the Sperm Acrosome and Acrosomal Enzymes in Mammalian Fertilization. Exp. Cel Res 240 (2), 151–164. doi:10.1006/excr.1998.3943
 Ullrich, O., Horiuchi, H., Bucci, C., and Zerial, M. (1994). Membrane Association of Rab5 Mediated by GDP-Dissociation Inhibitor and Accompanied by GDP/GTP Exchange. Nature 368 (6467), 157–160. doi:10.1038/368157a0
 Underhill, D. M., Gordon, S., Imhof, B. A., Nunez, G., and Bousso, P. (2016). Elie Metchnikoff (1845-1916): Celebrating 100 Years of Cellular Immunology and beyond. Nat. Rev. Immunol. 16 (10), 651–656. doi:10.1038/nri.2016.89
 Villegas, F., Lehalle, D., Mayer, D., Rittirsch, M., Stadler, M. B., Zinner, M., et al. (2019). Lysosomal Signaling Licenses Embryonic Stem Cell Differentiation via Inactivation of Tfe3. Cell Stem Cell 24 (2), 257–270. e258. doi:10.1016/j.stem.2018.11.021
 Wallroth, A., and Haucke, V. (2018). Phosphoinositide Conversion in Endocytosis and the Endolysosomal System. J. Biol. Chem. 293 (5), 1526–1535. doi:10.1074/jbc.R117.000629
 Wang, H., Wang, R., Xu, S., and Lakshmana, M. K. (2016). Transcription Factor EB Is Selectively Reduced in the Nuclear Fractions of Alzheimer's and Amyotrophic Lateral Sclerosis Brains. Neurosci. J. 2016, 4732837. doi:10.1155/2016/4732837
 Wang, X., Zhang, X., Dong, X. P., Samie, M., Li, X., and Cheng, X. (2012). TPC Proteins Are Phosphoinositide- Activated Sodium-Selective Ion Channels in Endosomes and Lysosomes. Cell 151 (2), 372–383. doi:10.1016/j.cell.2012.08.036
 Weinert, S., Jabs, S., Supanchart, C., Schweizer, M., Gimber, N., Richter, M., et al. (2010). Lysosomal Pathology and Osteopetrosis upon Loss of H+-driven Lysosomal Cl- Accumulation. Science 328 (5984), 1401–1403. doi:10.1126/science.1188072
 Wellhauser, L., D'Antonio, C., and Bear, C. E. (2010). ClC Transporters: Discoveries and Challenges in Defining the Mechanisms Underlying Function and Regulation of ClC-5. Pflugers Arch. 460 (2), 543–557. doi:10.1007/s00424-009-0769-5
 Wenger, N., Goodwin, J., and Roberts, W. (1986). Cardiomyopathy and Myocardial Involvement in Systemic Disease. New York: McGraw Hill Book company, 1181–1249. 
 Wesolowski, J., and Paumet, F. (2011). The Impact of Bacterial Infection on Mast Cell Degranulation. Immunol. Res. 51 (2-3), 215–226. doi:10.1007/s12026-011-8250-x
 Wu, P. H., Onodera, Y., Giaccia, A. J., Le, Q. T., Shimizu, S., Shirato, H., et al. (2020). Lysosomal Trafficking Mediated by Arl8b and BORC Promotes Invasion of Cancer Cells that Survive Radiation. Commun. Biol. 3 (1), 620. doi:10.1038/s42003-020-01339-9
 Xiaohong Ma, S. P., Mcafee, Q., and Amaravadi, R. K. (2016). “Autophagy Inhibition as a Strategy for Cancer Therapy,” in Lysosomes: Biology, Diseases, and Therapeutics ed . Editors J. M. Willard, S. Lu, and F. R. Maxfield. 1st ed. ( John Wiley & Sons). doi:10.1002/9781118978320.ch13
 Xu, H., and Ren, D. (2015). Lysosomal Physiology. Annu. Rev. Physiol. 77, 57–80. doi:10.1146/annurev-physiol-021014-071649
 Yamagishi, T., Sahni, S., Sharp, D. M., Arvind, A., Jansson, P. J., and Richardson, D. R. (2013). P-glycoprotein Mediates Drug Resistance via a Novel Mechanism Involving Lysosomal Sequestration. J. Biol. Chem. 288 (44), 31761–31771. doi:10.1074/jbc.M113.514091
 Yogalingam, G., Bonten, E. J., van de Vlekkert, D., Hu, H., Moshiach, S., Connell, S. A., et al. (2008). Neuraminidase 1 Is a Negative Regulator of Lysosomal Exocytosis. Dev. Cel 15 (1), 74–86. doi:10.1016/j.devcel.2008.05.005
 Yordanov, T. E., Hipolito, V. E. B., Liebscher, G., Vogel, G. F., Stasyk, T., and Herrmann, C. (2019). Biogenesis of Lysosome-Related Organelles Complex-1 (BORC) Regulates Late Endosomal/lysosomal Size through PIKfyve-dependent Phosphatidylinositol-3,5-Bisphosphate. Traffic 20 (9), 674–696. doi:10.1111/tra.12679
 Yu, L., McPhee, C. K., Zheng, L., Mardones, G. A., Rong, Y., and Peng, J. (2010). Termination of Autophagy and Reformation of Lysosomes Regulated by mTOR. Nature 465 (7300), 942–946. doi:10.1038/nature09076
 Zhang, L., Sheng, R., and Qin, Z. (2009). The Lysosome and Neurodegenerative Diseases. Acta Biochim. Biophys. Sin (Shanghai) 41 (6), 437–445. doi:10.1093/abbs/gmp031
 Zhang, Y. L., Guo, H., Zhang, C. S., Lin, S. Y., Yin, Z., and Peng, Y. (2013). AMP as a Low-Energy Charge Signal Autonomously Initiates Assembly of AXIN-AMPK-LKB1 Complex for AMPK Activation. Cell Metab 18 (4), 546–555. doi:10.1016/j.cmet.2013.09.005
 Zhang, Z., Chen, G., Zhou, W., Song, A., Xu, T., and Luo, Q. (2007). Regulated ATP Release from Astrocytes through Lysosome Exocytosis. Nat. Cel Biol 9 (8), 945–953. doi:10.1038/ncb1620
 Zhitomirsky, B., and Assaraf, Y. G. (2017). Lysosomal Accumulation of Anticancer Drugs Triggers Lysosomal Exocytosis. Oncotarget 8 (28), 45117–45132. doi:10.18632/oncotarget.15155
 Zhitomirsky, B., and Assaraf, Y. G. (2015). Lysosomal Sequestration of Hydrophobic Weak Base Chemotherapeutics Triggers Lysosomal Biogenesis and Lysosome-dependent Cancer Multidrug Resistance. Oncotarget 6 (2), 1143–1156. doi:10.18632/oncotarget.2732
 Zhitomirsky, B., and Assaraf, Y. G. (2016). Lysosomes as Mediators of Drug Resistance in Cancer. Drug Resist. Updat 24, 23–33. doi:10.1016/j.drup.2015.11.004
 Zoncu, R., Bar-Peled, L., Efeyan, A., Wang, S., Sancak, Y., and Sabatini, D. M. (2011). mTORC1 Senses Lysosomal Amino Acids through an Inside-Out Mechanism that Requires the Vacuolar H(+)-ATPase. Science 334 (6056), 678–683. doi:10.1126/science.1207056
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Bouhamdani, Comeau and Turcotte. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_8.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		A Compendium of Information on the Lysosome		1 Introduction

		2 Discovery

		3 Degradation - The Crosstalk Between Endocytosis and Autophagy

		4 Lysosome Physiology		4.1 Overview

		4.2 Lysosomal Membrane Proteins

		4.3 pH, Acidification, Ion Flux and Transporters

		4.4 Lysosome Size





		5 Lysosomal Functions		5.1 Nutrient Sensing

		5.2 Lysosomal Exocytosis





		6 Lysosome Biogenesis

		7 Lysosomal Dysfunctions, Related Diseases, and Therapeutics		7.1 Cancer

		7.2 Lysosomal Storage Diseases

		7.3 Neurodegenerative Diseases





		8 Discussion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/inline_7.gif





OPS/images/inline_9.gif





OPS/images/inline_6.gif





OPS/images/inline_5.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-798262-g005.gif





OPS/images/inline_1.gif





OPS/images/fcell-09-798262-g003.gif





OPS/images/fcell-09-798262-g004.gif





OPS/images/inline_4.gif





OPS/images/inline_2.gif





OPS/images/inline_3.gif





OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

A Compendium of Information on
the Lysosome





OPS/images/fcell-09-798262-g001.gif
i

(S






OPS/images/fcell-09-798262-g002.gif





