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Abstract

:

Cellular trafficking through the endosomal–lysosomal system is essential for the transport of cargo proteins, receptors and lipids from the plasma membrane inside the cells and across membranous organelles. By acting as sorting stations, vesicle compartments direct the fate of their content for degradation, recycling to the membrane or transport to the trans-Golgi network. To effectively communicate with their neighbors, cells need to regulate their compartmentation and guide their signaling machineries to cortical membranes underlying these contact sites. Endosomal trafficking is indispensable for the polarized distribution of fate determinants, adaptors and junctional proteins. Conversely, endocytic machineries cooperate with polarity and scaffolding components to internalize receptors and target them to discrete membrane domains. Depending on the cell and tissue context, receptor endocytosis can terminate signaling responses but can also activate them within endosomes that act as signaling platforms. Therefore, cell homeostasis and responses to environmental cues rely on the dynamic cooperation of endosomal–lysosomal machineries with polarity and signaling cues. This review aims to address advances and emerging concepts on the cooperative regulation of endocytosis, polarity and signaling, primarily in Drosophila melanogaster and discuss some of the open questions across the different cell and tissue types that have not yet been fully explored.
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1. Introduction


Cellular trafficking and the endosomal–lysosomal system regulate multiple developmental processes from phagocytosis, nutrient uptake and plasma membrane lipid or protein homeostasis, to signaling from cell-surface receptors and membrane trafficking [1,2]. By actively regulating cellular responses, endocytosis and vesicular trafficking play a critical role in setting up and organizing tissue formation, cell remodeling and cell communication. In doing so, endosomal–lysosomal trafficking machineries interact with polarity components and scaffolding proteins to internalize receptors from the cell membranes and target them to various specialized compartments inside the cells [3,4]. Thus, endocytosis can directly regulate the activation and termination of signaling responses, and thereby influence how cells respond to environmental cues.



Endocytosis and vesicle trafficking play an equally important role in establishing polarity by coordinating intracellular protein trafficking and the distribution of protein-sorting signals to distinct plasma membrane domains [5,6,7]. In some cell types, such as Drosophila neuroblasts, polarity relies more on the differential distribution of cell fate determinants, while classical epithelia polarity involves the differential localization of transmembrane and adaptor proteins or targeting of the transport machinery across apical vs. basolateral membranes [5,8,9] (Figure 3C). Reciprocally, polarized cytoskeletal, adaptor and scaffolding proteins participate in binding and directing endosomal, membrane trafficking components and signaling platforms or exocytic delivery to specific subcellular domains. For example, restriction of endocytosis to micropatterns, defined by cell adhesion geometry, can define the topology of signaling reception and downstream propagation [10]. Although endocytosis cooperates with cytoskeletal and adhesion proteins, to direct the polarized distribution of receptor-containing vesicles inside the cells, in many cases, localized signaling reception can also define the subcellular delivery of endocytic and cargo-sorting events [5]. Therefore, the interplay of endocytosis with polarity and signaling seems to be highly dynamic and context-dependent.



Research over recent years supports this view of a complex system in which endocytosis, polarity and signaling are intimately linked in multidirectional regulatory networks that depend on the cell-type specific availability of components across different tissue systems [3,4,11]. Uncovering the underlying mechanistic and functional principles of intracellular trafficking, polarity and signaling across various tissue systems and organisms has shed light on the plethora of interactions and the multiple levels of control that orchestrate tissue morphogenesis and homeostasis [11,12].




2. Endocytosis in Signaling Regulation: Setting the Stage


Signaling is critically required for cell-coordinated function and for setting up complex tissues. Cells communicate with each other through the activation of receptors located at their surface plasma membrane. However, the fine trimming of signaling levels is also critical for proper cellular output and maintaining homeostasis. Signal attenuation is based on the internalization and removal of activated ligand-receptor complexes from the membrane via endocytosis [13,14,15]. Endocytosis of activated receptors follows clathrin-mediated endocytosis (CME) [13,16,17] but can also follow clathrin-independent pathways, e.g., caveolar-type (reviewed in [18,19,20,21]). In CME, activated receptors are recruited to clathrin-coated pits by interacting with the adaptor protein (AP)-2 complex, then clathrin-coated pits invaginate and pinch off with the action of the GTPase Dynamin, encoded by the shibire gene in Drosophila [13,17,22] (Figure 1). Another constituent of clathrin-coated membranes is the membrane phospholipid Phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2] (PIP2), that binds and recruits AP-2 [16].



Once loaded on endosomes, internalized receptors can be either recycled back to the cell surface or transported to lysosomes for degradation. Initially, receptor-containing vesicles fuse to the early endosome (EE) where endosomal trafficking is controlled by the Rab proteins, small GTP-binding proteins of the Ras superfamily. Each Rab protein resides in a particular type of endosome and recruits specific effector proteins. EEs, containing Rab5 and the syntaxin7 Avalance (Avl) [23], can follow several alternative routes: (1) rapidly recycle back to the membrane by a Rab4-dependent mechanism; (2) traffic to the Rab11-containing recycling endosome (RE) to recycle to the plasma membrane; (3) proceed to multi-vesicular bodies (MVB), late endosomes (LE) and lysosomes for degradation; or (4) traffic to the trans-Golgi network (TGN) in the so-called retromer trafficking or to sorting endosomes that mediate apical or basolateral trafficking [24,25] (Figure 1). MVBs are defined by the presence of intra-luminal vesicles (ILV) that are formed in a process of inward membrane invagination involving the Endosomal Sorting Complex Required for Transport (ESCRT) complexes. The formation of ILV within MVBs is a critical step in signaling regulation. Before delivery into the ILVs, receptors can still bind their ligands and continue signaling through their cytoplasmic domain. Internalization of receptors into the ILVs segregates their intracellular domain from the cytoplasm and terminates signaling [26,27]. Maturation of EE to LE involves the acquisition of Rab7 and loss of Rab proteins that are involved in receptor recycling (Figure 1). Interestingly, in many cases receptor internalization is important not for silencing the receptor but to transport the ligand-receptor complexes into the cell for signal maintenance or propagation in endosomal compartments that act as signaling platforms [15,28,29].




3. EGFR Signaling: Activation, Trafficking and Physiological Importance across Systems


Epidermal Growth Factor Receptor (EGFR) is a receptor tyrosine kinase (RTK), which upon ligand binding, it dimerizes, becomes phosphorylated and a complex of signaling molecules assembles and initiates the downstream MAPK/Ras signaling cascade [14,30]. EGFR phosphorylation leads to the recruitment of signal-transducing adaptor proteins Grb2, the Drosophila Downstream of Receptor Kinase (Drk), and SHC-adaptor protein (Shc) [17,31,32], which allow the assembly of signaling complexes on the cytoplasmic tail of the activated EGFR. Grb2 recruits Sos (Son of Sevenless) but Shc is also able to link the Grb2-Sos complex to the activated EGFR. Sos stimulates Ras activation and initiates the MAPK cascade with a series of activation events that lead to double phosphorylation of the MAPK dpERK, which translocates to the nucleus and activates transcription [21,30,33] (Figure 1).



At the same time, EGFR phosphorylation activates the recruitment of the adaptor proteins that initiate the endocytic removal from the membrane. This process is seen in several tissues and organs across species, and deregulation of this process is implicated in cancer initiation and progression [13,14]. EGFR becomes endocytosed mainly by clathrin-mediated endocytosis (CME), which happens at both low and high EGFR physiological doses [12,13,16,17,34,35]. High-saturated doses of EGF ligands induce in parallel clathrin-independent endocytosis (CIE) of the EGFR [13,21,35,36]. The membrane phospholipid PtdIns(4,5)P2 (PIP2) could potentially link endocytosis to the EGFR signaling as it not only recruits AP-2 to clathrin-coated pits, but also physically binds the EGFR juxtamembrane domain and enhances EGFR phosphorylation and activation in many tissues [37,38,39]. Moreover, the adaptor proteins Epsin and Eps15 (epidermal growth factor substrate 15) link the activated EGFR to the clathrin coat by binding to Clathrin and AP-2. Once inside the cell, EGFR-containing vesicles can recycle back to the cell surface or get transported to lysosomes for degradation or even to other parts of the cells via sorting endosomes [12,24,35].



Besides phosphorylation, ubiquitination is another critical post-translational modification for EGFR endocytosis, receptor trafficking and signaling downregulation. Ubiquitin is a highly conserved 76 amino acid polypeptide that becomes covalently linked to protein substrates including receptors [40]. The ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin ligase (E3) drive ubiquitination through the addition of a small ubiquitin (Ub) protein to the EGFR (EGFR-Ub). Mono-ubiquitination of receptor Lysine (Lys) residues, affects receptor internalization and multivesicular-body (MVB) sorting, while poly-ubiquitination (also on Lys residues of the Ubiquitin) directs proteins to degradation by the proteasome [40,41]. Thus, ubiquitin modification typically downregulates the targeted receptors and protein substrates. In Drosophila, Cbl (the homologue for Casitas B-lineage Lymphoma proto-oncogene) is the major E3 ligase and a negative regulator of EGFR signaling. E3 ligases of the Cbl family are major regulators of the EGFR pathway, acting both as ubiquitin ligases and multiadaptor molecules [13]. Cbl E3 ligases, are RING finger containing ubiquitin ligases that mediate a direct transfer of ubiquitin to the substrate, functioning as a scaffold to orient the ubiquitin-charged E2 with respect to the substrate protein [13,42]. Once recruited to active EGFRs, Cbl gets phosphorylated and ubiquitinates the EGFR [13,17,29,43]. Alternative splicing of Cbl in Drosophila creates (1) a long CblL form, specific to EGFR that binds the Drosophila Drk, and (2) a shorter CblS form that regulates EGFR but primarily acts on Notch endocytosis [33,44,45]. Therefore, Cbl and Eps-15 are both loaded onto the internalized EGFR endosomes.



Besides the ubiquitination of the receptor, the CME of the EGFR is also regulated by ubiquitination of its adaptors proteins, further complicating the picture [13]. Epsin and Eps-15 contain ubiquitin interacting motifs (UIMs) that allow them to bind the ubiquitinated forms of EGFR but also become ubiquitinated by E3 ligases. Eps-15 ubiquitination is performed by the Nedd4 family and Parkin E3 ligases via distinct mechanisms [46]. Once Nedd4 is self-ubiquitinated it can bind the Eps-15 UIM2 domain and ubiquitinate Eps-15. Nedd4 ligases contain tryptophan-tryptophan (WW) motifs and a HECT (homologous to the E6AP carboxyl terminus) domain that catalyzes ubiquitin addition through a two-step reaction: ubiquitin is first transferred to a catalytic cysteine on the E3 and then from the E3 to a Lys on the target substrate [13,42,47]. Besides Eps-15, Nedd4 E3 ligases are also involved in EGFR endocytosis by ubiquitinating the EGFR or Cbl [13,17,43]. Parkin is an E3-ubiquitin ligase of the RBR (RING-betweenRING–RING) family that catalyzes ubiquitin transfer through a two-step reaction (ubiquitin is first transferred to a catalytic cysteine on the E3 and then to the substrate) [42,47]. Parkin contains a ubiquitin-like (UBL) domain, which binds to the UIMs of Eps15 [46]. Ubiquitinated Eps-15 can no longer bind the EGFR and promote its endocytosis and the EGFR signaling remains active [43,48]. Thus, Parkin negatively regulates EGFR endocytosis by ubiquitinating Eps-15 [43,48]. Taken together, E3 ligases negatively regulate the substrate proteins they target, but how this affects the EGFR signaling is context-dependent.



In the endosomes, ubiquitin serves as a molecular signature for recognition by numerous endocytic adaptor proteins and for trafficking the EGFR cargo to MVBs and lysosomes for degradation. EGFR-Ub present on REs moves to MVBs and is recognized by the ESCRT-0 component Hepatocyte growth factor regulated tyrosine kinase substrate (Hrs), which can also bind Ub, and facilitate the recruitment of ESCRT-I, ESCRT-II and ESCRT-III onto the MVB membranes (Figure 1) [49]. EGFR-Ub is finally internalized in ILVs inside the MVBs via the action of ESCRT-III, which promotes the inward membrane invagination of MVBs. Interestingly, EGFR molecules impaired for ubiquitination cannot be degraded, are poorly incorporated into MVBs and are recycled back to the plasma membrane [12,13,29]. Therefore, EGFR-Ub needs to be maintained until ILV formation. Nevertheless, before entry into ILVs, EGFR needs to be de-ubiquitinated with the help of de-ubiquitinating enzymes (DUBs), which regulate the recycling of ubiquitin, as well as the Hrs and Eps-15 turnover. The available literature on EGFR agrees that EGFR-Ub in endosomal compartments is fully functional and can still signal until the ubiquitin modification is removed by DUBs. The precise timing of de-ubiquitination and whether it happens before or after the ubiquitin-dependent EGFR-ESCRT interaction remains to be elucidated [17]. Results from different tissues and organisms have led to variable results and the possibility of a tissue-specific timing cannot be excluded.



Along this line of evidence, loss of ESCRT components in some tissues results in increased EGFR signaling while in others in EGFR downregulation [11,14,17,50]. In yeast and human HeLa cells, the loss of ESCRT-I and -II sustains EGFR signaling but the loss of ESCRT-III components does not [14,51,52]. In Drosophila eye discs, the loss of ESCRT-I, -II or -III components leads to increased EGFR signaling, probably from endocytic vesicles [50,53]. Interestingly in imaginal discs, the Vacuolar protein sorting 4 (Vps4) promotes Epidermal growth factor receptor signaling independently of its canonical role in receptor degradation (and ILV formation) as part of the ESCRT-III complex. Vps4 performs this function by acting at the level of the receptor through an endocytosis-independent mechanism and in a tissue-specific way, since, in ovarian follicles, Vps4 is involved only in EGFR degradation [26].



On the other hand, the loss of ESCRT-0 components, such as Hrs, leads to the recycling of the EGFR receptor, which is not trapped in MVBs [11,17]. In developing imaginal discs, the ESCRT-0 components Hrs and Signal transducing adaptor molecule (Stam) play a role in silencing the EGFR by affecting the secreted form of Spitz (sSpi) [54]. EGFR signaling activation is mediated by the membrane-tethered ligand Spitz (mSpi), which requires processing by the membrane protease Rhomboid to form the sSpi. Besides its effect on Spi, Rhomboid can also cleave Star, which also mediates the post-transcriptional processing of Spi [33]. Mutations in stam and hrs cause the accumulation of Rhomboid in abnormal endosomal compartments and silence the EGFR before ligand binding [54].



Several pieces of evidence show that the EGFR-containing endosomal compartments can follow different or alternative trafficking routes depending on the specific cell type, the concentration of the ligand, the developmental stage and the cellular conditions [11,17]. In Drosophila trachea, EGFR signaling levels control the length of the tracheal tubes, by regulating the organization of endosomes in which Crumbs and Serpent proteins are loaded. EGFR loaded on those endosomes acts as a critical hub for the correct delivery of Crumbs (mediating apical membrane growth) and Serpent (modifier of the apical extra-cellular matrix) to their final destinations [55]. Moreover, EGFR is involved in polarity establishment by activating cell polarity regulators beyond the canonical Ras/MAPK pathway, such as the liver kinase LKB1 in Drosophila follicle stem cells [56]. The polarized distribution of EGFR is also crucial since, in many polarized epithelial cells, EGFR is localized primarily at basolateral sites [57,58,59]. Analysis of the retinal pigmented epithelium (RPE) in mice, revealed the critical role of the βA3/A1-crystallin in CME of the EGFR and the organization of the actin apical network [60]. βA3/A1-crystallin maintains the PIP2 pool in the RPE by attenuating the PLCγ signaling. This activates Ezrin phosphorylation and promotes EGFR internalization, which affects RPE cell polarity [60]. Another mechanism uncovered in plasmatocytes (the Drosophila macrophage-like hemocytes), revealed differential endocytosis of the EGFR based on ligand levels driving EGFR receptor activation [61]. More precisely, at high (but not low) levels of the ligand Spi, the EGFR is internalized in a clathrin-independent way via Graf (GTPase regulator associated with focal adhesion kinase), which is part of the GPI-enriched endocytic compartment (GEEC) endocytosis pathway. Graf interacts with the EGFR in a ubiquitination-dependent manner and promotes EGFR degradation and signaling attenuation [61].



In HeLa cells, analysis of EGFR internalization following activation with different ligands has shown that EGFR endocytosis after treatment with all ligands could be inhibited to a certain degree by ablation of clathrin, which confirms the existence of an alternative CIE pathway [62]. However, knockdown of clathrin could fully inhibit EGFR degradation with all ligands tested. The inhibition of dynamin function blocked EGFR internalization after stimulation by any of the ligands, suggesting a dynamin involvement in both CME and CIE pathways. Finally, knocking down a number of clathrin-independent dynamin-dependent pathways of internalization had no effect on the ligand-induced endocytosis of the EGFR [62].



Taken together, EGFR endocytosis and subsequent trafficking through endocytic organelles, form a dynamic network of subcellular compartments, which actively control the timing, amplitude and specificity of the signaling. Furthermore, the distribution of EGFR in apical and/or basolateral cell surfaces can have important biological consequences that affect EGFR downregulation efficiency and endocytic turnover, and influence paracrine vs. autocrine activation by different EGF ligands [35,57,58,59,63]. It would be interesting to understand how adaptor proteins and signaling complexes, often called “signalosomes”, find their subcellular way and how cortical and scaffolding proteins regulate the accessibility or subcellular trafficking of these proteins. Although a great number of elegant biochemical studies have identified binding partners and adaptor proteins involved in these processes, a lot of questions on the critical switch between EGFR recycling vs. degradation, the decisive timing of EGFR phosphorylation and ubiquitination, and its physiological importance in a cell-type-specific way, remain open.




4. Notch Signaling: Endosomal–Lysosomal Sorting and Polarization in Canonical and Non-Canonical Pathways


The cooperative action of endocytosis and polarity in signaling regulation is very well-illustrated in the case of Notch signaling. Research over the past decades not only revealed the regulatory patterns and alternative pathways of Notch regulation but shed light on the diversity of these networks in specific cell and tissue contexts, and across organisms (reviewed in [64,65,66,67,68,69,70,71]). Notch is a single-pass transmembrane receptor involved in cell fate decisions, morphogenetic changes (such as cell intercalation) and crosstalk with other signaling pathways [45,72,73,74,75,76,77,78,79,80].



4.1. Endocytosis in the Canonical Model of Notch Activation


In the canonical model, Notch binds one of the membrane-bound ligands Delta (Dl), Serrate (Ser) or Lag2 (the DSL family) from the neighboring signaling cell. This interaction initiates a cascade of proteolytic cleavages by γ-secretase that releases the intra-cellular domain of Notch (NICD). NICD can now translocate to the nucleus and activate transcription together with the transcription factor Suppressor of Hairless (Su(H)) and the nuclear effector Mastermind [81,82,83]. Although several factors that regulate Notch signaling attenuation and lysosomal degradation have been identified, internalization and endosomal sorting of Notch-NICD typically leads to activation of the receptor [50,81].



Canonical Notch activation via Delta is involved in the asymmetric cell division of the sensory organ precursors (SOPs) in the pupal notum of Drosophila. SOPs are polarized epithelial cells that divide asymmetrically to give rise to two daughter cells, the posterior pIIa and anterior pIIb, which in turn divide asymmetrically to generate the four cells that will form the sensory organs: a neuron, a sheath, a shaft, and a socket [64,65,66,67] (Figure 2A,B). The differential activation of Notch relies on the asymmetric distribution of the cell fate determinants Neuralized (Neur) and Numb in the anterior side of the SOP and upon division, they get segregated into the pIIb (Figure 2A,B). Neur promotes the ubiquitination and endocytosis of Delta and thereby its activation (Delta*; Figure 2A). Numb inhibits the recycling of Notch and its transmembrane co-factor Sanpodo (Spdo) towards the plasma membrane (promoting their degradation). Activated Delta through Rab11-positive endosomes recycles back to the apical cell surface to activate Notch in the pIIa cell. Thus, pIIb turns off Notch, while the pIIa cell (in the absence of Neur and Numb) activates Notch and Spdo facilitates the reception of the signal. Loss of numb can no longer inhibit Notch-Spdo recycling in the anterior pIIb, Notch gets activated in the anterior precursor cell which adapts the pIIa fate, and cells finally adapt the socket fate (Figure 2C). Conversely, loss of neur can no longer activate Delta in pIIb, and Notch cannot be activated in pIIa, which now adapts the pIIb fate, and all cells eventually become neurons (Figure 2D) [64,65,66,67].



The regulated trafficking of Notch and Spdo plays an important role in this process. Numb interacts with internalized Spdo-Notch oligomers at sorting pIIb endosomes and inhibits the recycling of Notch, thereby creating an asymmetry in Notch distribution along the pIIa–pIIb interface [84]. Numb also controls the Notch receptor targeting the Rab7-containing late endosomes, a specific subpopulation of Notch endosomes. In numb mutants, the increased numbers of Notch signaling endosomes recycle to the membrane in the Rab11-dependent way [85]. Basolateral localization of Notch in the SOP is also regulated by AP-1 and the chaperone Stratum that follows two parallel transport routes [83]. Loss of their function leads to Notch enrichment at the apical side of the pIIa–pIIb interface. Moreover, Numb interacts with AP-1 to regulate the basolateral recycling of Spdo, while loss of numb permits Spdo internalization and recycling back to the plasma membrane [86]. On the other hand, phosphatidic acid (derived from Phospholipase D) promotes ectopic Notch signaling by increasing Notch endocytosis and inhibiting Sanpodo trafficking towards acidic endosomes [87].



The Actin-related protein (Arp) 2/3 complex and its activators, Scar/WAVE and Wiskott–Aldrich Syndrome protein (WASp), promote actin polymerization and influence cell shape and motility. During SOP cytokinesis, Arp2/3 and WASp are required for the recycling of Delta [88]. On the other hand, the Arp2/3 activator SCAR regulates contact expansion between pIIa and pIIb. Efficient endocytosis of Delta via the pushing force of WASp-Arp2/3 [88], is consistent with the “pulling force” model for Notch activation that exposes the buried cleavage site of the extracellular Notch to eventually produce the NICD [64,65,89].




4.2. Endocytosis in the Ligand-Independent Model of Notch Activation


Notch also participates in a ligand-independent, noncanonical activation through the activity of the ring finger ubiquitin ligase protein Deltex (Dx), which transports the Notch receptor from the cell surface towards the late endosomes [70,71,81,82]. Mono-ubiquitination of NICD by Dx blocks transport to MVB/ILVs and stabilizes NICD on maturing endosomes (the limiting membrane of the late endosome), which leads to Notch activation. Dx can also form a protein complex with the β-Arrestin Kurtz and the NICD. This complex switches NICD from mono- to poly-ubiquitination and targets Notch for degradation [70,71,81,82,90]. Dx-mediated Notch activation is counteracted by the function of another ubiquitin ligase Suppressor of deltex (Su(dx)), which binds and internalizes NICD in clathrin-independent endocytosis (CIE) and promotes Notch transfer to ILVs of MVBs, late endosomes and degradation. Thus, Su(dx) and Dx compete with each other in order to direct Notch through these alternative routes in a context-dependent way [71,82]. Mutations in components of the endosomal–lysosomal sorting machinery were shown capable of triggering non-canonical signaling [8,27,53,65,90]. For example, Shrub, a core component of the ESCRT-III complex, is a key regulator of the Dx and Kurtz interaction that promotes NICD endosomal/lysosomal degradation and delivery to MVBs [81]. Shrub antagonizes Dx, enhances Kurtz activity and promotes the polyubiquitinated state of the Notch. However, it is the Notch mono- vs. poly-ubiquitination state that will determine the activation vs. degradation of Notch.



Other interesting studies shed light on how adaptor, scaffold or polarity determinants mediate the crosstalk between trafficking and junctional complexes as signaling centers. One example is Polychaetoid (Pyd), a negative regulator of the Dx-mediated Notch activation in the Drosophila ovary stem cell niche and S2 cells [82]. Pyd is the single Drosophila homologue of the scaffolding zonula occludens-1 (ZO-1), junctional proteins that localize at tight junctions (TJs) in mammals. Pyd can bind and reduce Dx-dependent Notch trafficking, and thereby attenuate Notch signaling. Another interesting mechanism linking Notch to adaptor junctional components comes from the role of Crumbs in limiting ligand-independent endocytosis of Notch activation. In Drosophila developing wings, the apical polarity determinant Crumbs binds Notch directly and prevents its activation through the non-canonical Dx-pathway. Crumbs exerts its function by directly binding and regulating Notch localization. Yet, this function is independent of the role of Crumbs in the localization of apical components as in other tissues [82]. Taken together, Notch regulation is a very good example of the plethora of interactions where endocytosis and polarity networks converge with cell architecture and cell interactions to regulate signaling reception and recycling of Notch in order to fine-trim physiological signaling levels and cell fate decisions.





5. Dlg, Scrib and Lgl: Basolateral Components at the Center of Endocytosis and Signaling Regulation


5.1. Multitasking Polarity and Scaffolding Components


Discs large (Dlg), Scribble (Scrib) and Lethal (2) giant larvae (Lgl) are highly conserved polarity and scaffolding proteins [91,92,93,94,95,96], ranging from yeast to mammals including humans (reviewed in [97,98,99,100]). Their function has been typically studied in Drosophila columnar epithelia since their mutations lead to tumor formation and neoplastic transformation that captured the research interest for many years [92,93,101,102,103]. Dlg and Scrib are PDZ-containing proteins, involved in protein–protein interactions that localize at the cytoplasmic side of septate junctions (SJs) (the equivalent of vertebrate Tight Junctions) [92,99,104]. SJs build up permeability barriers in various tissues such as imaginal discs, testes, heart and sub-perineurial glial cells of the nervous system including the Drosophila testis [105,106,107,108]. Although, Dlg and Scrib are often referred to as “SJ proteins”, they are not part of the highly stable core protein complex that builds the SJs in Drosophila but are rather required for SJ localization [104]. Lgl is a cytosolic protein containing two WD40 motifs that bind to non-muscle myosin II and the cytoskeleton [109,110]. Similarly, Lgl is involved in protein–protein interactions along the basolateral portion of the plasma membrane of epithelial cells [109,111,112].



These highly conserved proteins are critically required in polarity establishment and maintenance: the basolateral Dlg, Scrib and Lgl, collectively called the Dlg-module, work together with the PAR- (Bazooka/Par3, Par6, aPKC) and the Crumbs–polarity complexes to control polarity in epithelial cells and neuroblast asymmetric cell division in finely balanced cooperative and antagonistic interactions [97,98,99,110]. Lgl homologues genetically interact with PAR components to partition cell fate determinants in Xenopus, MDCK (Madin-Darby canine kidney) epithelial cells and C.elegans. Other critical functions of the Dlg polarity module in Drosophila include planar cell polarity, anterior-posterior patterning of ovarian follicle cells, formation of synapses and neuromuscular junctions (NMJs) together with other scaffolding, cell adhesion or receptor complexes (reviewed in [98,100,113,114]).



The subcellular localization of these proteins and shuttling from the basolateral cortex to other cellular compartments is influenced by their phosphorylation state. Phosphorylation of Dlg by the kinases Par-1 and Calcium/calmodulin-dependent protein kinase II (CaMKII) has been shown to affect cortical Dlg targeting [115,116,117]. Dephosphorylation promotes postsynaptic recruitment of Dlg in the neuromuscular junctions (NMJs), while phosphorylation releases Dlg from its postsynaptic targeting [115,116,117]. Phosphorylation of Lgl conserved Serine (Ser)-residues by atypical protein kinase C (aPKC) (in all three Ser-residues) or Aurora A and B kinases (in 1st and 2nd Ser-residues) releases Lgl from its binding to non-muscle myosin II (encoded by the zipper gene in Drosophila) and the cortex, and promotes binding to the GUK domain of Dlg [96,109,110,118,119]. Thus, Dlg, Scrib and Lgl emerge as dynamic multitasking polarity and scaffolding components that recruit proteins to specific subcellular membrane surfaces, organize, and stabilize supramolecular adhesion and signaling complexes.




5.2. Dlg, Scrib and Lgl as Signaling Regulators


Dlg, Scrib and Lgl cooperate with signaling pathways in normal situations and in cancer. dlg, scrib or lgl mutant animals typically develop tumors, whereas knocking down any of these genes in discrete clonal patches surrounded by normal tissue, leads to cell competition that eliminates the tumorous clones. Elimination of these clones is mediated by Jun N-terminal kinase (JNK)-dependent cell death from the surrounding healthy microenvironment [113,120,121,122,123,124]. Blocking apoptosis in these clones via p35 or Death-associated inhibitor of apoptosis 1 (Diap1) expression cannot restore the survival of the clone [125], while overexpression of oncogenic Ras (Rasv12) prevents clonal cell death and reverts clones to invasive metastatic tumors [124,125,126,127,128], reminiscent of mammalian cancers. Although the involvement of the endosomal–lysosomal trafficking machinery in the intra-cellular communication and competition within the tumor microenvironment seems probable, such a link has not yet been established experimentally.



Several studies link Dlg, Scrib and Lgl to the EGFR/MAPK pathway, especially in mammalian systems (reviewed in [129,130,131]). Human Scrib (hScrib) binds ERK (via its PDZ1 domain) and anchors it to membrane sites to prevent ERK phosphorylation and inhibit Ras signaling [132]. Scrib can also interact with the EGFR signaling by binding to the ADP-ribosylation factor (Arf)-GAP, GIT1 (G-Protein-Coupled Receptor Kinase-Interacting Protein 1) and βPix (Pak-interactive exchange factor) that acts as a Mitogen-activated protein kinase kinase (MEK)-ERK scaffold [133]. Moreover, mammalian Dlg1 binds MEK2, which phosphorylates and activates ERK [134,135] while Dlg2, Dlg3 and Scrib interact with PP1 phosphatases to downregulate ERK phosphorylation [136].




5.3. Interplay of the Dlg-Module with Trafficking and Signaling


Dlg, Scrib and Lgl are involved in vesicle and membrane trafficking in Drosophila, yeast and mammals. Dlg and Strabismus (VanGogh) define sites of membrane deposition that allow membrane growth in cellularizing Drosophila embryos [137]. In epithelial cells, Dlg and Lgl genetically interact with the Exo84 exocyst complex subunit, required for membrane trafficking and addition [138]. Dlg controls extensive membrane proliferation of the subsynaptic reticulum (SSR) in neuromuscular junctions (NMJs) by binding the t-Soluble NSF attachment Receptor (t-SNARE) protein Syntaxin 18 (also called G-taxin) [139,140]. The yeast Lgl homologues interact directly with the trafficking components Exo84p and Sec9p, while mammalian Lgl binds the t-SNARE protein Syntaxin-4 to direct protein trafficking [112]. Mammalian Scrib regulates exocytosis by binding to the β–Pix-GIT1 complex [133].



Numerous studies support the cooperation of the Dlg-module with vesicle and membrane trafficking, including endocytosis, exocytosis, recycling of endosomes to the cell membrane and retrograde trafficking (and the shuttling between endosomes, biosynthetic or secretory compartments) [98,130,131]. In Drosophila sensory organ precursor cells, Lgl controls endocytosis of Sanpodo, a four-pass transmembrane protein and regulator of Notch signaling [141]. In eye epithelia, Lgl attenuates Notch signaling by limiting vesicle acidification [142] and promoting the interaction between the VAMP-associated protein 33kDa (Vap33) and the vATPase complex to inhibit activation of Notch [143]. Lgl localizes on endosomes and lgl mutants result in the accumulation of EE (Rab5 and Avl), RE (Rab11) and MVB markers (Hrs) but not LE markers (Car and Rab7), suggesting a role for Lgl in these later stages of endosomal maturation. In this case, Lgl regulates Notch signaling in a Dynamin/Rab5-mediated endocytosis and vesicle acidification but is independent of ESCRT-0 (Hrs) or the Rab11 REs [142]. On the other hand, Scrib was shown to optimize BMP signaling by regulating the basolateral localization of the BMP receptor Thickveins and its internalization in Rab5-positive endosomes in Drosophila wing epithelia [144]. Scrib is also required to block the internalization of Eiger, the Drosophila homologue of the mammalian Tumor Necrosis Factor (TNF) [145]. Along the same line, mammalian Scrib binds the TSHR (Thyroid-stimulating hormone receptor) to inhibit basal receptor endocytosis and promote its recycling [146].



Very interesting studies have also revealed a role for the Dlg-module in regulating the retromer complex that traffics protein cargo from endocytic vesicles to the trans-Golgi network (TGN) for recycling [147,148]. In MDCK epithelial cells, Scrib negatively regulates retromer-mediated E-cadherin trafficking to the Golgi [148]. In imaginal discs, endocytic itineraries of Crumbs and other retromer-dependent cargo relay on a polarity independent-role of Dlg, Scrib Lgl and AP-2/Dynamin-dependent endocytosis [147]. This post-internalization route, which is independent of the endo-lysosomal transport, recycles retromer-dependent cargoes back to the membrane. This is further supported by the observation that two other components of the retromer sorting complex, Rab9 and Vps29 are severely affected in knockdowns of Dlg-module components while disrupting the retromer components Vps35 and Vps26, enhances the observed Dlg-module phenotypes [147].





6. Polarity, Endocytosis and Signaling in Squamous Epithelia: Cell-to-Cell Communication and Coordination in the Drosophila Testis


Cells communicate with each other and the local microenvironment by guiding their signaling machineries to discrete cortical membrane domains. Based on the signals they receive, cells adapt their intrinsic features and structural characteristics to achieve a coordinated output and highly ordered organ systems. Thus, elucidating regulatory mechanisms related to cell polarity, endocytosis and signaling, requires a good understanding of apico-basal membrane identities, and the ability to monitor the compartmentation of signaling components, receptors and key regulators with spatial precision. Although this process is straightforward in columnar epithelia, it has not yet been addressed in a systematic way in squamous epithelia (Figure 3C). Squamous epithelial cells are present in several tissues and line the internal body surfaces of many human organs such as the heart, lungs, blood vessels and peritoneal cavity. Mutations in these cells give rise to squamous cell carcinomas [149], all sharing common genetic, histological and signaling defects, including deregulation of receptor tyrosine kinases (RTK). In Drosophila, squamous epithelial cells are present in the amnioserosa [150] the follicular epithelium of the ovaries [151,152] and the Drosophila testis [153,154].



In the Drosophila testis, squamous epithelial somatic cyst cells (SCCs) become unusually thin and elongated by following the growth of the dividing and differentiating germ cells they encapsulate, building together an organoid-like cyst (Figure 3A). Squamous SCCs are also polarized, with apical membranes facing the germline and basal membranes facing the outside of the cysts (Figure 3C). They actively support the progressive steps of germ cell differentiation through increasing levels of the Epidermal Growth Factor (EGFR) activation [155] that localizes in SCCs (Figure 3B). EGFR is activated by the binding of the EGF ligand Spitz, secreted from the germ cells (sSpi). The protease Stet cleaves Spitz, which can bind the EGFR on SCC and activate the Ras/MAPK signaling pathway, leading to the double phosphorylated MAPK rolled (dpERK) entering the nucleus [156]. This first step of differentiation is required for the germ cells to properly enter and execute the transit-amplifying (TA) program of synchronous mitotic divisions [155,156,157,158,159]. In the absence of EGFR-derived signals, germ cells cannot differentiate and overproliferate as stem cell-like germ cells [157,158], while increased EGFR signals induce germ cell death (Figure 3D) [153]. Higher levels of EGFR activation in cyst cells are required for spermatogonia to end the TA divisions and initiate the spermatocyte pre-meiotic program [155]. Presumably, EGFR effects are achieved in a dose-dependent manner, explaining why fine-tuning of signaling levels is crucial for stepwise germline differentiation. However, the way squamous SCCs coordinate endocytosis and polarity with EGFR signaling levels, and potentially adapt them to their thin elongated morphology has been largely unknown [154].



A recent study revealed that the cortical polarity proteins Dlg, Scrib, Lgl and clathrin-mediated endocytosis (CME) downregulate EGFR signaling levels in SCCs [153] to prevent germ cell death and promote the differentiation of the germline into mature sperm (Figure 3D). These proteins are known to establish and maintain architecture and homeostasis in the Drosophila male gonads and larval testes [160,161,162,163,164]. More precisely, somatic cells fail to extend projections and encapsulate the germ cells in embryonic gonads of male scrib or dlg mutant flies, suggesting a role in establishing intimate soma-germline contacts [160,164]. Knockdown of dlg, scrib, lgl or CME components (Clathrin heavy chain, AP-2/Adaptin and Dynamin/Shibire) specifically in the squamous SCCs, mimics the effect of EGFR overactivation, resulting in germ cell death and increased signal transduction via the EGFR. Lowering EGFR or downstream signaling components rescues those defects [153]. Interestingly, membrane PIP2 has emerged as a critical regulator that contributes to EGFR/Ras-mediated activation of the MAPK in the SCCs in the system, suggesting a new link between polarity, endocytosis and EGFR/MAPK signaling [153].



Yet, the exact mechanism of how polarity and endocytosis regulate EGFR signaling levels under physiological conditions in the Drosophila testis and how EGFR is distributed to apical vs. basal cyst cell membranes is not yet established. Dlg, Scrib or Lgl could act to attenuate EGFR signaling in SCCs by potentiating endocytosis of the EGFR receptor together with CME. Alternatively, the Dlg module could attenuate EGFR/MAPK signaling independent of endocytosis, by binding and inactivating signal transduction components downstream of the EGFR (Figure 3D), as in other tissues (outlined in Section 5.2) [132,133,134,135]. An alternative possibility could be that Dlg, Scrib and Lgl regulate the polarized distribution of the EGFR by directing the receptor to the basal SCC membranes and attenuate the EGFR signaling by preventing its access to Spitz from the germline. This latter mechanism, of silencing the EGFR through basal or basolateral trafficking, has been shown in other polarized epithelia as well (outlined in Section 3) [57,58,59].



Interestingly, the function of Dlg, Scrib and Lgl in SCCs is independent of the apical cyst cell polarity and SJ-mediated barrier function that seals each SCC-germline cyst. Knockdown of apical PAR-complex determinants, e.g., Bazooka (Baz/Par3) [165,166] or of septate junction (SJ) core components in SCCs result in distinct phenotypes to the Dlg-module, while the barrier function is largely unaffected [153]. Interestingly, Baz/aPKC/Par6 apical polarity complex in SCCs is required for the survival of the pre-meiotic germ cells they enclose, called spermatocytes (Figure 4A; right side). Loss of function of any of these components in SCCs results in overactivation of JNK signaling that mediates the germ cell death via the recycling endosome small GTPase Rab35 [166]. The exact nature of this mechanism, i.e., whether JNK and Rab35 act cooperatively or independently but in parallel ways, to promote germ cells death is so far unclear (Figure 4A; left side).



Besides its role in regulating SCC-germline communication and co-differentiation in the Drosophila testis, the EGFR stimulates basal autophagy to maintain the identity of the somatic cyst stem cells (CySCs) and to control the lipid levels through lipophagy (the autophagy induced breakdown of lipid droplets) (Figure 4B; right side) [167,168]. CySCs encapsulate the germline stem cells (GSCs) attached to the niche cells of the hub (Figure 3A). When CySCs divide asymmetrically, their daughter SCCs move away from the hub to initiate their own differentiation. Moving away from the hub, early-stage SCCs experience a burst of insulin signaling, via the Insulin-Like Receptor-PI3K-mTOR (mammalian target of rapamycin/mTOR) pathway, which suppresses autophagy temporarily and allows SCC differentiation to proceed (Figure 4B; left side). Defective autophagy results in lipid accumulation, increased CySCs numbers and loss of early SCCs [167,168]. Therefore, fine-tuning of EGFR-mediated autophagy is necessary for the proper control of CySC maintenance vs. SCC differentiation fate in the Drosophila testis, which in turn safeguards germline differentiation, as discussed previously [167,168]. Uncovering the mechanisms that govern EGFR-mediated autophagy may prove valuable to understanding autophagy misregulation in cancers and how adapted autophagy affects resistance to anti-EGFR monoclonal antibody treatments [169,170,171].



A screen in Drosophila testis SCCs provided more insights on the importance of endocytic components in SCC signaling regulation. For example, the early endosome GTPase Rab5 is critically required for proper SCCs and germline differentiation. Knockdown of Rab5 in SCCs results in tumor-like overgrowths with (1) germ cells that become arrested at the spermatogonial-stage (the mitotic division stage) and (2) SCCs that show elevated levels of ectopic Hedgehog (Hh) and Janus kinase signal transducer and activator of transcription (JAK-STAT) activation, increased BMP ligands and an expansion of the Zfh-1 marker (normally present in CySCs and early SCC) in SCCs away from the niche [165]. Thus, Rab5 normally acts to downregulate stem cell maintaining signals in SCCs as they move away from the niche, and thereby allows spermatogenesis to progress beyond the spermatogonial stage [165].



Taken together, the Drosophila testis with the squamous epithelial cyst cells and the cross-communication to the encapsulating germ cells, have provided new insights into the dynamic regulation of a wide range of endosomal–lysosomal trafficking components with short-range signaling and cortical polarity cues during spermatogenesis.




7. Emerging Themes in other Tissues and Cellular Contexts


7.1. The Drosophila Gut and Epithelial Homeostasis


In the Drosophila intestine, asymmetric division of intestinal stem cells (ISCs) gives rise to a new ISC and a daughter progenitor that becomes either an enteroblast (EB) that will differentiate into enterocytes (EC, 90%) or an enteroendocrine precursor (EEP) that will differentiate into secretory enteroendocrine cells (EE, 10%) [172,173]. This fate decision relays on the Notch signaling pathway. Although EGFR/Ras/MAPK, JAK-STAT and the Hippo pathway are known to regulate ISCs, little is known about the inputs that modulate their activities. In this epithelium, adherens junctions (AJs) are seen in ISCs and EBs, while septate junctions (SJs) in ECs. SJ assembly occurs during ISC-EC differentiation, and the transmembrane scaffolding protein tetraspanin 2A (Tsp2A) is critically required for SJ assembly [174]. Under normal conditions, Tsp2A undergoes internalization and thereby mediates the degradation of atypical protein kinase C (aPKC), which antagonizes the Hippo pathway (Figure 5). This permits Hippo activation, which can now restrict ISC proliferation by turning off Yorkie (Yki)-JAK-STAT activity. Tsp2A knockdown causes (1) defects in the localization of other SJ proteins and SJ assembly, (2) increased expression of the AJ protein Armadillo (Arm) and the basolateral protein Lgl, as well as (3) accumulation of aPKC and Yki hyperactivity. Thus, SJ assembly is pivotal for EC differentiation, while Tsp2A endocytosis has a key physiological role in restoring the Hippo pathway and restricting proliferation after tissue repair [174].



Another regulatory mechanism was revealed by analyzing sorting Nexins (SNXs), an evolutionarily conserved family of proteins that regulate intracellular membrane traffic most likely through their phosphoinositide-binding domain [175]. In the Drosophila midgut, the nexin SH3PX1 was shown to be critical for restraining ISC proliferation by downregulating the EGFR-Ras-MAPK signaling (highly expressed in ISCs), through an endocytosis-autophagy network [175]. This network includes Dynamin, Rab5, Rab7, Autophagy proteins (Atg1, 5, 6, 7, 8a, 9, 12, 16) and the Syntaxin Syx17. Blocking autophagy (or components in that network) stabilizes ligand-activated EGFR and directs them via the Rab11-recycling endosomes back to the plasma membrane, leading to increased ERK and Ca2+ signaling, ISC mitotic divisions and overproliferation. Thus, intracellular vesicle trafficking through the endocytosis-autophagy pathway can restrain ISC proliferation and hyperplasia by counteracting the EGFR activity. This mechanism is critical to maintain gut epithelial homeostasis and can provide an alternate route to EGFR signaling activation in human cancers [175].



RAL small GTPases are effectors of Ras signaling, widely expressed in the intestinal epithelium [176,177]. They activate the Wingless-integrated (Wnt) pathway in ISCs through the internalization of Wnt receptors from the plasma membrane. This is important for ISC numbers and intestine regeneration following damage [176]. In parallel to Wnt, RAL GTPases also activate the EGFR/MAPK signaling in the intestine by promoting EGFR internalization. Knocking down Drosophila RalA from the intestinal stem and progenitor cells in Drosophila leads to increased levels of plasma membrane-associated EGFR and decreased MAPK pathway activation. Thus, in contrast to other systems where receptor endocytosis attenuates signaling [15,28,29], here, Wnt and EGFR signaling is not limited to the plasma membrane since internalization seems to amplify the signaling activity [176,177].




7.2. Tissue Morphogenesis and Remodeling


Endocytosis plays an important role in morphogenetic changes of lateral membrane shortening. In the Drosophila ovary, follicle cells undergo a cuboidal-to-squamous transformation, which involves lateral membrane shortening and apical membrane extension via the action of the Tao protein [151]. Tao normally reduces lateral adhesion between epithelial cells by promoting endocytosis of the transmembrane adhesion protein Fasciclin II (Fas II), involved in homophilic interactions. Mutations in the tao gene, result in Fas II accumulation on the lateral membrane of those cells that block cuboidal-to-squamous cell remodeling [151]. This study links the importance of how endocytosis is downregulating adhesion molecules to achieve the plasticity that will allow morphogenetic changes to proceed [152].



During Drosophila gastrulation and epithelial morphogenesis, endocytosis and plasma membrane compartmentation differentially regulate Rho1 and Myosin II activation [178]. The GPCR protein Smog normally concentrates on the apical surface of ectodermal cells, as well as the membrane invaginations that these cells have. Upon binding to its ligand Folded gastrulation (Fog), Smog forms homo-clusters, and endocytosis follows through the action of G protein-coupled receptor kinase 2 (Gprk2) and β-Arrestin-2 kinases. Low Fog concentration induces very low Rho1 signaling, as Gprk2 and β-Arrestin-2 attenuate Rho1 signaling by regulating Smog endocytosis. However, when Fog concentration is high, endocytosis is reduced, and Smog accumulates in localized apical plasma membrane invaginations that act as signaling centers and induce high levels of Rho1/Myosin II activation [178]. In the mesoderm, Smog accumulates in larger, more numerous, apical plasma membrane invaginations, and it displays larger Smog homo-clusters compared to the ectoderm. This dynamic partitioning of active Smog in oligomer clusters has a direct impact on signaling levels that transform the apical membrane invaginations into compartmentalized signaling centers [178], which can drive cell contractility and constrictions that characterize gastrulation morphogenetic events.




7.3. Drosophila Nephrocytes: An Emerging Model in Apical-Basal Polarity and Endocytosis


Apical-basal polarity components play a key role in endocytosis and cellular trafficking in Drosophila nephrocytes, the equivalent of mammalian podocytes, as part of the filtration barrier in human kidneys [179,180,181]. Nephrocytes develop from myoblasts and are found in two populations floating in the hemolymph of larval and adult flies: (1) the garland nephrocytes, bi-nucleated cells that surround the connection site of the esophagus and the proventriculus; and (2) the pericardial nephrocytes, mono-nucleated cells that line up along the heart tube [179,180,182]. Both cell types possess similar ultrastructural and functional characteristics. Yet, unlike mammalian podocytes, Drosophila nephrocytes are not physically connected to the fly excretory and osmoregulatory system of the Malpighian tubules (the equivalent of mammalian liver and kidneys). Fly nephrocytes filtrate the hemolymph and endocytose proteins and toxins to store and permanently inactivate them [179,180,182].



Although nephrocytes are not of epithelial origin, they resemble epithelial cells as they are polarized. Nephrocytes have an enlarged apical domain and reduced basal surface (lacking lateral sides), which altogether build a cell surface comprised of membrane invaginations that form finger-like labyrinthine channels [179] (Figure 6). The slit diaphragm (SD) establishes the filtration barrier that spans the opening of these labyrinthine, where hemolymph proteins get reabsorbed via endocytosis. Many components of the SD have orthologs in mammals, such as Sticks and stones (Sns), the Drosophila homologue of the mammalian Nephrin. Apical polarity components of the PAR and Crumbs complexes localize and build the SD, while basolateral components of the Dlg-module localize at the basal region between neighboring SDs. Clathrin-mediated endocytosis (CME), Rab5-dependent EE, Rab11-dependent RE and the exocyst complex are critical for SD maintenance [179,180,181] (Figure 6).



A recent study [180] has shown that knockdown of PAR complex proteins results in severe endocytosis and SD defects, associated with problems in atypical protein kinase C (aPKC) membrane targeting. Loss of basolateral polarity regulators dlg, scrib and lgl disrupt the localization of Sns on SDs, yet severe defects on nephrocyte endocytic function are seen only in scrib loss of function nephrocytes [180]. Crumbs, via its FERM-domain, also regulates nephrocyte SD assembly and endocytosis, while Moesin binds the Crumbs FERM domain to support the endocytic function [182]. Another study [181] confirmed that basolateral polarity proteins work together with apical components to promote the endocytic trafficking of SD proteins in nephrocytes. More precisely, loss of dlg, scrib, lgl and par1 function in nephrocytes, led to the accumulation of SD proteins in Rab5 vesicles which mis-localized, while the integrity of SDs was compromised. Moreover, Vps34 (PI3K59F) has been shown to regulate autophagosome-autolysosome formation in nephrocytes, associated with the accumulation of Rab5 and Rab7 endocytic compartments, suggesting a disruption in vesicular transport [183]. Furthermore, loss of the membrane PI(4,5)P2 from the SD region leads to a significant reduction in endocytosis and loss of SD integrity. Conversely, increased levels of the phosphatidylinositol(3,4,5)-trisphosphate (PI(3,4,5)P3) give rise to a stronger SD via ectopic activation of the Akt/mTOR pathway, but this is still linked to the endocytosis defects [184]. These studies reveal how apical-polarity determinants set the stage for proper establishment, integrity and function of SDs in nephrocytes, which in turn maintain endocytosis and promote nephrocyte homeostasis.




7.4. The Role of Adaptor Proteins and Endocytosis in Nutrient-Based Decision-Making: Examples from the Budding Yeast


In multicellular organisms discussed so far, the interplay of cellular trafficking, polarity and signaling has been actively involved in developmental and morphogenetic decisions that shape tissues and organs. In unicellular organisms such as the budding yeast Saccharomyces cerevisiae, adaptor proteins and signaling components work together to regulate the endocytosis of nutrient transporters and thereby modify the yeast’s growth and response to environmental cues [185,186,187]. Nutrient-importing transporter proteins or permeases (e.g., for amino acids and glucose) embedded in the plasma membrane of S. cerevisiae are destined to switch in order to match the food availability. This is performed through the membrane addition of the necessary transporters through the secretory pathway and the endocytic removal of those no longer required. For example, yeast growing in a lactate medium would favor the addition of the Jen1 transporter that absorbs this molecule, while the addition of glucose would promote endocytosis of Jen1 and its replacement with a glucose transporter [185,186,187]. Unneeded transporters are triggered for endocytic removal by ubiquitination through the Nedd4 ubiquitin ligase Rsp5, while Arrestin-Related Trafficking adaptor (ART) proteins (of the alpha-Arrestin family) act as adaptors for Rsp5. S. cerevisiae has 14 different ARTs, which are under multilevel control of the major nutrient-sensing systems and become targeted by signaling pathways [185].



The target of rapamycin complex 1 (TORC1) signaling is one of the critical signaling pathways that regulate ART proteins [185]. TORC1 stimulates cell growth by promoting anabolic processes and repressing catabolic processes. TORC1 has been shown to modulate nutrient uptake by affecting the composition of plasma membrane amino acid transporters, by regulating ubiquitin-mediated endocytosis [188]. TORC1 negatively regulates the Npr1 kinase, which can inhibit Art1activity by preventing its phosphorylation. In this way, Npr1 prevents the Art1-mediated targeting of Rsp5 and maintains the abundance of amino acids transporters at the plasma membrane [188].



Distinct ART–Rsp5 complexes can act at different yeast internal compartments to regulate the fate of nutrient transporters along the endocytic pathway [185]. Such an example is the ART proteins Art-1 and Bul1/2, which regulate the endocytosis of the arginine permease Can1 in different ways. Activation of Art1 by TORC1 in the presence of the arginine substrate triggers ubiquitination and a conformational change in Can1 (from the outward open to the inward open state) [189] that recycles Can1 back to the plasma membrane, via the trans-Golgi network (TGN). When TORC1 is hyperactivated in the absence of arginine in the medium, it is the Bul1/2 that promotes Can1 endocytosis and targets it to degradation through vacuolar sorting [190]. This is an example of how nutrient-sensing can activate distinct ARTs to control the ubiquitin- and endocytic-dependent downregulation of nutrient transporters.



Excess of individual nutrients or their deprivation can activate complementary ART-Rsp5-complexes to control selective endocytosis and adapt nutrient acquisition. Art1–Rsp5 not only promotes endocytosis of the Can1 arginine transporter, but it also mediates the endocytosis of the methionine transporter Mup1 and the lysine transporter Lyp1 in response to the excess of their respective amino acid substrates [191]. Conversely, upon amino acid and nitrogen starvation, the same set of amino acid transporters are down-regulated by Art2–Rsp5 [185,191]. Glucose deprivation regulates Art8 activation via ubiquitination to trigger glucose transporter endocytosis, while glucose-induced deubiquitylation of Art8 correlates with its phospho-dependent association to 14-3-3 proteins [186]. These data illustrate novel mechanisms by which nutrients modulate ART adaptor activity and endocytosis.



Post-translational modification of ART proteins regulates their switch from active to inactive state. Rod1/Art4 is an ART protein necessary for yeast cells to endocytose the lactate transporter Jen1 in the presence of glucose. Yeast cells preferentially use glucose as an energy nutrient over lactate when possible. Rod1 phosphorylation is regulated by glucose availability, which consequently modulates its activity. More precisely, glucose-induced dephosphorylation of Rod1 promotes its ubiquitylation, a modification that is essential for Jen1 endocytosis [187]. The fine balance of Rod1 post-translational modifications (dephosphorylation vs ubiquitylation) is coordinated by a phospho-dependent interaction of Rod1 with yeast 14-3-3 proteins, which inhibits Rod1 ubiquitylation. Upon loss of Rod1, cells cannot ubiquitinate Jen1, suggesting that Rod1 helps Rsp5 ubiquitinate Jen1. A more recent study has further shown that Rod1 modulates the post-endocytic sorting of Jen1 to the yeast lysosome [192]. The role of Rod1 in glucose-induced transporter endocytosis provides an interesting molecular mechanism of an ARF-dependent adaptor activation in response to intracellular signaling [187,192].





8. Conclusions


Trafficking through the endo–lysosomal system is intimately linked to polarity and signaling, and together they play a central role in regulating fundamental aspects of cell physiology and homeostasis. Research over recent decades revealed the complexity of their cooperation and mutual dependence across multiple pathways where trafficking, polarity and signaling intersect. Along this line, polarity scaffolds are not just static barriers and endosomal compartments are not simple cargo transporters. Compelling evidence shows that they emerge as dynamic organizing centers involved in site-specific protein targeting (or exclusion) and in stabilizing supramolecular signaling complexes that (1) provide guiding cues for targeted membrane insertion, cell compartmentation, communication, and remodeling; and (2) actively control the timing, amplitude and specificity of intracellular signaling.



Drosophila, which combines a relatively simple organization with sufficient cellular complexity and conservation, allowed us to “zoom” into different cell types and uncover the regulatory strategies in very diverse contexts. From gut intestinal epithelia, sensory organ precursors (SOPs) and imaginal epithelia of developing wings, legs and ommatidia, to squamous epithelia in testis and ovaries, and non-epithelia nephrocytes, research in the fruit fly has made a major contribution to our understanding of how endosomal–lysosomal processes, polarity and (intracellular and inter-cellular) signaling, coordinate cellular responses and establish homeostasis. Although we are still far from breaking the mysteries of endocytosis across species [193], we can appreciate the sophisticated, multiple levels of control that are necessary to orchestrate the formation of functional tissues and organs.







Funding


This research received no external funding. The APC was funded by Medway School of Pharmacy, Universities of Kent and Greenwich.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The author wishes to thank Maria Alvarez who helped with feedback on the manuscript. Special thanks to the Drosophila community for providing generously fly stocks and antibodies at various steps of the work presented here and apologies to all whose work was not sited due to space limitations. This work has been supported by Medway School of Pharmacy and the Universities of Kent and Greenwich.




Conflicts of Interest


The author declares no conflict of interest.




Abbreviations


clathrin-mediated endocytosis (CME), clathrin independent endocytosis (CIE), early endosome (EE), recycling endosome (RE), multi-vesicular bodies (MVB), late endosomes (LE), trans-Golgi network (TGN), intra-luminal vesicles (ILV), endosomal sorting complex required for transport (ESCRT), Phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2] (PIP2), atypical protein kinase C (αPKC), Hedgehog (Hh), Janus kinase signal transducer and activator of transcription (JAK-STAT), Jun N-terminal kinase (JNK), Receptor tyrosine kinase (RTK), Epidermal Growth Factor Receptor (EGFR), ubiquitinated EGFR (EGFR-Ub), de-ubiquitinating enzyme (DUB), Spitz (Spi), Discs large (Dlg), Scribble (Scrib), Lethal (2) giant larvae (Lgl), adherens junction (AJ), septate junctions (SJs), somatic cyst cells (SCCs), somatic cyst stem cells (CySCs), germline stem cells (GSCs), mammalian target of rapamycin (mTOR), target of rapamycin complex 1 (TORC1).




References


	



Olswang-Kutz, Y.; Gertel, Y.; Benjamin, S.; Sela, O.; Pekar, O.; Arama, E.; Steller, H.; Horowitz, M.; Segal, D. Drosophila Past1 is involved in endocytosis and is required for germline development and survival of the adult fly. J. Cell Sci. 2009, 122, 471–480. [Google Scholar] [CrossRef] [PubMed]

	



Kumari, S.; Mg, S.; Mayor, S. Endocytosis unplugged: Multiple ways to enter the cell. Cell Res. 2010, 20, 256–275. [Google Scholar] [CrossRef] [PubMed]

	



Sorkin, A.; Von Zastrow, M. Signal transduction and endocytosis: Close encounters of many kinds. Nat. Rev. Mol. Cell Biol. 2002, 3, 600–614. [Google Scholar] [CrossRef] [PubMed]

	



LE Roy, C.; Wrana, J.L. Clathrin- and non-clathrin-mediated endocytic regulation of cell signalling. Nat. Rev. Mol. Cell Biol. 2005, 6, 112–126. [Google Scholar] [CrossRef]

	



Mellman, I.; Nelson, W.J. Coordinated protein sorting, targeting and distribution in polarized cells. Nat. Rev. Mol. Cell Biol. 2008, 9, 833–845. [Google Scholar] [CrossRef]

	



Shivas, J.M.; Morrison, H.A.; Bilder, D.; Skop, A.R. Polarity and endocytosis: Reciprocal regulation. Trends Cell Biol. 2010, 20, 445–452. [Google Scholar] [CrossRef]

	



Zink, S.; Jacob, R. Protein trafficking in polarized epithelial cells. In Cell Polarity 1: Biological Role and Basic Mechanisms; Ebnet, K., Ed.; Springer International Publishing: Cham, Switzerland, 2015. [Google Scholar]

	



Thompson, B.J. Membrane traffic and apicobasal polarity in drosophila epithelial cells. In Cell Polarity 1: Biological Role and Basic Mechanisms; Ebnet, K., Ed.; Springer International Publishing: Cham, Switzerland, 2015; pp. 329–348. [Google Scholar]

	



Ang, S.F.; Fölsch, H. The role of secretory and endocytic pathways in the maintenance of cell polarity. Essays Biochem. 2012, 53, 29–39. [Google Scholar] [CrossRef]

	



Grossier, J.-P.; Xouri, G.; Goud, B.; Schauer, K. Cell adhesion defines the topology of endocytosis and signaling. EMBO J. 2014, 33, 35–45. [Google Scholar] [CrossRef]

	



Sorkin, A.; von Zastrow, M. Endocytosis and signalling: Intertwining molecular networks. Nat. Rev. Mol. Cell Biol. 2009, 10, 609–622. [Google Scholar] [CrossRef]

	



von Zastrow, M.; Sorkin, A. Mechanisms for regulating and organizing receptor signaling by endocytosis. Annu. Rev. Biochem. 2021, 90, 709–737. [Google Scholar] [CrossRef]

	



Conte, A.; Sigismund, S. Chapter six—The ubiquitin network in the control of EGFR endocytosis and signaling. Prog. Mol. Biol. Transl. Sci. 2016, 141, 225–276. [Google Scholar] [CrossRef] [PubMed]

	



Dobrowolski, R.; De Robertis, E.M. Endocytic control of growth factor signalling: Multivesicular bodies as signalling organelles. Nat. Rev. Mol. Cell Biol. 2011, 13, 53–60. [Google Scholar] [CrossRef] [PubMed]

	



Sadowski, L.; Pilecka, I.; Miaczynska, M. Signaling from endosomes: Location makes a difference. Exp. Cell Res. 2009, 315, 1601–1609. [Google Scholar] [CrossRef] [PubMed]

	



Czech, M.P. PIP2 and PIP3: Complex roles at the cell surface. Cell 2000, 100, 603–606. [Google Scholar] [CrossRef]

	



Goh, L.K.; Sorkin, A. Endocytosis of receptor tyrosine kinases. Cold Spring Harb. Perspect. Biol. 2013, 5, a017459. [Google Scholar] [CrossRef]

	



Doherty, G.J.; McMahon, H.T. Mechanisms of endocytosis. Annu. Rev. Biochem. 2009, 78, 857–902. [Google Scholar] [CrossRef]

	



Renard, H.-F.; Boucrot, E. Unconventional endocytic mechanisms. Curr. Opin. Cell Biol. 2021, 71, 120–129. [Google Scholar] [CrossRef]

	



Schmid, S.L. Reciprocal regulation of signaling and endocytosis: Implications for the evolving cancer cell. J. Cell Biol. 2017, 216, 2623–2632. [Google Scholar] [CrossRef]

	



Moore, R.; Pujol, M.G.; Zhu, Z.; Smythe, E. Interplay of endocytosis and growth factor receptor signalling. Prog. Mol. Subcell. Biol. 2018, 57, 181–202. [Google Scholar] [CrossRef]

	



Chen, M.-L.; Green, D.; Liu, L.; Lam, Y.C.; Mukai, L.; Rao, S.; Ramagiri, S.; Krishnan, K.S.; Engel, J.E.; Lin, J.J.-C.; et al. Unique biochemical and behavioral alterations indrosophilashibirets1mutants imply a conformational state affecting dynamin subcellular distribution and synaptic vesicle cycling. J. Neurobiol. 2002, 53, 319–329. [Google Scholar] [CrossRef]

	



Lu, H.; Bilder, D. Endocytic control of epithelial polarity and proliferation in Drosophila. Nat. Cell Biol. 2005, 7, 1232–1239. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Boulan, E.; Kreitzer, G.; Müsch, A. Organization of vesicular trafficking in epithelia. Nat. Rev. Mol. Cell Biol. 2005, 6, 233–247. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Bellen, H.J. The retromer complex in development and disease. Development 2015, 142, 2392–2396. [Google Scholar] [CrossRef] [PubMed]

	



Legent, K.; Liu, H.H.; Treisman, J.E. Drosophila Vps4 promotes Epidermal growth factor receptor signaling independently of its role in receptor degradation. Development 2015, 142, 1480–1491. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, M.; Troost, T.; Grawe, F.; Martinez-Arias, A.; Klein, T. Activation of notch in lgd mutant cells requires the fusion of late endosomes with the lysosome. J. Cell Sci. 2013, 126, 645–656. [Google Scholar] [CrossRef] [PubMed]

	



Sousa, L.P.; Lax, I.; Shen, H.; Ferguson, S.M.; De Camilli, P.; Schlessinger, J. Suppression of EGFR endocytosis by dynamin depletion reveals that EGFR signaling occurs primarily at the plasma membrane. Proc. Natl. Acad. Sci. USA 2012, 109, 4419–4424. [Google Scholar] [CrossRef]

	



Tomas, A.; Futter, C.E.; Eden, E.R. EGF receptor trafficking: Consequences for signaling and cancer. Trends Cell Biol. 2013, 24, 26–34. [Google Scholar] [CrossRef]

	



Jones, S.; Rappoport, J.Z. Interdependent epidermal growth factor receptor signalling and trafficking. Int. J. Biochem. Cell Biol. 2014, 51, 23–28. [Google Scholar] [CrossRef]

	



Lai, K.M.; Olivier, J.P.; Gish, G.D.; Henkemeyer, M.; McGlade, J.; Pawson, T. A Drosophila shc gene product is implicated in signaling by the DER receptor tyrosine kinase. Mol. Cell. Biol. 1995, 15, 4810–4818. [Google Scholar] [CrossRef]

	



Luschnig, S.; Krauss, J.; Bohmann, K.; Desjeux, I.; Nüsslein-Volhard, C. The Drosophila SHC adaptor protein is required for signaling by a subset of receptor tyrosine kinases. Mol. Cell 2000, 5, 231–241. [Google Scholar] [CrossRef]

	



Shilo, B.-Z. Regulating the dynamics of EGF receptor signaling in space and time. Development 2005, 132, 4017–4027. [Google Scholar] [CrossRef] [PubMed]

	



Krahn, M.P.; Wodarz, A. Phosphoinositide lipids and cell polarity: Linking the plasma membrane to the cytocortex. Essays Biochem. 2012, 53, 15–27. [Google Scholar] [CrossRef] [PubMed]

	



Caldieri, G.; Malabarba, M.G.; Di Fiore, P.P.; Sigismund, S. EGFR trafficking in physiology and cancer. In Endocytosis and Signaling; Springer: Cham, Seitzerland, 2018; Volume 57, pp. 235–272. [Google Scholar] [CrossRef]

	



Zhou, Y.; Sakurai, H. New trend in ligand-induced EGFR trafficking: A dual-mode clathrin-mediated endocytosis model. J. Proteom. 2022, 255, 104503. [Google Scholar] [CrossRef] [PubMed]

	



Michailidis, I.E.; Rusinova, R.; Georgakopoulos, A.; Chen, Y.; Iyengar, R.; Robakis, N.K.; Logothetis, D.E.; Baki, L. Phosphatidylinositol-4,5-bisphosphate regulates epidermal growth factor receptor activation. Pflügers Arch. Eur. J. Physiol. 2010, 461, 387–397. [Google Scholar] [CrossRef]

	



Marat, A.L.; Haucke, V. Phosphatidylinositol 3-phosphates—At the interface between cell signalling and membrane traffic. EMBO J. 2016, 35, 561–579. [Google Scholar] [CrossRef]

	



Halim, K.B.A.; Koldsø, H.; Sansom, M.S. Interactions of the EGFR juxtamembrane domain with PIP2-containing lipid bilayers: Insights from multiscale molecular dynamics simulations. Biochim. Biophys. Acta 2015, 1850, 1017–1025. [Google Scholar] [CrossRef]

	



Katzmann, D.J.; Odorizzi, G.; Emr, S.D. Receptor downregulation and multivesicular-body sorting. Nat. Rev. Mol. Cell Biol. 2002, 3, 893–905. [Google Scholar] [CrossRef]

	



Haglund, K.; Dikic, I. The role of ubiquitylation in receptor endocytosis and endosomal sorting. J. Cell Sci. 2012, 125, 265–275. [Google Scholar] [CrossRef]

	



Morreale, F.E.; Walden, H. Types of ubiquitin ligases. Cell 2016, 165, 248–248.e1. [Google Scholar] [CrossRef]

	



Husnjak, K.; Dikic, I. EGFR trafficking: Parkin’ in a jam. Nat. Cell Biol. 2006, 8, 787–788. [Google Scholar] [CrossRef]

	



Pai, L.-M.; Wang, P.-Y.; Chen, S.-R.; Barcelo, G.; Chang, W.-L.; Nilson, L.; Schüpbach, T. Differential effects of Cbl isoforms on Egfr signaling in drosophila. Mech. Dev. 2006, 123, 450–462. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Chen, Z.; Bergmann, A. Regulation of EGFR and notch signaling by distinct isoforms of D-cbl during drosophila development. Dev. Biol. 2010, 342, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Henegouwen, P.M.V.B.E. Eps15: A multifunctional adaptor protein regulating intracellular trafficking. Cell Commun. Signal. 2009, 7, 24. [Google Scholar] [CrossRef] [PubMed]

	



Weber, J.; Polo, S.; Maspero, E. HECT E3 Ligases: A tale with multiple facets. Front. Physiol. 2019, 10, 370. [Google Scholar] [CrossRef] [PubMed]

	



Fallon, L.; Bélanger, C.M.; Corera, A.T.; Kontogiannea, M.; Regan-Klapisz, E.; Moreau, F.; Voortman, J.; Haber, M.; Rouleau, G.; Thorarinsdottir, T.; et al. A regulated interaction with the UIM protein Eps15 implicates parkin in EGF receptor trafficking and PI(3)K—Akt signalling. Nat. Cell Biol. 2006, 8, 834–842. [Google Scholar] [CrossRef]

	



Lobert, V.H.; Stenmark, H.; Divakaruni, A.S.; Brand, M.D. Cell polarity and migration: Emerging role for the endosomal sorting machinery. Physiology 2011, 26, 171–180. [Google Scholar] [CrossRef]

	



Vaccari, T.; Bilder, D. At the crossroads of polarity, proliferation and apoptosis: The use of Drosophila to unravel the multifaceted role of endocytosis in tumor suppression. Mol. Oncol. 2009, 3, 354–365. [Google Scholar] [CrossRef]

	



Bache, K.G.; Stuffers, S.; Malerød, L.; Slagsvold, T.; Raiborg, C.; Lechardeur, D.; Wälchli, S.; Lukacs, G.L.; Brech, A.; Stenmark, H. The ESCRT-III subunit hVps24 is required for degradation but not silencing of the epidermal growth factor receptor. Mol. Biol. Cell 2006, 17, 2513–2523. [Google Scholar] [CrossRef]

	



Babst, M.; Katzmann, D.J.; Estepa-Sabal, E.J.; Meerloo, T.; Emr, S.D. Escrt-III: An endosome-associated heterooligomeric protein complex required for mvb sorting. Dev. Cell 2002, 3, 271–282. [Google Scholar] [CrossRef]

	



Vaccari, T.; Rusten, T.E.; Menut, L.; Nezis, I.P.; Brech, A.; Stenmark, H.; Bilder, D. Comparative analysis of ESCRT-I, ESCRT-II and ESCRT-III function in Drosophila by efficient isolation of ESCRT mutants. J. Cell Sci. 2009, 122, 2413–2423. [Google Scholar] [CrossRef]

	



Sheng, Z.; Yu, L.; Zhang, T.; Pei, X.; Li, X.; Zhang, Z.; Du, W. ESCRT-0 complex modulates Rbf mutant cell survival by regulating Rhomboid endosomal trafficking and EGFR signaling. J. Cell Sci. 2016, 129, 2075–2084. [Google Scholar] [CrossRef] [PubMed]

	



Olivares-Castiñeira, I.; Llimargas, M. EGFR controls Drosophila tracheal tube elongation by intracellular trafficking regulation. PLoS Genet. 2017, 13, e1006882. [Google Scholar] [CrossRef] [PubMed]

	



Castanieto, A.; Johnston, M.J.; Nystul, T.G. EGFR signaling promotes self-renewal through the establishment of cell polarity in Drosophila follicle stem cells. eLife 2014, 3, e04437. [Google Scholar] [CrossRef] [PubMed]

	



Kuwada, S.K.; Lund, K.A.; Li, X.F.; Cliften, P.; Amsler, K.; Opresko, L.K.; Wiley, H.S. Differential signaling and regulation of apical vs. basolateral EGFR in polarized epithelial cells. Am. J. Physiol. Content 1998, 275, C1419–C1428. [Google Scholar] [CrossRef]

	



Amsler, K.; Kuwada, S.K. Membrane receptor location defines receptor interaction with signaling proteins in a polarized epithelium. Am. J. Physiol. Content 1999, 276, C91–C101. [Google Scholar] [CrossRef]

	



Singh, B.; Coffey, R.J. Trafficking of epidermal growth factor receptor ligands in polarized epithelial cells. Annu. Rev. Physiol. 2014, 76, 275–300. [Google Scholar] [CrossRef]

	



Shang, P.; Stepicheva, N.; Teel, K.; McCauley, A.; Fitting, C.S.; Hose, S.; Grebe, R.; Yazdankhah, M.; Ghosh, S.; Liu, H.; et al. βA3/A1-crystallin regulates apical polarity and EGFR endocytosis in retinal pigmented epithelial cells. Commun. Biol. 2021, 4, 850. [Google Scholar] [CrossRef]

	



Kim, S.; Nahm, M.; Kim, N.; Kwon, Y.; Kim, J.; Choi, S.; Choi, E.Y.; Shim, J.; Lee, C.; Lee, S. Graf regulates hematopoiesis through GEEC endocytosis of EGFR. Development 2017, 144, 4159–4172. [Google Scholar] [CrossRef]

	



Henriksen, L.; Grandal, M.V.; Knudsen, S.L.J.; van Deurs, B.; Grøvdal, L.M. Internalization mechanisms of the epidermal growth factor receptor after activation with different ligands. PLoS ONE 2013, 8, e58148. [Google Scholar] [CrossRef]

	



Vermeer, P.D.; Einwalter, L.A.; Moninger, T.O.; Rokhlina, T.; Kern, J.; Zabner, J.; Welsh, M.J. Segregation of receptor and ligand regulates activation of epithelial growth factor receptor. Nature 2003, 422, 322–326. [Google Scholar] [CrossRef]

	



Fürthauer, M.; González-Gaitán, M. Endocytic regulation of notch signalling during development. Traffic 2009, 10, 792–802. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, S.; Charng, W.-L.; Bellen, H.J. Endocytosis and intracellular trafficking of notch and its ligands. Curr. Top. Dev. Biol. 2010, 92, 165–200. [Google Scholar] [CrossRef] [PubMed]

	



Daeden, A.; Gonzalez-Gaitan, M. Endosomal trafficking during mitosis and notch-dependent asymmetric division. Prog. Mol. Subcell. Biol. 2018, 57, 301–329. [Google Scholar] [PubMed]

	



Keder, A.; Carmena, A. Cytoplasmic protein motility and polarized sorting during asymmetric cell division. Wiley Interdiscip. Rev. Dev. Biol. 2013, 2, 797–808. [Google Scholar] [CrossRef] [PubMed]

	



Tien, A.-C.; Rajan, A.; Bellen, H.J. A Notch updated. J. Cell Biol. 2009, 184, 621–629. [Google Scholar] [CrossRef]

	



Fiuza, U.-M.; Arias, A.M. Cell and molecular biology of Notch. J. Endocrinol. 2007, 194, 459–474. [Google Scholar] [CrossRef]

	



Hounjet, J.; Vooijs, M. The role of intracellular trafficking of notch receptors in ligand-independent notch activation. Biomolecules 2021, 11, 1369. [Google Scholar] [CrossRef]

	



Revici, R.; Hosseini-Alghaderi, S.; Haslam, F.; Whiteford, R.; Baron, M. E3 Ubiquitin ligase regulators of notch receptor endocytosis: From flies to humans. Biomolecules 2022, 12, 224. [Google Scholar] [CrossRef]

	



Tomlinson, A.; Struhl, G. Delta/notch and boss/sevenless signals act combinatorially to specify the drosophila R7 photoreceptor. Mol. Cell 2001, 7, 487–495. [Google Scholar] [CrossRef]

	



Polesello, C.; Tapon, N. Salvador-warts-hippo signaling promotes drosophila posterior follicle cell maturation downstream of notch. Curr. Biol. 2007, 17, 1864–1870. [Google Scholar] [CrossRef]

	



Chen, H.-J.; Wang, C.-M.; Wang, T.-W.; Liaw, G.-J.; Hsu, T.-H.; Lin, T.-H.; Yu, J.-Y. The hippo pathway controls polar cell fate through notch signaling during drosophila oogenesis. Dev. Biol. 2011, 357, 370–379. [Google Scholar] [CrossRef] [PubMed]

	



Huang, H.; Kornberg, T.B. Myoblast cytonemes mediate Wg signaling from the wing imaginal disc and delta-notch signaling to the air sac primordium. eLife 2015, 4, e06114. [Google Scholar] [CrossRef] [PubMed]

	



Doroquez, D.B.; Rebay, I. Signal integration during development: Mechanisms of EGFR and notch pathway function and cross-talk. Crit. Rev. Biochem. Mol. Biol. 2006, 41, 339–385. [Google Scholar] [CrossRef] [PubMed]

	



Nagaraj, R.; Banerjee, U. Regulation of notch and wingless signalling by phyllopod, a transcriptional target of the EGFR pathway. EMBO J. 2009, 28, 337–346. [Google Scholar] [CrossRef]

	



Kitadate, Y.; Kobayashi, S. Notch and Egfr signaling act antagonistically to regulate germ-line stem cell niche formation in Drosophila male embryonic gonads. Proc. Natl. Acad. Sci. USA 2010, 107, 14241–14246. [Google Scholar] [CrossRef]

	



Reiff, T.; Antonello, Z.A.; Ballesta-Illán, E.; Mira, L.; Sala, S.; Navarro, M.; Martinez, L.M.; Dominguez, M. Notch and EGFR regulate apoptosis in progenitor cells to ensure gut homeostasis in Drosophila. EMBO J. 2019, 38, e101346. [Google Scholar] [CrossRef]

	



Blackie, L.; Tozluoglu, M.; Trylinski, M.; Walther, R.F.; Schweisguth, F.; Mao, Y.; Pichaud, F. A combination of Notch signaling, preferential adhesion and endocytosis induces a slow mode of cell intercalation in the Drosophila retina. Development 2021, 148, dev197301. [Google Scholar] [CrossRef]

	



Hori, K.; Sen, A.; Kirchhausen, T.; Artavanis-Tsakonas, S. Synergy between the ESCRT-III complex and Deltex defines a ligand-independent Notch signal. J. Cell Biol. 2011, 195, 1005–1015. [Google Scholar] [CrossRef]

	



Shimizu, H.; Wilkin, M.B.; Woodcock, S.A.; Bonfini, A.; Hung, Y.; Mazaleyrat, S.; Baron, M. The Drosophila ZO-1 protein Polychaetoid suppresses Deltex-regulated Notch activity to modulate germline stem cell niche formation. Open Biol. 2017, 7, 160322. [Google Scholar] [CrossRef]

	



Bellec, K.; Pinot, M.; Gicquel, I.; Le Borgne, R. Clathrin adaptor AP-1 and Stratum act in parallel pathways to control Notch activation in drosophila sensory organ precursor cells. Development 2021, 148, dev191437. [Google Scholar] [CrossRef]

	



Couturier, L.; Mazouni, K.; Schweisguth, F. Inhibition of notch recycling by numb: Relevance and mechanism(s). Cell Cycle 2013, 12, 1647–1648. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, S.A.; Zitserman, D.; Roegiers, F. Numb regulates the balance between Notch recycling and late-endosome targeting in Drosophilaneural progenitor cells. Mol. Biol. Cell 2016, 27, 2857–2866. [Google Scholar] [CrossRef] [PubMed]

	



Cotton, M.; Benhra, N.; Le Borgne, R. Numb inhibits the recycling of sanpodo in drosophila sensory organ precursor. Curr. Biol. 2013, 23, 581–587. [Google Scholar] [CrossRef] [PubMed]

	



Medina-Yáñez, I.; Olivares, G.H.; Vega-Macaya, F.; Mlodzik, M.; Olguín, P. Phosphatidic acid increases Notch signalling by affecting Sanpodo trafficking during Drosophila sensory organ development. Sci. Rep. 2020, 10, 21731. [Google Scholar] [CrossRef]

	



Trylinski, M.; Schweisguth, F. Activation of Arp2/3 by WASp is essential for the endocytosis of delta only during cytokinesis in drosophila. Cell Rep. 2019, 28, 1–10.e3. [Google Scholar] [CrossRef] [PubMed]

	



Sigismund, S.; Confalonieri, S.; Ciliberto, A.; Polo, S.; Scita, G.; Di Fiore, P.P. Endocytosis and signaling: Cell logistics shape the eukaryotic cell plan. Physiol. Rev. 2012, 92, 273–366. [Google Scholar] [CrossRef] [PubMed]

	



Vaccari, T.; Lu, H.; Kanwar, R.; Fortini, M.E.; Bilder, D. Endosomal entry regulates Notch receptor activation in Drosophila melanogaster. J. Cell Biol. 2008, 180, 755–762. [Google Scholar] [CrossRef] [PubMed]

	



Wodarz, A. Tumor suppressors: Linking cell polarity and growth control. Curr. Biol. 2000, 10, R624–R626. [Google Scholar] [CrossRef]

	



Woods, D.F.; Hough, C.; Peel, D.; Callaini, G.; Bryant, P.J. Dlg protein is required for junction structure, cell polarity, and proliferation control in Drosophila epithelia. J. Cell Biol. 1996, 134, 1469–1482. [Google Scholar] [CrossRef]

	



Bilder, D.; Li, M.; Perrimon, N. Cooperative regulation of cell polarity and growth by drosophila tumor suppressors. Science 2000, 289, 113–116. [Google Scholar] [CrossRef]

	



Li, M.; Marhold, J.; Gatos, A.; Török, I.; Mechler, B.M. Differential expression of two scribble isoforms during Drosophila embryogenesis. Mech. Dev. 2001, 108, 185–190. [Google Scholar] [CrossRef]

	



Goode, S.; Perrimon, N. Inhibition of patterned cell shape change and cell invasion by Discs large during Drosophila oogenesis. Genes Dev. 1997, 11, 2532–2544. [Google Scholar] [CrossRef] [PubMed]

	



Moreira, S.; Osswald, M.; Ventura, G.; Gonçalves, M.; Sunkel, C.E.; Morais-De-Sá, E. PP1-mediated dephosphorylation of Lgl controls apical-basal polarity. Cell Rep. 2019, 26, 293–301.e7. [Google Scholar] [CrossRef] [PubMed]

	



Papagiannouli, F.; Mechler, B.M. Refining the role of Lgl, Dlg and Scrib in tumor suppression and beyond: Learning from the old time classics. In Tumor Suppressor Genes; Cheng, Y., Ed.; InTech publications: London, UK, 2012; pp. 181–220. [Google Scholar]

	



Elsum, I.; Yates, L.; Humbert, P.O.; Richardson, H. The Scribble-Dlg-Lgl polarity module in development and cancer: From flies to man. Essays Biochem. 2012, 53, 141–168. [Google Scholar] [CrossRef]

	



Humbert, P.; Russell, S.; Richardson, H. Dlg, Scribble and Lgl in cell polarity, cell proliferation and cancer. BioEssays 2003, 25, 542–553. [Google Scholar] [CrossRef]

	



Nakajima, Y.-I. Scrib module proteins: Control of epithelial architecture and planar spindle orientation. Int. J. Biochem. Cell Biol. 2021, 136, 106001. [Google Scholar] [CrossRef]

	



Mechler, B.; McGinnis, W.; Gehring, W. Molecular cloning of lethal(2)giant larvae, a recessive oncogene of Drosophila melanogaster. EMBO J. 1985, 4, 1551–1557. [Google Scholar] [CrossRef]

	



Klämbt, C.; Schmidt, O. Developmental expression and tissue distribution of the lethal (2) giant larvae protein of Drosophila melanogaster. EMBO J. 1986, 5, 2955–2961. [Google Scholar] [CrossRef]

	



Bilder, D. PDZ proteins and polarity: Functions from the fly. Trends Genet. 2001, 17, 511–519. [Google Scholar] [CrossRef]

	



Oshima, K.; Fehon, R.G. Analysis of protein dynamics within the septate junction reveals a highly stable core protein complex that does not include the basolateral polarity protein Discs large. J. Cell Sci. 2011, 124, 2861–2871. [Google Scholar] [CrossRef]

	



Fairchild, M.J.; Smendziuk, C.M.; Tanentzapf, G. A somatic permeability barrier around the germline is essential for Drosophila spermatogenesis. Development 2015, 142, 268–281. [Google Scholar] [CrossRef] [PubMed]

	



Limmer, S.; Weiler, A.; Volkenhoff, A.; Babatz, F.; Klämbt, C. The Drosophila blood-brain barrier: Development and function of a glial endothelium. Front. Neurosci. 2014, 8, 365. [Google Scholar] [CrossRef] [PubMed]

	



Yi, P.; Johnson, A.N.; Han, Z.; Wu, J.; Olson, E.N. Heterotrimeric G proteins regulate a noncanonical function of septate junction proteins to maintain cardiac integrity in drosophila. Dev. Cell 2008, 15, 704–713. [Google Scholar] [CrossRef] [PubMed]

	



Syed, M.H.; Krudewig, A.; Engelen, D.; Stork, T.; Klämbt, C. The CD59 family member leaky/coiled is required for the establishment of the blood—brain barrier in drosophila. J. Neurosci. 2011, 31, 7876–7885. [Google Scholar] [CrossRef]

	



Strand, D.; Jakobs, R.; Merdes, G.; Neumann, B.; Kalmes, A.; Heid, H.W.; Husmann, I.; Mechler, B.M. The Drosophila lethal(2)giant larvae tumor suppressor protein forms homo-oligomers and is associated with nonmuscle myosin II heavy chain. J. Cell Biol. 1994, 127, 1361–1373. [Google Scholar] [CrossRef]

	



Moreira, S.; Morais-De-Sá, E. Spatiotemporal phosphoregulation of Lgl: Finding meaning in multiple on/off buttons. BioArchitecture 2016, 6, 29–38. [Google Scholar] [CrossRef]

	



Klämbt, C.; Müller, S.; Lützelschwab, R.; Rossa, R.; Totzke, F.; Schmidt, O. The Drosophila melanogaster l(2)gl gene encodes a protein homologous to the cadherin cell-adhesion molecule family. Dev. Biol. 1989, 133, 425–436. [Google Scholar] [CrossRef]

	



Vasioukhin, V. Lethal giant puzzle of Lgl. Dev. Neurosci. 2006, 28, 13–24. [Google Scholar] [CrossRef]

	



Humbert, P.O.; Grzeschik, N.A.; Brumby, A.M.; Galea, R.; Elsum, I.; Richardson, H.E. Control of tumourigenesis by the Scribble/Dlg/Lgl polarity module. Oncogene 2008, 27, 6888–6907. [Google Scholar] [CrossRef]

	



Humbert, P.O.; Dow, L.E.; Russell, S. The scribble and par complexes in polarity and migration: Friends or foes? Trends Cell Biol. 2006, 16, 622–630. [Google Scholar] [CrossRef]

	



Zhang, Y.; Guo, H.; Kwan, H.; Wang, J.; Kosek, J.; Lu, B. PAR-1 Kinase phosphorylates Dlg and regulates its postsynaptic targeting at the drosophila neuromuscular junction. Neuron 2007, 53, 201–215. [Google Scholar] [CrossRef] [PubMed]

	



Koh, Y.H.; Popova, E.; Thomas, U.; Griffith, L.C.; Budnik, V. Regulation of DLG localization at synapses by CaMKII-dependent phosphorylation. Cell 1999, 98, 353–363. [Google Scholar] [CrossRef]

	



Wang, S.; Yang, J.; Tsai, A.; Kuca, T.; Sanny, J.; Lee, J.; Dong, K.; Harden, N.; Krieger, C. Drosophila adducin regulates Dlg phosphorylation and targeting of Dlg to the synapse and epithelial membrane. Dev. Biol. 2011, 357, 392–403. [Google Scholar] [CrossRef] [PubMed]

	



Bell, G.P.; Fletcher, G.C.; Brain, R.; Thompson, B.J. Aurora kinases phosphorylate Lgl to induce mitotic spindle orientation in drosophila epithelia. Curr. Biol. 2015, 25, 61–68. [Google Scholar] [CrossRef]

	



Betschinger, J.; Mechtler, K.; Knoblich, J. The par complex directs asymmetric cell division by phosphorylating the cytoskeletal protein Lgl. Nature 2003, 422, 326–330. [Google Scholar] [CrossRef]

	



Pagliarini, R.A.; Xu, T. A Genetic screen in Drosophila for metastatic behavior. Science 2003, 302, 1227–1231. [Google Scholar] [CrossRef]

	



Brumby, A.M. scribble mutants cooperate with oncogenic Ras or notch to cause neoplastic overgrowth in drosophila. EMBO J. 2003, 22, 5769–5779. [Google Scholar] [CrossRef]

	



Leong, G.R.; Goulding, K.R.; Amin, N.; Richardson, H.E.; Brumby, A.M. Scribble mutants promote aPKC and JNK-dependent epithelial neoplasia independently of crumbs. BMC Biol. 2009, 7, 62. [Google Scholar] [CrossRef]

	



Igaki, T.; Pagliarini, R.A.; Xu, T. Loss of cell polarity drives tumor growth and invasion through JNK activation in drosophila. Curr. Biol. 2006, 16, 1139–1146. [Google Scholar] [CrossRef]

	



Brumby, A.M.; Richardson, H. Using drosophila melanogaster to map human cancer pathways. Nat. Rev. Cancer 2005, 5, 626–639. [Google Scholar] [CrossRef]

	



Chen, C.-L.; Schroeder, M.C.; Kango-Singh, M.; Tao, C.; Halder, G. Tumor suppression by cell competition through regulation of the Hippo pathway. Proc. Natl. Acad. Sci. USA 2011, 109, 484–489. [Google Scholar] [CrossRef] [PubMed]

	



Wu, M.; Pastor-Pareja, J.C.; Xu, T. Interaction between RasV12 and scribbled clones induces tumour growth and invasion. Nature 2010, 463, 545–548. [Google Scholar] [CrossRef] [PubMed]

	



Vidal, M.; Cagan, R. Drosophila models for cancer research. Curr. Opin. Genet. Dev. 2006, 16, 10–16. [Google Scholar] [CrossRef] [PubMed]

	



Vidal, M. The dark side of fly TNF: An ancient developmental proof reading mechanism turned into tumor promoter. Cell Cycle 2010, 9, 3851–3856. [Google Scholar] [CrossRef] [PubMed]

	



Milgrom-Hoffman, M.; Humbert, P.O. Regulation of cellular and PCP signalling by the Scribble polarity module. Semin. Cell Dev. Biol. 2018, 81, 33–45. [Google Scholar] [CrossRef]

	



Stephens, R.; Lim, K.; Portela, M.; Kvansakul, M.; Humbert, P.; Richardson, H.E. The scribble cell polarity module in the regulation of cell signaling in tissue development and tumorigenesis. J. Mol. Biol. 2018, 430, 3585–3612. [Google Scholar] [CrossRef]

	



Humbert, P.O.; Russell, S.M.; Smith, L.; Richardson, H.E. The Scribble-Dlg-Lgl module in cell polarity regulation. In Cell Polarity 1; Ebnet, K., Ed.; Springer International Publishing: Cham, Switzerland, 2015; pp. 65–111. [Google Scholar]

	



Nagasaka, K.; Pim, D.; Massimi, P.; Thomas, M.; Tomaić, V.; Subbaiah, V.K.; Kranjec, C.; Nakagawa, S.; Yano, T.; Taketani, Y.; et al. The cell polarity regulator hScrib controls ERK activation through a KIM site-dependent interaction. Oncogene 2010, 29, 5311–5321. [Google Scholar] [CrossRef]

	



Audebert, S.; Navarro, C.; Nourry, C.; Chasserot-Golaz, S.; Lécine, P.; Bellaiche, Y.; Dupont, J.-L.; Premont, R.; Sempéré, C.; Strub, J.-M.; et al. Mammalian scribble forms a tight complex with the βPIX exchange factor. Curr. Biol. 2004, 14, 987–995. [Google Scholar] [CrossRef]

	



Maïga, O.; Philippe, M.; Kotelevets, L.; Chastre, E.; Benadda, S.; Pidard, D.; Vranckx, R.; Walch, L. Identification of mitogen-activated protein/extracellular signal-responsive kinase kinase 2 as a novel partner of the scaffolding protein human homolog of disc-large. FEBS J. 2011, 278, 2655–2665. [Google Scholar] [CrossRef]

	



Gaudet, S.; Langlois, M.-J.; Lue, R.A.; Rivard, N.; Viel, A. The MEK2-binding tumor suppressor hDlg is recruited by E-cadherin to the midbody ring. BMC Cell Biol. 2011, 12, 55. [Google Scholar] [CrossRef]

	



Nagasaka, K.; Seiki, T.; Yamashita, A.; Massimi, P.; Subbaiah, V.K.; Thomas, M.; Kranjec, C.; Kawana, K.; Nakagawa, S.; Yano, T.; et al. A novel interaction between hScrib and PP1γ downregulates ERK signaling and suppresses oncogene-induced cell transformation. PLoS ONE 2013, 8, e53752. [Google Scholar] [CrossRef] [PubMed]

	



Lee, O.K.; Frese, K.K.; James, J.S.; Chadda, D.; Chen, Z.H.; Javier, R.T.; Cho, K.O. Discs-large and strabismus are functionally linked to plasma membrane formation. Nat. Cell Biol. 2003, 5, 987–993. [Google Scholar] [CrossRef] [PubMed]

	



Blankenship, J.T.; Fuller, M.T.; Zallen, J.A. The Drosophila homolog of the Exo84 exocyst subunit promotes apical epithelial identity. J. Cell Sci. 2007, 120, 3099–3110. [Google Scholar] [CrossRef] [PubMed]

	



Gorczyca, D.; Ashley, J.; Speese, S.; Gherbesi, N.; Thomas, U.; Gundelfinger, E.; Gramates, L.S.; Budnik, V. Postsynaptic membrane addition depends on the Discs-Large-interacting t-SNARE Gtaxin. J. Neurosci. 2007, 27, 1033–1044. [Google Scholar] [CrossRef]

	



Budnik, V.; Koh, Y.-H.; Guan, B.; Hartmann, B.; Hough, C.; Woods, D.; Gorczyca, M. Regulation of synapse structure and function by the drosophila tumor suppressor gene dlg. Neuron 1996, 17, 627–640. [Google Scholar] [CrossRef]

	



Roegiers, F.; Jan, L.Y.; Jan, Y.N. Regulation of membrane localization of sanpodo by lethal giant larvae and neutralized in asymmetrically dividing cells of drosophila sensory organs. Mol. Biol. Cell 2005, 16, 3480–3487. [Google Scholar] [CrossRef]

	



Parsons, L.M.; Portela, M.; Grzeschik, N.A.; Richardson, H.E. Lgl regulates notch signaling via endocytosis, independently of the apical aPKC-Par6-Baz polarity complex. Curr. Biol. 2014, 24, 2073–2084. [Google Scholar] [CrossRef]

	



Portela, M.; Parsons, L.M.; Grzeschik, N.A.; Richardson, H.E. Regulation of Notch signaling and endocytosis by the Lgl neoplastic tumor suppressor. Cell Cycle 2015, 14, 1496–1506. [Google Scholar] [CrossRef]

	



Gui, J.; Huang, Y.; Shimmi, O. Scribbled Optimizes BMP Signaling through its receptor internalization to the Rab5 endosome and promote robust epithelial morphogenesis. PLoS Genet. 2016, 12, e1006424. [Google Scholar] [CrossRef]

	



Igaki, T.; Pastor-Pareja, J.C.; Aonuma, H.; Miura, M.; Xu, T. Intrinsic tumor suppression and epithelial maintenance by endocytic activation of Eiger/TNF signaling in drosophila. Dev. Cell 2009, 16, 458–465. [Google Scholar] [CrossRef]

	



Lahuna, O.; Quellari, M.; Achard, C.; Nola, S.; Meduri, G.; Navarro, C.; Vitale, N.; Borg, J.-P.; Misrahi, M. Thyrotropin receptor trafficking relies on the hScrib–βPIX–GIT1—ARF6 pathway. EMBO J. 2005, 24, 1364–1374. [Google Scholar] [CrossRef] [PubMed]

	



de Vreede, G.; Schoenfeld, J.D.; Windler, S.L.; Morrison, H.; Lu, H.; Bilder, D. The Scribble module regulates retromer-dependent endocytic trafficking during epithelial polarization. Development 2014, 141, 2796–2802. [Google Scholar] [CrossRef] [PubMed]

	



Lohia, M.; Qin, Y.; Macara, I.G. The scribble polarity protein stabilizes e-cadherin/p120-catenin binding and blocks retrieval of e-cadherin to the Golgi. PLoS ONE 2012, 7, e51130. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez-Danes, A.; Blanpain, C. Deciphering the cells of origin of squamous cell carcinomas. Nat. Rev.Cancer 2018, 18, 549–561. [Google Scholar] [CrossRef]

	



Pope, K.L.; Harris, T.J.C. Control of cell flattening and junctional remodeling during squamous epithelial morphogenesis in Drosophila. Development 2008, 135, 2227–2238. [Google Scholar] [CrossRef] [PubMed]

	



Gomez, J.M.; Wang, Y.; Riechmann, V. Tao controls epithelial morphogenesis by promoting Fasciclin 2 endocytosis. J. Cell Biol. 2012, 199, 1131–1143. [Google Scholar] [CrossRef] [PubMed]

	



Cai, L.; Mostov, K.E. Cell height: Tao rising. J. Cell Biol. 2012, 199, 1023–1024. [Google Scholar] [CrossRef] [PubMed]

	



Papagiannouli, F.; Berry, C.W.; Fuller, M.T. The Dlg module and clathrin-mediated endocytosis regulate EGFR signaling and cyst cell-germline coordination in the drosophila testis. Stem Cell Rep. 2019, 12, 1024–1040. [Google Scholar] [CrossRef]

	



Zoller, R.; Schulz, C. The drosophila cyst stem cell lineage: Partners behind the scenes? Spermatogenesis 2012, 2, 145–157. [Google Scholar] [CrossRef]

	



Hudson, A.G.; Parrott, B.B.; Qian, Y.; Schulz, C. A Temporal signature of epidermal growth factor signaling regulates the differentiation of germline cells in testes of drosophila melanogaster. PLoS ONE 2013, 8, e70678. [Google Scholar] [CrossRef]

	



Schulz, C.; Wood, C.G.; Jones, D.L.; Tazuke, S.I.; Fuller, M.T. Signaling from germ cells mediated by the rhomboid homolog stet organizes encapsulation by somatic support cells. Development 2002, 129, 4523–4534. [Google Scholar] [CrossRef] [PubMed]

	



Kiger, A.A.; White-Cooper, H.; Fuller, M.T. Somatic support cells restrict germline stem cell self-renewal and promote differentiation. Nature 2000, 407, 750–754. [Google Scholar] [CrossRef] [PubMed]

	



Tran, J.; Brenner, T.J.; Dinardo, S. Somatic control over the germline stem cell lineage during Drosophila spermatogenesis. Natature 2000, 407, 754–757. [Google Scholar] [CrossRef] [PubMed]

	



Sarkar, A.; Parikh, N.; Hearn, S.A.; Fuller, M.T.; Tazuke, S.I.; Schulz, C. Antagonistic roles of rac and rho in organizing the germ cell microenvironment. Curr. Biol. 2007, 17, 1253–1258. [Google Scholar] [CrossRef]

	



Marhold, J.; Papagiannouli, F.; Li, M.; Patel, A.; Mechler, B.M. Requirements for scribble expression in newly formed gonads of Drosophila embryos. Gene Expr. Patterns 2003, 3, 143–146. [Google Scholar] [CrossRef]

	



Papagiannouli, F.; Mechler, B.M. discs large regulates somatic cyst cell survival and expansion in Drosophila testis. Cell Res. 2009, 19, 1139–1149. [Google Scholar] [CrossRef]

	



Papagiannouli, F.; Mechler, B.M. Discs large in the Drosophila testis: An old player on a new task. Fly 2010, 4, 294–298. [Google Scholar] [CrossRef]

	



Papagiannouli, F.; Lohmann, I. Shaping the niche: Lessons from the Drosophila testis and other model systems. Biotechnol. J. 2012, 7, 723–736. [Google Scholar] [CrossRef]

	



Papagiannouli, F. The internal structure of embryonic gonads and testis development in Drosophila melanogaster requires scrib, lgl and dlg activity in the soma. Int. J. Dev. Biol. 2013, 57, 25–34. [Google Scholar] [CrossRef]

	



Fairchild, M.J.; Islam, F.; Tanentzapf, G. Identification of genetic networks that act in the somatic cells of the testis to mediate the developmental program of spermatogenesis. PLoS Genet. 2017, 13, e1007026. [Google Scholar] [CrossRef]

	



Brantley, S.E.; Fuller, M.T. Somatic support cells regulate germ cell survival through the Baz/aPKC/Par6 complex. Development 2019, 146, dev169342. [Google Scholar] [CrossRef] [PubMed]

	



Demarco, R.S.; Jones, D.L. EGFR signaling promotes basal autophagy for lipid homeostasis and somatic stem cell maintenance in the Drosophila testis. Autophagy 2020, 16, 1145–1147. [Google Scholar] [CrossRef] [PubMed]

	



Demarco, R.S.; Uyemura, B.S.; Jones, D.L. EGFR Signaling stimulates autophagy to regulate stem cell maintenance and lipid homeostasis in the drosophila testis. Cell Rep. 2020, 30, 1101–1116.e5. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Gao, S.; Wang, D.; Song, D.; Feng, Y. Colorectal cancer cells are resistant to anti-EGFR monoclonal antibody through adapted autophagy. Am. J. Transl. Res. 2016, 8, 1190–1196. [Google Scholar] [PubMed]

	



Koustas, E.; Karamouzis, M.V.; Mihailidou, C.; Schizas, D.; Papavassiliou, A.G. Co-targeting of EGFR and autophagy signaling is an emerging treatment strategy in metastatic colorectal cancer. Cancer Lett. 2017, 396, 94–102. [Google Scholar] [CrossRef] [PubMed]

	



Kyriakopoulou, K.; Kefali, E.; Piperigkou, Z.; Bassiony, H.; Karamanos, N.K. Advances in targeting epidermal growth factor receptor signaling pathway in mammary cancer. Cell. Signal. 2018, 51, 99–109. [Google Scholar] [CrossRef]

	



Boumard, B.; Bardin, A.J. An amuse-bouche of stem cell regulation: Underlying principles and mechanisms from adult Drosophila intestinal stem cells. Curr. Opin. Cell Biol. 2021, 73, 58–68. [Google Scholar] [CrossRef]

	



Joly, A.; Rousset, R. Tissue Adaptation to environmental cues by symmetric and asymmetric division modes of intestinal stem cells. Int. J. Mol. Sci. 2020, 21, 6362. [Google Scholar] [CrossRef]

	



Xu, C.; Tang, H.-W.; Hung, R.-J.; Hu, Y.; Ni, X.; Housden, B.E.; Perrimon, N. the septate junction protein Tsp2A restricts intestinal stem cell activity via endocytic regulation of aPKC and hippo signaling. Cell Rep. 2019, 26, 670–688.e6. [Google Scholar] [CrossRef]

	



Zhang, P.; Holowatyj, A.N.; Roy, T.; Pronovost, S.M.; Marchetti, M.; Liu, H.; Ulrich, C.M.; Edgar, B.A. An SH3PX1-dependent endocytosis-autophagy network restrains intestinal stem cell proliferation by counteracting EGFR-ERK signaling. Dev. Cell 2019, 49, 574–589.e5. [Google Scholar] [CrossRef]

	



Johansson, J.; Nászai, M.; Hodder, M.C.; Pickering, K.A.; Miller, B.W.; Ridgway, R.A.; Yu, Y.; Peschard, P.; Brachmann, S.; Campbell, A.D.; et al. RAL GTPases drive intestinal stem cell function and regeneration through internalization of WNT signalosomes. Cell Stem Cell 2019, 24, 592–607.e7. [Google Scholar] [CrossRef] [PubMed]

	



Nászai, M.; Bellec, K.; Yu, Y.; Román-Fernández, A.; Sandilands, E.; Johansson, J.; Campbell, A.D.; Norman, J.C.; Sansom, O.J.; Bryant, D.M.; et al. RAL GTPases mediate EGFR-driven intestinal stem cell proliferation and tumourigenesis. eLife 2021, 10, e63807. [Google Scholar] [CrossRef] [PubMed]

	



Jha, A.; van Zanten, T.S.; Philippe, J.-M.; Mayor, S.; Lecuit, T. Quantitative control of GPCR organization and signaling by endocytosis in epithelial morphogenesis. Curr. Biol. 2018, 28, 1570–1584.e6. [Google Scholar] [CrossRef] [PubMed]

	



van de Leemput, J.; Wen, P.; Han, Z. Using drosophila nephrocytes to understand the formation and maintenance of the podocyte slit diaphragm. Front. Cell Dev. Biol. 2022, 10, 837828. [Google Scholar] [CrossRef]

	



Heiden, S.; Siwek, R.; Lotz, M.-L.; Borkowsky, S.; Schröter, R.; Nedvetsky, P.; Rohlmann, A.; Missler, M.; Krahn, M.P. Apical-basal polarity regulators are essential for slit diaphragm assembly and endocytosis in Drosophila nephrocytes. Cell. Mol. Life Sci. 2021, 78, 3657–3672. [Google Scholar] [CrossRef]

	



Mysh, M.; Poulton, J.S. The basolateral polarity module promotes slit diaphragm formation in drosophila nephrocytes, a model of vertebrate podocytes. J. Am. Soc. Nephrol. 2021, 32, 1409–1424. [Google Scholar] [CrossRef]

	



Hochapfel, F.; Denk, L.; Mendl, G.; Schulze, U.; Maaßen, C.; Zaytseva, Y.; Pavenstädt, H.; Weide, T.; Rachel, R.; Witzgall, R.; et al. Distinct functions of crumbs regulating slit diaphragms and endocytosis in Drosophila nephrocytes. Cell Mol. Life Sci. 2017, 74, 4573–4586. [Google Scholar] [CrossRef]

	



Bechtel, W.; Helmstädter, M.; Balica, J.; Hartleben, B.; Kiefer, B.; Hrnjic, F.; Schell, C.; Kretz, O.; Liu, S.; Geist, F.; et al. Vps34 Deficiency reveals the importance of endocytosis for podocyte homeostasis. J. Am. Soc. Nephrol. 2013, 24, 727–743. [Google Scholar] [CrossRef]

	



Gass, M.; Borkowsky, S.; Lotz, M.-L.; Schröter, R.; Nedvetsky, P.; Luschnig, S.; Rohlmann, A.; Missler, M.; Krahn, M.P. PI(4,5)P2 controls slit diaphragm formation and endocytosis in Drosophila nephrocytes. bioRxiv 2021. [Google Scholar] [CrossRef]

	



Kahlhofer, J.; Leon, S.; Teis, D.; Schmidt, O. The α-arrestin family of ubiquitin ligase adaptors links metabolism with selective endocytosis. Biol. Cell 2021, 113, 183–219. [Google Scholar] [CrossRef]

	



Hovsepian, J.; Defenouillère, Q.; Albanèse, V.; Vachova, L.; Garcia, C.; Palkova, Z.; Léon, S. Multilevel regulation of an α-arrestin by glucose depletion controls hexose transporter endocytosis. J. Cell Biol. 2017, 216, 1811–1831. [Google Scholar] [CrossRef] [PubMed]

	



Becuwe, M.; Vieira, N.; Lara, D.; Gomes-Rezende, J.; Soares-Cunha, C.; Casal, M.; Haguenauer-Tsapis, R.; Vincent, O.; Paiva, S.; Léon, S. A molecular switch on an arrestin-like protein relays glucose signaling to transporter endocytosis. J. Cell Biol. 2012, 196, 247–259. [Google Scholar] [CrossRef] [PubMed]

	



MacGurn, J.A.; Hsu, P.-C.; Smolka, M.B.; Emr, S.D. TORC1 Regulates Endocytosis via Npr1-Mediated phosphoinhibition of a ubiquitin ligase adaptor. Cell 2011, 147, 1104–1117. [Google Scholar] [CrossRef] [PubMed]

	



Gournas, C.; Saliba, E.; Krammer, E.-M.; Barthelemy, C.; Prevost, M.; André, B. Transition of yeast Can1 transporter to the inward-facing state unveils an α-arrestin target sequence promoting its ubiquitylation and endocytosis. Mol. Biol. Cell 2017, 28, 2819–2832. [Google Scholar] [CrossRef]

	



Megarioti, A.H.; Primo, C.; Kapetanakis, G.C.; Athanasopoulos, A.; Sophianopoulou, V.; André, B.; Gournas, C. The Bul1/2 alpha-arrestins promote ubiquitylation and endocytosis of the Can1 permease upon cycloheximide-induced TORC1-hyperactivation. Int. J. Mol. Sci. 2021, 22, 10208. [Google Scholar] [CrossRef]

	



Ivashov, V.; Zimmer, J.; Schwabl, S.; Kahlhofer, J.; Weys, S.; Gstir, R.; Jakschitz, T.; Kremser, L.; Bonn, G.K.; Lindner, H.; et al. Complementary α-arrestin-ubiquitin ligase complexes control nutrient transporter endocytosis in response to amino acids. eLife 2020, 9, e58246. [Google Scholar] [CrossRef]

	



Becuwe, M.; Léon, S. Integrated control of transporter endocytosis and recycling by the arrestin-related protein Rod1 and the ubiquitin ligase Rsp5. eLife 2014, 3, e03307. [Google Scholar] [CrossRef]

	



Naslavsky, N.; Caplan, S. The enigmatic endosome—Sorting the ins and outs of endocytic trafficking. J. Cell Sci. 2018, 131, jcs216499. [Google Scholar] [CrossRef]








[image: Ijms 23 04684 g001 550] 





Figure 1. Schematic diagram of receptor endocytosis and trafficking routes within the cells. Here, the EGFR is shown as an example of receptor endocytosis, along with adaptor proteins recruited upon binding of the EGF ligand. Activation of the EGFR initiates the Ras/MAPK cascade that leads to double phosphorylation of the MAPK (dpERK), which translocates into the nucleus and activates transcription. Activated EGFR is removed from the plasma membrane via clathrin-mediated endocytosis (CME). Receptors loaded on Rab5-containing early endosomes (1), can follow alternative routes and (2) recycle back to the membrane by a Rab4 fast recycling endosome, (3) traffic to Rab11-containing recycling endosome, (4) proceed to multi-vesicular bodies (MVB), late endosomes and lysosomes for degradation, or (5) traffic to sorting endosomes or to the trans-Golgi network (TGN) via retromer trafficking. 
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Figure 2. Notch activation and asymmetric distribution of fate determinants in Drosophila sensory organ precursors (SOPs). (A) The differential activation of Notch relies on the asymmetric distribution of the cell fate determinants Neuralized (Neur) and Numb in the anterior side of the SOP. Upon division, Neur and Numb get segregated into the pIIb. Numb inhibits the recycling of Notch and Sanpodo (Spdo) directing them to degradation. Neur promotes the ubiquitination and endocytosis of Delta, and thereby its activation (Delta*). Delta* recycles to the membrane via Rab11 recycling endosomes, so that it can bind the extracellular domain of Notch (the internalization events for Notch, Spdo and Delta are not shown in this diagram). (B) SOPs are polarized epithelial cells that divide asymmetrically to give rise to a posterior pIIa and anterior pIIb. The latter divide further to generate a neuron, a sheath, a shaft, and a socket. (C) Loss of numb can no longer inhibit Notch-Spdo recycling in the anterior pIIb where Notch now stays active, and all cells adapt the socket fate. (D) Loss of neur can no longer activate Delta in pIIb, Notch is not activated in the pIIa and all cells give rise to neurons. 






Figure 2. Notch activation and asymmetric distribution of fate determinants in Drosophila sensory organ precursors (SOPs). (A) The differential activation of Notch relies on the asymmetric distribution of the cell fate determinants Neuralized (Neur) and Numb in the anterior side of the SOP. Upon division, Neur and Numb get segregated into the pIIb. Numb inhibits the recycling of Notch and Sanpodo (Spdo) directing them to degradation. Neur promotes the ubiquitination and endocytosis of Delta, and thereby its activation (Delta*). Delta* recycles to the membrane via Rab11 recycling endosomes, so that it can bind the extracellular domain of Notch (the internalization events for Notch, Spdo and Delta are not shown in this diagram). (B) SOPs are polarized epithelial cells that divide asymmetrically to give rise to a posterior pIIa and anterior pIIb. The latter divide further to generate a neuron, a sheath, a shaft, and a socket. (C) Loss of numb can no longer inhibit Notch-Spdo recycling in the anterior pIIb where Notch now stays active, and all cells adapt the socket fate. (D) Loss of neur can no longer activate Delta in pIIb, Notch is not activated in the pIIa and all cells give rise to neurons.



[image: Ijms 23 04684 g002]







[image: Ijms 23 04684 g003 550] 





Figure 3. Interplay of Dlg-module, endocytosis and EGFR signaling in squamous cyst cells of the Drosophila testis. (A) Early spermatogenesis in Drosophila. Germline stem cells (GSCs) and somatic cyst stem cells (CySCs) are anchored to the anterior hub cells of the niche (grey). Upon asymmetric division, a GSC gives rise to a distally located daughter germ cell that initiates 4 transit amplifying (TA) mitotic divisions, creating cysts of interconnected spermatogonia. At 16-cell stage spermatogonia exit the mitotic program, turn on the pre-meiotic transcription program, grow enormously and become spermatocytes. CySCs divide giving rise to daughter squamous cyst cells (SCCs), which encapsulate as a pair the germ cells up to sperm individualization. Early SCCs encapsulate spermatogonia, late SCCs encapsulate spermatocytes. (B) Dlg (red) and EGFR (green) localize in SCCs. Image frame: 123 μm. (C) Columnar epithelia have distinct apical, basal and lateral domains. Squamous epithelial cells lack lateral membranes and show the close proximity of apical vs. basal membranes. (D) EGFR in SCCs (green) is activated upon binding of the EGF ligand Spitz, emanating from the germline (purple). Activated EGFR signals back to the germline by sending a (unidentified) “GO differentiation” signal that promotes progressive germline differentiation. Loss of Dlg, Scrib or Lgl function in SCCs, leads to overactivation of the EGFR signaling that sends now a “Death signal” to the germ cells (dying germ cells shown in black). The Dlg-module could attenuate EGFR signaling by (1) cooperating with components of the clathrin-mediated endocytic (CME) pathway, (2) binding and inactivating components of the MAPK/Ras pathway (acting in parallel to the function of CME components), (3) facilitating the polarized distribution of the EGFR on the basal side of SCCs, away from the apical surfaces that face the germ cells secreting the EGF ligand. To simplify the diagram, only Dlg is depicted in (B,C). 
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Figure 4. Pathways of signaling, trafficking and autophagy in squamous cyst cells (SCCs) of the Drosophila testis. (A) PAR components suppress JNK signaling in SCCs. In normal (wild type) SCCs, the PAR complex reduces JNK pathway activation (left SCC shown in green). In PAR loss of function (l.o.f.) SCCs (right SCC shown in red), de-repression of JNK signaling leads to spermatocyte death. JNK may act (1) by cooperating with Rab35 to deliver the death signal to the germline or (2) independently (but in parallel to Rab35) to induce spermatocyte phagocytosis by the SCCs. (diagram adapted with modifications from Ref. [166]). (B) EGFR stimulates autophagy to control lipid levels and CySC maintenance. In CySCs, binding of the EGF ligand Spitz to the EGFR activates the MAPK signaling cascade and stimulates autophagy. Autophagy prevents the accumulation of lipids, which would otherwise compromise GSC homeostasis and survival. Lipophagy and mitochondrial quality control (through fatty acid oxidation) further reduce lipid accumulation. In early-stage SCCs, TOR via the ILR-PI3K-TOR pathway, suppresses autophagy temporarily and allows SCC differentiation to proceed (diagram adapted with modifications from Refs. [167,168]). To simplify the diagrams, two different cyst cells are depicted in (A,B) as part of the same cyst cell-germline cyst. 
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Figure 5. Crosstalk of septate junctions and cell compartmentation with signaling and fate determination in the Drosophila intestine. The septate junction (SJ) and transmembrane protein tetraspanin 2A (Tsp2A) plays a critical role in the differentiation of intestinal stem cells (ISCs) to adapt the absorptive enterocyte (EC) fate, by promoting SJ assembly and modulating the function of the atypical protein kinase C (aPKC). The presence of a functional Tsp2A in differentiating ISCs promotes the degradation of aPKC, which antagonizes the Hippo pathway. This permits Hippo activation that inactivates Yki. Loss of Tsp2A, prevents SJ formation, affects the localization of adherens junction components and aPKC leads to Yki hyperactivation and overproliferation of ISC cells (diagram adapted with modifications from Ref. [174]). 
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Figure 6. The slit diaphragm (SD), endocytosis and polarity establishment in Drosophila nephrocytes. The apical polarity Crumbs and PAR complexes localize at the SD, which corresponds to the apical region of the nephrocytes. Dlg, Scrib and Lgl localizes to the basal side the nephrocytes, flanking neighboring SDs. Cell trafficking, including early endosomes and recycling endosomes, are critical for the function of the SD and proper endocytic function (diagram adapted with modifications from Ref. [179]). 
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