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Endocytic trafficking relies on highly localized events in cell membranes. Endocytosis involves the gathering of protein (cargo/receptor) at distinct plasma membrane locations defined by specific lipid and protein compositions. Simultaneously, the molecular machinery that drives invagination and eventually scission of the endocytic vesicle assembles at the very same place on the inner leaflet of the membrane. It is membrane heterogeneity – the existence of specific lipid and protein domains in localized regions of membranes – that creates the distinct molecular identity required for an endocytic event to occur precisely when and where it is required rather than at some random location within the plasma membrane. Accumulating evidence leads us to believe that the trafficking fate of internalized proteins is sealed following endocytosis, as this distinct membrane identity is preserved through the endocytic pathway, upon fusion of endocytic vesicles with early and sorting endosomes. In fact, just like at the plasma membrane, multiple domains coexist at the surface of these endosomes, regulating local membrane tubulation, fission and sorting to recycling pathways or to the trans-Golgi network via late endosomes. From here, membrane heterogeneity ensures that fusion events between intracellular vesicles and larger compartments are spatially regulated to promote the transport of cargoes to their intracellular destination.
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INTRODUCTION

In most situations, cells respond to extracellular stimuli through the binding and activation of cell surface receptors to extracellular ligands. Following activation, receptors are internalized, sorted for degradation or for recycling to regulate the composition, distribution and density of the pool of available receptors at the cell surface and ultimately to modulate the signaling response (Scita and Di Fiore, 2010). While they were first regarded as being part of a constitutive process, it is now well established that the manifold mechanisms that make up cellular trafficking are highly regulated. Determination of when and where events such as packaging of cargoes or scission and fusion of vesicles is central to the regulation of endocytic trafficking and relies greatly on heterogeneity of membranes. Successive models for cell membranes – fluid mosaic (Singer and Nicolson, 1972), lipid rafts (Simons and Ikonen, 1997), picket-fence (Kusumi et al., 2011), or active composite (Rao and Mayor, 2014) tend toward a perception that membranes are not homogenous mixtures of lipids and proteins, but rather heterogeneous and compartmentalized (Jacobson et al., 2019). The interplay between different lipid species, membrane proteins, local dynamics of actin polymerisation and membrane curvature creates non-homogenous membrane domains that drive and regulate endocytosis, sorting and recycling. In this review, we highlight how at every step of the endocytic pathway, membrane heterogeneity generates specific domains that ultimately regulate cargo fate. We focus on domains constituted of lipid species – phosphoinositides, cholesterol and phosphatidylserine – which most contribute to membrane heterogeneity during intracellular trafficking, yet the concepts we refer to are likely to extend to other lipid species in similar cellular processes.

Phosphoinositides or phosphatidylserine membrane domains can be generated through clustering by Ca2+ (Boettcher et al., 2011; Wen et al., 2018) or by BAR domain containing proteins (Saarikangas et al., 2009; Zhao et al., 2013; Picas et al., 2014). Other mechanisms of phosphoinositide clustering are comprehensively described in an excellent recent review (Picas et al., 2016). However, in the context of endocytic trafficking, membrane heterogeneity most often results from the recruitment of membrane remodeling proteins – phospholipid-modifying enzymes, flippases, curvature-inducing proteins or regulators of actin polymerization – by coat proteins, adaptors, or lipids that already define membrane domains with distinct properties. Hence, in this review we consider that heterogenous membrane domains do not dissipate during transitions from one step of the endocytic journey to the next, but rather that endocytic transitions are driven by shedding and recruitment of membrane remodeling proteins.

Heterogeneity is one of the main factors determining where and which type of endocytosis will be triggered. Endocytic events occur in unique membrane domains which then undergo precise changes as they mature to facilitate formation of endosomes (Danson et al., 2013; Boucrot et al., 2015; Nakatsu et al., 2015; Posor et al., 2015). Membrane heterogeneity is propagated further through the endosomal pathway by phosphoinositide metabolism that switches phosphoinositide species throughout the endocytic trafficking process, ultimately regulating every step of the intracellular sorting process that occurs following endocytosis.

Below, we discuss how membrane heterogeneity generates domains that regulate the initiation and progression of clathrin-dependent endocytosis, fast endophilin-mediated endocytosis and clathrin independent carrier/glycosylphosphatidylinositol -anchored protein enriched endocytic compartments (CLIC/GEEC) endocytosis. We address the contribution of different phosphoinositide species and cholesterol, actin and membrane curvature to ensuring the mode of endocytosis remains tightly regulated. We then detail how phosphoinositide and phosphatidylserine membrane domains ensure each cargo progresses through the endosomal sorting steps to its target destination. Ultimately, we propose a model in which phosphoinositide and phosphatidylserine generate membrane heterogeneity either during or immediately following endocytosis and segregates cargoes into defined membrane domains. Therefore, our model implies that the trafficking fate of cargoes is decided at the endocytosis stage, and these domains are maintained throughout their respective sorting pathways until the required cellular destination is reached. In short, this review highlights how at every step of the endocytic pathway, membrane heterogeneity generates specific domains that ultimately regulate cargo fate.



ENDOCYTOSIS

Membrane heterogeneity stands at the center of regulating entry of receptors and cargoes into the cell via endocytosis. Endocytosis involves the invagination of the plasma membrane containing the cargo, followed by scission of the invaginated region from the plasma membrane, and eventually the formation of a distinct endocytic vesicle. Endocytosis is segregated into two broad modes- clathrin-dependent and clathrin-independent. Clathrin-dependent endocytosis is the best studied of the two and is defined by the presence of a clathrin coat on the endocytic vesicle. Clathrin-independent endocytosis represents multiple, less defined internalization pathways. Membrane heterogeneity contributes to the selection of the mode of internalization and ultimately regulates how, when and where a cargo enters the cell. It further ensures that clathrin-dependent and -independent endocytosis remain distinct and selective and that the many elements shared exert specific functions in each mode of endocytosis.


Clathrin-Dependent Endocytosis

Clathrin-dependent endocytosis is defined by extrusion of the plasma membrane into an endocytic vesicle surrounded by a clathrin lattice followed by scission from the membrane. Spatial and temporal heterogeneity of phosphoinositide metabolism regulates the timing of each step of clathrin-dependent endocytosis, including clathrin coat nucleation, endocytic pit formation, vesicle scission and clathrin uncoating [extensively reviewed in Mettlen et al. (2018)].

Phosphoinositides are membrane lipid species that are readily modifiable by phosphorylation at the 3, 4, or 5 hydroxyl positions on the inositol ring and represent a major source of membrane heterogeneity within the cell (Schink et al., 2016). In this regard, they are especially important for intracellular trafficking (Wang et al., 2019). For clathrin-dependent endocytosis, heterogeneity mainly results from plasma membrane regions enriched in phosphoinositide 4,5 phosphate [PI(4,5)P2] and displaying high membrane curvature, which together provide the initial impetus for formation of a clathrin coated pit (Figure 1A). Asymmetric enrichments of PI(4,5)P2 lead to spontaneous induction of membrane curvature in vitro through a mechanism that remains to be elucidated (Shukla et al., 2019). In turn, membrane curvature leads to recruitment and stabilization of a clathrin-lattice at the plasma membrane (Figure 1B) (Jost et al., 1998; Cremona et al., 1999). This lattice is further stabilized by formation of actin filaments promoted by direct binding of actin regulatory proteins to areas enriched in PI(4,5)P2 in the membrane (Figure 1B) (Yin and Janmey, 2003; Leyton-Puig et al., 2017). Ligand binding promotes translocation of receptors and cargo to these stabilized clathrin plaques (Leyton-Puig et al., 2017). Localized enrichments in PI(4,5)P2 are therefore required to initiate clathrin-dependent endocytosis and stabilize the clathrin lattice in order to allow cargo entry into the forming endocytic pit.
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FIGURE 1. Membrane heterogeneity regulating clathrin-dependent endocytosis. In relatively flat regions of the plasma membrane, PI(4,5)P2 enrichment occurs (A). This enrichment leads to induction of membrane curvature that recruits clathrin and branched actin to the nascent endocytic pit (B). Cargo is enriched within this pit, and AP2 is recruited to the cargo and clathrin coat (C). Further actin branching and extrusion of the clathrin coated pit leads to recruitment of PIK3C2α, which metabolizes PI(4,5)P2 to PI(3,4)P2 around the clathrin coat, while BAR-domain containing proteins and dynamin are recruited to the highly curved neck region of the pit (D). Finally, increased recruitment of BAR-domain containing proteins, branched actin and dynamin to the neck region leads to constriction of the endosome and scission from the plasma membrane (E).


Recruitment of adaptor proteins to the stabilized clathrin lattice leads to an additional local increase of PI(4,5)P2, further creating a membrane environment distinct from the surrounding plasma membrane (Figure 1C) (Krauss et al., 2006). The adaptor protein AP-2 interacts with PI(4,5)P2, which stabilizes it in an open conformation and facilitates cargo and clathrin binding at the forming lattice. Open AP-2 also recruits phosphatidylinositol kinase type-I which generates more PI(4,5)P2 (Krauss et al., 2006; Jackson et al., 2010). Heterogeneity in the plasma membrane resulting from phosphoinositide (PI) enrichment is therefore a crucial step for initiating and stabilizing clathrin endocytic pits.

At this stage, a clathrin pit begins to resemble a 3D endocytic structure being extruded from the plasma membrane, in which a segregation between the endocytic pit and surrounding plasma membrane is evident (Figures 1B–D). Rather than being a two-dimensional assembly of proteins on the plasma membrane, the clathrin-coated pit has a strong dimension of curvature that allows the recruitment of membrane curvature-sensing and -inducing BAR-domain containing proteins at the neck of the budding vesicles (Figure 1D) (Lo et al., 2017; Schöneberg et al., 2017). This geometric membrane heterogeneity is reinforced by PI(4,5)P2 concentration to the neck region of the pit and facilitates the recruitment of dynamin (Figure 1D) (Zheng et al., 1996). Dynamin ultimately exerts a constricting force on the endocytic pit which leads to scission from the plasma membrane (Ferguson et al., 2009).

While clathrin pits progress to fully formed endocytic vesicles, further membrane heterogeneity is created by generation of PI(3,4)P2 around the forming clathrin-coated vesicle (Figure 1D) (Posor et al., 2013). PIK3C2α is recruited to the clathrin lattice via interactions with clathrin and PI(4,5)P2, where it metabolizes PI(4,5)P2 to PI(3,4)P2 in conjunction with the 5-phosphatases ORCL and synaptojanin-1 (Posor et al., 2013; He et al., 2017; Schöneberg et al., 2017). This distinct phospholipid environment promotes the recruitment and activation of the BAR-domain containing protein SNX9 that interacts with actin-branching activators and dynamin (Figure 1D) (Posor et al., 2013; Lo et al., 2017; Schöneberg et al., 2017) and provides constricting force at the neck of the endocytic vesicle (Shin et al., 2008; Ferguson et al., 2009).

The final alteration in membrane heterogeneity in clathrin-dependent endocytosis serves to remove clathrin and adaptor proteins from the endocytic vesicle, ensuring scission from the plasma membrane and entry into the endocytic trafficking pathway. Endophilin is a further BAR-domain containing protein that is recruited to dynamin at the neck of the endocytic vesicle (Perera et al., 2006; Ferguson et al., 2009). Endophilin, as with SNX9 and other BAR-domain containing proteins, can deform membranes to assist dynamin in vesicle scission (Figure 1E) (Itoh et al., 2005). Endophilin also directly modifies the membrane composition of the endocytic vesicle by recruiting the 5-phosphatase synaptojanin-1 to the neck region of the vesicle immediately prior to fission. Synaptojanin-1 metabolizes PI(4,5)P2 to PI(4)P, which makes further clathrin and AP-2 binding unfavorable (Perera et al., 2006; Milosevic et al., 2011). Auxilin, which is recruited to the mature pit by dynamin and binding to enriched PI(4)P, recruits the uncoating chaperone HSC70, ultimately leading to uncoating of the clathrin-adaptor complex from the endocytic vesicle and release of the vesicle into the cell (Massol et al., 2006; Guan et al., 2010). Recruitment of the 5-phosphatase ORCL to the neck of the clathrin-coated pit by SNX9 immediately prior to fission further stimulates vesicle uncoating (Nández et al., 2014).

Key points:

• Clathrin-dependent endocytosis is regulated by membrane heterogeneity at every step.

• PI(4,5)P2 enrichment at the plasma membrane generates membrane curvature and a distinct domain within the plasma membrane, which eventually recruits clathrin.

• PI(4,5)P2 enrichment recruits AP-2 and phosphatidylinositol kinase type-I, further promoting high local PI(4,5)P2 concentration.

• PI(4,5)P2 and clathrin recruit PIK3C2α, which produces PI(3,4)P2, resulting in PI(3,4)P2 enrichment around the clathrin-coated region while leaving PI(4,5)P present in the neck region.

• PI(4,5)P2 in the neck region recruits dynamin, SNX9, endophilin and branched actin, ultimately leading to vesicle scission and uncoating of clathrin from the vesicle.



Clathrin-Independent Endocytosis

Clathrin-independent endocytosis represents multiple endocytic pathways with the common factor being that they do not rely on clathrin. The major difference in the initiation of endocytosis between clathrin-mediated and clathrin-independent endocytosis is the local microenvironment at the site of internalization, making membrane heterogeneity a key determinant of the endocytic mode responsible for internalizing cargo.



Fast Endophilin-Mediated Endocytosis

Endophilin plays an important role in vesicle scission and uncoating and is a central regulator of the fast endophilin-mediated endocytosis pathway (Boucrot et al., 2015). While clathrin-dependent endocytosis occurs across the entire plasma membrane at regions of PI(4,5)P2 enrichment (Figure 2A), fast endophilin-mediated endocytosis occurs within PI(3,4,5)P3-rich sites in response to activation of receptors (Figure 2B) (Leonard et al., 2008; Boucrot et al., 2015).
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FIGURE 2. Membrane heterogeneity regulates endocytic specificity. Clathrin dependent endocytosis (A) occurs in PI(3,4)P2 and PI(4,5)P2 enriched regions of the plasma membrane and requires endophilin, dynamin and actin recruitment for endosomal scission. Fast endophilin-mediated endocytosis (B) occurs in PI(3,4)P2 and PI(3,4,5)P3 enriched regions of polarized membranes, with endophilin likely forming the coat around the endosome, and branched actin and dynamin required for endosomal scission. CLIC/GEEC endocytosis (C) occurs in cholesterol, PI(4,5)P2 and PI(3,4,5)P3 enriched regions of the plasma membrane and relies on branched actin and GRAF1/IRSp53 BAR -domain containing proteins for endosomal scission.


CDC42 activity initiates fast endophilin-mediated endocytosis through the recruitment of the BAR-domain containing proteins FBP17 and CIP4, which in turn recruit the 5-phosphatase SHIP2 (Chan Wah Hak et al., 2018). Activated SHIP2 metabolizes PI(3,4,5)P3 to PI(3,4)P2 at the cell leading edge (Pesesse et al., 2001) resulting in the recruitment of lamellipodin and eventually endophilin (Boucrot et al., 2015; Chan Wah Hak et al., 2018). Cycling of CDC42 activation leads to constant assembly/disassembly of membrane patches primed for endophilin recruitment. These are only stabilized if ligand-bound receptors are present, in which case the endophilin-enriched membrane patch proceeds through endocytosis (Chan Wah Hak et al., 2018). Interestingly, in clathrin-dependent endocytosis, endophilin localizes to the highly curved, PI(4,5)P2 enriched neck region of the endocytic vesicle (Perera et al., 2006; Milosevic et al., 2011). During fast endophilin-mediated endocytosis, endophilin is concentrated in a completely different PI(3,4)P2-enriched membrane environment at the leading edge of the cell (Boucrot et al., 2015). This highlights how membrane heterogeneity ultimately controls how one protein can regulate two endocytic modes (Figures 2A,B).

In contrast to clathrin-dependent endocytosis where the membrane is held in a defined, rigid conformation by the clathrin coat, endophilin-mediated endocytosis requires a malleable membrane for formation and scission of the vesicle from the plasma membrane. Twenty BAR-domain containing proteins have been identified in endophilin-enriched membrane patches thus far, strongly indicating that local membrane bending and remodeling is the critical factor in forming endosomes in fast endophilin-mediated endocytosis (Chan Wah Hak et al., 2018).

Key points:

• Fast endophilin-mediated endocytosis is initiated within PI(3,4,5)P3 areas of the cell.

• CDC42 assembles primed membrane patches for fast endophilin-mediated endocytosis, recruiting BAR-domain proteins and the 5-phosphatase SHIP2.

• If ligand: receptor binding occurs, SHIP2 is activated leading to rapid metabolism of PI(3,4,5)P3 to PI(3,4)P2.

• PI(3,4)P2 enriched patches recruit lamellipodin and endophilin, leading to cargo endocytosis.



CLIC/GEEC Endocytosis

CLIC/GEEC endocytosis is predominantly defined as being a clathrin-independent, dynamin-independent endocytic pathway (Doherty and Lundmark, 2009). Similar to fast endophilin-mediated endocytosis, CLIC/GEEC endocytosis occurs at the leading edge or polarized membranes of the cell in a CDC42 and BAR-domain containing protein dependent manner, and is notable for the formation of pronounced membrane tubules carrying cargo (Howes et al., 2010; Francis et al., 2015; Rossatti et al., 2019). While clathrin-dependent and fast endophilin-mediated endocytosis predominantly regulate receptor internalization, CLIC/GEEC endocytosis regulates receptor internalization (Kumari and Mayor, 2008; Rossatti et al., 2019), toxin uptake (Lundmark et al., 2008; Romer et al., 2010) and fluid-phase endocytosis (Howes et al., 2010).

CLIC/GEEC endocytosis occurs in either PI(4,5)P2 or PI(3,4,5)P3 enriched membranes and relies more on plasma membrane cholesterol than clathrin dependent or fast endophilin mediated endocytosis (Figure 2C). The presence of cholesterol within the plasma membrane is also critical for CDC42 activation and subsequent actin polymerisation. Consequently, mild cholesterol depletion abolishes CLIC/GEEC endocytosis while leaving clathrin-dependent endocytosis unperturbed (Chadda et al., 2007). Active CDC42 recruits the BAR-domain containing proteins GRAF-1 and/or IRSp53 and the actin nucleation complex Arp2/3 to the plasma membrane which together induce membrane curvature and tubulation that is characteristic of the CLIC/GEEC pathway (Francis et al., 2015; Sathe et al., 2018). GRAF-1 binds PI(4,5)P2 (Lundmark et al., 2008) while IRSp53 binds PI(3,4,5)P3 and PI(4,5)P2 (Suetsugu et al., 2006), indicating that CLIC/GEEC endocytosis may occur at wider range of membrane environments than fast endophilin-mediated endocytosis, perhaps to account for its role in large-scale membrane turnover (Howes et al., 2010; Francis et al., 2015). CLIC/GEEC endocytosis is also sensitive to local membrane tension, its rate increasing with decreasing membrane tension, via the mechanotransducer vinculin (Thottacherry et al., 2018). Phosphatidylserine clustering in the inner leaflet of the plasma membrane is capable of promoting membrane curvature and endocytosis (Hirama et al., 2017). Conversely, cholesterol limits phosphatidylserine clustering in the plasma membrane, preventing spontaneous endocytosis (Hirama et al., 2017; Hirama and Fairn, 2018). However, molecular dynamics simulations indicate cholesterol itself induces membrane curvature and associates with phosphatidylserine in highly curved regions in asymmetric membranes (Yesylevskyy et al., 2013), indicating a complex relationship between cholesterol and phosphatidylserine in endocytosis. We therefore speculate CLIC/GEEC endocytosis may rely on the functional interrelation of cholesterol and phosphatidylserine at the plasma membrane and the interplay of both to induce the local membrane curvature required for endosome formation.

A critical difference between fast endophilin-mediated endocytosis and CLIC/GEEC endocytosis is the lack of dynamin-dependence for vesicle scission off the plasma membrane in the latter. A confluence of BAR-domain containing proteins deforming CLIC/GEEC membrane tubules coupled with tubule constriction by branched actin fibers may provide the physical force needed for endosome scission in the absence of dynamin (Sathe et al., 2018). Cholesterol, in coordination with actin polymerisation, greatly enhances scission of membrane tubules formed during CLIC/GEEC endocytosis (Romer et al., 2010), and is required for CDC42 activation dependent actin polymerisation on PI(4,5)P2-enriched membranes (Chadda et al., 2007). It is likely that cholesterol and PI(4,5)P2 in CLIC/GEEC membrane tubules is an absolute requirement for the recruitment of BAR-domain containing proteins required for scission to release endosomes. Specific membrane heterogeneity – in terms of membrane composition, curvature and tension – is therefore required for not only initiating CLIC/GEEC endocytosis, but also in ensuring scission of CLIC/GEEC endocytic tubules.

Key points:

• CLIC/GEEC endocytosis occurs in cholesterol, PI(3,4,5)P3 or PI(4,5)P2 enriched regions of the cell leading edge or polarized membranes of the cell.

• Cholesterol, in conjunction with phosphatidylserine, may induce the membrane curvature required for initiation of CLIC/GEEC endocytosis.

• CDC42 recruits GRAF1 and IRSp53, which in conjunction with branched actin induce membrane tubulation.

• GRAF1 and IRSp53 can bind PI(4,5)P2 and/or PI(3,4,5)P3, leading to induction of CLIC/GEEC endocytosis in a wide range of membrane patches on the cell leading edge.

• Cholesterol and branched actin are capable of inducing membrane tubule scission, leading to the formation of endocytic carriers in CLIC/GEEC endocytosis.



ENDOSOMAL SORTING

Endocytosed cargoes are sorted via three main routes that result in different fates: (1) recycling to the plasma membrane via retromer/retriever and the trans-Golgi network, (2) degradation by the lysosome, or (3) recycling to the plasma membrane via Rab11 dependent recycling endosomal pathway (Figure 3). Rab7 regulates formation of the late endosome, from which retromer, retriever and COMMD/CCDC22/CCDC93 (CCC)-dependent cargo retrieval and recycling occurs (McNally et al., 2017; Purushothaman et al., 2017; Singla et al., 2019) or from which cargoes are directed to the lysosome for degradation (Guerra and Bucci, 2016). Rab4 is predominantly localized to the Rab5+ sorting endosomal compartment (Sönnichsen et al., 2000) and can regulate cargo transfer into both Rab11 recycling and cellular degradative pathways (McCaffrey et al., 2001; Nag et al., 2018). Little is known about the composition of membranes that recruit Rab4, however. Rab11 regulates trafficking of cargoes to the endocytic recycling compartment for direct recycling to the plasma membrane (Takahashi et al., 2012). Entry into these pathways is regulated by the Rab5+ sorting endosome, which has been historically viewed as where the sorting decisions for the cell are carried out (Jovic et al., 2010; Naslavsky and Caplan, 2018).
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FIGURE 3. Membrane heterogeneity regulates cargo sorting throughout the endocytic network. (A) Cargoes are segregated into endocytic pits containing a specific combination of phosphoinositides (PI, left) or phosphoinositides and phosphatidylserine (PS, right) at the plasma membrane. This ensures cargoes are kept segregated after having been internalized. Endosomes containing only phosphoinositides become enriched in PI(3)P at this point (left) while phosphoinositides on phosphatidylserine containing endosomes are de-phosphorylated (B). Cargo destined for Rab7-dependent trafficking enters the Rab5+ sorting endosome, where it resides in a PI(3)P-enriched membrane domain (C). This PI(3)P enrichment recruits Rab7 and leads to the inactivation of Rab5, maturing into a Rab7+ late endosome (D). PI(4,5)P2 is generated on the Rab7+ late endosome, allowing recruitment of retromer/retriever/CCC factors that retrieve the cargo, metabolize the PI(4,5)P2 and PI(3)P to phosphoinositide and PI(4)P, displacing Rab7 and allowing cargo trafficking to the trans-Golgi network, where it can be re-secreted to the plasma membrane (E). Rab7-dependent cargoes that are not trafficked to the trans-Golgi network are trafficked to the lysosome for degradation (F). Cargoes entering the cell via the phosphatidylserine-enriched endocytic pathway fuse with the Rab5+ sorting endosome, where their membrane domains are enriched in PI(3)P, leading to recruitment of Rab11 and scission from the Rab5+ sorting endosome (G). Following scission, the PI(3)P on the Rab11+ vesicle is metabolized to PI(4)P, allowing fusion with the Rab11+ endocytic recycling compartment and re-delivery to the plasma membrane (H).


Membrane heterogeneity acts as a decisive regulator of each step of the sorting process, from the plasma membrane and throughout the endosomal network. Recent evidence indicates that cargoes are pre-sorted into distinct plasma membrane environments and that the sorting fate of a protein is either determined with the formation of the endocytic coat or immediately following endocytosis (Sigismund et al., 2005, 2008; Lakadamyali et al., 2006; Qian et al., 2007; Leonard et al., 2008; Leren, 2014; Sposini et al., 2017; Redpath et al., 2019). Membrane heterogeneity plays a decisive role in sorting cargoes toward the Rab7 or Rab11 pathways. As cargoes remain segregated following endocytosis (Lakadamyali et al., 2006; Leonard et al., 2008; Franke et al., 2019), we speculate that the membrane lipids of each type of endocytic vesicle could also remain segregated following fusion with the Rab5+ endosome. From here, these distinct membrane domains undergo specific changes in their composition that lead to recruitment of either Rab7 or Rab11. Rab7 leads to recruitment of retromer/retriever complexes for retrograde recycling or of the endosomal sorting complex required for transport (ESCRT) for lysosomal degradation. Recruitment of Rab11 leads to Rab11-dependent recycling (Fairn et al., 2011; Franco et al., 2014; Takatori et al., 2016; Campa et al., 2018; Cullen and Steinberg, 2018; Redpath et al., 2019). SNAREs, the protein complexes responsible for fusing cellular membranes together also reside in specific regions of heterogenous membranes. The role of SNAREs in targeting and fusion of subcellular membranes extend beyond the scope of this review but is extensively is reviewed in Jahn and Scheller (2006) and Dingjan et al. (2018).


Sorting for Retromer/Retriever/CCC-Dependent Recycling or Lysosomal Degradation

Even though the fate of cargoes is presumably determined prior to or during endocytosis, trafficking is required to be highly modular in order to adapt to cellular conditions. As such, trafficking via the Rab5 to Rab7 endocytic pathway can result in either recycling via the retromer/retriever pathway or degradation in the lysosome (Figures 3A–F) (Guerra and Bucci, 2016). Membrane domains with distinct phosphoinositide contents control entry into and sorting along the Rab5 to Rab7 pathway. Cargoes targeted to this route enter the Rab5+ sorting endosome in PI3P enriched domains distinct from those of Rab11-dependent recycling cargoes, which are enriched in phosphatidylserine (Figures 3A,B – left) (Lakadamyali et al., 2006; Leonard et al., 2008; Tanaka et al., 2016). These cargoes remain in the Rab5+ sorting endosomes, which mature into Rab7+ late endosomes. They are then clustered in ESCRT-rich domains within Rab7+ membranes and transported into lysosomes in which they are degraded (Rink et al., 2005). However, depending on the cellular conditions, cargoes typically targeted to the degradative pathway can be redirected for recycling via the trans-Golgi by the recruitment of the retriever and CCC complexes within subdomains of the Rab7+ endosome (Burd and Cullen, 2014; McNally et al., 2017; Singla et al., 2019).

Following internalization, cargoes addressed to Rab7+ endosomes are segregated from those cargoes destined for Rab11-depenent recycling and rapidly enter EEA1+ compartments on their way to the Rab5+ sorting endosome (Lakadamyali et al., 2006). This step relies on membrane heterogeneity, as residual phosphoinositides from the endocytic pit are metabolized to PI(3)P (Christoforidis et al., 1999). PI(4,5)P2 on the endosome (either immediately, prior to, or following fission from the plasma membrane) is phosphorylated to PI(3,4,5)P3 by PI3Kβ (Shin et al., 2005). PI(3,4,5)P3 is subsequently metabolized to PI(3,4)P2 and PI(3)P by OCRL and INPP4A/B (Shin et al., 2005; Vicinanza et al., 2011). Residual PI(3,4)P2 from the endocytic pit is similarly metabolized to PI(3)P (Shin et al., 2005, Figures 3A,B – left).

These PI(3)P-positive membranes promote the recruitment of EEA1 which triggers cargo entry into the Rab5+ sorting endosome (Christoforidis et al., 1999; Murray et al., 2016). EEA1 acts as a fusogenic tether (Christoforidis et al., 1999; Murray et al., 2016) and simultaneously binds both PI(3)P and Rab5 to bring PI(3)P+ endosomes together with Rab5+ sorting endosomes (Figures 3B,C – left) (Lawe et al., 2002; Murray et al., 2016). EEA1 binding to the membrane of endocytic vesicles after internalization represents a crucial difference in the pre-Rab5+ sorting of Rab11- and Rab7-dependent cargoes. Typically, while epidermal growth factor (EGF) remains associated with EEA1+ vesicles, transferrin either only spuriously interacts with or is rapidly sorted through this population of endocytic vesicles (Leonard et al., 2008). It follows that EEA1 knockdown reduces degradation of EGF-stimulated EGF receptor, while transferrin uptake and recycling is unaffected (Leonard et al., 2008; Navaroli et al., 2012) (Figure 3B). Interestingly, our own studies of TCR, another Rab11-dependent recycling cargo, reveals similar short interactions with Rab5+ early endosomes following endocytosis (Redpath et al., 2019), indicating that recycling cargoes may only very transiently interact with early endosomal compartments.

Similarly to EEA1, sorting nexin 15 (SNX15) binds to and promotes the formation of heterogeneous membrane domains to ensure correct sorting of cargoes trafficking toward the lysosome immediately following clathrin-dependent endocytosis (Danson et al., 2013; Flores-Rodriguez et al., 2015). SNX15 can drive entry of EGF into EEA1+ and Rab5+ endosomes through the simultaneous ability to interact with clathrin and PI(3)P (Danson et al., 2013; Flores-Rodriguez et al., 2015; Chandra et al., 2019). SNX15 also interacts with the ESCRT protein family, which deform membranes for formation of multi-vesicular bodies (a prelude to lysosomal trafficking) (Flores-Rodriguez et al., 2015).

Rab5+ sorting endosomes mature into late endosomes over time by acquiring Rab7 and losing Rab5 (Figures 3C,D). This transition relies on membrane heterogeneity, and more specifically on timed and localized enrichment in PI(3)P. Regions of Rab5+ sorting endosome get progressively enriched in PI(3)P, leading to recruitment of Rab7 and inactivation of Rab5 (Figure 3D) (Rink et al., 2005). These specific membranes within the Rab5+ endosome have a high PI(3)P content (Figure 3C) (Gillooly et al., 2003), either because they result from fusion with EEA1 endosomes or because of Rab5-dependent recruitment of the phosphoinositide-3 kinase VPS34, which generates PI(3)P from PI (Shin et al., 2005). Enlargement of Rab5 endosomes – likely due to continued delivery of cargo-containing endocytic vesicles to the Rab5+ compartment – leads to recruitment of the protein SAND-1/Mon1, which subsequently displaces Rab5 activating factors and recruits Rab7 to the endosome (Poteryaev et al., 2010). High levels of PI(3)P also allow the binding of TBC-2, which is an inhibitor of Rab5 (Law et al., 2017). Once recruited on Rab5+ endosomes, Rab7 acts to negatively regulate further PI(3)P synthesis by recruiting WDR91 (Liu et al., 2016, 2017). Sufficient PI(3)P must, however, remain on the endosome to recruit the Rab7 inactivating factor, Armus for later termination of Rab7 activity (Jaber et al., 2016). Too little PI(3)P generation leads to Rab5 and Rab7 hyperactivation and ultimately defective cargo trafficking to the lysosome (Jaber et al., 2016). Conversely, cargoes fail to leave early endosomes in presence of too high levels of PI(3)P (Liu et al., 2017).

PI(3)P enriched microdomains in the Rab7+ late endosomal membrane are also central to recovering cargoes and circumventing lysosomal degradation for re-delivery to the plasma membrane, directly or through the trans Golgi network (Figure 3D). Three protein complexes have been identified to stimulate this recovery via recognition of specific sequences on the cargo: retromer, retriever and the CCC complex (McNally et al., 2017; Purushothaman et al., 2017; Singla et al., 2019). Retromer and retriever are formed by specific sorting nexin family members and three vacuolar protein sorting (VPS) family subunits. Both retromer and retriever bind the CCC protein complex, which directly regulates endosomal PI(3)P levels (Singla et al., 2019). Retromer is recruited to the Rab7 endosomal membrane via direct interaction between Rab7 and the retromer VPS subunits, and PI(3)P binding by the SNX subunits (Rojas et al., 2008). Neither the VPS or SNX subunits of retriever associate with Rab7 or PI(3)P, respectively, despite residing on the same endosomal membrane domains as retromer (McNally et al., 2017). How precisely retriever is targeted to the same membrane domain as retromer is not yet fully understood, however, retriever associates with the CCC complex which itself has PI(3)P binding capacity (McNally et al., 2017). Alongside PI(3)P, PI(4,5)P2 plays an important role in the recycling of cargos through the retromer/retriever pathway. PI(4,5)P2 must be generated on the Rab7+ endosomal membrane by the phophoinositide-5 kinase PIPKIγi5 for cargo entry and direct retromer recruitment (Sun et al., 2020). Furthermore, binding of the COMMD1 subunit of the CCC complex to PI(4,5)P2 is required for cargo recovery to the trans-Golgi network (Stewart et al., 2019), providing a potential link between retriever and the PI(3)P/PI(4,5)P2-enriched membrane domain utilized by retromer for cargo recovery (Figures 3D,E – left).

Multiple local phosphoinositide changes in the membrane domains defined by retromer/retriever are required to facilitate cargo transport toward the trans-Golgi network (Figure 3E – right). Prior to scission from the Rab7+ late endosome, the actin-branching activating complex WASH localizes to the PI(3)P-enriched retrieval subdomains (Gomez and Billadeau, 2009; Cullen and Steinberg, 2018; Singla et al., 2019). Actin polymerization downstream of WASH leads to scission of the retromer membrane domain from the Rab7+ late endosome (Gomez and Billadeau, 2009). After scission, PI(3)P is metabolized to PI by the 3-phosphatase MTMR2, which leads to a reduction in WASH activation and displacement of actin from the retromer/retriever membrane domain (Cao et al., 2007; Singla et al., 2019). Without PI(3)P reduction, actin accumulates on endosomal membranes and cargo degradation is increased while recycling decreases (Bartuzi et al., 2016; Singla et al., 2019). Local membrane composition further contributes to regulate the transport of retromer cargoes toward the trans-Golgi network. Following scission from the late endosome, the subunit SNX6 links the retromer membrane domain with the molecular motor dynein, resulting in cargo transport (Hong et al., 2009; Wassmer et al., 2009; Purushothaman et al., 2017). SNX6 then binds enriched PI(4)P membranes in the trans-Golgi network, which subsequently causes release of the molecular motor dynein and cargo delivery into the trans-Golgi network, from where re-secretion can finally occur (Niu et al., 2013).

Cargoes not recovered from the late endosome by retromer, retriever or the CCC complex are clustered in membrane domains enriched in the ESCRT complex, which initiates their transport to the lysosome for degradation (Figure 3F) (Rojas et al., 2008; Bartuzi et al., 2016; McNally et al., 2017; Cullen and Steinberg, 2018). PI(3,5)P2 is generated from residual PI(3)P by PIKfyve, which is critical for maintaining the membrane integrity of late Rab7+ endosomes and lysosomes (Ikonomov et al., 2002, 2006; Bissig et al., 2017). Rab7+ lysosomes represent terminal compartments in which cargoes not destined for recycling are degraded (Humphries et al., 2011). The interaction between Rab7 and PI(3,5)P2, or how PI(3,5)P2 recruits other requisite lysosomal proteins is not yet known.

Key points:

• The Rab5/Rab7 endocytic pathway relies on tightly controlled PI(3)P enrichment.

• PI(3)P recruits Rab7 to the Rab5+ sorting endosome and recruits Rab5 inactivating factors.

• PI(3)P recruits retromer/retriever/CCC subunits required to facilitate cargo recovery to the trans-Golgi network.

• PI(3)P recruits actin branching factors to facilitate endosomal scission from the late endosome.

• PI(4,5)P is enriched in retromer/CCC-bound membrane domains and is required for cargo recovery.

• Once vesicles targeting the Golgi have left the Rab7+ endosome, PI(3)P is metabolized to PI.

• PI(4)P from the trans-Golgi network recruits retromer subunits, resulting in cargo delivery.

• PI(3)P is converted to PI(3,5)P2 during lysosomal maturation, resulting in cargo degradation.



Sorting for Rab11-Dependent Recycling

Rab11-dependent recycling relies on delivery of endocytic cargoes to the Rab11+ peri-nuclear endocytic recycling compartment, from where they are re-delivered to the plasma membrane (Ullrich et al., 1996; Redpath et al., 2019). The exact mechanism of cargo sorting before and into the Rab11+ recycling endosome is not clearly established or understood in the literature compared to the relatively well-described retromer/retriever-dependent recycling pathway. However, recent studies have begun to reveal a clearer picture. Cargoes destined for Rab11+-dependent recycling can be internalized via clathrin-dependent or independent pathways (Ullrich et al., 1996; Compeer et al., 2018). Transferrin and EGF, both internalized via clathrin-dependent endocytosis, are found segregated in the plasma membrane then trafficked via a Rab11 or Rab7-dependent pathways, respectively. This delineation at level of the plasma membrane is clearly of functional importance highlighted by the subsequent divergent sorting into the Rab11 or Rab7 pathways (Figure 3A – right) (Lakadamyali et al., 2006; Leonard et al., 2008). Immediately following endocytosis, cargoes endocytosed by clathrin-dependent or independent modes and destined for Rab11-dependent recycling appear to be committed to this fate (Lakadamyali et al., 2006; Leonard et al., 2008; Redpath et al., 2019), supporting the notion that a distinct plasma membrane environment must exist to facilitate sorting of Rab11-dependent recycling cargo early on.

Membrane heterogeneity is modulated via phosphoinositide switching on phosphatidylserine-enriched membranes throughout the endocytic pathway and is therefore critical for cargo progression throughout the Rab11-dependent recycling pathway (Figures 3A,B,G,H – right). The exact properties of the plasma membrane domains where Rab11-dependent recycling cargoes reside is not yet clearly defined. There is, however, substantial evidence to formulate a speculative model that is centered around phosphatidylserine-enriched membranes. Rab11-family interacting proteins (Rab11-FIPs) bind distinct phosphatidylserine membranes (Baetz and Goldenring, 2014) and link Rab11 to EHDs, dynein, SNAREs, VPS and SNX proteins to facilitate cargo exit from sorting endosomes and re-delivery to the plasma membrane (Naslavsky et al., 2006; Horgan et al., 2010; Solinger et al., 2020). This indicates that phosphatidylserine-enriched membranes are critical for assembling the protein machinery required for Rab11-dependent recycling. Phosphatidylserine attracts specific cargo binding and is present on the cytosolic leaflet of the plasma membrane and throughout the Rab5 to Rab11 endocytic pathway (Figure 3A – right) (Yeung et al., 2008; Hirama et al., 2017). Phosphatidylserine is capable of inducing endocytosis without canonical clathrin-dependent or clathrin-independent endocytic regulators, indicating that phosphatidylserine enriched microdomains in the plasma membrane are themselves primed for endocytosis (Hirama et al., 2017). Phosphatidylserine is maintained strictly on the cytoplasmic face of endosomes throughout the entire Rab11+ endocytic recycling pathway, and this enrichment is an absolute requirement for cargo recycling to occur (Figures 3A,B,G,H) (Chen et al., 2010; Fairn et al., 2011; Uchida et al., 2011; Lee et al., 2015; Tanaka et al., 2016). Transferrin is processed through the Rab11-dependent recycling route. It co-localizes with phosphatidylserine from the earliest stages of endocytosis, in contrast to EGF which traffics via the Rab5 to Rab7 degradative/recycling pathway and is found only transiently in a subset of phosphatidylserine enriched endosomes (Figure 3A – right) (Tanaka et al., 2016). Cargo persistence in phosphatidylserine enriched endosomes could be required from the initiation of endocytosis to ensure sorting into Rab11-positive recycling endosomes. This illustrates that segregation of cargo into phosphatidylserine-enriched membrane domains at the level of the plasma membrane facilitates later sorting into the Rab11-dependent recycling pathway.

Immediately following endocytosis, membrane heterogeneity continues to play a role in determining sorting of cargoes for Rab11-dependent recycling. Tightly regulated dephosphorylation of phosphoinositides in time and space is a critical requirement for Rab11-dependent recycling cargoes. Following clathrin-dependent or -independent endocytosis, the 5-phosphatase ORCL and 4-phosphatase Sac2 are recruited to newly formed endosomes, which sequentially metabolize residual PI(4,5)P2 from endocytic pit formation to PI(4)P and then PI (Figure 3B – right) (Nakatsu et al., 2015). Generation of PI(4)P by Sac2 is required for subsequent sorting of transferrin out of the Rab5+ endosome. By contrast, EGF does not require Sac2 to exit Rab5+ sorting endosomes (Hsu et al., 2015), indicating that heterogeneous generation of PI within the Rab5+ sorting endosome is crucial for cargo discrimination. It has not yet been determined if residual PI(3,4)P2 from the endocytic pit is metabolized to PI(3)P or PI in endosomes destined for Rab11 recycling.

Cargoes that are sorted from Rab5 to Rab7 stably associate with EEA1+ and Rab5+ endosomes rapidly following endocytosis, while the EEA1+ intermediate is dispensable for transferrin sorting (Leonard et al., 2008; Navaroli et al., 2012). Compared to the Rab5-to-Rab7 cargoes, cargo destined for Rab11-dependent recycling associates only transiently with the Rab5+ sorting endosome (Lakadamyali et al., 2006; Leonard et al., 2008; Redpath et al., 2019). Strikingly, despite this transient association, cargoes eventually sorted to both Rab11+ and Rab7+ compartments can be present within the same Rab5+ endosome (Figures 3D,G) (Franke et al., 2019), highlighting incredible heterogeneity in membrane domains within a relatively small intracellular organelle. In contrast to the Rab5 to Rab7 sorting domain, in which PI(3)P generated by VPS34 biogenesis of the Rab5+ endosome facilitates recruitment of Rab7 (Shin et al., 2005), inactive Rab11 is already present on peripheral Rab5+ endosomes and is activated by local generation and enrichment of PI(3)P by PI3K-C2α (Figure 3G – left) (Franco et al., 2014; Campa et al., 2018). Once activated by local PI(3)P enrichment, recruitment of the SNAREs, EHD1, sorting nexins and VPS proteins of the FERARI complex to Rab11 facilitates removal of cargoes from the Rab5+ endosome for subsequent recycling (Figures 3G,H) (Campa et al., 2018; Solinger et al., 2020).

There is strong evidence highlighting the need for membrane heterogeneity within the Rab11+ recycling network for cargo progression along the endocytic recycling axis. Activation of Rab11 recruits the phosphatidylinositol 3-phosphatase MTM1 to PI(3)P enriched domains, where it converts PI(3)P to unphosphorylated phosphoinositide (PI), which leads to the rapid dissociation of Rab11+ vesicles from the Rab5+ endosome (Figure 3G – right) (Ketel et al., 2016; Campa et al., 2018). PI(3)P enrichment is critical to vesiculation and removal of the Rab11+ domain from the Rab5+ compartment (Campa et al., 2018). PI(3)P further promotes the association of Rab5+ endosomes with fission factors and the microtubule motor dynein – through interactions with the BAR-domain containing protein SNX4 and/or SNX1 and Rebenosyn-5. Rab-FIP5 is central for the interaction of Rab11 with these fission factors, indicating phosphatidylserine enrichment is still required within endosomal membrane to facilitate the Rab5-to-Rab11 sorting events (Baetz and Goldenring, 2014; Campa et al., 2018; Solinger et al., 2020). Dynein provides the force for vesicle fission and delivers the newly formed vesicle to the endocytic recycling compartment (Traer et al., 2007; Horgan et al., 2010). The newly formed vesicular PI is then phosphorylated to PI(4)P by PI4Kα, which leads to delivery of the vesicle to the perinuclear endocytic recycling compartment and to the recruitment of the exocyst machinery required for cargo re-delivery to the plasma membrane (Figure 3H) (Ketel et al., 2016). Interestingly, recycling cargoes internalized by both clathrin-dependent and -independent modes ultimately traffic to the endocytic recycling compartment, yet remain segregated within this compartment (Xie et al., 2016), indicating that within the Rab11+ recycling network heterogeneity membrane domains may be required for cargo segregation.

Amongst the rapidly changing and tightly regulated environment of membrane phosphoinositides on Rab11+ endosomes, phosphatidylserine remains enriched and precisely oriented on the cytoplasmic face of recycling cargo membrane domains. Phosphatidylserine is present in the Rab5+ sorting endosome, Rab11+ vesicles and the Rab11+ endocytic recycling compartment (Figure 3) (Chen et al., 2010; Baetz and Goldenring, 2014; Lee et al., 2015). Disruption of multiple confirmed or suspected phosphatidylserine flippases or translocases abolishes recycling and leads to accumulation of cargoes in EEA1/Rab5+ early/sorting endosomes, in Rab11+ vesicles and in endocytic recycling compartments (Chen et al., 2010; Lee et al., 2015; Tanaka et al., 2016). Furthermore, cytoplasmic orientation of phosphatidylserine is required for recruitment of the membrane deforming protein EHD1 to the endocytic recycling compartment, where it induces membrane tubulation to allow cargo exit for recycling (Lee et al., 2015; Deo et al., 2018).

Rab11-dependent recycling membrane domains are enriched in the membrane domain organizing proteins: flotillin-1 and flotillin-2 (flotillins hereafter), which regulate the recycling of a wide range of cargoes (Solis et al., 2013; Hülsbusch et al., 2015; Bodrikov et al., 2017; Compeer et al., 2018). Flotillins define cholesterol-rich membrane domains throughout the plasma membrane and endocytic recycling network and require the presence of phosphatidylserine for localization to these domains (Maekawa and Fairn, 2015). Flotillins interact with SNX4 and Rab11 along membrane tubules and within the endocytic recycling compartment, and are required for the sorting of transferrin and the T-cell receptor into Rab11+ endosomes (Solis et al., 2013; Redpath et al., 2019). New data from our group has demonstrated that flotillins interact extremely rapidly with Rab5+ endosomes and then accumulate in Rab11+ endosomes (Redpath et al., 2019). Taken together, we have proposed that flotillins-based domains act as entry doors into the Rab5+-Rab11+ recycling endosomal network. These domains are maintained on Rab5+ endosomes and are unique from the surrounding Rab5+ endosomal membrane. Eventually, they could then facilitate interaction with the FERARI complex of sorting nexins, rabenosyn-5, EHD1, SNAREs, and VPS proteins, dynein and Rab11 to ensure efficient cargo sorting to the recycling endosomal compartment (Figures 3B,G,H).

Sorting for Rab11-dependent recycling is clearly critically dependent on membrane heterogeneity. Phosphoinositides are rapidly catabolised, enriched and converted to ensure recruitment of the requisite sorting factors at the correct time; phosphatidylserine is maintained in a strict cytoplasmic orientation throughout this rapidly changing phosphoinositide environment to regulate cargo endocytosis, delivery to and recycling from the Rab11+ endocytic recycling compartment. Finally, membrane-organizing proteins may act to maintain microdomains throughout the Rab11+ recycling network to ensure cargo is efficiently sorted throughout this entire process.

Key points:

• Phosphatidylserine is enriched throughout the Rab11+ endocytic recycling pathway.

• Residual plasma membrane PI(4,5)P is metabolized to PI prior to Rab11 recycling cargo entry into the Rab5+ sorting endosome.

• A localized enrichment of PI(3)P in the Rab5+ sorting endosome activates Rab11.

• The Rab11+ vesicle detaches from the Rab5+ sorting endosome, enriches in PI(4)P and traffics to the endocytic recycling compartment.

• PI(4)P in the endocytic recycling compartment recruits the exocyst complex for re-delivery of recycling vesicles to the plasma membrane.

• Phosphatidylserine in the endocytic recycling compartment recruits EDH1, which induces vesicle scission from Rab11+ endocytic recycling compartment.

• PI(4)P, phosphatidylserine enriched vesicles can then be re-delivered to the plasma membrane.

• Flotillins may maintain phosphatidylserine-enriched microdomains from the plasma membrane and throughout the endocytic recycling network, facilitating cargo recycling.



Sorting to the APPL Endosome – A Special Case for Signaling

The APPL+ endosome represents a specialized pre-Rab5 endosomal compartment with a unique membrane composition highly enriched in PI that supports continued signaling from receptors internalized by either clathrin-dependent or -independent endocytosis (Lee et al., 2011; Kalaidzidis et al., 2015; Masters et al., 2017; Sposini et al., 2017; Lakoduk et al., 2019). The transition from the endocytic pit to APPL+ endosomes is driven by the conversion of PI(4,5)P2 to PI by OCRL and INPP5B. Under specific signaling conditions, the 3-phosphatase MTMR2 specifically associates with APPL and, in conjunction with OCRL, can also generate further PI from PI(3,4)P2 (Erdmann et al., 2007; Franklin et al., 2013). The APPL+ endosome is initially completely devoid of PI(3)P. The substitution of APPL for Rab5 is promoted by acquisition of PI(3)P (Zoncu et al., 2009; Kalaidzidis et al., 2015). Receptors entering the APPL endosome can either be rapidly recycled to the plasma membrane following signaling, or proceed to the Rab5+ sorting endosome (Kalaidzidis et al., 2015; Sposini et al., 2017). Crucially, receptors that typically traffic through alternate pathways, such as the EGF receptor, are re-routed to transit the APPL endosome when additional signaling or rapid recycling is required (Lakoduk et al., 2019). The APPL+ endosome therefore represents a separate endosomal population to those of cargoes directly entering the Rab5 to Rab7 or Rab11 trafficking pathways with a unique membrane composition that supports further receptor signaling following endocytosis.



Membrane Heterogeneity Regulates Targeted Trafficking in Polarized Cells

Membrane heterogeneity also controls sorting along specialized endocytic pathways utilized in cell types with distinct polarized apical and basolateral membranes such as hepatocytes, pancreatic cells and kidney epithelia, and in neurons.

Apical and basolateral membranes in polarized cells both contain PI(4,5)P2 (Szalinski et al., 2013), while distribution of other phosphoinositides is polarized. PI(3,4)P2 is enriched in apical membranes, and PI(3,4)P2 is enriched in basolateral membranes (Román-Fernández et al., 2018). Endocytosis is distinct in apical and basolateral membranes in polarized renal epithelia and hepatocytes (Tuma et al., 1999; Szalinski et al., 2013), with cargoes remaining distinctly separated following internalization, even if targeting the same endocytic compartment (Cerneus and Van Der Ende, 1991). As enrichment in PI(3,4)P2 facilitates fast endophilin mediated endocytosis (Boucrot et al., 2015; Chan Wah Hak et al., 2018) and PI(3,4,5)P3 and PI(4,5)P2 facilitates CLIC/GEEC endocytosis (Suetsugu et al., 2006; Lundmark et al., 2008), we speculate that differences in phosphoinositide content in polarized membranes may facilitate different modes of endocytosis. Following endocytosis, rapid segregation of Rab7-targetted and Rab11-targetted recycling cargoes into EEA1-positive or negative endosomes occurs as in non-polarized cells (Leung et al., 2000).

Similarly, sorting in polarized cells also involves maintenance of specific phosphoinositides on endocytic membrane. Inhibition of PI(3)P synthesis in hepatocytes leads to accumulation of apical plasma membrane proteins into large vacuolar structures following endocytosis (Tuma et al., 1999). At the level of recycling endosomes, Rab11+ compartments receive cargoes both directly from apical and basolateral endocytosis (Thompson et al., 2007). The role of membrane heterogeneity in regulating the passage of cargoes through Rab11+ endosomes in polarized cells is again similar to what we have described for non-polarized cells. Rab11+ endosomes contain PI(4)P and phosphatidylserine in kidney epithelia but little PI(3)P (Gagescu et al., 2000; Román-Fernández et al., 2018) and PI(3)P is required for cargo entry into Rab11+ transcytosis pathways (Hansen et al., 1995). Transcytosis from the Rab11+ recycling endosomal compartment involves the phosphatidylserine binding Rab11-FIP5 protein (Su et al., 2010). Finally, delivery of recycling vesicles to polarized membranes requires PI(4)P enrichment on vesicular membranes, analogous to non-polarized cells (Nguyen et al., 2019).

Neurons use a specialized form of endocytosis called “activity-dependent bulk endocytosis” for rapid retrieval and recycling of synaptic membrane during sustained neurotransmission (Watanabe and Boucrot, 2017). Activity-dependent bulk endocytosis is initiated on PI(4,5)P2-enriched membranes, similar to clathrin-dependent endocytosis, but utilizing the BAR-domain containing proteins syndapin and endophilin (Clayton and Cousin, 2009). However, it likely that membrane heterogeneity involving phosphoinositide species contribute to provide specificity to this mode of endocytosis.

Following internalization of cargoes, neuronal trafficking and sorting mirrors that of non-polarized cells indicating that membrane heterogeneity has a similar important regulatory role in neuronal sorting. PI(3)P is required for cargo sorting through Rab5+ to Rab7+ endosomes and the lysosome (Morel et al., 2013). Loss of WDR91, a protein required for neuronal development, results in accumulation of PI(3)P on endosomes and defective trafficking of cargoes into Rab7+ endosomes and lysosomes (Liu et al., 2017). Retromer is recruited to Rab7+ endosomes in neurons analogous to non-polarized cells, utilizing the PI(3)P binding VPS29 and is required for regeneration of synaptic vesicles (Singla et al., 2019; Ye et al., 2020). Rab11+ endosomes regulates recycling from activity-dependent bulk endosomes (Kokotos et al., 2018) and are highly enriched in phosphatidylserine (Calderon and Kim, 2008), indicating that the distinct membrane domains that segregate Rab11-dependent recycling cargoes from Rab5-to-Rab7 cargoes are similar between neuronal and non-polarized cells.



INTEGRATION OF ENDOCYTOSIS INTO ENDOSOMAL SUBPOPULATIONS FOR CARGO SORTING

The multiple modes of endocytosis that exist in the cell ultimately result in cargoes being integrated into degradative or recycling pathways (Figures 2, 3). As discussed above, we speculate that this cargo fate decision is made prior to cargo entry into the endosomal subpopulations that make up the endocytic sorting pathways. The EGF receptor (EGFR), LDL receptor (LDLR) and G-coupled protein receptors (GPCRs) provide broad examples of how the fate of endocytic cargoes fate is determined prior to or during endocytosis and how this eventually conditions the endosomal subpopulation the cargo enters. Interestingly, this cargo fate decision integrates binding of accessory proteins such as ligands or circulating proteins to the receptor cargo with membrane heterogeneity.

EGFR endocytosis is incredibly complex and is therefore still relatively uncharacterized despite decades of intense research. EGFR is recycled to the plasma membrane or degraded in the lysosome dependent on the concentration of EGF present. At low to medium EGF concentrations, EGFR is internalized by clathrin-dependent endocytosis into multiple potential endosomal subpopulations: AAPL+ endosomes for continued signaling and subsequent recycling, autophagosomes for recycling and EEA1+ endosomes for degradation (Leonard et al., 2008; Flores-Rodriguez et al., 2015; Fraser et al., 2019; Lakoduk et al., 2019). At high EGF concentrations or inhibition of clathrin, EGF is taken up independently of clathrin via macropinocytosis and delivered to the lysosome for degradation, ensuring signaling is terminated (Ménard et al., 2018). It is important to note that while integration of EGFR into these endosomal subpopulations is broadly EGF concentration dependent, these pathways are unlikely to be mutually exclusive.

Membrane heterogeneity is central to the pathway directing EGFR fate. EGFR can be internalized into the cell via clathrin pits of differing compositions, inducing recycling or degradation. In clathrin pits containing AP2, EGFR is recycled whereas in the absence of AP2 it is degraded (Pascolutti et al., 2019). Membrane heterogeneity further regulates clustering of EGFR, which in turn results in differing endocytic sorting fates. At low EGF concentrations, the receptor is in small to non-existent clusters, while at high concentrations the receptor exists in large clusters (Bag et al., 2015). Plasma membrane cholesterol is central to EGF receptor cluster size, and potentially the recruitment of Eps15 to the clathrin coated pits required for EGF receptor recycling (Bag et al., 2015). Phosphatidylserine is responsible for maintaining cholesterol in the cytosolic leaflet of the plasma membrane (Maekawa and Fairn, 2015), and Eps15 and its binding partners involved in interaction with AP2, SGIP1α, and FCHO1 all interact with both phosphatidylserine and PI(4,5)P2 (Uezu et al., 2007; Hollopeter et al., 2014; Wang et al., 2016). Thus, small EGFR clusters at low EGF concentrations are present in phosphatidylserine enriched regions of the plasma membrane that are primed for delivery to the Rab11+ recycling compartment. Macropinocytosis has its own unique phosphoinositide membrane composition (Egami et al., 2014; Maekawa et al., 2014). EGF stimulates the conversion of PI(4,5)P2 to PI(3,4,5)P3 (Araki et al., 2007) following which PI(3,4,5)P3 is sequentially metabolized to PI(3,4)P2, PI(3)P and then PI, with each intermediate phosphoinositide recruiting effectors required for the macropinocytic process (Maekawa et al., 2014). Following uptake by macropinocytosis, EGFR is delivered to the lysosome for degradation (Ménard et al., 2018). Membrane heterogeneity therefore is responsible for delivery of EGFR into the endosomal subpopulations required for its recycling or degradation.

LDLR is exclusively internalized by clathrin-dependent endocytosis in non-atherogenic conditions, following which it can be degraded in the lysosome or recycled via the CCC complex (Bartuzi et al., 2016). In contrast to EGFR, LDLR fate is determined primarily by binding of the circulating protein PCSK9 prior to endocytosis. If present in circulation, PCSK9 binds LDLR at the plasma membrane before it is internalized via clathrin mediated endocytosis. When bound to PCSK9, LDLR is cleaved by proteases in the cytoplasmic domain (Tveten et al., 2013), which prevents its recovery from Rab7+ endosomes by the CCC complex for recycling (Bartuzi et al., 2016; Fedoseienko et al., 2018). Therefore, internalized LDLR likely enters a relatively homogenous subpopulation of endosomes, which is determined by PCSK9 binding at the plasma membrane.

GPCRs are well characterized as undergoing clathrin-dependent endocytosis, following which endosomal signaling occurs and the receptors are recycled to the plasma membrane. Interestingly, while the β2-adrenergic receptor (β2AR) and luteinising hormone receptor (LHR) are both internalized by β-arrestin containing clathrin pits, they immediately enter distinct endosomal subpopulations with different recycling rates (Jean-Alphonse et al., 2014; Sposini et al., 2017). β2AR enters APPL– endosomes, from where relatively slower Rab11-dependent recycling occurs (Puthenveedu et al., 2010; Sposini et al., 2017). By contrast, LHR enters APPL1+ endosomes immediately following endocytosis from where rapid return to the plasma membrane occurs (Jean-Alphonse et al., 2014; Sposini et al., 2017). Crucially, signal sequences in the cytoplasmic tails of the receptors dictate the divergent transit of β2AR and LHR into APPL1+ compartments (Jean-Alphonse et al., 2014). Interestingly, β2AR resides on two distinct membrane domains on vesicles depending on its state of phosphorylation. Non-phosphorylated β2AR resides in “bulk recycling” membrane domains (Vistein and Puthenveedu, 2013; Bowman et al., 2016), from where actin-dependent, Rab11-dependant recycling to the plasma membrane can occur (Puthenveedu et al., 2010). Phosphorylated β2AR recruits the retromer sorting-nexin SNX1 (Bowman et al., 2016) and SNX27 on EEA1+ endosomes (Temkin et al., 2011), prior to the typical retromer interaction on Rab7+ endosomes. Together, these results indicate that in special cases cargoes themselves may modify endosome membrane heterogeneity within a single endosomal subpopulation, enabling modulation of cargo recycling rates in specific circumstances to tune cellular signaling outcomes.



A UNIFYING MODEL FOR MEMBRANE HETEROGENEITY REGULATING CARGO SORTING

The above evidence leads us to present a model for endosomal cargo sorting in which membrane heterogeneity plays a central regulatory role. Decisions on the fate of cargoes are made at the level of endocytic pit formation or rapidly following endocytosis. Cargoes traffic to specific pre-Rab5 endosomes with distinct membrane compositions: (a) EEA1+ endosomes highly enriched in PI(3)P for trafficking to the Rab7+ late endosome, (b) recycling Rab11+ endosomes with high phosphoinositide and phosphatidylserine content and (c) APPL+ endosomes highly enriched in PI for sustained endosomal signaling. Local membrane composition within each of these compartments immediately following endocytosis plays a central role in recruiting the membrane tubulating proteins, phosphatases, kinases and Rab proteins required to orientate and maintain cargoes in their respective trafficking pathways.

In this model, cargoes destined for the late endosomal pathway enter PI(3)P-enriched, EEA1+ endosomes (Figure 4A). EEA1+ recruits Rab5, generating further PI(3)P. This enriched PI(3)P inactivates Rab5 and recruits Rab7. The cargo can now recycle via retromer/retriever/CCC trans-Golgi recycling or be degraded in the lysosome. Rab11-dependent recycling cargoes enter the cell into phosphoinositide and phosphatidylserine-enriched endosomes (Figure 4C). These endosomes destined for Rab11 recycling fuse with the Rab5+ sorting endosome, where highly spatially restricted generation of PI(3)P occurs, which is then responsible for recruiting Rab11 and sending cargo to the endocytic recycling compartment. Crucially, phosphatidylserine is maintained throughout this cycle. Cargoes that require further signaling following endocytosis are internalized into PI-enriched APPL+ endosomes (Figure 4B). The phosphoinositide enrichment prevents recruitment of Rab5, generating a stable platform from which endosomal signaling can occur. Following signaling from APPL+ endosomes, subdomains of the endosome can acquire Rab5 for cargo entry into the Rab5+ sorting endosome or be recycled directly to the plasma membrane.


[image: image]

FIGURE 4. Our model for membrane heterogeneity in endocytic sorting. (A) Cargoes destined for trans-Golgi recycling or lysosomal degradation enter the cells via clathrin-dependent endocytosis-although fast endophilin-mediated endocytosis and CLIC/GEEC endocytosis may play a role. Endocytic vesicles containing these cargoes acquired EEA1 and are enriched in PI(3)P prior to fusion with the Rab5+ sorting endosome. The microdomains containing these cargoes then mature to Rab7+ endosomes, from where trans-Golgi recycling or degradation can occur. (B) Cargoes (receptors) from which signaling is still required following endocytosis are internalized into APPL+ endocytic compartments that are enriched in phosphoinositide. Again, fast endophilin-mediated endocytosis and CLIC/GEEC endocytosis may also play roles in cargo delivery. Following signaling from APPL+ compartments, cargoes integrate with the Rab5+ sorting endosome, from where their fate is not well documented. (C) Cargoes destined for Rab11-dependent recycling are internalized from phosphatidylserine-enriched regions of the plasma membrane by both clathrin-dependent endocytosis and CLIC/GEEC endocytosis. Fast endophilin-mediated endocytosis may also play a role, and the range of phosphoinositide compositions of this compartment are not yet established. The flotillin membrane organizing protein family organizes the membrane domains on these phosphatidylserine-enriched endosomes, ensuring segregation throughout the sorting pathway.


For each of these endosomes, the membrane composition immediately following endocytosis controls all further downstream acquisition of proteins and membrane constituents that ultimately control the fate of a cargo. Cargo fate decisions are therefore made at the earliest stages of endocytosis, with membrane heterogeneity enforcing this decision.



REMAINING QUESTIONS AND CONCLUSION

Membrane heterogeneity is a central regulator of cargo endocytosis and sorting. At the center of each mode of endocytosis, a specific membrane environment ensures that endocytosis occurs at a specific time and place within the cell. Immediately following endocytosis, cargoes are segregated into endosomes with specific membrane compositions that dictate whether they ultimately sort into Rab7+ endosomes for recycling or degradation, or Rab11+ endosomes for recycling.

While it is clear membrane heterogeneity is a crucial regulator at each step of the endocytosis and sorting process, questions remain (Figure 4). How can heterogenous membrane domains in the same endocytic mode sort for different fates at the level of the plasma membrane? What fates can cargoes endocytosed by clathrin-independent pathways be sorted into, and how does membrane heterogeneity contribute to this? What other membrane lipid species are involved in regulating the endocytic sorting process? Given the nuanced differences in endocytic sorting between polarized and non-polarized cells, do membrane lipids play the same role in polarized trafficking? Do specialized endocytic pathways such as activity-dependent bulk endocytosis and transcytosis segregate cargo utilizing similar lipid microdomains or do specialized domains exist for delivery to specific polarized membranes?

Investigation of the lipid species contributing to membrane heterogeneity have typically relied on biochemical or pharmacological approaches [e.g., cholesterol depletion by methyl-β-cyclodextrin (Chadda et al., 2007), PI(3) kinase inhibition (Boucrot et al., 2015)]; genetic approaches [e.g., PIK3C2α knockout (Franco et al., 2014)]; fixed and live cell imaging studies using fluorescent lipid markers (Ketel et al., 2016) and constitutively active/dominant negative Rab proteins (Liu et al., 2017). While these have provided incredibly useful information on the role of membrane heterogeneity in cellular trafficking, each has limitations. Biochemical and pharmacological approaches carry inevitable off target effects, which have recently been highlighted with methyl-β-cyclodextrin (Hirama and Fairn, 2018). Knockdowns, knockouts and overexpression of constitutively active/dominant negative proteins all have potential unwanted effects. Because of the relatively long-term nature of the protein disruption, compensatory mechanisms can be activated potentially obscuring the results (El-Brolosy and Stainier, 2017). We believe transient optogenetic manipulation of membrane lipids and proteins offers a specific, minimally disruptive method to overcome the majority of the issues observed with biochemical/pharmacological and knockdown/knockout approaches (detailed below).

Genetically encoded biosensors have greatly enhanced our ability visualize the lipid species contributing to plasma membrane and endosomal membrane heterogeneity (Wills et al., 2018). To fully dissect the roles of membrane heterogeneity in endosomal sorting, the generation of biosensors to further lipids enriched in membrane domains will allow a better understanding of their role in endocytosis and trafficking. Further, developing new lipid biosensors that have differing affinities for the same lipid will allow observation of a wider range of cellular events [excellently detailed in Wills et al. (2018)]. Development of nuanced biosensors able to detect protein activation will also provide further advances, with the recent Rab11 biosensor (Campa et al., 2018) providing interesting insights into the role of PI(3)P in the Rab11 recycling pathway.

Advances in light and electron microscopy techniques coupled with lipid biosensors will provide the next leap in understanding of how membrane heterogeneity controls endocytic processes. Optogenetic metabolisers that couple a phosphoinositide phosphatase or kinase to plasma membrane anchors have proven to be extremely effective tools for dissecting functions of various phosphoinositides (Idevall-Hagren et al., 2012; Kakumoto and Nakata, 2013). Further iterations of optogenetic systems have coupled a specific optogenetic metaboliser to a specific subcellular compartment, allowing precise dissection of how a membrane species functions on a single endosomal population, as has been recently performed to investigate the role of PI(4)P on Rab3+ vesicles (Nguyen et al., 2019). Extension of current optogenetic lipid metabolisers to control of other phosphoinositides and membrane species such as cholesterol and phosphatidylserine will allow us to determine precisely their roles in endocytosis and sorting.

Live total internal fluorescence microscopy (TIRF) has provided striking advances of our knowledge of the function plasma membrane lipid species (Ketel et al., 2016). Advances in live cell imaging methodologies beyond TIRF will further advance our understanding of membrane heterogeneity in intracellular populations. We have recently generated methods utilizing single- and two-photon photoactivation of fluorescent proteins to elucidate every step of the T cell receptor endocytic sorting process (Compeer et al., 2018; Redpath et al., 2019). Further, we coupled cargo photoactivation to optogenetic inhibition of Rab proteins (Redpath et al., 2019). Photoactivation of cargo proteins coupled with lipid biosensors, photoactivation of lipid biosensors themselves and coupling of cargo photoactivation with optogenetic activation or inhibition of lipid species, followed by tracking throughout their endocytic routes will undoubtedly advance our knowledge on their role in endocytic sorting.

Finally, this review has focussed on a subset of endocytic processes and endosomal pathways. Each endocytic pathway will have its own unique composition of membrane domains that regulates function, as is the case for clathrin-dependent endocytosis, fast endophilin-mediated endocytosis and CLIC/GEEC endocytosis, and other pathways such as macropinocytosis (Kerr and Teasdale, 2009). Similarly, other endosomal sorting pathways such as polarized apical and basolateral recycling pathways, transcytosis and synaptic vesicle recycling will have their own endosomal membrane heterogeneity that regulates cargo fate. Further investigation and characterization of the membrane compositions of these endocytic pathways will greatly further our understanding of how cargo trafficking is controlled in the cell.



AUTHOR CONTRIBUTIONS

GR and JR conceived of and wrote the manuscript. GR, VB, PR, and JR prepared the figures. VB and PR provided critical editing and input. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded in part by grants from the Swiss National Science Foundation (JR-SNSF 31003A_172969), the Thurgauische Stiftung für Wissenschaft und Forschung (JR), the State Secretariat for Education, Research and Innovation, the Deutsche Forschungsgemeinschaft (JR- RO 6238/1-1), and The Royal Society of New Zealand Marsden Fund (GR- UOO1704).


ACKNOWLEDGMENTS

We would like to thank Dr. Nikita Deo for her editing and thoughtful discussions.


REFERENCES

Araki, N., Egami, Y., Watanabe, Y., and Hatae, T. (2007). Phosphoinositide metabolism during membrane ruffling and macropinosome formation in EGF-stimulated A431 cells. Exp. Cell Res. 313, 1496–1507. doi: 10.1016/j.yexcr.2007.02.012

Baetz, N. W., and Goldenring, J. R. (2014). Distinct patterns of phosphatidylserine localization within the Rab11a-containing recycling system. Cell. Logist. 4:e28680. doi: 10.4161/cl.28680

Bag, N., Huang, S., and Wohland, T. (2015). Plasma membrane organization of epidermal growth factor receptor in resting and ligand-bound states. Biophys. J. 109, 1925–1936. doi: 10.1016/j.bpj.2015.09.007

Bartuzi, P., Billadeau, D. D., Favier, R., Rong, S., Dekker, D., Fedoseienko, A., et al. (2016). CCC- and WASH-mediated endosomal sorting of LDLR is required for normal clearance of circulating LDL. Nat. Commun. 7:10961. doi: 10.1038/ncomms10961

Bissig, C., Hurbain, I., Raposo, G., and van Niel, G. (2017). PIKfyve activity regulates reformation of terminal storage lysosomes from endolysosomes. Traffic 18, 747–757. doi: 10.1111/tra.12525

Bodrikov, V., Pauschert, A., Kochlamazashvili, G., and Stuermer, C. A. O. (2017). Reggie-1 and reggie-2 (flotillins) participate in Rab11a-dependent cargo trafficking, spine synapse formation and LTP-related AMPA receptor (GluA1) surface exposure in mouse hippocampal neurons. Exp. Neurol. 289, 31–45. doi: 10.1016/j.expneurol.2016.12.007

Boettcher, J. M., Davis-Harrison, R. L., Clay, M. C., Nieuwkoop, A. J., Ohkubo, Y. Z., Tajkhorshid, E., et al. (2011). Atomic view of calcium-induced clustering of phosphatidylserine in mixed lipid bilayers. Biochemistry 50, 2264–2273. doi: 10.1021/bi1013694

Boucrot, E., Ferreira, A. P. A., Almeida-Souza, L., Debard, S., Vallis, Y., Howard, G., et al. (2015). Endophilin marks and controls a clathrin-independent endocytic pathway. Nature 517, 460–465. doi: 10.1038/nature14067

Bowman, S. L., Shiwarski, D. J., and Puthenveedu, M. A. (2016). Distinct G protein-coupled receptor recycling pathways allow spatial control of downstream G protein signaling. J. Cell Biol. 214, 797–806. doi: 10.1083/jcb.201512068

Burd, C., and Cullen, P. J. (2014). Retromer: a master conductor of endosome sorting. Cold Spring Harb. Perspect. Biol. 6:a016774. doi: 10.1101/cshperspect.a016774

Calderon, F., and Kim, H. Y. (2008). Detection of intracellular phosphatidylserine in living cells. J. Neurochem. 104, 1271–1279. doi: 10.1111/j.1471-4159.2007.05079.x

Campa, C. C., Margaria, J. P., Derle, A., Del Giudice, M., De Santis, M. C., Gozzelino, L., et al. (2018). Rab11 activity and PtdIns(3)P turnover removes recycling cargo from endosomes. Nat. Chem. Biol. 14, 801–810. doi: 10.1038/s41589-018-0086-4

Cao, C., Laporte, J., Backer, J. M., Wandinger-Ness, A., and Stein, M. P. (2007). Myotubularin lipid phosphatase binds the hVPS15/hVPS34 lipid kinase complex on endosomes. Traffic 8, 1052–1067. doi: 10.1111/j.1600-0854.2007.00586.x

Cerneus, D. P., and Van Der Ende, A. (1991). Apical and basolateral transferrin receptors in polarized BeWo cells recycle through separate endosomes. J. Cell Biol. 114, 1149–1158. doi: 10.1083/jcb.114.6.1149

Chadda, R., Howes, M. T., Plowman, S. J., Hancock, J. F., Parton, R. G., and Mayor, S. (2007). Cholesterol-sensitive Cdc42 activation regulates actin polymerization for endocytosis via the GEEC pathway. Traffic 8, 702–717. doi: 10.1111/j.1600-0854.2007.00565.x

Chan Wah Hak, L., Khan, S., Di Meglio, I., Law, A.-L., Lucken-Ardjomande Häsler, S., Quintaneiro, L. M., et al. (2018). FBP17 and CIP4 recruit SHIP2 and lamellipodin to prime the plasma membrane for fast endophilin-mediated endocytosis. Nat. Cell Biol. 20, 1023–1031. doi: 10.1038/s41556-018-0146-8

Chandra, M., Chin, Y. K. Y., Mas, C., Feathers, J. R., Paul, B., Datta, S., et al. (2019). Classification of the human phox homology (PX) domains based on their phosphoinositide binding specificities. Nat. Commun. 10:1528. doi: 10.1038/s41467-019-09355-y

Chen, B., Jiang, Y., Zeng, S., Yan, J., Li, X., Zhang, Y., et al. (2010). Endocytic sorting and recycling require membrane phosphatidylserine asymmetry maintained by TAT-1/CHAT-1. PLoS Genet. 6:e1001235. doi: 10.1371/journal.pgen.1001235

Christoforidis, S., McBride, H. M., Burgoyne, R. D., and Zerial, M. (1999). The Rab5 effector EEA1 is a core component of endosome docking. Nature 397, 621–625. doi: 10.1038/17618

Clayton, E. L., and Cousin, M. A. (2009). Quantitative monitoring of activity-dependent bulk endocytosis of synaptic vesicle membrane by fluorescent dextran imaging. J. Neurosci. Methods 185, 76–81. doi: 10.1016/j.jneumeth.2009.09.016

Compeer, E. B., Kraus, F., Ecker, M., Redpath, G., Amiezer, M., Rother, N., et al. (2018). A mobile endocytic network connects clathrin-independent receptor endocytosis to recycling and promotes T cell activation. Nat. Commun. 9:1597. doi: 10.1038/s41467-018-04088-w

Cremona, O., Di Paolo, G., Wenk, M. R., Lüthi, A., Kim, W. T., Takei, K., et al. (1999). Essential role of phosphoinositide metabolism in synaptic vesicle recycling. Cell 99, 179–188. doi: 10.1016/S0092-8674(00)81649-9

Cullen, P. J., and Steinberg, F. (2018). To degrade or not to degrade: mechanisms and significance of endocytic recycling. Nat. Rev. Mol. Cell Biol. 19, 679–696. doi: 10.1038/s41580-018-0053-7

Danson, C., Brown, E., Hemmings, O. J., McGough, I. J., Yarwood, S., Heesom, K. J., et al. (2013). SNX15 links clathrin endocytosis to the PtdIns3P early endosome independently of the APPL1 endosome. J. Cell Sci. 126, 4885–4899. doi: 10.1242/jcs.125732

Deo, R., Kushwah, M. S., Kamerkar, S. C., Kadam, N. Y., Dar, S., Babu, K., et al. (2018). ATP-dependent membrane remodeling links EHD1 functions to endocytic recycling. Nat. Commun. 9:5187. doi: 10.1038/s41467-018-07586-z

Dingjan, I., Linders, P. T. A., Verboogen, D. R. J., Revelo, N. H., Ter Beest, M., and Van Den Bogaart, G. (2018). Endosomal and phagosomal SNAREs. Physiol. Rev. 98, 1465–1492. doi: 10.1152/physrev.00037.2017

Doherty, G. J., and Lundmark, R. (2009). GRAF1-dependent endocytosis. Biochem. Soc. Trans. 37, 1061–1065. doi: 10.1042/BST0371061

Egami, Y., Taguchi, T., Maekawa, M., Arai, H., and Araki, N. (2014). Small GTPases and phosphoinositides in the regulatory mechanisms of macropinosome formation and maturation: Gtpases and phosphoinositides in macropinocytosis. Front. Physiol. 5:374. doi: 10.3389/fphys.2014.00374

El-Brolosy, M. A., and Stainier, D. Y. R. (2017). Genetic compensation: a phenomenon in search of mechanisms. PLoS Genet. 13:e1006780. doi: 10.1371/journal.pgen.1006780

Erdmann, K. S., Mao, Y., McCrea, H. J., Zoncu, R., Lee, S., Paradise, S., et al. (2007). A role of the lowe syndrome protein OCRL in early steps of the endocytic pathway. Dev. Cell 13, 377–390. doi: 10.1016/j.devcel.2007.08.004

Fairn, G. D., Schieber, N. L., Ariotti, N., Murphy, S., Kuerschner, L., Webb, R. I., et al. (2011). High-resolution mapping reveals topologically distinct cellular pools of phosphatidylserine. J. Cell Biol. 194, 257–275. doi: 10.1083/jcb.201012028

Fedoseienko, A., Wijers, M., Wolters, J. C., Dekker, D., Smit, M., Huijkman, N., et al. (2018). The COMMD family regulates plasma LDL levels and attenuates atherosclerosis through stabilizing the CCC complex in endosomal LDLR traffcking. Circ. Res. 122, 1648–1660. doi: 10.1161/CIRCRESAHA.117.312004

Ferguson, S., Raimondi, A., Paradise, S., Shen, H., Mesaki, K., Ferguson, A., et al. (2009). Coordinated actions of actin and bar proteins upstream of dynamin at endocytic clathrin-coated pits. Dev. Cell 17, 811–822. doi: 10.1016/j.devcel.2009.11.005

Flores-Rodriguez, N., Kenwright, D. A., Chung, P. H., Harrison, A. W., Stefani, F., Waigh, T. A., et al. (2015). ESCRT-0 marks an APPL1-independent transit route for EGFR between the cell surface and the EEA1-positive early endosome. J. Cell Sci. 128, 755–767. doi: 10.1242/jcs.161786

Francis, M. K., Holst, M. R., Vidal-Quadras, M., Henriksson, S., Santarella-Mellwig, R., Sandblad, L., et al. (2015). Endocytic membrane turnover at the leading edge is driven by a transient interaction between Cdc42 and GRAF1. J. Cell Sci. 128, 4183–4195. doi: 10.1242/jcs.174417

Franco, I., Gulluni, F., Campa, C. C., Costa, C., Margaria, J. P., Ciraolo, E., et al. (2014). PI3K class II α controls spatially restricted endosomal PtdIns3P and Rab11 activation to promote primary cilium function. Dev. Cell 28, 647–658. doi: 10.1016/j.devcel.2014.01.022

Franke, C., Repnik, U., Segeletz, S., Brouilly, N., Kalaidzidis, Y., Verbavatz, J. M., et al. (2019). Correlative single-molecule localization microscopy and electron tomography reveals endosome nanoscale domains. Traffic 20, 601–617. doi: 10.1111/tra.12671

Franklin, N. E., Bonham, C. A., Xhabija, B., and Vacratsis, P. O. (2013). Differential phosphorylation of the phosphoinositide 3-phosphatase MTMR2 regulates its association with early endosomal subtypes. J. Cell Sci. 126, 1333–1344. doi: 10.1242/jcs.113928

Fraser, J., Simpson, J., Fontana, R., Kishi-Itakura, C., Ktistakis, N. T., and Gammoh, N. (2019). Targeting of early endosomes by autophagy facilitates EGFR recycling and signalling. EMBO Rep. 20:e47734. doi: 10.15252/embr.201947734

Gagescu, R., Demaurex, N., Parton, R. G., Hunziker, W., Huber, L. A., and Gruenberg, J. (2000). The recycling endosome of Madin-Darby canine kidney cells is a mildly acidic compartment rich in raft components. Mol. Biol. Cell 11, 2775–2791. doi: 10.1091/mbc.11.8.2775

Gillooly, D. J., Raiborg, C., and Stenmark, H. (2003). Phosphatidylinositol 3-phosphate is found in microdomains of early endosomes. Histochem. Cell Biol. 120, 445–453. doi: 10.1007/s00418-003-0591-7

Gomez, T. S., and Billadeau, D. D. (2009). A FAM21-containing WASH complex regulates retromer-dependent sorting. Dev. Cell 17, 699–711. doi: 10.1016/j.devcel.2009.09.009

Guan, R., Han, D., Harrison, S. C., and Kirchhausen, T. (2010). Structure of the PTEN-like region of auxilin, a detector of clathrin-coated vesicle budding. Structure 18, 1191–1198. doi: 10.1016/j.str.2010.06.016

Guerra, F., and Bucci, C. (2016). Multiple roles of the small GTPase Rab7. Cells 5:34. doi: 10.3390/cells5030034

Hansen, S. H., Olsson, A., and Casanova, J. E. (1995). Wortmannin, an inhibitor of phosphoinositide 3-kinase, inhibits transcytosis in polarized epithelial cells. J. Biol. Chem. 270, 28425–28432. doi: 10.1074/jbc.270.47.28425

He, K., Marsland, R., Upadhyayula, S., Song, E., Dang, S., Capraro, B. R., et al. (2017). Dynamics of phosphoinositide conversion in clathrin-mediated endocytic traffic. Nature 552, 410–414. doi: 10.1038/nature25146

Hirama, T., and Fairn, G. D. (2018). Induction of spontaneous curvature and endocytosis: unwanted consequences of cholesterol extraction using methyl-β-Cyclodextrin. Commun. Integr. Biol. 11, 1–4. doi: 10.1080/19420889.2018.1444306

Hirama, T., Lu, S. M., Kay, J. G., Maekawa, M., Kozlov, M. M., Grinstein, S., et al. (2017). Membrane curvature induced by proximity of anionic phospholipids can initiate endocytosis. Nat. Commun. 8:1393. doi: 10.1038/s41467-017-01554-9

Hollopeter, G., Lange, J. J., Zhang, Y., Vu, T. N., Gu, M., Ailion, M., et al. (2014). The membrane-associated proteins FCHo and SGIP are allosteric activators of the AP2 clathrin adaptor complex. eLife 3:e03648. doi: 10.7554/eLife.03648

Hong, Z., Yang, Y., Zhang, C., Niu, Y., Li, K., Zhao, X., et al. (2009). The retromer component SNX6 interacts with dynactin p150 Glued and mediates endosome-to-TGN transport. Cell Res. 19, 1334–1349. doi: 10.1038/cr.2009.130

Horgan, C. P., Hanscom, S. R., Jolly, R. S., Futter, C. E., and McCaffrey, M. W. (2010). Rab11-FIP3 links the Rab11 GTPase and cytoplasmic dynein to mediate transport to the endosomal-recycling compartment. J. Cell Sci. 123, 181–191. doi: 10.1242/jcs.052670

Howes, M. T., Kirkham, M., Riches, J., Cortese, K., Walser, P. J., Simpson, F., et al. (2010). Clathrin-independent carriers form a high capacity endocytic sorting system at the leading edge of migrating cells. J. Cell Biol. 190, 675–691. doi: 10.1083/jcb.201002119

Hsu, F. S., Hu, F., and Mao, Y. (2015). Spatiotemporal control of phosphatidylinositol 4-phosphate by Sac2 regulates endocytic recycling. J. Cell Biol. 209, 97–110. doi: 10.1083/jcb.201408027

Hülsbusch, N., Solis, G. P., Katanaev, V. L., and Stuermer, C. A. O. (2015). Reggie-1/Flotillin-2 regulates integrin trafficking and focal adhesion turnover via Rab11a. Eur. J. Cell Biol. 94, 531–545. doi: 10.1016/j.ejcb.2015.07.003

Humphries, W. H., Szymanski, C. J., and Payne, C. K. (2011). Endo-lysosomal vesicles positive for rab7 and lamp1 are terminal vesicles for the transport of dextran. PLoS One 6:e26626. doi: 10.1371/journal.pone.0026626

Idevall-Hagren, O., Dickson, E. J., Hille, B., Toomre, D. K., and De Camilli, P. (2012). Optogenetic control of phosphoinositide metabolism. Proc. Natl. Acad. Sci. U.S.A. 109, E2316–E2323. doi: 10.1073/pnas.1211305109

Ikonomov, O. C., Sbrissa, D., Mlak, K., Kanzaki, M., Pessin, J., and Shisheva, A. (2002). Functional dissection of lipid and protein kinase signals of PIKfyve reveals the role of PtdIns 3,5-P2 production for endomembrane integrity. J. Biol. Chem. 277, 9206–9211. doi: 10.1074/jbc.M108750200

Ikonomov, O. C., Sbrissa, D., and Shisheva, A. (2006). Localized PtdIns 3,5-P2 synthesis to regulate early endosome dynamics and fusion. Am. J. Physiol. Cell Physiol. 291, 393–404. doi: 10.1152/ajpcell.00019.2006

Itoh, T., Erdmann, K. S., Roux, A., Habermann, B., Werner, H., and De Camilli, P. (2005). Dynamin and the actin cytoskeleton cooperatively regulate plasma membrane invagination by BAR and F-BAR proteins. Dev. Cell 9, 791–804. doi: 10.1016/j.devcel.2005.11.005

Jaber, N., Mohd-Naim, N., Wang, Z., DeLeon, J. L., Kim, S., Zhong, H., et al. (2016). Vps34 regulates Rab7 and late endocytic trafficking through recruitment of the GTPase-activating protein Armus. J. Cell Sci. 129, 4424–4435. doi: 10.1242/jcs.192260

Jackson, L. P., Kelly, B. T., McCoy, A. J., Gaffry, T., James, L. C., Collins, B. M., et al. (2010). A large-scale conformational change couples membrane recruitment to cargo binding in the AP2 clathrin adaptor complex. Cell 141, 1220–1229. doi: 10.1016/j.cell.2010.05.006

Jacobson, K., Liu, P., and Lagerholm, B. C. (2019). The lateral organization and mobility of plasma membrane components. Cell 177, 806–819. doi: 10.1016/j.cell.2019.04.018

Jahn, R., and Scheller, R. H. (2006). SNAREs - Engines for membrane fusion. Nat. Rev. Mol. Cell Biol. 7, 631–643. doi: 10.1038/nrm2002

Jean-Alphonse, F., Bowersox, S., Chen, S., Beard, G., Puthenveedu, M. A., and Hanyaloglu, A. C. (2014). Spatially restricted G protein-coupled receptor activity via divergent endocytic compartments. J. Biol. Chem. 289, 3960–3977. doi: 10.1074/jbc.M113.526350

Jost, M., Simpson, F., Kavran, J. M., Lemmon, M. A., and Schmid, S. L. (1998). Phosphatidylinositol-4,5-bisphosphate is required for endocytic coated vesicle formation. Curr. Biol. 8, 1399–1404. doi: 10.1016/s0960-9822(98)00022-0

Jovic, M., Sharma, M., Rahajeng, J., and Caplan, S. (2010). The early endosome: a busy sorting station for proteins at the crossroads. Histol. Histopathol. 25, 99–112. doi: 10.14670/HH-25.99

Kakumoto, T., and Nakata, T. (2013). Optogenetic control of PIP3: PIP3 is sufficient to induce the actin-based active part of growth cones and is regulated via endocytosis. PLoS One 8:e70861. doi: 10.1371/journal.pone.0070861

Kalaidzidis, I., Miaczynska, M., Brewinska-Olchowik, M., Hupalowska, A., Ferguson, C., Parton, R. G., et al. (2015). APPL endosomes are not obligatory endocytic intermediates but act as stable cargo-sorting compartments. J. Cell Biol. 211, 123–144. doi: 10.1083/jcb.201311117

Kerr, M. C., and Teasdale, R. D. (2009). Defining macropinocytosis. Traffic 10, 364–371. doi: 10.1111/j.1600-0854.2009.00878.x

Ketel, K., Krauss, M., Nicot, A.-S., Puchkov, D., Wieffer, M., Müller, R., et al. (2016). A phosphoinositide conversion mechanism for exit from endosomes. Nature 529, 408–412. doi: 10.1038/nature16516

Kokotos, A. C., Peltier, J., Davenport, E. C., Trost, M., and Cousin, M. A. (2018). Activity-dependent bulk endocytosis proteome reveals a key presynaptic role for the monomeric GTPase Rab11. Proc. Natl. Acad. Sci. U.S.A. 115, E10177–E10186. doi: 10.1073/pnas.1809189115

Krauss, M., Kukhtina, V., Pechstein, A., and Haucke, V. (2006). Stimulation of phosphatidylinositol kinase type I-mediated phosphatidylinositol (4,5)-bisphosphate synthesis by AP-2μ-cargo complexes. Proc. Natl. Acad. Sci. U.S.A. 103, 11934–11939. doi: 10.1073/pnas.0510306103

Kumari, S., and Mayor, S. (2008). ARF1 is directly involved in dynamin-independent endocytosis. Nat. Cell Biol. 10, 30–41. doi: 10.1038/ncb1666

Kusumi, A., Suzuki, K. G. N., Kasai, R. S., Ritchie, K., and Fujiwara, T. K. (2011). Hierarchical mesoscale domain organization of the plasma membrane. Trends Biochem. Sci. 36, 604–615. doi: 10.1016/j.tibs.2011.08.001

Lakadamyali, M., Rust, M. J., and Zhuang, X. (2006). Ligands for clathrin-mediated endocytosis are differentially sorted into distinct populations of early endosomes. Cell 124, 997–1009. doi: 10.1016/j.cell.2005.12.038

Lakoduk, A. M., Roudot, P., Mettlen, M., Grossman, H. M., Schmid, S. L., and Chen, P. H. (2019). Mutant p53 amplifies a dynamin-1/APPL1 endosome feedback loop that regulates recycling and migration. J. Cell Biol. 218, 1928–1942. doi: 10.1083/jcb.201810183

Law, F., Seo, J. H., Wang, Z., DeLeon, J. L., Bolis, Y., Brown, A., et al. (2017). The VPS34 PI3K negatively regulates RAB-5 during endosome maturation. J. Cell Sci. 130, 2007–2017. doi: 10.1242/jcs.194746

Lawe, D. C., Chawla, A., Merithew, E., Dumas, J., Carrington, W., Fogarty, K., et al. (2002). Sequential roles for phosphatidylinositol 3-phosphate and Rab5 in tethering and fusion of early endosomes via their interaction with EEA1. J. Biol. Chem. 277, 8611–8617. doi: 10.1074/jbc.M109239200

Lee, J. R., Hahn, H. S., Kim, Y. H., Nguyen, H. H., Yang, J. M., Kang, J. S., et al. (2011). Adaptor protein containing PH domain, PTB domain and leucine zipper (APPL1) regulates the protein level of EGFR by modulating its trafficking. Biochem. Biophys. Res. Commun. 415, 206–211. doi: 10.1016/j.bbrc.2011.10.064

Lee, S., Uchida, Y., Wang, J., Matsudaira, T., Nakagawa, T., Kishimoto, T., et al. (2015). Transport through recycling endosomes requires EHD 1 recruitment by a phosphatidylserine translocase. EMBO J. 34, 669–688. doi: 10.15252/embj.201489703

Leonard, D., Hayakawa, A., Lawe, D., Lambright, D., Bellve, K. D., Standley, C., et al. (2008). Sorting of EGF and transferrin at the plasma membrane and by cargo-specific signaling to EEA1-enriched endosomes. J. Cell Sci. 121, 3445–3458. doi: 10.1242/jcs.031484

Leren, T. P. (2014). Sorting an LDL receptor with bound PCSK9 to intracellular degradation. Atherosclerosis 237, 76–81. doi: 10.1016/j.atherosclerosis.2014.08.038

Leung, S. M., Ruiz, W. G., and Apodaca, G. (2000). Sorting of membrane and fluid at the apical pole of polarized Madin- Darby canine kidney cells. Mol. Biol. Cell 11, 2131–2150. doi: 10.1091/mbc.11.6.2131

Leyton-Puig, D., Isogai, T., Argenzio, E., Van Den Broek, B., Klarenbeek, J., Janssen, H., et al. (2017). Flat clathrin lattices are dynamic actin-controlled hubs for clathrin-mediated endocytosis and signalling of specific receptors. Nat. Commun. 8:16068. doi: 10.1038/ncomms16068

Liu, K., Jian, Y., Sun, X., Yang, C., Gao, Z., Zhang, Z., et al. (2016). Negative regulation of phosphatidylinositol 3-phosphate levels in early-to-late endosome conversion. J. Cell Biol. 212, 181–198. doi: 10.1083/jcb.201506081

Liu, K., Xing, R., Jian, Y., Gao, Z., Ma, X., Sun, X., et al. (2017). WDR91 is a Rab7 effector required for neuronal development. J. Cell Biol. 216, 3307–3321. doi: 10.1083/jcb.201705151

Lo, W.-T., Vujièiæ Žagar, A., Gerth, F., Lehmann, M., Puchkov, D., Krylova, O., et al. (2017). A coincidence detection mechanism controls PX-BAR domain-mediated endocytic membrane remodeling via an allosteric structural switch. Dev. Cell 43, 522–529.e4. doi: 10.1016/j.devcel.2017.10.019

Lundmark, R., Doherty, G. J., Howes, M. T., Cortese, K., Vallis, Y., Parton, R. G., et al. (2008). The GTPase-activating protein GRAF1 regulates the CLIC/GEEC endocytic pathway. Curr. Biol. 18, 1802–1808. doi: 10.1016/j.cub.2008.10.044

Maekawa, M., and Fairn, G. D. (2015). Complementary probes reveal that phosphatidylserine is required for the proper transbilayer distribution of cholesterol. J. Cell Sci. 128, 1422–1433. doi: 10.1242/jcs.164715

Maekawa, M., Terasaka, S., Mochizuki, Y., Kawai, K., Ikeda, Y., Araki, N., et al. (2014). Sequential breakdown of 3-phosphorylated phosphoinositides is essential for the completion of macropinocytosis. Proc. Natl. Acad. Sci. U.S.A. 111, E978–E987. doi: 10.1073/pnas.1311029111

Massol, R. H., Boll, W., Griffin, A. M., and Kirchhausen, T. (2006). A burst of auxilin recruitment determines the onset of clathrin-coated vesicle uncoating. Proc. Natl. Acad. Sci. U.S.A. 103, 10265–10270. doi: 10.1073/pnas.0603369103

Masters, T. A., Tumbarello, D. A., Chibalina, M. V., and Buss, F. (2017). MYO6 regulates spatial organization of signaling endosomes driving AKT activation and actin dynamics. Cell Rep. 19, 2088–2101. doi: 10.1016/j.celrep.2017.05.048

McCaffrey, M. W., Bielli, A., Cantalupo, G., Mora, S., Roberti, V., Santillo, M., et al. (2001). Rab4 affects both recycling and degradative endosomal trafficking. FEBS Lett. 495, 21–30. doi: 10.1016/S0014-5793(01)02359-6

McNally, K. E., Faulkner, R., Steinberg, F., Gallon, M., Ghai, R., Pim, D., et al. (2017). Retriever is a multiprotein complex for retromer-independent endosomal cargo recycling. Nat. Cell Biol. 19, 1214–1225. doi: 10.1038/ncb3610

Ménard, L., Floc’h, N., Martin, M. J., and Cross, D. A. E. (2018). Reactivation of mutant-EGFR degradation through clathrin inhibition overcomes resistance to EGFR tyrosine kinase inhibitors. Cancer Res. 78, 3267–3279.

Mettlen, M., Chen, P., Srinivasan, S., Danuser, G., and Schmid, S. L. (2018). Regulation of clathrin-mediated endocytosis. Annu. Rev. Biochem. 87, 871–896.

Milosevic, I., Giovedi, S., Lou, X., Raimondi, A., Collesi, C., Shen, H., et al. (2011). Recruitment of endophilin to clathrin-coated pit necks is required for efficient vesicle uncoating after fission. Neuron 72, 587–601. doi: 10.1016/j.neuron.2011.08.029

Morel, E., Chamoun, Z., Lasiecka, Z. M., Chan, R. B., Williamson, R. L., Vetanovetz, C., et al. (2013). Phosphatidylinositol-3-phosphate regulates sorting and processing of amyloid precursor protein through the endosomal system. Nat. Commun. 4:3250. doi: 10.1038/ncomms3250

Murray, D. H., Jahnel, M., Lauer, J., Avellaneda, M. J., Brouilly, N., Cezanne, A., et al. (2016). An endosomal tether undergoes an entropic collapse to bring vesicles together. Nature 537, 107–111. doi: 10.1038/nature19326

Nag, S., Rani, S., Mahanty, S., Bissig, C., Arora, P., Azevedo, C., et al. (2018). Rab4A organizes endosomal domains for sorting cargo to lysosome-related organelles. J. Cell Sci. 131:jcs216226. doi: 10.1242/jcs.216226

Nakatsu, F., Messa, M., Nández, R., Czapla, H., Zou, Y., Strittmatter, S. M., et al. (2015). Sac2/INPP5F is an inositol 4-phosphatase that functions in the endocytic pathway. J. Cell Biol. 209, 85–95. doi: 10.1083/jcb.201409064

Nández, R., Balkin, D. M., Messa, M., Liang, L., Paradise, S., Czapla, H., et al. (2014). A role of OCRL in clathrin-coated pit dynamics and uncoating revealed by studies of Lowe syndrome cells. eLife 3:e02975. doi: 10.7554/eLife.02975

Naslavsky, N., and Caplan, S. (2018). The enigmatic endosome - Sorting the ins and outs of endocytic trafficking. J. Cell Sci. 131:jcs216499. doi: 10.1242/jcs.216499

Naslavsky, N., Rahajeng, J., Sharma, M., Joviæ, M., and Caplan, S. (2006). Interactions between EHD Proteins and Rab11-FIP2: a role for EHD3 in Early Endosomal Transport. Mol. Biol. Cell 17, 163–177. doi: 10.1091/mbc.e05-05-0466

Navaroli, D. M., Bellvé, K. D., Standley, C., Lifshitz, L. M., Cardia, J., Lambright, D., et al. (2012). Rabenosyn-5 defines the fate of the transferrin receptor following clathrin-mediated endocytosis. Proc. Natl. Acad. Sci. U.S.A. 109, E471–E480. doi: 10.1073/pnas.1115495109

Nguyen, P. M., Gandasi, N. R., Xie, B., Sugahara, S., Xu, Y., and Idevall-Hagren, O. (2019). The PI(4)P phosphatase Sac2 controls insulin granule docking and release. J. Cell Biol. 218, 3714–3729. doi: 10.1083/jcb.201903121

Niu, Y., Zhang, C., Sun, Z., Hong, Z., Li, K., Sun, D., et al. (2013). PtdIns(4)P regulates retromer-motor interaction to facilitate dynein-cargo dissociation at the trans-Golgi network. Nat. Cell Biol. 15, 417–429. doi: 10.1038/ncb2710

Pascolutti, R., Algisi, V., Conte, A., Raimondi, A., Pasham, M., Upadhyayula, S., et al. (2019). Molecularly distinct clathrin-coated pits differentially impact EGFR Fate and signaling. Cell Rep. 27, 3049–3061.e6. doi: 10.1016/j.celrep.2019.05.017

Perera, R. M., Zoncu, R., Lucast, L., De Camilli, P., and Toomre, D. (2006). Two synaptojanin 1 isoforms are recruited to clathrin-coated pits at different stages. Proc. Natl. Acad. Sci. U.S.A. 103, 19332–19337. doi: 10.1073/pnas.0609795104

Pesesse, X., Dewaste, V., De Smedt, F., Laffargue, M., Giuriato, S., Moreau, C., et al. (2001). The Src Homology 2 Domain Containing Inositol 5-Phosphatase SHIP2 is Recruited to the Epidermal Growth Factor (EGF) Receptor and Dephosphorylates Phosphatidylinositol 3,4,5-Trisphosphate in EGF-stimulated COS-7 Cells. J. Biol. Chem. 276, 28348–28355. doi: 10.1074/jbc.M103537200

Picas, L., Gaits-Iacovoni, F., and Goud, B. (2016). The emerging role of phosphoinositide clustering in intracellular trafficking and signal transduction. F1000Res. 5:F1000 Faculty Rev-422. doi: 10.12688/f1000research.7537.1

Picas, L., Viaud, J., Schauer, K., Vanni, S., Hnia, K., Fraisier, V., et al. (2014). BIN1/M-Amphiphysin2 induces clustering of phosphoinositides to recruit its downstream partner dynamin. Nat. Commun. 5:5647. doi: 10.1038/ncomms6647

Posor, Y., Eichhorn-Gruenig, M., Puchkov, D., Schöneberg, J., Ullrich, A., Lampe, A., et al. (2013). Spatiotemporal control of endocytosis by phosphatidylinositol-3,4-bisphosphate. Nature 499, 233–237. doi: 10.1038/nature12360

Posor, Y., Eichhorn-Grünig, M., and Haucke, V. (2015). Phosphoinositides in endocytosis. Biochim. Biophys. Acta 1851, 794–804. doi: 10.1016/j.bbalip.2014.09.014

Poteryaev, D., Datta, S., Ackema, K., Zerial, M., and Spang, A. (2010). Identification of the switch in early-to-late endosome transition. Cell 141, 497–508. doi: 10.1016/j.cell.2010.03.011

Purushothaman, L. K., Arlt, H., Kuhlee, A., Raunser, S., and Ungermann, C. (2017). Retromer-driven membrane tubulation separates endosomal recycling from Rab7/Ypt7-dependent fusion. Mol. Biol. Cell 28, 783–791. doi: 10.1091/mbc.e16-08-0582

Puthenveedu, M. A., Lauffer, B., Temkin, P., Vistein, R., Carlton, P., Thorn, K., et al. (2010). Sequence-dependent sorting of recycling proteins by actin-stabilized endosomal microdomains. Cell 143, 761–773. doi: 10.1016/j.cell.2010.10.003

Qian, Y. W., Schmidt, R. J., Zhang, Y., Chu, S., Lin, A., Wang, H., et al. (2007). Secreted PCSK9 downregulates low density lipoprotein receptor through receptor-mediated endocytosis. J. Lipid Res. 48, 1488–1498. doi: 10.1194/jlr.M700071-JLR200

Rao, M., and Mayor, S. (2014). Active organization of membrane constituents in living cells. Curr. Opin. Cell Biol. 29, 126–132. doi: 10.1016/j.ceb.2014.05.007

Redpath, G. M. I., Ecker, M., Kapoor-Kaushik, N., Vartoukian, H., Carnell, M., Kempe, D., et al. (2019). Flotillins promote T cell receptor sorting through a fast Rab5–Rab11 endocytic recycling axis. Nat. Commun. 10:4392. doi: 10.1038/s41467-019-12352-w

Rink, J., Ghigo, E., Kalaidzidis, Y., and Zerial, M. (2005). Rab conversion as a mechanism of progression from early to late endosomes. Cell 122, 735–749. doi: 10.1016/j.cell.2005.06.043

Rojas, R., Van Vlijmen, T., Mardones, G. A., Prabhu, Y., Rojas, A. L., Mohammed, S., et al. (2008). Regulation of retromer recruitment to endosomes by sequential action of Rab5 and Rab7. J. Cell Biol. 183, 513–526. doi: 10.1083/jcb.200804048

Román-Fernández, Á., Roignot, J., Sandilands, E., Nacke, M., Mansour, M. A., McGarry, L., et al. (2018). The phospholipid PI(3,4)P2 is an apical identity determinant. Nat. Commun. 9:5041. doi: 10.1038/s41467-018-07464-8

Romer, W., Pontani, L.-L. L., Sorre, B., Rentero, C., Berland, L., Chambon, V., et al. (2010). Actin dynamics drive membrane reorganization and scission in clathrin-independent endocytosis. Cell 140, 540–553. doi: 10.1016/j.cell.2010.01.010

Rossatti, P., Ziegler, L., Schregle, R., Betzler, V. M., Ecker, M., and Rossy, J. (2019). Cdc42 couples T cell receptor endocytosis to GRAF1-mediated tubular invaginations of the plasma membrane. Cells 8:1388. doi: 10.3390/cells8111388

Saarikangas, J., Zhao, H., Pykäläinen, A., Laurinmäki, P., Mattila, P. K., Kinnunen, P. K. J., et al. (2009). Molecular mechanisms of membrane deformation by I-BAR domain proteins. Curr. Biol. 19, 95–107. doi: 10.1016/J.CUB.2008.12.029

Sathe, M., Muthukrishnan, G., Rae, J., Disanza, A., Thattai, M., Scita, G., et al. (2018). Small GTPases and BAR domain proteins regulate branched actin polymerisation for clathrin and dynamin-independent endocytosis. Nat. Commun. 9:1835. doi: 10.1038/s41467-018-03955-w

Schink, K. O., Tan, K.-W., and Stenmark, H. (2016). Phosphoinositides in control of membrane dynamics. Annu. Rev. Cell Dev. Biol. 32, 143–171. doi: 10.1146/annurev-cellbio-111315-125349

Schöneberg, J., Lehmann, M., Ullrich, A., Posor, Y., Lo, W.-T., Lichtner, G., et al. (2017). Lipid-mediated PX-BAR domain recruitment couples local membrane constriction to endocytic vesicle fission. Nat. Commun. 8:15873. doi: 10.1038/ncomms15873

Scita, G., and Di Fiore, P. P. (2010). The endocytic matrix. Nature 463, 464–473. doi: 10.1038/nature08910

Shin, H. W., Hayashi, M., Christoforidis, S., Lacas-Gervais, S., Hoepfner, S., Wenk, M. R., et al. (2005). An enzymatic cascade of Rab5 effectors regulates phosphoinositide turnover in the endocytic pathway. J. Cell Biol. 170, 607–618. doi: 10.1083/jcb.200505128

Shin, N., Ahn, N., Chang-Ileto, B., Park, J., Takei, K., Ahn, S. G., et al. (2008). SNX9 regulates tubular invagination of the plasma membrane through interaction with actin cytoskeleton and dynamin 2. J. Cell Sci. 121, 1252–1263. doi: 10.1242/jcs.016709

Shukla, S., Jin, R., Robustelli, J., Zimmerman, Z. E., and Baumgart, T. (2019). PIP2 reshapes membranes through asymmetric Desorption. Biophys. J. 117, 962–974. doi: 10.1016/j.bpj.2019.07.047

Sigismund, S., Argenzio, E., Tosoni, D., Cavallaro, E., Polo, S., and Di Fiore, P. P. (2008). Clathrin-mediated internalization is essential for sustained EGFR Signaling but dispensable for degradation. Dev. Cell 15, 209–219. doi: 10.1016/j.devcel.2008.06.012

Sigismund, S., Woelk, T., Puri, C., Maspero, E., Tacchetti, C., Transidico, P., et al. (2005). Clathrin-independent endocytosis of ubiquitinated cargos. Proc. Natl. Acad. Sci. U.S.A. 102, 2760–2765. doi: 10.1073/pnas.0409817102

Simons, K., and Ikonen, E. (1997). Functional rafts in cell membranes. Nature 387, 569–572. doi: 10.1038/42408

Singer, S. J., and Nicolson, G. L. (1972). The fluid mosaic model of the structure of cell membranes. Science 175, 720–731. doi: 10.1126/science.175.4023.720

Singla, A., Fedoseienko, A., Giridharan, S. S. P., Overlee, B. L., Lopez, A., Jia, D., et al. (2019). Endosomal PI(3)P regulation by the COMMD/CCDC22/CCDC93 (CCC) complex controls membrane protein recycling. Nat. Commun. 10:4271. doi: 10.1038/s41467-019-12221-6

Solinger, J. A., Rashid, H. O., Prescianotto-Baschong, C., and Spang, A. (2020). FERARI is required for Rab11-dependent endocytic recycling. Nat. Cell Biol. 22, 213–224. doi: 10.1038/s41556-019-0456-5

Solis, G. P., Hülsbusch, N., Radon, Y., Katanaev, V. L., Plattner, H., and Stuermer, C. A. O. (2013). Reggies/flotillins interact with Rab11a and SNX4 at the tubulovesicular recycling compartment and function in transferrin receptor and E-cadherin trafficking. Mol. Biol. Cell 24, 2689–2702. doi: 10.1091/mbc.E12-12-0854

Sönnichsen, B., De Renzis, S., Nielsen, E., Rietdorf, J., and Zerial, M. (2000). Distinct membrane domains on endosomes in the recycling pathway visualized by multicolor imaging of Rab4, Rab5, and Rab11. J. Cell Biol. 149, 901–913. doi: 10.1083/jcb.149.4.901

Sposini, S., Jean-Alphonse, F. G., Ayoub, M. A., Oqua, A., West, C., Lavery, S., et al. (2017). Integration of GPCR signaling and sorting from very early endosomes via opposing APPL1 mechanisms. Cell Rep. 21, 2855–2867. doi: 10.1016/j.celrep.2017.11.023

Stewart, D. J., Short, K. K., Maniaci, B. N., and Burkhead, J. L. (2019). COMMD1 and PtdIns(4,5)P2 interaction maintain ATP7B copper transporter trafficking fidelity in HepG2 cells. J. Cell Sci. 132:jcs231753. doi: 10.1242/jcs.231753

Su, T., Bryant, D. M., Luton, F., Vergés, M., Ulrich, S. M., Hansen, K. C., et al. (2010). A kinase cascade leading to Rab11-FIP5 controls transcytosis of the polymeric immunoglobulin receptor. Nat. Cell Biol. 12, 1143–1153. doi: 10.1038/ncb2118

Suetsugu, S., Kurisu, S., Oikawa, T., Yamazaki, D., Oda, A., and Takenawa, T. (2006). Optimization of WAVE2 complex-induced actin polymerization by membrane-bound IRSp53, PIP3, and Rac. J. Cell Biol. 173, 571–585. doi: 10.1083/jcb.200509067

Sun, M., Luong, G., Plastikwala, F., and Sun, Y. (2020). Control of Rab7a activity and localization through endosomal type Igamma PIP 5-kinase is required for endosome maturation and lysosome function. FASEB J. 34, 2730–2748. doi: 10.1096/fj.201901830R

Szalinski, C. M., Guerriero, C. J., Ruiz, W. G., Docter, B. E., Rbaibi, Y., Pastor-Soler, N. M., et al. (2013). PIP5KIβ selectively modulates apical endocytosis in polarized renal epithelial cells. PLoS One 8:e53790. doi: 10.1371/journal.pone.0053790

Takahashi, S., Kubo, K., Waguri, S., Yabashi, A., Shin, H.-W., Katoh, Y., et al. (2012). Rab11 regulates exocytosis of recycling vesicles at the plasma membrane. J. Cell Sci. 125, 4049–4057. doi: 10.1242/jcs.102913

Takatori, S., Tatematsu, T., Cheng, J., Matsumoto, J., Akano, T., and Fujimoto, T. (2016). Phosphatidylinositol 3,5-Bisphosphate-Rich Membrane Domains in Endosomes and Lysosomes. Traffic 17, 154–167. doi: 10.1111/tra.12346

Tanaka, Y., Ono, N., Shima, T., Tanaka, G., Katoh, Y., Nakayama, K., et al. (2016). The phospholipid flippase ATP9A is required for the recycling pathway from the endosomes to the plasma membrane. Mol. Biol. Cell 27, 3883–3893. doi: 10.1091/mbc.E16-08-0586

Temkin, P., Lauffer, B., Jäger, S., Cimermancic, P., Krogan, N. J., and Von Zastrow, M. (2011). SNX27 mediates retromer tubule entry and endosome-to-plasma membrane trafficking of signalling receptors. Nat. Cell Biol. 13, 715–723. doi: 10.1038/ncb2252

Thompson, A., Nessler, R., Wisco, D., Anderson, E., Winckler, B., and Sheff, D. (2007). Recycling endosomes of polarized epithelial cells actively sort apical and basolateral cargos into separate subdomains. Mol. Biol. Cell 18, 2687–2697. doi: 10.1091/mbc.e05-09-0873

Thottacherry, J. J., Kosmalska, A. J., Kumar, A., Vishen, A. S., Elosegui-Artola, A., Pradhan, S., et al. (2018). Mechanochemical feedback control of dynamin independent endocytosis modulates membrane tension in adherent cells. Nat. Commun. 9:4217. doi: 10.1038/s41467-018-06738-5

Traer, C. J., Rutherford, A. C., Palmer, K. J., Wassmer, T., Oakley, J., Attar, N., et al. (2007). SNX4 coordinates endosomal sorting of TfnR with dynein-mediated transport into the endocytic recycling compartment. Nat. Cell Biol. 9, 1370–1380. doi: 10.1038/ncb1656

Tuma, P. L., Finnegan, C. M., Yi, J. H., and Hubbard, A. L. (1999). Evidence for apical endocytosis in polarized hepatic cells: Phosphoinositide 3-kinase inhibitors lead to the lysosomal accumulation of resident apical plasma membrane proteins. J. Cell Biol. 145, 1089–1102. doi: 10.1083/jcb.145.5.1089

Tveten, K., Strmø, T. B., Berge, K. E., and Leren, T. P. (2013). PCSK9-mediated degradation of the LDL receptor generates a 17 kDa C-terminal LDL receptor fragment. J. Lipid Res. 54, 1560–1566. doi: 10.1194/jlr.M034371

Uchida, Y., Hasegawa, J., Chinnapen, D., Inoue, T., Okazaki, S., Kato, R., et al. (2011). Intracellular phosphatidylserine is essential for retrograde membrane traffic through endosomes. Proc. Natl. Acad. Sci. U.S.A. 108, 15846–15851. doi: 10.1073/pnas.1109101108

Uezu, A., Horiuchi, A., Kanda, K., Kikuchi, N., Umeda, K., Tsujita, K., et al. (2007). SGIP1α is an endocytic protein that directly interacts with phospholipids and Eps15. J. Biol. Chem. 282, 26481–26489. doi: 10.1074/jbc.M703815200

Ullrich, O., Reinsch, S., Urbé, S., Zerial, M., and Parton, R. G. (1996). Rab11 regulates recycling through the pericentriolar recycling endosome. J. Cell Biol. 135, 913–924. doi: 10.1083/jcb.135.4.913

Vicinanza, M., Di Campli, A., Polishchuk, E., Santoro, M., Di Tullio, G., Godi, A., et al. (2011). OCRL controls trafficking through early endosomes via PtdIns4,5P 2-dependent regulation of endosomal actin. EMBO J. 30, 4970–4985. doi: 10.1038/emboj.2011.354

Vistein, R., and Puthenveedu, M. A. (2013). Reprogramming of G protein-coupled receptor recycling and signaling by a kinase switch. Proc. Natl. Acad. Sci. U.S.A. 110, 15289–15294. doi: 10.1073/pnas.1306340110

Wang, H., Lo, W.-T., and Haucke, V. (2019). Phosphoinositide switches in endocytosis and in the endolysosomal system. Curr. Opin. Cell Biol. 59, 50–57. doi: 10.1016/J.CEB.2019.03.011

Wang, L., Johnson, A., Hanna, M., and Audhya, A. (2016). Eps15 membrane-binding and -bending activity acts redundantly with Fcho1 during clathrin-mediated endocytosis. Mol. Biol. Cell 27, 2675–2687. doi: 10.1091/mbc.E16-03-0151

Wassmer, T., Attar, N., Harterink, M., van Weering, J. R. T., Traer, C. J., Oakley, J., et al. (2009). The retromer coat complex coordinates endosomal sorting and dynein-mediated transport, with carrier recognition by the trans-golgi network. Dev. Cell 17, 110–122. doi: 10.1016/j.devcel.2009.04.016

Watanabe, S., and Boucrot, E. (2017). Fast and ultrafast endocytosis. Curr. Opin. Cell Biol. 47, 64–71. doi: 10.1016/j.ceb.2017.02.013

Wen, Y., Vogt, V. M., and Feigenson, G. W. (2018). Multivalent cation-bridged PI(4,5)P2 clusters form at very low concentrations. Biophys. J. 114, 2630–2639. doi: 10.1016/J.BPJ.2018.04.048

Wills, R. C., Goulden, B. D., and Hammond, G. R. V. (2018). Genetically encoded lipid biosensors. Mol. Biol. Cell 29, 1526–1532. doi: 10.1091/mbc.e17-12-0738

Xie, S., Bahl, K., Reinecke, J. B., Hammond, G. R. V., Naslavsky, N., and Caplan, S. (2016). The endocytic recycling compartment maintains cargo segregation acquired upon exit from the sorting endosome. Mol. Biol. Cell 27, 108–126. doi: 10.1091/mbc.e15-07-0514

Ye, H., Ojelade, S. A., Li-Kroeger, D., Zuo, Z., Wang, L., Li, Y., et al. (2020). Retromer subunit, vps29, regulates synaptic transmission and is required for endolysosomal function in the aging brain. eLife 9:e51977. doi: 10.7554/eLife.51977

Yesylevskyy, S. O., Demchenko, A. P., Kraszewski, S., and Ramseyer, C. (2013). Cholesterol induces uneven curvature of asymmetric lipid bilayers. Sci. World J. 2013:965230. doi: 10.1155/2013/965230

Yeung, T., Gilbert, G. E., Shi, J., Silvius, J., Kapus, A., and Grinstein, S. (2008). Membrane phosphatidylserine regulates surface charge and protein localization. Science 319, 210–213. doi: 10.1126/science.1152066

Yin, H. L., and Janmey, P. A. (2003). Phosphoinositide regulation of the actin cytoskeleton. Annu. Rev. Physiol. 65, 761–789. doi: 10.1146/annurev.physiol.65.092101.142517

Zhao, H., Michelot, A., Koskela, E. V., Tkach, V., Stamou, D., Drubin, D. G., et al. (2013). Membrane-sculpting BAR domains generate stable lipid microdomains. Cell Rep. 1213–1223. doi: 10.1016/j.celrep.2013.08.024

Zheng, J., Cahill, S. M., Lemmon, M. A., Fushman, D., Schlessinger, J., and Cowburn, D. (1996). Identification of the binding site for acidic phospholipids on the PH domain of dynamin: implications for stimulation of GTPase activity. J. Mol. Biol. 255, 14–21. doi: 10.1006/jmbi.1996.0002

Zoncu, R., Perera, R. M., Balkin, D. M., Pirruccello, M., Toomre, D., and De Camilli, P. (2009). A phosphoinositide switch controls the maturation and signaling properties of APPL endosomes. Cell 136, 1110–1121. doi: 10.1016/j.cell.2009.01.032

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Redpath, Betzler, Rossatti and Rossy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Membrane Heterogeneity Controls Cellular Endocytic Trafficking



		INTRODUCTION



		ENDOCYTOSIS



		Clathrin-Dependent Endocytosis



		Clathrin-Independent Endocytosis



		Fast Endophilin-Mediated Endocytosis



		CLIC/GEEC Endocytosis







		ENDOSOMAL SORTING



		Sorting for Retromer/Retriever/CCC-Dependent Recycling or Lysosomal Degradation



		Sorting for Rab11-Dependent Recycling



		Sorting to the APPL Endosome – A Special Case for Signaling



		Membrane Heterogeneity Regulates Targeted Trafficking in Polarized Cells







		INTEGRATION OF ENDOCYTOSIS INTO ENDOSOMAL SUBPOPULATIONS FOR CARGO SORTING



		A UNIFYING MODEL FOR MEMBRANE HETEROGENEITY REGULATING CARGO SORTING



		REMAINING QUESTIONS AND CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fcell-08-00757-g001.jpg
A P1(4,5)P, enrichment

5 Membrane invagination
. e o
Cc Cargo/adaptor recruitment
D
E
Actin Dynamin Clathrin SNX9 Endophilin

— T - o

PI(3,4)P, PI(4,5)P, Cargo AP2 PIK3C2a





OPS/images/fcell-08-00757-g002.jpg
Clathrin B Endophilin c CLIC/GEEC

A

O— — T
O Omss

/4

\Q—O

eose0 Wi o W @
Actin Dynamln Clathrin Endophllln GRAF1/IRSp53

= —_— O

PI(3,4)P, PI(4,5)P, PI(3,4,5)P; Cholesterol





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






OPS/images/fcell-08-00757-g003.jpg
Rab7 Rab11l

cargoes cargoes
A
—— N 4
—
B
y \
~ g’
%
~AEEAT -
w
c
229 [¢ 20 |
.\‘ ©
SEmm— Sorting I Endocytic recycling \\
\\_ndosome ( compartment
ol

é

b 3

@

—

~

E allle \ )
A (O ()—

— Trans-Golgi Network
/ ~
/
— Lysosome )
=
o —

PS PI(3)P PI(3,4)P, PI(4)P PI(4,5)P, PI(3,5)P, PI(3,4,5)P,

® O O -~ EEA] —> —_—
Rab5 Rab7 Rabll Flotillin1l/2 EEA1 Rab7 cargo Rab1l1 cargo

Pl







OPS/images/fcell-08-00757-g004.jpg
A Rab7 cargoes B Signalling cargoes||c Rab11 cargoes
Clathrin- Clathrin- ? , Clathrin-
dependent dependent dependent
Endophilin? Endophilin? CLIC/GEEC
CLIC/GEEC? CLIC/GEEC? Endophilin?
Rab1l1l
EEAl* APPL* '? +
: cargo
Rab11-
dependent
1016, a recycling
Trans—GoIg@/- ~& N
recycling or 'O)
degradaégon ?
? \ L
‘/®@® I I
- == = (5] @ @ —

PS PI(3)P PI

Rab5 Rab7 Rabll Flotillin1/2









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





