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Intracellular protein trafficking and sorting are extremely arduous in endocrine and neuroendocrine cells, which synthesize and secrete on-demand substantial quantities of proteins. To ensure that neuroendocrine secretion operates correctly, each step in the secretion pathways is tightly regulated and coordinated both spatially and temporally. At the trans-Golgi network (TGN), intrinsic structural features of proteins and several sorting mechanisms and distinct signals direct newly synthesized proteins into proper membrane vesicles that enter either constitutive or regulated secretion pathways. Furthermore, this anterograde transport is counterbalanced by retrograde transport, which not only maintains membrane homeostasis but also recycles various proteins that function in the sorting of secretory cargo, formation of transport intermediates, or retrieval of resident proteins of secretory organelles. The retromer complex recycles proteins from the endocytic pathway back to the plasma membrane or TGN and was recently identified as a critical player in regulated secretion in the hypothalamus. Furthermore, melanoma antigen protein L2 (MAGEL2) was discovered to act as a tissue-specific regulator of the retromer-dependent endosomal protein recycling pathway and, by doing so, ensures proper secretory granule formation and maturation. MAGEL2 is a mammalian-specific and maternally imprinted gene implicated in Prader-Willi and Schaaf-Yang neurodevelopmental syndromes. In this review, we will briefly discuss the current understanding of the regulated secretion pathway, encompassing anterograde and retrograde traffic. Although our understanding of the retrograde trafficking and sorting in regulated secretion is not yet complete, we will review recent insights into the molecular role of MAGEL2 in hypothalamic neuroendocrine secretion and how its dysregulation contributes to the symptoms of Prader-Willi and Schaaf-Yang patients. Given that the activation of many secreted proteins occurs after they enter secretory granules, modulation of the sorting efficiency in a tissue-specific manner may represent an evolutionary adaptation to environmental cues.
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1 INTRODUCTION
Constitutive secretion or exocytosis occurs in all cell types and predominantly facilitates housekeeping functions, including protein insertion into the plasma membrane or secretion of extracellular matrix components, growth hormones, and plasma proteins. In contrast, regulated secretion facilitates the specialized function of excitable cells (i.e., neurons and endocrine and neuroendocrine cells) which is to synthesize, store, and secrete on-demand hormones, neuropeptides, and neurotransmitters. The fundamental pathway and the basic machinery for regulated and constitutive secretion are similar, but their regulation and sorting mechanisms differ (Palade, 1975; Gerber and Sudhof, 2002). Through a series of membrane-trafficking steps, secretory proteins are synthesized in the endoplasmic reticulum (ER) and transported in membrane vesicles via the Golgi network to the plasma membrane (Palade, 1975). Unlike the continuous release of secretory molecules in the constitutive pathway, neuropeptides and hormones in the regulated secretion pathway are accumulated and stored in secretory vesicles, referred to as secretory granules (SGs), until cells receive a signal for their release through fusion with the plasma membrane (Figure 1) (Kelly, 1985). Some secreted small molecules, like neurotransmitters, are synthesized in the cytosol and taken up into synaptic vesicles (SVs) just before exocytosis (Liu and Edwards, 1997; Kogel and Gerdes, 2010). While some neurons contain only SVs or SGs, hypothalamic neurons can contain both at the same time (Thureson-Klein, 1983; Burgoyne and Morgan, 2003). Since the nomenclature and abbreviation of vesicles in constitutive and regulated secretion are sometimes confusing, we will use the terms secretory vesicles (SeVs) for organelles in the constitutive secretion pathway and secretory granules and synaptic vesicles for those in the regulated secretion pathway.
[image: Figure 1]FIGURE 1 | Anterograde and retrograde transport pathways in secretory cells. After protein synthesis in the ER, secretory proteins are sorted in the TGN through import signals, post-translational modifications, and other oligomeric associations. In the regulated secretion pathway, SGs go through a maturation process that includes fusion with other immature SGs and condensation of cargo proteins, as well as the removal of excess membrane and missorted cargo through the budding of clathrin-coated constitutive-like vesicles that may be secreted. Mature SGs accumulate near the plasma membrane until receiving a signal to undergo exocytosis and release their contents. In contrast, secretory vesicles (SeVs) in the constitutive secretion pathway continuously release their contents through unregulated membrane fusion. In retrograde transport, endocytosed material (e.g., receptors) are brought to a sorting endosome that directs endosomal material either back to the membrane in a recycling endosome, to immature SGs, to the lysosome for degradation, or to the TGN.
Although the two principal pathways of regulated secretion share many components, they differ in the size of the vesicles [i.e., SGs are bigger (>100 nm in radius) than SVs (<25 nm)], mechanisms by which secretory vesicles are filled with secretory molecules, and how the vesicles recycle after exocytosis for a new round of secretion (Gerber and Sudhof, 2002). In Figure 1, we schematically depict the major pathways of anterograde and retrograde trafficking and use only SGs to represent regulated secretion as SVs are beyond the scope of this review. We will focus on the regulation and sorting of cargo and resident proteins of SGs and discuss the sorting mechanisms that direct cargo and resident proteins in the anterograde transport to SGs. Furthermore, we will discuss new insights into the regulation of retrograde trafficking and how it contributes to secretion in the hypothalamus. Recently, ubiquitination-mediated regulation of retromer and F-actin nucleation was found to be critical for the recycling of resident SG proteins and the neuroendocrine function of the hypothalamus. Ubiquitination is governed by Prader-Willi associated protein MAGEL2 in conjunction with E3 ubiquitin ligase TRIM27 and deubiquitinating enzyme USP7 (Hao et al., 2013; Hao et al., 2015; Chen et al., 2020).
2 BRIEF OVERVIEW OF THE BIOGENESIS, MATURATION, AND ANTEROGRADE TRANSPORT OF SECRETORY GRANULES
Regulated secretion of hormones and neuropeptides is a multistep, tightly regulated process, involving protein synthesis in the ER, protein sorting and packing into SGs at the trans-Golgi network (TGN), SG maturation during vesicle transport from the TGN to the plasma membrane, SG storage and accumulation near the plasma membrane, and ultimately, exocytosis to release SG cargo in response to a physiological stimulus (Figure 1). For more details on these steps beyond our summary below, please refer to the following: (Tooze, 1998; Chieregatti and Meldolesi, 2005; Kim et al., 2006; Wickner and Schekman, 2008; Kogel and Gerdes, 2010; Tanguy et al., 2016; Ma et al., 2021).
In a process similar to viral budding, nascent SGs start forming from the TGN by protein accumulation that leads to GTP-dependent membrane deformation (Tooze, 1998). Cholesterol facilitates membrane bending and SG scission by promoting negative membrane curvature and recruiting proteins, like the ubiquitously expressed mechano-GTPase dynamin-2 (Wang et al., 2000; Kim et al., 2006; Gonzalez-Jamett et al., 2013; Bhave et al., 2020). After leaving the TGN, the nascent or immature SGs (ISGs) undergo maturation while transported in a microtubule-dependent manner toward the plasma membrane and the F-actin-rich cell periphery (Figure 1) (Howell and Tyhurst, 1982; Rudolf et al., 2001; Ponnambalam and Baldwin, 2003).
During granule maturation, the content and membrane composition of granules undergo remodeling (Figure 2). Homotypic fusion of ISGs, which contributes to the increased size and density of mature granules, is mediated by several proteins, including NSF, α-SNAP, syntaxin 6, and synaptotagmin IV (Tooze et al., 1991; Urbe et al., 1998; Wendler et al., 2001; Ahras et al., 2006; Kogel and Gerdes, 2010). During maturation, the lumen of ISGs progressively acidifies through the activity of vacuolar-type H+-ATPases (V-ATPases), which are integral membrane proteins in SGs (Figure 2) (Urbe et al., 1997; Jefferies et al., 2008). Besides enabling further condensation of soluble cargo, protein aggregation, and dense core formation, the acidic intragranular pH also activates PC1/3 and PC2 (Kogel and Gerdes, 2010). These proprotein convertases (PCs) and carboxypeptidase E (CPE) process most prohormones and neuropeptides into their mature, bioactive forms (Steiner, 1998). The maturation of ISGs also involves the removal of excess membranes and other proteins, including sortilin, carboxypeptidase D (CPD), syntaxin 6, VAMP-4, synaptotagmin IV, furin, and mannose-6-phosphate receptors (MPRs), which can be recycled back to the TGN by retrograde transport (Figures 1, 2, 4) (Klumperman et al., 1998; Varlamov et al., 1999; Eaton et al., 2000; Wendler et al., 2001; Ahras et al., 2006; Mitok et al., 2022). Mechanistically, ISGs contain coat protein patches of clathrin and AP-1 adaptor complex that mediate the budding of these proteins from ISGs into constitutive-like vesicles (Dittie et al., 1996; Dittie et al., 1997; Klumperman et al., 1998; Tooze, 1998; Eaton et al., 2000; Kakhlon et al., 2006). Overall, the process of maturation refines the composition of SGs and imparts responsiveness for regulated exocytosis (Burgoyne and Morgan, 2003; Kogel and Gerdes, 2010).
[image: Figure 2]FIGURE 2 | Components of immature (A) and mature (B) secretory granules. Lipid-raft-associated proteins like CPE, CPD, and secretogranin III interact with aggregates of regulated secretory pathway proteins and granulogenic proteins (e.g., granins like ChgA and ChgB) that form the dense proteinaceous core of mature SGs. Proton pumps increasingly acidify the SG lumen during maturation, which activates proprotein convertases and carboxypeptidases that process prohormones. The budding of clathrin-coated constitutive-like vesicles from immature SGs removes missorted constitutively secreted proteins and many other proteins shown in brown, including the peptidase furin, M6P-lysosomal enzymes bound to mannose-6-phosphate receptors (CI-M6PR or CD-M6PR), sortilin, synaptotagmin IV, VAMP4, and syntaxin 6. Calcium binding to synaptotagmin 1 stimulates exocytosis, which is mediated by v-SNARE proteins and other complexes. Mature SG size ranges from 50 nm in the sympathetic nervous system to 1,000 nm in pituitary mammotrophs or neurohypophyseal cells.
Mature SGs are stored near the membrane in the F-actin-rich cell cortex until receiving a stimulus for exocytosis. In contrast to constitutive secretion, exocytosis fusion is confined to specific sites within the plasma membrane of the polarized secreting cell and is temporally regulated by an extracellular secretion signal that increases the intracellular concentration of Ca2+ or cAMP (Meldolesi, 2002; Burgoyne and Morgan, 2003; Tanguy et al., 2016). Then, mature SGs undergo a series of ATP-dependent processes, such as priming, tethering, docking, and fusion to release their contents (Burgoyne and Morgan, 2003; Tanguy et al., 2016). These processes are mediated by several evolutionarily conserved proteins, including soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), NSF with adaptor proteins, Rab GTPases, SM (sec1/munc18-like) proteins, and synaptotagmins (Gerber and Sudhof, 2002; Burgoyne and Morgan, 2003; Wickner and Schekman, 2008). SNARE proteins enable the fusion of SGs with the plasma membrane through the formation of the SNARE complex, where v-SNARE (VAMP) on the SG membrane interacts with t-SNAREs (syntaxin 1 and SNAP-25) on the plasma membrane (Gerber and Sudhof, 2002; Burgoyne and Morgan, 2003). Synaptotagmins are calcium-binding proteins that act as calcium sensors and interact with both the granule and plasma membranes to trigger fusion and exocytosis (Sudhof, 2002).
Secretion is followed by rapid retrieval of the SG membrane and resident proteins through multiple endocytic pathways whose regulation is less understood but recently attracted our attention by the serendipitous discovery of the role of MAGEL2 in retromer-dependent retrograde transport (Chen et al., 2020). In the next section, we will describe the composition of SGs with a focus on the SG-unique resident proteins (i.e., granins, PCs, and CPE). Then, we will describe the current understanding of their sorting into the regulated secretion pathway at the TGN (i.e., anterograde transport) and their retrieval and sorting at the endosome (i.e., retrograde transport).
3 SECRETORY GRANULE COMPOSITION WITH A FOCUS ON SG-RESIDENT PROTEINS
SGs are distinct organelles of endocrine and neuroendocrine cells with a lipid bilayer that encases a dense proteinaceous core to efficiently store hormones and neuropeptides in an osmotically inert environment (Figure 2) (Burgess and Kelly, 1987). Compared to other biological membranes, SGs have a low protein-to-lipid ratio. Membrane proteins in SGs include transporters [e.g., V-ATPase, monoamine transporter, and peptidylglycine α-amidating monooxygenase enzyme (PAM)] and proteins that facilitate SG transport and exocytosis (e.g., VAMP and synaptotagmins) (Figure 2) (Thiele and Huttner, 1998b). The composition and size of SGs vary depending on cell type and maturation state (Hammel et al., 2010; Shitara et al., 2020). SGs contain several resident proteins, including PCs, CPE, and granins, that are required for the proper sorting of cargo proteins into ISGs at the TGN and the anterograde transport of SGs.
In neurons, SGs coexist with SVs that are filled locally with neurotransmitters, such as biogenic amines, at the presynaptic terminals and regenerated after exocytosis through the refilling of their cargo. However, the vesicles themselves are generated at the TGN (Burgoyne and Morgan, 2003). Though many proteins involved in regulated secretion are shared between vesicles and granules, some proteins are specific to SVs or SGs and facilitate their distinct functions of neurotransmitter or neuropeptide/hormone secretion, respectively (Gerber and Sudhof, 2002). SG-specific components are mainly enzymes and proteins that enable neuropeptide maturation and condensation during maturation for long-term storage. Importantly, protein recycling of many of these SG-resident proteins and granule membrane components is necessary for regulated secretion in the hypothalamus (Hurtley, 1993; Bittner et al., 2013; Chen et al., 2020).
3.1 Proprotein convertases (PCs)
Neuropeptide precursors packaged into SGs are cleaved into active peptides and hormones by SG-resident PCs. The PC family contains nine members: PC1/3, PC2, furin, PC4, PC5/6, PACE4, PC7, SKI-1/S1P, and PCSK9 (Seidah et al., 2013). PC1/3 and PC2 (proprotein convertase subtilisin/kexin type 1/3 and 2) are encoded by PCSK1 and PCSK2 genes and act as basic proprotein convertases that cleave after polybasic clusters (Seidah et al., 1991; Cendron et al., 2023). PC1/3 and PC2 are selectively expressed in endocrine and neuroendocrine cells, suggesting they are important in prohormone processing within SGs (Figure 3) (Halban and Irminger, 1994; Zhou et al., 1999). PC1/3 and PC2 process a plethora of prohormones, including pro-opiomelanocortin (POMC), neuropeptide Y (NPY), agouti-related peptide (AGRP), progrowth-hormone releasing hormone (GHRH), prothyrotropin-releasing hormone (TRH), proinsulin, and proglucagon (Paquet et al., 1996; Nillni, 2010; Seidah, 2011; Cawley et al., 2016). Consequently, defects in PC1/3 or PC2 activity result in several endocrinopathies in both humans and rodents (Furuta et al., 1997; Jackson et al., 1997; Steiner, 1998; Zhu et al., 2002; Scamuffa et al., 2006; Mbikay et al., 2007; Anini et al., 2010; Creemers et al., 2012; Seidah and Prat, 2012).
[image: Figure 3]FIGURE 3 | Heatmap showing expression of constitutive components of SGs, retromer, MUST, WASH, and ARP2/3 complexes. Data was extracted from GTEx on 05/24/2023.
3.2 Carboxypeptidase E (CPE)
After endoproteolytic cleavage by PC1/3 and/or PC2, the newly exposed C-terminal basic residues of prohormones are removed by CPE, another resident protein of SGs (Burgoyne and Morgan, 2003). CPE was first identified as enkephalin convertase and subsequently found to cleave the C-terminally extended basic residues from diverse peptide intermediates, including POMC and probrain-derived neurotrophic factor (BDNF) (Fricker and Snyder, 1982; Hook et al., 1982; Fricker, 1988; Lou et al., 2005). CPE is expressed primarily in endocrine tissues and specific areas of the central nervous system (Figure 3) (Fricker, 1988; Cawley et al., 2012; Ji et al., 2017). CPE differs from other carboxypeptidases in that its optimal pH is in the acidic range, consistent with its localization to acidic compartments of the TGN and to the dense core of SGs where prohormone processing occurs (Supattapone et al., 1984; Ji et al., 2017).
Like other proteins in the regulated secretory pathway, CPE is synthesized in the ER as a 476-amino acid precursor containing an N-terminal signal peptide that directs proCPE into the ER before its removal (Song and Fricker, 1995a). ProCPE is transported through the Golgi to SGs where the 17-amino acid “pro” region is cleaved after a penta-arginine sequence to generate mature membrane-bound CPE that is glycosylated at two N-linked glycosylation consensus sites, Asn139 and Asn390 (Song and Fricker, 1995a; Cawley et al., 2012; Ji et al., 2017). Within SGs, the membrane-bound CPE can be further processed by cleavage of its C-terminal cytoplasmic tail to generate a soluble form of CPE that is enzymatically more active (Hook, 1985; Fricker and Devi, 1993).
In addition to its enzymatic function, CPE acts as the quintessential regulated secretory pathway sorting receptor for many prohormones (e.g., POMC, pro-BDNF, proenkephalin, proinsulin, and prophogrin). Under mildly acidic conditions and increasing calcium concentrations, CPE aggregates and binds SG cargo proteins through their prohormone sorting signals, such as those found in POMC (Song and Fricker, 1995b; Rindler, 1998; Zhang et al., 1999). CPE binding enables protein condensation and directs cargo proteins to SGs (Cawley et al., 2012). The C-terminus of CPE forms an amphipathic α-helix under acidic conditions that binds to lipid rafts in the TGN membrane and directs prohormones bound to CPE into nascent granules (Fricker et al., 1990; Dhanvantari and Loh, 2000; Dhanvantari et al., 2002; Zhang et al., 2003; Cawley et al., 2012). In a neutral environment (pH 7.2), CPE’s C-terminus does not exhibit a helical secondary structure, preventing premature association with the membrane (Dhanvantari et al., 2002). Interestingly, CPE may only sort certain prohormones to the regulated secretory pathway, as CPE depletion did not affect sorting of chromogranin A (CHGA) (Cool et al., 1997; Normant and Loh, 1998; Ji et al., 2017).
3.3 The granin family
Chromogranins A and B (CHGB), secretogranins II and III (SCGII and SCGIII), and a few additional related proteins together comprise the granin family of water-soluble acidic glycoproteins (Bartolomucci et al., 2011). These granin proteins serve essential roles in the regulated secretory pathway, with the chromogranins comprising much of the SG matrix (O'Connor and Frigon, 1984; Borges et al., 2010), and, accordingly, are predominantly expressed in endocrine and neuroendocrine cells (Figure 3) (Day and Gorr, 2003; Dominguez et al., 2018). Like CPE and other SG resident proteins, granins are also synthesized at the rough ER, inserted into the ER cisternae via a signal peptide located at their N termini, and trafficked to the TGN via transport vesicles (Bartolomucci et al., 2011). Several biochemical properties that are critical for the function of granins include an acidic isoelectric point, Ca2+ binding, and thermostability (Yoo and Albanesi, 1991; Taupenot et al., 2003; Bartolomucci et al., 2011). Additionally, granins aggregate in an acidic environment (pH 5.5) with a millimolar concentration of calcium ions and, by doing so, induce granule formation (Chanat and Huttner, 1991; Parmer et al., 1993; Koshimizu et al., 2010). Granins are negatively charged, which may prevent premature aggregation, but a surplus of calcium ions and protons in the SG lumen may help neutralize the repulsive forces among the granin proteins to allow aggregation (Glombik and Gerdes, 2000). An alternative explanation proposed is that the pH gradient prompts interactions between negative and positive charges of cargo proteins, and then divalent ions may generate a chelate bridge between two negatively charged granins to permit aggregation (Ma et al., 2008; Zhang et al., 2010).
CHGA, the most well-studied granin family member, is a prohormone and a granulogenic factor in neuroendocrine tissues (Laguerre et al., 2020). While CHGA is mostly hydrophilic, its C- and N-termini contain hydrophobic and cell-specific evolutionarily conserved sequences necessary for sorting and granulogenesis (Yoo and Lewis, 1993; Cowley et al., 2000; Montero-Hadjadje et al., 2009; Elias et al., 2010). Cysteine residues within the amino terminus form an intramolecular disulfide loop to interact with the membrane (Parmer et al., 1993; Yoo, 1994; Kang and Yoo, 1997). The primary structure of CHGA contains several glutamic acid stretches that can interact with Ca2+, leading to aggregation in specific environments, such as the TGN and SG (Parmer et al., 1993). CHGA may associate with membrane either directly by binding to specific lipids (e.g., phosphatidic acids enriched in TGN and SG membranes) (Carmon et al., 2020; Tanguy et al., 2020) or indirectly by interacting with SCGIII, which in turn binds to cholesterol-rich membranes and targets proteins to the regulated secretory pathway (Hosaka et al., 2004; Han et al., 2008).
Besides their granulogenic function, granins contribute to calcium homeostasis and many are also precursors of bioactive peptides that, upon further processing in ISGs, modulate different physiological processes, including pain pathways, inflammatory responses, metabolic and mood disorders, and blood pressure (Montero-Hadjadje et al., 2008). As an example, the CHGA-derived peptide pancreastatin, which was the first granin-derived peptide discovered, strongly inhibits glucose-induced insulin release (Tatemoto et al., 1986; Bartolomucci et al., 2011).
Even though the granin family is ubiquitously expressed in neuroendocrine tissues, individual proteins exhibit tissue specificity and redundancy (Figure 3). For example, the ablation of Chga and Chgb reduced the size and number of SGs in adrenal chromaffin cells, while SGs in mouse hippocampal neurons were unaffected (Dominguez et al., 2018). In addition, ablation of Chga upregulated the expression of Chgb and secretogranins II-VI in the adrenal medulla and other endocrine glands (Hendy et al., 2006). These data indicate that chromogranin-mediated dense core formation of SG is tissue-specific and that other granin family members may perform a similar function.
3.4 Mannose-6-phosphate receptors (MPRs)
MPRs facilitate the transport of soluble acid hydrolases from the TGN to the lysosome by binding to mannose-6-phosphate (M6P) modifications on the enzymes. There are two different MPRs, the larger cation-independent receptor (CI-MPR) and the smaller cation-dependent receptor (CD-MPR) that binds M6P more efficiently in the presence of divalent cations (Gary-Bobo et al., 2007). Besides binding to phosphomannosyl residues, the extracellular region of CI-MPR, also known as IGF2R, binds insulin-like growth factor (IGF)-II to facilitate its endocytosis and clearance by lysosomal degradation (Oka et al., 1985; Oshima et al., 1988; Schmidt et al., 1995; Brown et al., 2008). CI-M6PR also binds other ligands, such as retinoic acid, granzyme B, latent TGF-β, urokinase-type plasminogen activator receptor, and leukemia inhibitory factor, impacting a variety of biological pathways (Purchio et al., 1988; Kang et al., 1997; Blanchard et al., 1999; Godar et al., 1999; Veugelers et al., 2006).
CI-MPR is one of the most thoroughly studied proteins that is removed from ISGs and then recycled back to the TGN (Figures 1, 2, 4, 5) (Bonnemaison et al., 2013; Seaman, 2018). As SGs mature, the concentration of MPRs declines by about 90% (Klumperman et al., 1998). MPRs are sorted from ISGs by binding to adaptor protein 1 (AP-1) and the Golgi-localized, γ-ear containing, ARF-binding (GGA) family of proteins in clathrin and syntaxin 6–positive vesicles that are delivered to endosomes (Figures 1, 2) (Klumperman et al., 1998; Coutinho et al., 2012). Then, the multiprotein retromer complex mediates the endosome-to-TGN retrieval of CI-MPR (Bonnemaison et al., 2013; Seaman, 2018). Retromer is critical for the recycling and reuse of MPRs in a new cycle of acid hydrolase transportation.
[image: Figure 4]FIGURE 4 | Proposed sorting models for secreted proteins. (A) In the “sorting for entry” model, secreted and lysosomal proteins are segregated by binding to specific receptors clustered in the TGN before granule formation. (B) In the “sorting by retention” model, secreted and lysosomal proteins enter nascent SGs, but the non-regulated secretory proteins are excluded from the maturing SG by budding, possibly mediated by clathrin.
[image: Figure 5]FIGURE 5 | Sorting of proteins destined for the regulated secretory pathway occurs through various mechanisms, motifs, and adaptor proteins. (A,B) Within the lumen of the TGN and ISGs, sorting motifs within RSPs and interactions with other proteins facilitate aggregation and association with the membrane. (C) On the cytosolic side of the TGN/SG membrane, adaptor proteins recognize specific motifs in RSPs to help with sorting, and phosphorylation of some RSPs, like furin, enhances sorting.
In the following sections, we discuss sorting into the regulated secretory pathway, as well as the retromer-dependent recycling of CI-MPR, potential retrograde trafficking targeting motifs, and finally, the tissue-specific role of MAGEL2 in the retromer-dependent recycling of mature and immature SG components.
4 SORTING COMPARTMENTS, MECHANISMS, AND SIGNALS IN THE ANTEROGRADE PATHWAY OF REGULATED SECRETION
Overall, the cellular life of regulated secretory proteins (RSPs) begins similarly to constitutive secretory proteins. An N-terminal signal sequence enables the signal recognition particle (SRP)-dependent co-translational translocation into the ER lumen. This signal sequence is then removed from the nascent protein, and the protein is post-translationally modified during anterograde transport through the Golgi to the TGN. The TGN serves as the main sorting station in the anterograde traffic of secretory proteins, and the sorting is fine-tuned during ISG maturation when the missorted proteins are removed by clathrin-coated vesicles (Figures 1, 2, 4) (Farquhar and Palade, 1998). The canonical targeting signals that direct proteins into the constitutive secretory pathway or to other cellular destinations (e.g., the plasma membrane, mitochondria, nucleus, and lysosomes), as well as the signals for ER or Golgi retention, are well established. In contrast, RSPs are not targeted to SGs by a common sorting motif but rather through intrinsic protein features and a variety of motifs that may synergize to increase granule-sorting efficiency (Glombik and Gerdes, 2000; Lacombe et al., 2005). As an example of multiple sorting signals being present on a single molecule, prothyrotropin-releasing hormone has two intermediates that are stored in different vesicles and secreted by different stimuli (Perello et al., 2008). Specific sorting signals that have been discovered on RSPs include linear amino acid sequences, conformation epitopes, polypeptides, and post-translational modifications (Thiele and Huttner, 1998b). The propensity of RSPs to aggregate contributes to their sequestration in the TGN, packaging into ISGs, and removal of mistargeted proteins from ISGs during maturation. Besides aggregation, association with distinct membrane lipids, sorting receptors, and adaptor proteins also facilitate the sorting of soluble RSPs to SGs (Thiele and Huttner, 1998b; Glombik and Gerdes, 2000; Kogel and Gerdes, 2010; Bonnemaison et al., 2013). These sorting signals and mechanisms can also be tissue- or cell-specific (Chidgey, 1993; Marx et al., 1999; Cowley et al., 2000; Dikeakos and Reudelhuber, 2007).
4.1 Sorting models
For secreted proteins, there are two proposed sorting models that are not mutually exclusive, as supporting evidence suggests both models may occur in cells (Figure 4) (Dikeakos and Reudelhuber, 2007; Goronzy and Weyand, 2009). In the “sorting-at-entry” model, constitutively secreted proteins are segregated from regulated proteins by binding to specific receptors clustered in the TGN before granule formation (Figures 4, 5) (Chidgey, 1993). Initial aggregation of cargo proteins (e.g., granins and prohormones) in a mildly acidic pH (6.0–6.5) and cation-dependent manner excludes certain constitutive proteins. Then, the aggregates can bind to sorting receptors at the TGN membrane. One of the first sorting receptors proposed was CPE, which sorts POMC and proBDNF (Cool et al., 1997; Lou et al., 2005). SCGIII can also act as a sorting receptor, as SCGIII associates with cholesterol-sphingolipid-rich membrane microdomains (i.e., lipid rafts) in the TGN membrane and, by doing so, serves as a sorting receptor for CHGA in pituitary and pancreatic cells (Tooze, 1998; Hosaka et al., 2004; Park and Loh, 2008). Receptors are then recycled through vesicles budding off ISGs (Tooze, 1998).
In the “sorting by retention” model, both regulated and non-regulated proteins enter the nascent granule with the latter proteins excluded from the ISG by budding of clathrin-coated vesicles (Chidgey, 1993). In support of this model, lysosomal proteins have been found in immature SGs, which are then most likely excluded through binding to MPRs and budding of a constitutive-like vesicle. All evidence points to the conclusion that the best-fitting sorting model is reliant on the specific protein, its affinity for aggregation, the relative speed of its synthesis, and tissue or cell specificity (Tooze, 1998). As an example of cell specificity, the sorting domain in the C-terminus of PC2 is essential for sorting in Neuro2A cells (Assadi et al., 2004) but is not required in corticotrophic AtT-20 cells (Taylor et al., 1998; Lacombe et al., 2005). Similarly, the SG sorting of CHGA and CHGB requires an N-terminal domain in neuroendocrine PC12 cells but not in endocrine GH4C1 cells (Chanat et al., 1993); rather, a C-terminal region of CHGA was required for proper sorting in GH4C1 cells (Cowley et al., 2000). Different sorting domains on the same protein offer insights not only into targeting efficiency but also into the possibility of targeting signal redundancy, which may offer protection from mutations and other damage.
4.2 Sorting mechanisms
Mechanistically, several processes contribute to sorting RSPs into the regulated secretory pathway. An intrinsic propensity to aggregate combined with Ca2+-binding motifs underly one sorting mechanism–selective aggregation of a subset of soluble proteins in the TGN, excluding soluble non-aggregating proteins and giving rise to SGs (Figure 5). In this aggregation mechanism, only one or perhaps a small number of proteins need to interact with the membrane, as the other regulated proteins are targeted to the SG through protein-protein interactions mediated by helper proteins, like the granins. Accordingly, overexpression of CHGB led to more effective sorting into granules in cells (Natori and Huttner, 1996; Huh et al., 2003). Expression of granulogenic proteins (e.g., CHGA) in regulated secretory-deficient cells was sufficient to induce the formation of vesicles that resembled SGs (Kim et al., 2001; Huh et al., 2003; Beuret et al., 2004). However, aggregation alone is insufficient to target all RSPs to SGs (Quinn et al., 1991; Jutras et al., 2000), suggesting additional sorting mechanisms (Lacombe et al., 2005).
Association with lipid rafts is another sorting-at-entry mechanism used by several RSPs (Figure 5). Through insertion into lipid rafts, the transmembrane domains of several prohormone-processing enzymes, like PAM, mediate their own sorting into the regulated secretory pathway (Bell-Parikh et al., 2001). In addition, several sorting receptors in the TGN recruit and fasten SG-destined proteins to membrane sites where a nascent vesicle will bud (Park and Loh, 2008). For example, SCGIII, CPE, PC1/3, and PC2 have all been reported to associate with cholesterol- and sphingolipid-rich lipid rafts, which is crucial for their own targeting to the regulated secretory pathway (Dhanvantari and Loh, 2000; Jutras et al., 2000; Arnaoutova et al., 2003; Assadi et al., 2004; Hosaka et al., 2004; Dikeakos et al., 2009).
Besides interacting with sorting receptors, various cargo adaptors, such as adaptor protein (AP) complexes and monomeric GGA proteins, can help direct proteins into their appropriate transport carriers (Figure 5) (Robinson, 2004). The AP family includes five cytosolic heterotetrameric complexes, AP-1 to AP-5, that mediate sorting of transmembrane proteins on defined intracellular routes (Bonnemaison et al., 2013). AP-1, AP-3, and AP-4 are associated with the TGN, and AP-1 also removes material from ISGs (Bonnemaison et al., 2013; Guardia et al., 2018). AP-2 regulates clathrin-mediated endocytosis at the plasma membrane, and AP-5 facilitates the retrograde transport of proteins from endosomes to the TGN (Bonnemaison et al., 2013; Hirst et al., 2013; Guardia et al., 2018). The subunits of these AP complexes have several isoforms in mammals, suggesting evolutionary adaptation to finetune the process of regulated secretion, particularly in neurons that uniquely express two AP-3 subunits (Dell'Angelica et al., 1997; Boehm and Bonifacino, 2002; Bonifacino, 2014; Li et al., 2016; Guardia et al., 2018). GGA proteins act as monomeric clathrin adaptors (Bonifacino, 2004). Arf small G proteins in an active GTP-bound, membrane-associated state mediate the membrane recruitment of AP complexes and GGAs (Traub et al., 1993; Austin et al., 2000; Collins et al., 2003; Ren et al., 2013). Then, AP complexes can bind to the cytoplasmic tails of cargo proteins and recruit coat proteins (i.e., clathrin) and accessory proteins to drive vesicle formation (Bonnemaison et al., 2013; Tan and Gleeson, 2019). Upon the release of secretory vesicles from the TGN membrane, coat proteins are dissociated and recycled for additional rounds of vesicle formation (Tan and Gleeson, 2019).
4.3 Sorting domains and motifs
The motifs and domains on RSPs that are responsible for their proper sorting into SGs remain enigmatic and not uniform. In general, sorting signals facilitate the aggregation of cargo proteins or piggyback anchoring through association with membrane domains and other proteins (Figure 5).
Within the TGN lumen, proteins targeted to SGs tend to aggregate, not only promoting formation of the dense core of the SGs but also enabling their own sorting to the regulated secretion pathway (Figure 5) (Burgess and Kelly, 1987). Several motifs and domains within RSPs promote aggregation and sorting to SGs. In the case of CHGA, several glutamic acid repeats interact with Ca2+ and promote aggregation at the TGN and in SGs (Parmer et al., 1993). Small disulfide (CC) loops also act as SG sorting signals by promoting self-aggregation at the TGN (Reck et al., 2022). These CC loops are present frequently at the very N- or C-terminus of proteins or close to processing sites and thus potentially exposed (Reck et al., 2022). For example, in POMC, an N-terminal 13-residue CC loop is necessary and sufficient for granule sorting (Tam et al., 1993; Cool et al., 1995; Loh et al., 2002). Longer disulfide loops in CHGA and CHGB are also involved in their sorting to SGs (Kang and Yoo, 1997; Kromer et al., 1998; Glombik et al., 1999; Taupenot et al., 2002). In addition, di-basic processing sites and acidic motifs in prohormones were shown to promote granule sorting, likely via interaction with PCs or CPE (Brechler et al., 1996; Lou et al., 2005). The sorting signal motif for CPE recognition was first identified as two acidic residues and two aliphatic hydrophobic residues in POMC (Cool et al., 1995), and similar sorting motifs were subsequently found in proinsulin (Dhanvantari et al., 2003), BDNF (Lou et al., 2005), and proenkephalin (Normant and Loh, 1998; Cawley et al., 2016).
Amphipathic helices enable interaction with the granule membrane and are important for the incorporation of RSPs and enzymes, like PCs and CPE, into SGs. Besides a disulfide-bonded hydrophobic loop that interacts with SG membrane (Kang and Yoo, 1997), the N-terminal region of CHGA also contains an amphipathic α-helix that may be necessary for sorting CHGA/hormone aggregates into SGs (Thiele and Huttner, 1998a; Taupenot et al., 2002; Laguerre et al., 2020). Similarly, proglucagon is sorted by α-helices present in the mature hormone domains rather than in the typical prohormone domain (McGirr et al., 2013; Guizzetti et al., 2014). Tissue-specific processing of proglucagon by PCs yields glucagon in pancreatic α cells (Furuta et al., 2001) or glucagon-like peptide 1 (GLP-1) and GLP-2 in intestinal L cells and hypothalamic neurons (Dhanvantari et al., 1996; Damholt et al., 1999; Holt et al., 2019). Although each of these products contains α-helices, only the non-amphipathic, dipolar α-helices on glucagon and GLP-1 efficiently target them to the regulated secretory pathway (Guizzetti et al., 2014). In contrast, GLP-2 has a more uniform negative charge distribution along the length of its α-helix (Guizzetti et al., 2014). PC1/3, PC2, and PC5/6A also contain α-helices in their C-termini that form electrostatic interactions and help sort proteins into the regulated secretion pathway (Assadi et al., 2004; Dikeakos et al., 2007b; Dikeakos et al., 2009). There seems to be no correlation between the helix length or the isoelectric point and sorting efficiency, but helices with a positive or negative charge and a hydrophobic segment seem the most effective in sorting (Dikeakos et al., 2007a), suggesting electrostatic interactions also play a role in aggregation, either inter- or intra-molecularly (Zhang et al., 2010). Indeed, Ma et al. (2008) identified four to five residues, two of which are charged, as the elementary sorting unit for protachykinin targeting to SGs. Clustering of these charged elementary units improved aggregation, leading to an additive and graduated effect that also improved sorting (Ma et al., 2008). In summary, charged amphipathic helices or non-amphipathic helices that have segregated charges and a hydrophobic patch are sufficient for targeting to secretory granules (Dikeakos et al., 2007a).
On the cytosolic side, specific motifs in the cytoplasmic domains of SG membrane proteins enable binding to adaptor proteins (Figure 5). The acidic-cluster-dileucine motif (DXXLL, where X is any amino acid) found in MPRs and sortilin, for example, is recognized by GGA proteins (Johnson and Kornfeld, 1992a; b; Chen et al., 1997; Nielsen et al., 2001; Puertollano et al., 2001). Serine and threonine residues embedded within cytosolic acidic clusters serve as substrates for casein kinase II (CKII) phosphorylation that enhances the sorting of proteins, like PAM, CI-MPR, and furin (Meresse et al., 1990; Jones et al., 1995; Chen et al., 1997; Steveson et al., 2001). In addition, VAMP4, phogrin, MPRs, and lysosomal proteins contain tyrosine-based (YXXΦ, where Φ is a bulky hydrophobic residue) and dileucine [(D/E)XXXL(L/I)] sorting motifs that are recognized by AP complexes (Glickman et al., 1989; Honing et al., 1997; Peden et al., 2001; Ghosh and Kornfeld, 2004; Torii et al., 2005; Wasmeier et al., 2005; Braulke and Bonifacino, 2009). These interactions between sorting motifs and adaptor proteins directs MPRs and their cargo proteins into TGN-derived, clathrin-coated vesicles that fuse with endosomes (Doray et al., 2002; Waguri et al., 2003; Braulke and Bonifacino, 2009).
In summary, several years of research uncovered how cells control the secretion of proteins and proposed two major models, sorting-at-entry and sorting by retention, to describe how proteins are sorted into the proper pathway at the TGN. Both models incorporate several sorting mechanisms that promote protein aggregation and binding to unique membrane lipids, leading to SG formation. After budding from the TGN, both constitutive and regulated secretory vesicles are transported to secretion sites at the plasma membrane via microtubule-based transport systems (Park and Loh, 2008).
4.4 Cytoskeletal filaments in the sorting and trafficking of regulated proteins
Kinesin, dynein, and myosin are molecular motors that transport SeVs and SGs along microtubule or actin tracks. In general, SeVs and SGs use the same type of microtubule motor, such as kinesin, for anterograde transport to the secretion sites, and cytoplasmic dynein for retrograde transport back to the cell body (van den Berg and Hoogenraad, 2012). Tight regulation of the transport machinery is critically important to ensure that proteins are picked up and delivered to the right place at the right time. At the end of microtubule-based transport, SGs are transferred to the actin cortex close to the plasma membrane with the help of myosin V and the F-actin motor proteins (Rose et al., 2003; Rudolf et al., 2003). Actin and myosin have established themselves as key players in regulated secretion by providing tracks to target SGs to fusion sites, actively squeezing cargoes from fused vesicles, and following fusion, retrieving excess membrane to maintain cell surface area and recycle several SG-resident proteins (Rudolf et al., 2003; Rojo Pulido et al., 2011; Li et al., 2018; Miklavc and Frick, 2020). Besides its role as the transport platform for myosin motors, F-actin acts as a physical barrier for SG exocytosis and is also involved in the regulation of sorting at the TGN (Park and Loh, 2008; Gutierrez and Villanueva, 2018). During SG biogenesis, F-actin is recruited to the budding granule by actin-related protein-2/3 (ARP2/3) and myosin 1b (Delestre-Delacour et al., 2017). ARP2/3 complex binds to actin and exerts an active role in SG formation through its nucleation and branching activities that provide a structural or force-generating scaffold (Goley and Welch, 2006). The nucleation core activity of ARP2/3 is activated by nucleation promoting factors, such as members of the Wiskott-Aldrich syndrome family (WASP, N-WASP, WAVE, and WASH proteins) (Welch and Mullins, 2002; Alekhina et al., 2017).
The fine-tuned control of actin polymerization on endosomes is fundamental for the retrieval and recycling of several cargoes (Puthenveedu et al., 2010; Simonetti and Cullen, 2019). Retrieval and recycling are orchestrated by several multi-protein complexes, including retromer, commander/CCC/retriever, sorting nexins, and the ARP2/3-activating WASH complex (Simonetti and Cullen, 2019; MacDonald et al., 2020; Placidi and Campa, 2021). Recently, MAGEL2 regulation of the WASH complex and ARP2/3 activation was shown to prevent lysosomal degradation of SG-resident proteins and enable the proper neuroendocrine function of the hypothalamus, suggesting a tissue-specific regulation of compensatory endocytosis in regulated secretion (Figure 6) (Chen et al., 2020). In the next paragraphs, we will briefly summarize retromer-dependent retrograde recycling and its regulation.
[image: Figure 6]FIGURE 6 | MAGEL2 functions in regulated secretion of the hypothalamus. (A) Within hypothalamic neurosecretory cells, MAGEL2 plays a critical role in the retromer-mediated transport of SG components (i.e., PC1/3, PC2, CHGA, CHGB, and CPE) and the lysosomal CI-MPR from the sorting endosome to the TGN. MAGEL2-TRIM27-mediated ubiquitination leads to WASH activation and actin nucleation. (B) The loss of MAGEL2 leads to decreased abundance of SGs, SG-resident proteins, and neuropeptides in the hypothalamus, thus impairing hypothalamic neuroendocrine function.
5 ENDOCYTIC RECYCLING OF PROTEINS IN THE REGULATED SECRETORY PATHWAY
In the secretory pathway, the anterograde trafficking of membranes is compensated by the retrograde transport of lipids and proteins to maintain membrane homeostasis and recycle various proteins and lipids. Endocytic recycling contributes to membrane receptor abundance, cell resensitization, and downstream signaling (Sannerud et al., 2003; Lucas and Hierro, 2017). Protein recycling is also important in the regulated secretion of hormones and neuropeptides (Ferraro et al., 2005; Chen et al., 2020; Neuman et al., 2021).
Endocytosis, occurring through clathrin-dependent and -independent mechanisms, internalizes lipids and proteins from the plasma membrane into early/sorting endosomes (Cullen and Steinberg, 2018; MacDonald et al., 2020). From the sorting endosome, cargo can be recycled back to the plasma membrane or retrograde trafficked to the TGN; both pathways prevent the lysosomal degradation of these recycled proteins (Chamberland and Ritter, 2017; Ma and Burd, 2020; Placidi and Campa, 2021). Ubiquitinated endosomal cargo is directed to lysosomes for degradation by ESCRT (endosomal sorting complex required for transport) complexes (Placidi and Campa, 2021).
Cargo recycling was historically thought of as a passive process, but the recent identification and characterization of specialized recycling complexes (i.e., retromer and commander/CCC/retriever complexes) that recognize specific signals in cytoplasmic domains of cargo proteins revealed the complexity of retrograde sorting machinery (Cullen and Steinberg, 2018; Singla et al., 2019; MacDonald et al., 2020; Placidi and Campa, 2021; Yong et al., 2022). The discovery that several transmembrane proteins, like CI-MPR and β2-adrenergic receptor, travel specific recycling routes first suggested the existence of active sorting to direct cargo into a non-degradative endosomal pathway to its correct cellular destination, such as the plasma membrane or TGN (Duncan and Kornfeld, 1988; Cao et al., 1999; MacDonald et al., 2020; Placidi and Campa, 2021). The subsequent discovery of the trimeric retromer complex (VPS26, VPS29, VPS35) (Arighi et al., 2004; Seaman, 2004), other retromer-like complexes (i.e., retriever) (McNally et al., 2017), and the WASH complex (composed of WASH, FAM21, CCDC53, SWIP/KIAA1033, and Strumpellin) (Derivery et al., 2009; Gomez and Billadeau, 2009; Harbour et al., 2010) confirmed that sequence-dependent recycling actively opposes degradation (Gershlick and Lucas, 2017; MacDonald et al., 2020; Placidi and Campa, 2021). The WASH complex is the major endosomal actin polymerization-promoting complex that stimulates the activity of the ubiquitously expressed ARP2/3 F-actin nucleation complex and the formation of branched actin patches (Derivery et al., 2009; Gomez and Billadeau, 2009; Liu et al., 2009; Seaman et al., 2013). As in anterograde transport, actin and regulation of its polymerization are key components of retrograde transport (Puthenveedu et al., 2010; Seaman et al., 2013; Simonetti and Cullen, 2019; Miklavc and Frick, 2020). Furthermore, the mammalian-specific MAGEL2 has emerged as a tissue-specific regulator of WASH activation and actin nucleation in the hypothalamus (Figure 6) (Chen et al., 2020).
More than 150 membrane proteins rely on the retromer complex for their localization on the cell surface (Steinberg et al., 2013), and neurons are particularly susceptible to any changes in endosomal trafficking due to their long axons and branched dendrites (Chamberland and Ritter, 2017). Retromer dysfunction has been linked to neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease, and frontotemporal lobar degeneration (Harrison et al., 2014; Seaman and Freeman, 2014; Reitz, 2018; Zhang et al., 2018). The loss of MAGEL2 in neurons leads to aberrant endosomal protein trafficking and reduces the abundance of SG proteins, contributing to the etiology of Prader-Willi syndrome (PWS) (Chen et al., 2020). In addition to neuronal and neuroendocrine functions, several other physiological processes depend on retromer (Burd and Cullen, 2014). Furthermore, pathogens like Chlamydia trachomatis and Legionella pneumophila hijack the retromer complex for successful infection (Elwell et al., 2017; Elwell and Engel, 2018).
To summarize, the retrograde recycling of proteins is important for maintaining a plethora of physiological functions. The proper sorting of cargo proteins is critical for returning proteins to their proper place for reuse and preventing their lysosomal degradation. Retromer is at the very center of this retrograde sorting that happens at the early endosome, soon after the cargo is endocytosed.
5.1 Retromer evolution and function
Retromer is an evolutionarily conserved complex that regulates the retrograde pathway across all eukaryotes (Koumandou et al., 2011; McGough and Cullen, 2011; Chamberland and Ritter, 2017). In Saccharomyces cerevisiae, where retromer was first discovered, five vacuolar protein sorting (VPS) proteins compose the two retromer subcomplexes: the cargo-selective complex and the tubulation complex, both of which are conserved in higher eukaryotes (Seaman et al., 1998; Neuman et al., 2021). The cargo-selective complex is a trimer of Vps26, Vps29, and Vps35, which recruits cargo via an association between Vps35 and a sorting motif located within the cytoplasmic tail of cargo (Seaman et al., 1998). Retromer is recruited to the endosomal membrane by the sorting nexin (SNX) proteins Vps5 and Vps17 that form the tubulation complex and contain C-terminal Bin/amphysin/Rvs (BAR) domains that promote membrane tubulation and cargo vesicle formation (Horazdovsky et al., 1997; Nothwehr and Hindes, 1997; Seaman et al., 1998; Chamberland and Ritter, 2017).
Compared to the yeast retromer, the mammalian retromer is more complex and allows for more cargo specificity and transport regulation (Chen et al., 2019). In addition, the interactions between the retromer subcomplexes are more transitional and may not always occur in mammalian cells (Harbour and Seaman, 2011; Cullen and Steinberg, 2018). For example, both subcomplexes are needed to facilitate recycling of CI-MPR and other cargo in yeast cells (Yong et al., 2022), whereas the SNX-BAR dimer and not the VPS trimer is required for CI-MPR recycling in mammalian cells (Kvainickas et al., 2017; Simonetti et al., 2017), implying functional segregation of the two subcomplexes (Chamberland and Ritter, 2017). The acquisition of new binding partners in mammals that are not found in yeast provides further evidence of the functional divergence between the subcomplexes (Chamberland and Ritter, 2017). From now on in this manuscript, retromer will refer to the VPS26-VPS29-VPS35 heterotrimer core that is found in mammals (VPS26 has two isoforms in mammals).
The retromer complex serves as a hub for recruiting accessory proteins and complexes, such as receptor-mediated endocytosis-8 (RME-8) (Freeman et al., 2014), Eps15 homology domain-containing protein-1 (EHD1) (Gokool et al., 2007), TBC1D5 (Seaman et al., 2009), and the WASH complex (Kvainickas et al., 2017; Simonetti et al., 2017), that regulate retromer’s role in endosomal trafficking and endosomal tubule dynamics (Harbour et al., 2010). For example, VPS35 binds to SNX3 and the GTPase Rab7, leading to membrane recruitment of retromer (Burd and Cullen, 2014; Harrison et al., 2014). While SNX3 directs retromer to early endosomes by binding to phosphatidylinositol 3-phosphate [PtdIns(3)P] (Harterink et al., 2011), Rab7-GTP recruits retromer to late endosomes (Rojas et al., 2008; Progida et al., 2010; Harrison et al., 2014). TBC1D5, which binds to VPS35 and VPS29, negatively regulates membrane recruitment of retromer by acting as a GTPase-activating protein for Rab7 (Seaman et al., 2009; Jia et al., 2016; Borg Distefano et al., 2018). Another important accessory protein is the WASH complex protein FAM21, which binds directly to VPS35 through its C-terminal repeats of the LFa motif (Gomez and Billadeau, 2009; Harbour et al., 2012; Jia et al., 2012; Helfer et al., 2013; Chen et al., 2019). WASH, which is regulated by MAGEL2 and USP7, then nucleates actin on the membrane (Hao et al., 2013; Hao et al., 2015; Florke Gee et al., 2020). The interaction between WASH and the Prader-Willi protein MAGEL2 will be discussed further in the last section.
5.2 Retromer and the sorting nexin protein family
Retromer functions as a coat complex that packages and delivers its cargo via tubular or vesicular structures to the TGN or plasma membrane (Lucas and Hierro, 2017; Wang et al., 2018). Vesicles coated with retromer are defined as retromer-coated endosomal tubular carriers (ETCs). Compared to other protein coats (i.e., clathrin, COPI, and COPII), ETCs are much more heterogeneous with a “loose” assembled coat, possibly an adaptation to different membrane curvatures (Chen et al., 2019). Retromer coat assembly depends on SNX proteins in mammals, as retromer does not possess intrinsic membrane-binding properties (Burd and Cullen, 2014; Chen et al., 2019). Different combinations of SNX proteins and retromer are important for recycling specific proteins (Gallon and Cullen, 2015; Chamberland and Ritter, 2017; Yong et al., 2022).
The SNX protein family expanded from 10 proteins in yeast to 33 in mammals and six of them (SNX1, SNX2, SNX3, SNX5, SNX6, and SNX27) were shown to associate with the retromer complex (Cullen, 2008; Burd and Cullen, 2014; Lucas and Hierro, 2017). SNX1 and SNX2 are Vps5 orthologs, and SNX5 and SNX6 are Vps17 orthologs (McGough and Cullen, 2011). All SNX proteins possess a Phox (PX) domain that binds to phospholipids, in particular PtdIns(3)P, found in endosomes (Bugarcic et al., 2011; Chamberland and Ritter, 2017; Wang et al., 2018). SNX proteins are divided into subfamilies based on their domain architecture (Wang et al., 2018). SNX-PX subfamily members, like SNX3, only possess a PX domain. The SNX-FERM (4.1/ezrin/radixin/moesin) subfamily member SNX27 contains a FERM domain, which can bind to PtdIns(3)P and NPxY motifs, and a PDZ domain, which facilitates protein-protein interactions (Zhang et al., 2018). The SNX-BAR subfamily members contain a BAR domain that is capable of sensing and inducing membrane curvature (Burd and Cullen, 2014). The retromer-interacting proteins from the SNX-BAR subfamily include SNX1, SNX2, SNX5, and SNX6 (Lucas and Hierro, 2017). Although most SNX proteins associate with early endosome-enriched PtdIns(3)P, some also interact with late endosome-enriched phosphatidylinositol 3,5-phosphate [PtdIns(3,5)P]. SNX-PX-retromer and SNX-BAR-retromer mediate retrograde transport to the TGN, and SNX27-retromer mediates recycling to the plasma membrane through its PDZ domain (Temkin et al., 2011; Steinberg et al., 2013; Lucas and Hierro, 2017). Besides binding phosphatidylinositides, SNXs also play a central role in cargo recognition (Wang et al., 2018).
Retromer cargo selection is facilitated directly by VPS35 and VPS26 and/or by adaptor proteins, like SNXs, AP-1, and GGAs (Burd and Cullen, 2014; Cullen and Steinberg, 2018). The cargo proteins CI-MPR, sortilin, Wntless, and polymeric immunoglobulin (pIg) receptor possess a ΦX(L/M/V), where Φ is F/Y/W, consensus sequence that facilitates direct binding to SNX3-retromer (Verges et al., 2004; Seaman, 2007; Canuel et al., 2008; Harterink et al., 2011; Harrison et al., 2014; Lucas and Hierro, 2017; Cui et al., 2019; Yong et al., 2022). In general, at least a hydrophobic (F/W)L(M/V) motif that is commonly present in cargo proteins is needed for retromer-mediated sorting (Seaman, 2007; Cullen and Steinberg, 2018). This direct retromer interaction pathway is likely conserved in all eukaryotes. In contrast, metazoan-specific adaptor-dependent sorting allowed for the evolution of a plethora of sorting signals to finetune retrograde trafficking (Cullen and Steinberg, 2018). For example, a bipartite motif in VPS10, the functional homolog of CI-MPR in yeast, is needed for precise recognition by yeast retromer subunits Vps26 and Vps35 but not Vps17 (Suzuki et al., 2019). However, mammalian SNX5/SNX6 (yeast orthologs of Vps17) may function as the cargo-selecting module that recognizes a bipartite motif in CI-MPR and many other cargo proteins (Kvainickas et al., 2017; Simonetti et al., 2017; Simonetti et al., 2019; Yong et al., 2020). As another example, metazoan-specific SNX27 acts as an adaptor protein to select cargo through its FERM and PDZ domains (Cullen and Steinberg, 2018; Chen et al., 2019). Examples of SNX27 cargo containing a PDZ-binding motif [i.e., (S/T)xΦ] include β2-adrenergic receptor, parathyroid hormone receptor 1 (PTHR), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, and the N-methyl-D-aspartate (NMDA) receptor, which are all important in neuroendocrine tissues (Temkin et al., 2011; Steinberg et al., 2013; Lucas and Hierro, 2017). Some of these proteins, particularly their sorting motifs, must be phosphorylated to facilitate high-affinity binding to SNX27, suggesting additional complexity in regulation and finetuning of retrograde transport (Clairfeuille et al., 2016; Lucas and Hierro, 2017).
5.3 Retromer, the WASH complex, and F-actin in retrograde trafficking
An essential part of endosomal recycling is membrane remodeling, which is mediated by patches of branched F-actin, and requires membrane localization of the retromer, WASH, and ARP2/3 complexes (Fokin and Gautreau, 2021). Endosomal cargo proteins are recognized by specific combinations of retromer and SNXs (Gallon and Cullen, 2015; Chamberland and Ritter, 2017; Yong et al., 2022). SNX proteins localize the retromer complex to the membrane, and FAM21 binds to retromer’s VPS35 to facilitate membrane localization of the WASH complex (Harbour et al., 2010; Bugarcic et al., 2011; Harbour et al., 2012; Jia et al., 2012; Helfer et al., 2013; Seaman and Freeman, 2014; Chamberland and Ritter, 2017). A recent study indicates that SWIP/KIAA1033 can also recruit the WASH complex to the endosomal membrane independently of the FAM21-VPS35 interaction (Dostal et al., 2023). The endosomal membrane recruitment of WASH complex may also be mediated through interaction with SNX27 (Temkin et al., 2011; Steinberg et al., 2013) or its own direct interaction with endosomal lipids (Derivery et al., 2009).
The WASH complex functions as the major actin nucleation-promoting factor in endosomal recycling and is required for the recycling of several proteins, including CI-MPR, glucose transporter 1 (GLUT1), α5β1 integrin, and major histocompatibility complex II (MHC II) (Gomez and Billadeau, 2009; Zech et al., 2011; Piotrowski et al., 2013; Graham et al., 2014; Dostal et al., 2023). WASH possesses a conserved C-terminal VCA (verprolin homologous or WASP-homology-2, connector, and acidic) domain that binds actin monomers and ARP2/3 to trigger actin filament nucleation (Linardopoulou et al., 2007; Duleh and Welch, 2010). More specifically, binding of ARP2/3 to WASH’s VCA domain induces a conformational change in ARP2/3 that loads the first actin monomer and allows further actin polymerization through rapid ATP hydrolysis on ARP2 (Derivery et al., 2009; Padrick et al., 2011; Espinoza-Sanchez et al., 2018). Prior to actin nucleation, WASH’s VCA domain is autoinhibited by intra- and intermolecular interactions (Hao et al., 2013). Small GTPases and PtdIns(4,5)P are some general regulators that may release VCA motif inhibition, but tissue-specific machinery, like the MUST complex (composed of MAGEL2, TRIM27 and USP7) might have evolved to enable better adaptation to specific environmental challenges (Figure 6) (Fon Tacer and Potts, 2017; Lee and Potts, 2017; Florke Gee et al., 2020).
The WASH complex promotes retromer trafficking by triggering actin polymerization via ARP2/3 complex recruitment and activation. Actin polymerization combined with the action of SNX-BAR proteins and motor proteins ultimately leads to the formation of tubular structures (Fokin and Gautreau, 2021). Subsequent actin polymerization and the activity of the dynein-dynactin complex leads to the fission of tubular vesicles that carry various cargo proteins to their final destinations (Hunt et al., 2013; Wang et al., 2018; Fokin et al., 2021). This pathway is well-established for diverse constitutively secreted receptors; however, recent evidence suggests that essential SG membrane proteins and granins are recycled back to the TGN for nascent granule formation by retromer-dependent retrograde transport, though the mechanistic details and sorting motifs are still more or less unknown (Ferraro et al., 2005; Ma et al., 2020; Neuman et al., 2021). Interestingly, Prader-Willi mouse models with depletion of Magel2 suggested that, in the hypothalamus, SG-resident proteins are the major targets of Magel2-retromer-dependent protein recycling (Figure 6) (Fon Tacer and Potts, 2017; Lee and Potts, 2017; Florke Gee et al., 2020).
6 MAGEL2 IN REGULATED SECRETION OF THE HYPOTHALAMUS
MAGEL2 is a mammalian-specific member of the melanoma antigen gene (MAGE) family that is specifically expressed in the brain and highly enriched in the hypothalamus (Figure 3) (Hao et al., 2015; Fon Tacer et al., 2019). Like many MAGE family proteins, MAGEL2 functions as a regulator of an E3 ubiquitin ligase (Doyle et al., 2010; Lee and Potts, 2017; Florke Gee et al., 2020). In particular, MAGEL2 interacts with the RING E3 ligase TRIM27 and VPS35 in the retromer complex, thus facilitating the localization of TRIM27 to retromer-positive endosomes (Figure 6A) (Hao et al., 2013). MAGEL2-TRIM27 promotes K63-linked polyubiquitination of WASH K220 (Hao et al., 2013). Unlike some other ubiquitin linkage types, K63-linked ubiquitination generally acts as a signaling event rather than targeting a protein for proteasomal degradation. Accordingly, MAGEL2-TRIM27-mediated ubiquitination leads to WASH activation and actin polymerization (Hao et al., 2013; Hao et al., 2015; Fon Tacer and Potts, 2017). The deubiquitinase USP7 forms a complex with MAGEL2-TRIM27 and preferentially cleaves K63-linked ubiquitin chains (Hao et al., 2015). Thus, USP7 fine-tunes F-actin levels in the endosome by counteracting TRIM27 activity and preventing the overactivation of WASH (Hao et al., 2015). Although retromer is the major player in endosomal retrieval and recycling, other similar complexes also recycle proteins (McNally and Cullen, 2018). Interestingly, the WASH complex can also associate with commander/CCC/retriever complex (Phillips-Krawczak et al., 2015; McNally et al., 2017; Chen et al., 2019); however, the role of MAGEL2 in activating WASH in association with this complex is not known and warrants future investigation. Furthermore, why WASH needs finetuning by MAGEL2 in the hypothalamic neurons is the subject of current research.
The hypothalamus is a region of the brain that integrates signals from different sensory inputs to maintain homeostasis by reacting and adapting to any changes or stressors in the environment. By controlling the autonomic nervous system via neurons linking it to both the parasympathetic and sympathetic systems, the hypothalamus regulates body temperature, hormones (e.g., thyrotropin-releasing hormone, gonadotropin-releasing hormone, somatostatin, and dopamine), and behavioral responses. Hormones released from hypothalamic neurons travel through the hypophyseal portal system to the pituitary gland, controlling the release of other hormones that regulate various endocrine glands and organs. By linking the nervous and endocrine systems, this hypothalamus-pituitary axis acts as a major control center in the body (Nillni, 2007). Intriguingly, the diverse functions of the MAGE protein family are unified in their physiological function of stress adaptation (Fon Tacer et al., 2019; Florke Gee et al., 2020). MAGEL2 is uniquely expressed in the hypothalamus, and the molecular understanding of its function suggests its role as a tissue-specific regulator of the retrograde recycling of SG components and neuroendocrine function in the hypothalamus (Hao et al., 2015; Fon Tacer and Potts, 2017).
Given that the hypothalamus plays a key role in regulating many physiological processes, perturbations in the regulated secretion pathway lead to improper hypothalamic development and function that phenotypically manifests in syndromes, such as PWS and Schaaf-Yang syndrome (SYS) (Hoyos Sanchez et al., 2023). PWS is a complex neurogenetic disorder caused by paternal loss of the maternally imprinted 15q11-q13 chromosomal region (called the Prader-Willi region) that contains small nucleolar RNA genes and six protein-coding genes (MKRN3, NDN, NPAP1, SNURF-SNRPN, and MAGEL2) (Butler et al., 2019; Alves and Franco, 2020). While the loss of MAGEL2 affects regulated secretion in the hypothalamus (Figure 6B), loss of the other Prader-Willi region genes also impacts the clinical presentation of PWS (Cassidy and Driscoll, 2009; Fon Tacer and Potts, 2017; Chen et al., 2020). Currently, PWS and SYS have no cure or effective therapy, and treatment focuses on managing the symptoms that arise from perturbations in the regulated secretion pathway and the dysregulation of crucial hypothalamic hormones (Alves and Franco, 2020; Hoyos Sanchez et al., 2023). Given that PWS is relatively common and affects 1 in 15,000 children, there is a pressing need to find better treatment options (Cassidy and Driscoll, 2009). The recent findings about MAGEL2’s role in regulated secretion suggest that restoring this pathway may alleviate multiple symptoms of PWS and other similar neurodevelopmental disorders (Chen et al., 2020).
While the mechanisms of retrograde trafficking are extremely complex, cargo sorting at the endosomes culminates in ARP2/3 activation and, in turn, actin nucleation. Through facilitating the activation of WASH, MAGEL2 functions as a tissue-specific regulator of ARP2/3 activation in the hypothalamus (Hao et al., 2013; Hao et al., 2015). The loss of MAGEL2 expression causes deficits in SG abundance and bioactive neuropeptide production, impacting hypothalamic neuroendocrine function and contributing to the clinical presentation of PWS (Figure 6B) (Chen et al., 2020; Hoyos Sanchez et al., 2023). In particular, reduced levels of the neuropeptides vasopressin, galanin, oxytocin, proenkephalin, somatostatin, and thyrotropin-releasing hormone and the SG components involved in their processing and release (i.e., CHGB, secretogranin II and III, PC1/3, PC2, and CPE) have been discovered in PWS mouse models and patient-derived neuronal cell models (Chen et al., 2020; Hoyos Sanchez et al., 2023).
7 CONCLUSION
Together, several decades of research provided important insights into the complexity of vesicle trafficking and protein sorting in neuroendocrine cells. In the regulated secretory pathway, the anterograde transport is compensated by the retrograde movement of lipids and proteins to maintain membrane homeostasis and recycle various proteins. Intriguingly, the recycling of constitutive proteins of secretory granules (e.g., PCs, CPE, and granins) that enable hormone and neuropeptide maturation and cargo condensation, emerged as critical for proper hypothalamic secretion. Furthermore, actin polymerization at the site of protein sorting and vesicle budding controls retrograde transport and is regulated in a tissue-specific manner by WASH complex and MAGEL2 in the hypothalamus. Intriguingly, the diverse functions of the MAGE protein family are unified in their physiological function of stress adaptation. Given that MAGEL2 is uniquely expressed in the hypothalamus, the molecular understanding of its function suggests its role to enable better and faster adaptation to an ever-changing environment. The loss of MAGEL2 ultimately leads to insufficient F-actin nucleation and a decreased percentage of SG proteins recycled, which manifests in a perturbation of the hormonal secretion in patients with Prader-Willi and Schaaf-Yang syndromes. Further uncovering of the tissue-specific regulation of anterograde and retrograde transport thus offers potential therapeutic opportunities for patients.
AUTHOR CONTRIBUTIONS
Conceptualization: KFT, DŠ, RFG, and MH; writing—original draft preparation: DŠ, RFG, and KFT; writing—review and editing: RFG and KFT; supervision: KFT. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by the Texas Tech University start-up (to KFT), Cancer Prevention and Research Institute of Texas Scholar Award RR200059 (to KFT), the Foundation for Prader–Willi Syndrome Research Grants 22-0321 and 23-0447 (to KFT). DŠ was the recipient of the 2022 American Slovenian Educational Foundation (ASEF) fellowship.
ACKNOWLEDGMENTS
We thank members of the Fon Tacer laboratory for their advice and critical discussions. We apologize for our inability to discuss and reference all work in the field due to space limitations. Figures were created with BioRender (BioRender.com).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ABBREVIATIONS
SG, secretory granule; ISG, immature secretory granule; SeV, secretory vesicle; SV, synaptic vesicle; PC, proprotein convertase; CPE, carboxypeptidase E; M6P, mannose-6-phosphate; MPR, mannose-6-phosphate receptor; RSPs, regulated secretory proteins; AP-1, adaptor protein 1; GGA, Golgi-localized, γ-ear containing, ARF-binding; CKII, casein kinase II; PWS, Prader-Willi syndrome; SYS, Schaaf-Yang syndrome.
REFERENCES
 Ahras, M., Otto, G. P., and Tooze, S. A. (2006). Synaptotagmin IV is necessary for the maturation of secretory granules in PC12 cells. J. Cell. Biol. 173, 241–251. doi:10.1083/jcb.200506163
 Alekhina, O., Burstein, E., and Billadeau, D. D. (2017). Cellular functions of WASP family proteins at a glance. J. Cell. Sci. 130 (14), 2235–2241. doi:10.1242/jcs.199570
 Alves, C., and Franco, R. R. (2020). Prader-willi syndrome: endocrine manifestations and management. Arch. Endocrinol. Metab. 64 (3), 223–234. doi:10.20945/2359-3997000000248
 Anini, Y., Mayne, J., Gagnon, J., Sherbafi, J., Chen, A., Kaefer, N., et al. (2010). Genetic deficiency for proprotein convertase subtilisin/kexin type 2 in mice is associated with decreased adiposity and protection from dietary fat-induced body weight gain. Int. J. Obes. (Lond) 34 (11), 1599–1607. doi:10.1038/ijo.2010.90
 Arighi, C. N., Hartnell, L. M., Aguilar, R. C., Haft, C. R., and Bonifacino, J. S. (2004). Role of the mammalian retromer in sorting of the cation-independent mannose 6-phosphate receptor. J. Cell. Biol. 165 (1), 123–133. doi:10.1083/jcb.200312055
 Arnaoutova, I., Smith, A. M., Coates, L. C., Sharpe, J. C., Dhanvantari, S., Snell, C. R., et al. (2003). The prohormone processing enzyme PC3 is a lipid raft-associated transmembrane protein. Biochemistry 42 (35), 10445–10455. doi:10.1021/bi034277y
 Assadi, M., Sharpe, J. C., Snell, C., and Loh, Y. P. (2004). The C-terminus of prohormone convertase 2 is sufficient and necessary for Raft association and sorting to the regulated secretory pathway. Biochemistry 43 (24), 7798–7807. doi:10.1021/bi036331g
 Austin, C., Hinners, I., and Tooze, S. A. (2000). Direct and GTP-dependent interaction of ADP-ribosylation factor 1 with clathrin adaptor protein AP-1 on immature secretory granules. J. Biol. Chem. 275 (29), 21862–21869. doi:10.1074/jbc.M908875199
 Bartolomucci, A., Possenti, R., Mahata, S. K., Fischer-Colbrie, R., Loh, Y. P., and Salton, S. R. (2011). The extended granin family: structure, function, and biomedical implications. Endocr. Rev. 32 (6), 755–797. doi:10.1210/er.2010-0027
 Bell-Parikh, L. C., Eipper, B. A., and Mains, R. E. (2001). Response of an integral granule membrane protein to changes in pH. J. Biol. Chem. 276 (32), 29854–29863. doi:10.1074/jbc.M103936200
 Beuret, N., Stettler, H., Renold, A., Rutishauser, J., and Spiess, M. (2004). Expression of regulated secretory proteins is sufficient to generate granule-like structures in constitutively secreting cells. J. Biol. Chem. 279 (19), 20242–20249. doi:10.1074/jbc.M310613200
 Bhave, M., Mettlen, M., Wang, X., and Schmid, S. L. (2020). Early and nonredundant functions of dynamin isoforms in clathrin-mediated endocytosis. Mol. Biol. Cell. 31 (18), 2035–2047. doi:10.1091/mbc.E20-06-0363
 Bittner, M. A., Aikman, R. L., and Holz, R. W. (2013). A nibbling mechanism for clathrin-mediated retrieval of secretory granule membrane after exocytosis. J. Biol. Chem. 288 (13), 9177–9188. doi:10.1074/jbc.M113.450361
 Blanchard, F., Duplomb, L., Raher, S., Vusio, P., Hoflack, B., Jacques, Y., et al. (1999). Mannose 6-Phosphate/Insulin-like growth factor II receptor mediates internalization and degradation of leukemia inhibitory factor but not signal transduction. J. Biol. Chem. 274 (35), 24685–24693. doi:10.1074/jbc.274.35.24685
 Boehm, M., and Bonifacino, J. S. (2002). Genetic analyses of adaptin function from yeast to mammals. Gene 286 (2), 175–186. doi:10.1016/s0378-1119(02)00422-5
 Bonifacino, J. S. (2004). The GGA proteins: adaptors on the move. Nat. Rev. Mol. Cell. Biol. 5 (1), 23–32. doi:10.1038/nrm1279
 Bonifacino, J. S. (2014). Adaptor proteins involved in polarized sorting. J. Cell. Biol. 204 (1), 7–17. doi:10.1083/jcb.201310021
 Bonnemaison, M. L., Eipper, B. A., and Mains, R. E. (2013). Role of adaptor proteins in secretory granule biogenesis and maturation. Front. Endocrinol. (Lausanne) 4, 101. doi:10.3389/fendo.2013.00101
 Borg Distefano, M., Hofstad Haugen, L., Wang, Y., Perdreau-Dahl, H., Kjos, I., Jia, D., et al. (2018). TBC1D5 controls the GTPase cycle of Rab7b. J. Cell. Sci. 131 (17). doi:10.1242/jcs.216630
 Borges, R., Diaz-Vera, J., Dominguez, N., Arnau, M. R., and Machado, J. D. (2010). Chromogranins as regulators of exocytosis. J. Neurochem. 114 (2), 335–343. doi:10.1111/j.1471-4159.2010.06786.x
 Braulke, T., and Bonifacino, J. S. (2009). Sorting of lysosomal proteins. Biochim. Biophys. Acta 1793 (4), 605–614. doi:10.1016/j.bbamcr.2008.10.016
 Brechler, V., Chu, W. N., Baxter, J. D., Thibault, G., and Reudelhuber, T. L. (1996). A protease processing site is essential for prorenin sorting to the regulated secretory pathway. J. Biol. Chem. 271 (34), 20636–20640. doi:10.1074/jbc.271.34.20636
 Brown, J., Delaine, C., Zaccheo, O. J., Siebold, C., Gilbert, R. J., van Boxel, G., et al. (2008). Structure and functional analysis of the IGF-II/IGF2R interaction. EMBO J. 27 (1), 265–276. doi:10.1038/sj.emboj.7601938
 Bugarcic, A., Zhe, Y., Kerr, M. C., Griffin, J., Collins, B. M., and Teasdale, R. D. (2011). Vps26A and Vps26B subunits define distinct retromer complexes. Traffic 12 (12), 1759–1773. doi:10.1111/j.1600-0854.2011.01284.x
 Burd, C., and Cullen, P. J. (2014). Retromer: A master conductor of endosome sorting. Cold Spring Harb. Perspect. Biol. 6 (2). doi:10.1101/cshperspect.a016774
 Burgess, T. L., and Kelly, R. B. (1987). Constitutive and regulated secretion of proteins. Annu. Rev. Cell. Biol. 3, 243–293. doi:10.1146/annurev.cb.03.110187.001331
 Burgoyne, R. D., and Morgan, A. (2003). Secretory granule exocytosis. Physiol. Rev. 83 (2), 581–632. doi:10.1152/physrev.00031.2002
 Butler, M. G., Miller, J. L., and Forster, J. L. (2019). Prader-willi syndrome - clinical genetics, diagnosis and treatment approaches: an update. Curr. Pediatr. Rev. 15 (4), 207–244. doi:10.2174/1573396315666190716120925
 Canuel, M., Lefrancois, S., Zeng, J., and Morales, C. R. (2008). AP-1 and retromer play opposite roles in the trafficking of sortilin between the Golgi apparatus and the lysosomes. Biochem. Biophys. Res. Commun. 366 (3), 724–730. doi:10.1016/j.bbrc.2007.12.015
 Cao, T. T., Deacon, H. W., Reczek, D., Bretscher, A., and von Zastrow, M. (1999). A kinase-regulated PDZ-domain interaction controls endocytic sorting of the beta2-adrenergic receptor. Nature 401 (6750), 286–290. doi:10.1038/45816
 Carmon, O., Laguerre, F., Riachy, L., Delestre-Delacour, C., Wang, Q., Tanguy, E., et al. (2020). Chromogranin A preferential interaction with Golgi phosphatidic acid induces membrane deformation and contributes to secretory granule biogenesis. FASEB J. 34 (5), 6769–6790. doi:10.1096/fj.202000074R
 Cassidy, S. B., and Driscoll, D. J. (2009). Prader-Willi syndrome. Eur. J. Hum. Genet. 17 (1), 3–13. doi:10.1038/ejhg.2008.165
 Cawley, N. X., Wetsel, W. C., Murthy, S. R., Park, J. J., Pacak, K., and Loh, Y. P. (2012). New roles of carboxypeptidase E in endocrine and neural function and cancer. Endocr. Rev. 33 (2), 216–253. doi:10.1210/er.2011-1039
 Cawley, N. X., Li, Z., and Loh, Y. P. (2016). 60 years of POMC: biosynthesis, trafficking, and secretion of pro-opiomelanocortin-derived peptides. J. Mol. Endocrinol. 56 (4), T77–T97. doi:10.1530/JME-15-0323
 Cendron, L., Rothenberger, S., Cassari, L., Dettin, M., and Pasquato, A. (2023). Proprotein convertases regulate trafficking and maturation of key proteins within the secretory pathway. Adv. Protein Chem. Struct. Biol. 133, 1–54. doi:10.1016/bs.apcsb.2022.10.001
 Chamberland, J. P., and Ritter, B. (2017). Retromer revisited: evolving roles for retromer in endosomal sorting. J. Cell. Biol. 216 (11), 3433–3436. doi:10.1083/jcb.201708111
 Chanat, E., and Huttner, W. B. (1991). Milieu-induced, selective aggregation of regulated secretory proteins in the trans-Golgi network. J. Cell. Biol. 115 (6), 1505–1519. doi:10.1083/jcb.115.6.1505
 Chanat, E., Weiss, U., Huttner, W. B., and Tooze, S. A. (1993). Reduction of the disulfide bond of chromogranin B (secretogranin I) in the trans-Golgi network causes its missorting to the constitutive secretory pathways. EMBO J. 12 (5), 2159–2168. doi:10.1002/j.1460-2075.1993.tb05864.x
 Chen, H. J., Yuan, J., and Lobel, P. (1997). Systematic mutational analysis of the cation-independent mannose 6-phosphate/insulin-like growth factor II receptor cytoplasmic domain. An acidic cluster containing a key aspartate is important for function in lysosomal enzyme sorting. J. Biol. Chem. 272 (11), 7003–7012. doi:10.1074/jbc.272.11.7003
 Chen, K. E., Healy, M. D., and Collins, B. M. (2019). Towards a molecular understanding of endosomal trafficking by Retromer and Retriever. Traffic 20 (7), 465–478. doi:10.1111/tra.12649
 Chen, H., Victor, A. K., Klein, J., Tacer, K. F., Tai, D. J., de Esch, C., et al. (2020). Loss of MAGEL2 in Prader-Willi syndrome leads to decreased secretory granule and neuropeptide production. JCI Insight 5 (17). doi:10.1172/jci.insight.138576
 Chidgey, M. A. (1993). Protein targeting to dense-core secretory granules. Bioessays 15 (5), 317–321. doi:10.1002/bies.950150505
 Chieregatti, E., and Meldolesi, J. (2005). Regulated exocytosis: new organelles for non-secretory purposes. Nat. Rev. Mol. Cell. Biol. 6 (2), 181–187. doi:10.1038/nrm1572
 Clairfeuille, T., Mas, C., Chan, A. S., Yang, Z., Tello-Lafoz, M., Chandra, M., et al. (2016). A molecular code for endosomal recycling of phosphorylated cargos by the SNX27-retromer complex. Nat. Struct. Mol. Biol. 23 (10), 921–932. doi:10.1038/nsmb.3290
 Collins, B. M., Watson, P. J., and Owen, D. J. (2003). The structure of the GGA1-GAT domain reveals the molecular basis for ARF binding and membrane association of GGAs. Dev. Cell. 4 (3), 321–332. doi:10.1016/s1534-5807(03)00037-6
 Cool, D. R., and Loh, Y. P. (1998). Carboxypeptidase E is a sorting receptor for prohormones: binding and kinetic studies. Mol. Cell. Endocrinol. 139 (1-2), 7–13. doi:10.1016/s0303-7207(98)00081-1
 Cool, D. R., Fenger, M., Snell, C. R., and Loh, Y. P. (1995). Identification of the sorting signal motif within pro-opiomelanocortin for the regulated secretory pathway. J. Biol. Chem. 270 (15), 8723–8729. doi:10.1074/jbc.270.15.8723
 Cool, D. R., Normant, E., Shen, F., Chen, H. C., Pannell, L., Zhang, Y., et al. (1997). Carboxypeptidase E is a regulated secretory pathway sorting receptor: genetic obliteration leads to endocrine disorders in cpe(fat) mice. Cell. 88 (1), 73–83. doi:10.1016/s0092-8674(00)81860-7
 Coutinho, M. F., Prata, M. J., and Alves, S. (2012). Mannose-6-phosphate pathway: A review on its role in lysosomal function and dysfunction. Mol. Genet. Metab. 105 (4), 542–550. doi:10.1016/j.ymgme.2011.12.012
 Cowley, D. J., Moore, Y. R., Darling, D. S., Joyce, P. B., and Gorr, S. U. (2000). N- and C-terminal domains direct cell type-specific sorting of chromogranin A to secretory granules. J. Biol. Chem. 275 (11), 7743–7748. doi:10.1074/jbc.275.11.7743
 Creemers, J. W., Choquet, H., Stijnen, P., Vatin, V., Pigeyre, M., Beckers, S., et al. (2012). Heterozygous mutations causing partial prohormone convertase 1 deficiency contribute to human obesity. Diabetes 61 (2), 383–390. doi:10.2337/db11-0305
 Cui, Y., Carosi, J. M., Yang, Z., Ariotti, N., Kerr, M. C., Parton, R. G., et al. (2019). Retromer has a selective function in cargo sorting via endosome transport carriers. J. Cell. Biol. 218 (2), 615–631. doi:10.1083/jcb.201806153
 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 (11), 679–696. doi:10.1038/s41580-018-0053-7
 Cullen, P. J. (2008). Endosomal sorting and signalling: an emerging role for sorting nexins. Nat. Rev. Mol. Cell. Biol. 9 (7), 574–582. doi:10.1038/nrm2427
 Damholt, A. B., Buchan, A. M., Holst, J. J., and Kofod, H. (1999). Proglucagon processing profile in canine L cells expressing endogenous prohormone convertase 1/3 and prohormone convertase 2. Endocrinology 140 (10), 4800–4808. doi:10.1210/endo.140.10.7068
 Day, R., and Gorr, S. U. (2003). Secretory granule biogenesis and chromogranin A: master gene, on/off switch or assembly factor?Trends Endocrinol. Metab. 14 (1), 10–13. doi:10.1016/s1043-2760(02)00011-5
 Delestre-Delacour, C., Carmon, O., Laguerre, F., Estay-Ahumada, C., Courel, M., Elias, S., et al. (2017). Myosin 1b and F-actin are involved in the control of secretory granule biogenesis. Sci. Rep. 7 (1), 5172. doi:10.1038/s41598-017-05617-1
 Dell'Angelica, E. C., Ohno, H., Ooi, C. E., Rabinovich, E., Roche, K. W., and Bonifacino, J. S. (1997). AP-3: an adaptor-like protein complex with ubiquitous expression. EMBO J. 16 (5), 917–928. doi:10.1093/emboj/16.5.917
 Derivery, E., Sousa, C., Gautier, J. J., Lombard, B., Loew, D., and Gautreau, A. (2009). The Arp2/3 activator WASH controls the fission of endosomes through a large multiprotein complex. Dev. Cell. 17 (5), 712–723. doi:10.1016/j.devcel.2009.09.010
 Dhanvantari, S., and Loh, Y. P. (2000). Lipid raft association of carboxypeptidase E is necessary for its function as a regulated secretory pathway sorting receptor. J. Biol. Chem. 275 (38), 29887–29893. doi:10.1074/jbc.M005364200
 Dhanvantari, S., Seidah, N. G., and Brubaker, P. L. (1996). Role of prohormone convertases in the tissue-specific processing of proglucagon. Mol. Endocrinol. 10 (4), 342–355. doi:10.1210/mend.10.4.8721980
 Dhanvantari, S., Arnaoutova, I., Snell, C. R., Steinbach, P. J., Hammond, K., Caputo, G. A., et al. (2002). Carboxypeptidase E, a prohormone sorting receptor, is anchored to secretory granules via a C-terminal transmembrane insertion. Biochemistry 41 (1), 52–60. doi:10.1021/bi015698n
 Dhanvantari, S., Shen, F. S., Adams, T., Snell, C. R., Zhang, C., Mackin, R. B., et al. (2003). Disruption of a receptor-mediated mechanism for intracellular sorting of proinsulin in familial hyperproinsulinemia. Mol. Endocrinol. 17 (9), 1856–1867. doi:10.1210/me.2002-0380
 Dikeakos, J. D., and Reudelhuber, T. L. (2007). Sending proteins to dense core secretory granules: still a lot to sort out. J. Cell. Biol. 177 (2), 191–196. doi:10.1083/jcb.200701024
 Dikeakos, J. D., Lacombe, M. J., Mercure, C., Mireuta, M., and Reudelhuber, T. L. (2007a). A hydrophobic patch in a charged alpha-helix is sufficient to target proteins to dense core secretory granules. J. Biol. Chem. 282 (2), 1136–1143. doi:10.1074/jbc.M605718200
 Dikeakos, J. D., Mercure, C., Lacombe, M. J., Seidah, N. G., and Reudelhuber, T. L. (2007b). PC1/3, PC2 and PC5/6A are targeted to dense core secretory granules by a common mechanism. FEBS J. 274 (16), 4094–4102. doi:10.1111/j.1742-4658.2007.05937.x
 Dikeakos, J. D., Di Lello, P., Lacombe, M. J., Ghirlando, R., Legault, P., Reudelhuber, T. L., et al. (2009). Functional and structural characterization of a dense core secretory granule sorting domain from the PC1/3 protease. Proc. Natl. Acad. Sci. U. S. A. 106 (18), 7408–7413. doi:10.1073/pnas.0809576106
 Dittie, A. S., Hajibagheri, N., and Tooze, S. A. (1996). The AP-1 adaptor complex binds to immature secretory granules from PC12 cells, and is regulated by ADP-ribosylation factor. J. Cell. Biol. 132 (4), 523–536. doi:10.1083/jcb.132.4.523
 Dittie, A. S., Thomas, L., Thomas, G., and Tooze, S. A. (1997). Interaction of furin in immature secretory granules from neuroendocrine cells with the AP-1 adaptor complex is modulated by casein kinase II phosphorylation. EMBO J. 16 (16), 4859–4870. doi:10.1093/emboj/16.16.4859
 Dominguez, N., van Weering, J. R. T., Borges, R., Toonen, R. F. G., and Verhage, M. (2018). Dense-core vesicle biogenesis and exocytosis in neurons lacking chromogranins A and B. J. Neurochem. 144 (3), 241–254. doi:10.1111/jnc.14263
 Doray, B., Ghosh, P., Griffith, J., Geuze, H. J., and Kornfeld, S. (2002). Cooperation of GGAs and AP-1 in packaging MPRs at the trans-Golgi network. Science 297 (5587), 1700–1703. doi:10.1126/science.1075327
 Dostal, V., Humhalova, T., Berankova, P., Pacalt, O., and Libusova, L. (2023). SWIP mediates retromer-independent membrane recruitment of the WASH complex. Traffic 24 (5), 216–230. doi:10.1111/tra.12884
 Doyle, J. M., Gao, J., Wang, J., Yang, M., and Potts, P. R. (2010). MAGE-RING protein complexes comprise a family of E3 ubiquitin ligases. Mol. Cell. 39 (6), 963–974. doi:10.1016/j.molcel.2010.08.029
 Duleh, S. N., and Welch, M. D. (2010). WASH and the Arp2/3 complex regulate endosome shape and trafficking. Cytoskelet. Hob. 67 (3), 193–206. doi:10.1002/cm.20437
 Duncan, J. R., and Kornfeld, S. (1988). Intracellular movement of two mannose 6-phosphate receptors: return to the Golgi apparatus. J. Cell. Biol. 106 (3), 617–628. doi:10.1083/jcb.106.3.617
 Eaton, B. A., Haugwitz, M., Lau, D., and Moore, H. P. (2000). Biogenesis of regulated exocytotic carriers in neuroendocrine cells. J. Neurosci. 20 (19), 7334–7344. doi:10.1523/JNEUROSCI.20-19-07334.2000
 Elias, S., Delestre, C., Courel, M., Anouar, Y., and Montero-Hadjadje, M. (2010). Chromogranin A as a crucial factor in the sorting of peptide hormones to secretory granules. Cell. Mol. Neurobiol. 30 (8), 1189–1195. doi:10.1007/s10571-010-9595-8
 Elwell, C., and Engel, J. (2018). Emerging role of retromer in modulating pathogen growth. Trends Microbiol. 26 (9), 769–780. doi:10.1016/j.tim.2018.04.001
 Elwell, C. A., Czudnochowski, N., von Dollen, J., Johnson, J. R., Nakagawa, R., Mirrashidi, K., et al. (2017). Chlamydia interfere with an interaction between the mannose-6-phosphate receptor and sorting nexins to counteract host restriction. Elife 6. doi:10.7554/eLife.22709
 Espinoza-Sanchez, S., Metskas, L. A., Chou, S. Z., Rhoades, E., and Pollard, T. D. (2018). Conformational changes in Arp2/3 complex induced by ATP, WASp-VCA, and actin filaments. Proc. Natl. Acad. Sci. U. S. A. 115 (37), E8642–E8651. doi:10.1073/pnas.1717594115
 Farquhar, M. G., and Palade, G. E. (1998). The Golgi apparatus: 100 years of progress and controversy. Trends Cell. Biol. 8 (1), 2–10. doi:10.1016/s0962-8924(97)01187-2
 Ferraro, F., Eipper, B. A., and Mains, R. E. (2005). Retrieval and reuse of pituitary secretory granule proteins. J. Biol. Chem. 280 (27), 25424–25435. doi:10.1074/jbc.M414156200
 Florke Gee, R. R., Chen, H., Lee, A. K., Daly, C. A., Wilander, B. A., Fon Tacer, K., et al. (2020). Emerging roles of the MAGE protein family in stress response pathways. J. Biol. Chem. 295 (47), 16121–16155. doi:10.1074/jbc.REV120.008029
 Fokin, A. I., and Gautreau, A. M. (2021). Assembly and activity of the WASH molecular machine: distinctive features at the crossroads of the actin and microtubule cytoskeletons. Front. Cell. Dev. Biol. 9, 658865. doi:10.3389/fcell.2021.658865
 Fokin, A. I., David, V., Oguievetskaia, K., Derivery, E., Stone, C. E., Cao, L., et al. (2021). The Arp1/11 minifilament of dynactin primes the endosomal Arp2/3 complex. Sci. Adv. 7 (3). doi:10.1126/sciadv.abd5956
 Fon Tacer, K., and Potts, P. R. (2017). Cellular and disease functions of the Prader-Willi Syndrome gene MAGEL2. Biochem. J. 474 (13), 2177–2190. doi:10.1042/BCJ20160616
 Fon Tacer, K., Montoya, M. C., Oatley, M. J., Lord, T., Oatley, J. M., Klein, J., et al. (2019). MAGE cancer-testis antigens protect the mammalian germline under environmental stress. Sci. Adv. 5 (5), eaav4832. doi:10.1126/sciadv.aav4832
 Freeman, C. L., Hesketh, G., and Seaman, M. N. (2014). RME-8 coordinates the activity of the WASH complex with the function of the retromer SNX dimer to control endosomal tubulation. J. Cell. Sci. 127 (9), 2053–2070. doi:10.1242/jcs.144659
 Fricker, L. D., and Devi, L. (1993). Posttranslational processing of carboxypeptidase E, a neuropeptide-processing enzyme, in AtT-20 cells and bovine pituitary secretory granules. J. Neurochem. 61 (4), 1404–1415. doi:10.1111/j.1471-4159.1993.tb13634.x
 Fricker, L. D., and Snyder, S. H. (1982). Enkephalin convertase: purification and characterization of a specific enkephalin-synthesizing carboxypeptidase localized to adrenal chromaffin granules. Proc. Natl. Acad. Sci. U. S. A. 79 (12), 3886–3890. doi:10.1073/pnas.79.12.3886
 Fricker, L. D., Das, B., and Angeletti, R. H. (1990). Identification of the pH-dependent membrane anchor of carboxypeptidase E (EC 3.4.17.10). J. Biol. Chem. 265 (5), 2476–2482. doi:10.1016/S0021-9258(19)39824-2
 Fricker, L. D. (1988). Carboxypeptidase E. Annu. Rev. Physiol. 50, 309–321. doi:10.1146/annurev.ph.50.030188.001521
 Furuta, M., Yano, H., Zhou, A., Rouille, Y., Holst, J. J., Carroll, R., et al. (1997). Defective prohormone processing and altered pancreatic islet morphology in mice lacking active SPC2. Proc. Natl. Acad. Sci. U. S. A. 94 (13), 6646–6651. doi:10.1073/pnas.94.13.6646
 Furuta, M., Zhou, A., Webb, G., Carroll, R., Ravazzola, M., Orci, L., et al. (2001). Severe defect in proglucagon processing in islet A-cells of prohormone convertase 2 null mice. J. Biol. Chem. 276 (29), 27197–27202. doi:10.1074/jbc.M103362200
 Gallon, M., and Cullen, P. J. (2015). Retromer and sorting nexins in endosomal sorting. Biochem. Soc. Trans. 43 (1), 33–47. doi:10.1042/BST20140290
 Gary-Bobo, M., Nirde, P., Jeanjean, A., Morere, A., and Garcia, M. (2007). Mannose 6-phosphate receptor targeting and its applications in human diseases. Curr. Med. Chem. 14 (28), 2945–2953. doi:10.2174/092986707782794005
 Gerber, S. H., and Sudhof, T. C. (2002). Molecular determinants of regulated exocytosis. Diabetes 51 (1), S3–S11. doi:10.2337/diabetes.51.2007.s3
 Gershlick, D. C., and Lucas, M. (2017). Endosomal trafficking: retromer and retriever are relatives in recycling. Curr. Biol. 27 (22), R1233–R1236. doi:10.1016/j.cub.2017.10.004
 Ghosh, P., and Kornfeld, S. (2004). The cytoplasmic tail of the cation-independent mannose 6-phosphate receptor contains four binding sites for AP-1. Arch. Biochem. Biophys. 426 (2), 225–230. doi:10.1016/j.abb.2004.02.011
 Glickman, J. N., Conibear, E., and Pearse, B. M. (1989). Specificity of binding of clathrin adaptors to signals on the mannose-6-phosphate/insulin-like growth factor II receptor. EMBO J. 8 (4), 1041–1047. doi:10.1002/j.1460-2075.1989.tb03471.x
 Glombik, M. M., and Gerdes, H. H. (2000). Signal-mediated sorting of neuropeptides and prohormones: secretory granule biogenesis revisited. Biochimie 82 (4), 315–326. doi:10.1016/s0300-9084(00)00195-4
 Glombik, M. M., Kromer, A., Salm, T., Huttner, W. B., and Gerdes, H. H. (1999). The disulfide-bonded loop of chromogranin B mediates membrane binding and directs sorting from the trans-Golgi network to secretory granules. EMBO J. 18 (4), 1059–1070. doi:10.1093/emboj/18.4.1059
 Godar, S., Horejsi, V., Weidle, U. H., Binder, B. R., Hansmann, C., and Stockinger, H. (1999). M6P/IGFII-receptor complexes urokinase receptor and plasminogen for activation of transforming growth factor-beta1. Eur. J. Immunol. 29 (3), 1004–1013. doi:10.1002/(SICI)1521-4141(199903)29:03<1004:AID-IMMU1004>3.0.CO;2-Q
 Gokool, S., Tattersall, D., and Seaman, M. N. J. (2007). EHD1 interacts with retromer to stabilize SNX1 tubules and facilitate endosome-to-Golgi retrieval. Traffic 8 (12), 1873–1886. doi:10.1111/j.1600-0854.2007.00652.x
 Goley, E. D., and Welch, M. D. (2006). The ARP2/3 complex: an actin nucleator comes of age. Nat. Rev. Mol. Cell. Biol. 7 (10), 713–726. doi:10.1038/nrm2026
 Gomez, T. S., and Billadeau, D. D. (2009). A FAM21-containing WASH complex regulates retromer-dependent sorting. Dev. Cell. 17 (5), 699–711. doi:10.1016/j.devcel.2009.09.009
 Gonzalez-Jamett, A. M., Momboisse, F., Haro-Acuna, V., Bevilacqua, J. A., Caviedes, P., and Cardenas, A. M. (2013). Dynamin-2 function and dysfunction along the secretory pathway. Front. Endocrinol. (Lausanne) 4, 126. doi:10.3389/fendo.2013.00126
 Goronzy, J. J., and Weyand, C. M. (2009). Developments in the scientific understanding of rheumatoid arthritis. Arthritis Res. Ther. 11 (5), 249. doi:10.1186/ar2758
 Graham, D. B., Osborne, D. G., Piotrowski, J. T., Gomez, T. S., Gmyrek, G. B., Akilesh, H. M., et al. (2014). Dendritic cells utilize the evolutionarily conserved WASH and retromer complexes to promote MHCII recycling and helper T cell priming. PLoS One 9 (6), e98606. doi:10.1371/journal.pone.0098606
 Guardia, C. M., De Pace, R., Mattera, R., and Bonifacino, J. S. (2018). Neuronal functions of adaptor complexes involved in protein sorting. Curr. Opin. Neurobiol. 51, 103–110. doi:10.1016/j.conb.2018.02.021
 Guizzetti, L., McGirr, R., and Dhanvantari, S. (2014). Two dipolar alpha-helices within hormone-encoding regions of proglucagon are sorting signals to the regulated secretory pathway. J. Biol. Chem. 289 (21), 14968–14980. doi:10.1074/jbc.M114.563684
 Gutierrez, L. M., and Villanueva, J. (2018). The role of F-actin in the transport and secretion of chromaffin granules: an historic perspective. Pflugers Arch. 470 (1), 181–186. doi:10.1007/s00424-017-2040-9
 Halban, P. A., and Irminger, J. C. (1994). Sorting and processing of secretory proteins. Biochem. J. 299, 1–18. doi:10.1042/bj2990001
 Hammel, I., Lagunoff, D., and Galli, S. J. (2010). Regulation of secretory granule size by the precise generation and fusion of unit granules. J. Cell. Mol. Med. 14 (7), 1904–1916. doi:10.1111/j.1582-4934.2010.01071.x
 Han, L., Suda, M., Tsuzuki, K., Wang, R., Ohe, Y., Hirai, H., et al. (2008). A large form of secretogranin III functions as a sorting receptor for chromogranin A aggregates in PC12 cells. Mol. Endocrinol. 22 (8), 1935–1949. doi:10.1210/me.2008-0006
 Hao, Y. H., Doyle, J. M., Ramanathan, S., Gomez, T. S., Jia, D., Xu, M., et al. (2013). Regulation of WASH-dependent actin polymerization and protein trafficking by ubiquitination. Cell. 152 (5), 1051–1064. doi:10.1016/j.cell.2013.01.051
 Hao, Y. H., Fountain, M. D., Fon Tacer, K., Xia, F., Bi, W., Kang, S. H., et al. (2015). USP7 acts as a molecular rheostat to promote WASH-dependent endosomal protein recycling and is mutated in a human neurodevelopmental disorder. Mol. Cell. 59 (6), 956–969. doi:10.1016/j.molcel.2015.07.033
 Harbour, M. E., and Seaman, M. N. (2011). Evolutionary variations of VPS29, and their implications for the heteropentameric model of retromer. Commun. Integr. Biol. 4 (5), 619–622. doi:10.4161/cib.4.5.16855
 Harbour, M. E., Breusegem, S. Y., Antrobus, R., Freeman, C., Reid, E., and Seaman, M. N. (2010). The cargo-selective retromer complex is a recruiting hub for protein complexes that regulate endosomal tubule dynamics. J. Cell. Sci. 123 (21), 3703–3717. doi:10.1242/jcs.071472
 Harbour, M. E., Breusegem, S. Y., and Seaman, M. N. (2012). Recruitment of the endosomal WASH complex is mediated by the extended 'tail' of Fam21 binding to the retromer protein Vps35. Biochem. J. 442 (1), 209–220. doi:10.1042/BJ20111761
 Harrison, M. S., Hung, C. S., Liu, T. T., Christiano, R., Walther, T. C., and Burd, C. G. (2014). A mechanism for retromer endosomal coat complex assembly with cargo. Proc. Natl. Acad. Sci. U. S. A. 111 (1), 267–272. doi:10.1073/pnas.1316482111
 Harterink, M., Port, F., Lorenowicz, M. J., McGough, I. J., Silhankova, M., Betist, M. C., et al. (2011). A SNX3-dependent retromer pathway mediates retrograde transport of the Wnt sorting receptor Wntless and is required for Wnt secretion. Nat. Cell. Biol. 13 (8), 914–923. doi:10.1038/ncb2281
 Helfer, E., Harbour, M. E., Henriot, V., Lakisic, G., Sousa-Blin, C., Volceanov, L., et al. (2013). Endosomal recruitment of the WASH complex: active sequences and mutations impairing interaction with the retromer. Biol. Cell. 105 (5), 191–207. doi:10.1111/boc.201200038
 Hendy, G. N., Li, T., Girard, M., Feldstein, R. C., Mulay, S., Desjardins, R., et al. (2006). Targeted ablation of the chromogranin a (Chga) gene: normal neuroendocrine dense-core secretory granules and increased expression of other granins. Mol. Endocrinol. 20 (8), 1935–1947. doi:10.1210/me.2005-0398
 Hirst, J., Irving, C., and Borner, G. H. (2013). Adaptor protein complexes AP-4 and AP-5: new players in endosomal trafficking and progressive spastic paraplegia. Traffic 14 (2), 153–164. doi:10.1111/tra.12028
 Holt, M. K., Richards, J. E., Cook, D. R., Brierley, D. I., Williams, D. L., Reimann, F., et al. (2019). Preproglucagon neurons in the nucleus of the solitary tract are the main source of brain GLP-1, mediate stress-induced hypophagia, and limit unusually large intakes of food. Diabetes 68 (1), 21–33. doi:10.2337/db18-0729
 Honing, S., Sosa, M., Hille-Rehfeld, A., and von Figura, K. (1997). The 46-kDa mannose 6-phosphate receptor contains multiple binding sites for clathrin adaptors. J. Biol. Chem. 272 (32), 19884–19890. doi:10.1074/jbc.272.32.19884
 Hook, V. Y., Eiden, L. E., and Brownstein, M. J. (1982). A carboxypeptidase processing enzyme for enkephalin precursors. Nature 295 (5847), 341–342. doi:10.1038/295341a0
 Hook, V. Y. (1985). Differential distribution of carboxypeptidase-processing enzyme activity and immunoreactivity in membrane and soluble components of chromaffin granules. J. Neurochem. 45 (3), 987–989. doi:10.1111/j.1471-4159.1985.tb04094.x
 Horazdovsky, B. F., Davies, B. A., Seaman, M. N., McLaughlin, S. A., Yoon, S., and Emr, S. D. (1997). A sorting nexin-1 homologue, Vps5p, forms a complex with Vps17p and is required for recycling the vacuolar protein-sorting receptor. Mol. Biol. Cell. 8 (8), 1529–1541. doi:10.1091/mbc.8.8.1529
 Hoyos Sanchez, M. C., Bayat, T., Gee, R. R. F., and Fon Tacer, K. (2023). Hormonal imbalances in prader-willi and schaaf-yang syndromes imply the evolution of specific regulation of hypothalamic neuroendocrine function in mammals. Int. J. Mol. Sci 24 (17), 13109. doi:10.3390/ijms241713109
 Hosaka, M., Suda, M., Sakai, Y., Izumi, T., Watanabe, T., and Takeuchi, T. (2004). Secretogranin III binds to cholesterol in the secretory granule membrane as an adapter for chromogranin A. J. Biol. Chem. 279 (5), 3627–3634. doi:10.1074/jbc.M310104200
 Howell, S. L., and Tyhurst, M. (1982). Microtubules, microfilaments and insulin-secretion. Diabetologia 22 (5), 301–308. doi:10.1007/BF00253571
 Huh, Y. H., Jeon, S. H., and Yoo, S. H. (2003). Chromogranin B-induced secretory granule biogenesis: comparison with the similar role of chromogranin A. J. Biol. Chem. 278 (42), 40581–40589. doi:10.1074/jbc.M304942200
 Hunt, S. D., Townley, A. K., Danson, C. M., Cullen, P. J., and Stephens, D. J. (2013). Microtubule motors mediate endosomal sorting by maintaining functional domain organization. J. Cell. Sci. 126 (11), 2493–2501. doi:10.1242/jcs.122317
 Hurtley, S. M. (1993). Recycling of a secretory granule membrane protein after stimulated secretion. J. Cell. Sci. 106 (2), 649–655. doi:10.1242/jcs.106.2.649
 Jackson, R. S., Creemers, J. W., Ohagi, S., Raffin-Sanson, M. L., Sanders, L., Montague, C. T., et al. (1997). Obesity and impaired prohormone processing associated with mutations in the human prohormone convertase 1 gene. Nat. Genet. 16 (3), 303–306. doi:10.1038/ng0797-303
 Jefferies, K. C., Cipriano, D. J., and Forgac, M. (2008). Function, structure and regulation of the vacuolar (H+)-ATPases. Arch. Biochem. Biophys. 476 (1), 33–42. doi:10.1016/j.abb.2008.03.025
 Ji, L., Wu, H. T., Qin, X. Y., and Lan, R. (2017). Dissecting carboxypeptidase E: properties, functions and pathophysiological roles in disease. Endocr. Connect. 6 (4), R18–R38. doi:10.1530/EC-17-0020
 Jia, D., Gomez, T. S., Billadeau, D. D., and Rosen, M. K. (2012). Multiple repeat elements within the FAM21 tail link the WASH actin regulatory complex to the retromer. Mol. Biol. Cell. 23 (12), 2352–2361. doi:10.1091/mbc.E11-12-1059
 Jia, D., Zhang, J. S., Li, F., Wang, J., Deng, Z., White, M. A., et al. (2016). Structural and mechanistic insights into regulation of the retromer coat by TBC1d5. Nat. Commun. 7, 13305. doi:10.1038/ncomms13305
 Johnson, K. F., and Kornfeld, S. (1992a). The cytoplasmic tail of the mannose 6-phosphate/insulin-like growth factor-II receptor has two signals for lysosomal enzyme sorting in the Golgi. J. Cell. Biol. 119 (2), 249–257. doi:10.1083/jcb.119.2.249
 Johnson, K. F., and Kornfeld, S. (1992b). A His-Leu-Leu sequence near the carboxyl terminus of the cytoplasmic domain of the cation-dependent mannose 6-phosphate receptor is necessary for the lysosomal enzyme sorting function. J. Biol. Chem. 267 (24), 17110–17115. doi:10.1016/S0021-9258(18)41900-X
 Jones, B. G., Thomas, L., Molloy, S. S., Thulin, C. D., Fry, M. D., Walsh, K. A., et al. (1995). Intracellular trafficking of furin is modulated by the phosphorylation state of a casein kinase II site in its cytoplasmic tail. EMBO J. 14 (23), 5869–5883. doi:10.1002/j.1460-2075.1995.tb00275.x
 Jutras, I., Seidah, N. G., and Reudelhuber, T. L. (2000). A predicted alpha -helix mediates targeting of the proprotein convertase PC1 to the regulated secretory pathway. J. Biol. Chem. 275 (51), 40337–40343. doi:10.1074/jbc.M004757200
 Kakhlon, O., Sakya, P., Larijani, B., Watson, R., and Tooze, S. A. (2006). GGA function is required for maturation of neuroendocrine secretory granules. EMBO J. 25 (8), 1590–1602. doi:10.1038/sj.emboj.7601067
 Kang, Y. K., and Yoo, S. H. (1997). Identification of the secretory vesicle membrane binding region of chromogranin A. FEBS Lett. 404 (1), 87–90. doi:10.1016/s0014-5793(97)00099-9
 Kang, J. X., Li, Y., and Leaf, A. (1997). Mannose-6-phosphate/insulin-like growth factor-II receptor is a receptor for retinoic acid. Proc. Natl. Acad. Sci. U. S. A. 94 (25), 13671–13676. doi:10.1073/pnas.94.25.13671
 Kelly, R. B. (1985). Pathways of protein secretion in eukaryotes. Science 230 (4721), 25–32. doi:10.1126/science.2994224
 Kim, T., Tao-Cheng, J. H., Eiden, L. E., and Loh, Y. P. (2001). Chromogranin A, an "on/off" switch controlling dense-core secretory granule biogenesis. Cell. 106 (4), 499–509. doi:10.1016/s0092-8674(01)00459-7
 Kim, T., Gondre-Lewis, M. C., Arnaoutova, I., and Loh, Y. P. (2006). Dense-core secretory granule biogenesis. Physiol. (Bethesda) 21, 124–133. doi:10.1152/physiol.00043.2005
 Klumperman, J., Kuliawat, R., Griffith, J. M., Geuze, H. J., and Arvan, P. (1998). Mannose 6-phosphate receptors are sorted from immature secretory granules via adaptor protein AP-1, clathrin, and syntaxin 6-positive vesicles. J. Cell. Biol. 141 (2), 359–371. doi:10.1083/jcb.141.2.359
 Kogel, T., and Gerdes, H. H. (2010). Maturation of secretory granules. Results Probl. Cell. Differ. 50, 1–20. doi:10.1007/400_2009_31
 Koshimizu, H., Kim, T., Cawley, N. X., and Loh, Y. P. (2010). Chromogranin A: A new proposal for trafficking, processing and induction of granule biogenesis. Regul. Pept. 160 (1-3), 153–159. doi:10.1016/j.regpep.2009.12.007
 Koumandou, V. L., Klute, M. J., Herman, E. K., Nunez-Miguel, R., Dacks, J. B., and Field, M. C. (2011). Evolutionary reconstruction of the retromer complex and its function in Trypanosoma brucei. J. Cell. Sci. 124 (9), 1496–1509. doi:10.1242/jcs.081596
 Kromer, A., Glombik, M. M., Huttner, W. B., and Gerdes, H. H. (1998). Essential role of the disulfide-bonded loop of chromogranin B for sorting to secretory granules is revealed by expression of a deletion mutant in the absence of endogenous granin synthesis. J. Cell. Biol. 140 (6), 1331–1346. doi:10.1083/jcb.140.6.1331
 Kvainickas, A., Jimenez-Orgaz, A., Nagele, H., Hu, Z., Dengjel, J., and Steinberg, F. (2017). Cargo-selective SNX-BAR proteins mediate retromer trimer independent retrograde transport. J. Cell. Biol. 216 (11), 3677–3693. doi:10.1083/jcb.201702137
 Lacombe, M. J., Mercure, C., Dikeakos, J. D., and Reudelhuber, T. L. (2005). Modulation of secretory granule-targeting efficiency by cis and trans compounding of sorting signals. J. Biol. Chem. 280 (6), 4803–4807. doi:10.1074/jbc.M408658200
 Laguerre, F., Anouar, Y., and Montero-Hadjadje, M. (2020). Chromogranin A in the early steps of the neurosecretory pathway. IUBMB Life 72 (4), 524–532. doi:10.1002/iub.2218
 Lee, A. K., and Potts, P. R. (2017). A comprehensive guide to the MAGE family of ubiquitin ligases. J. Mol. Biol. 429 (8), 1114–1142. doi:10.1016/j.jmb.2017.03.005
 Li, P., Merrill, S. A., Jorgensen, E. M., and Shen, K. (2016). Two clathrin adaptor protein complexes instruct axon-dendrite polarity. Neuron 90 (3), 564–580. doi:10.1016/j.neuron.2016.04.020
 Li, P., Bademosi, A. T., Luo, J., and Meunier, F. A. (2018). Actin remodeling in regulated exocytosis: toward a mesoscopic view. Trends Cell. Biol. 28 (9), 685–697. doi:10.1016/j.tcb.2018.04.004
 Linardopoulou, E. V., Parghi, S. S., Friedman, C., Osborn, G. E., Parkhurst, S. M., and Trask, B. J. (2007). Human subtelomeric WASH genes encode a new subclass of the WASP family. PLoS Genet. 3 (12), e237. doi:10.1371/journal.pgen.0030237
 Liu, Y., and Edwards, R. H. (1997). The role of vesicular transport proteins in synaptic transmission and neural degeneration. Annu. Rev. Neurosci. 20, 125–156. doi:10.1146/annurev.neuro.20.1.125
 Liu, R., Abreu-Blanco, M. T., Barry, K. C., Linardopoulou, E. V., Osborn, G. E., and Parkhurst, S. M. (2009). Wash functions downstream of Rho and links linear and branched actin nucleation factors. Development 136 (16), 2849–2860. doi:10.1242/dev.035246
 Loh, Y. P., Maldonado, A., Zhang, C., Tam, W. H., and Cawley, N. (2002). Mechanism of sorting proopiomelanocortin and proenkephalin to the regulated secretory pathway of neuroendocrine cells. Ann. N. Y. Acad. Sci. 971, 416–425. doi:10.1111/j.1749-6632.2002.tb04504.x
 Lou, H., Kim, S. K., Zaitsev, E., Snell, C. R., Lu, B., and Loh, Y. P. (2005). Sorting and activity-dependent secretion of BDNF require interaction of a specific motif with the sorting receptor carboxypeptidase e. Neuron 45 (2), 245–255. doi:10.1016/j.neuron.2004.12.037
 Lucas, M., and Hierro, A. (2017). Retromer. Curr. Biol. 27 (14), R687–R689. doi:10.1016/j.cub.2017.05.072
 Ma, M., and Burd, C. G. (2020). Retrograde trafficking and plasma membrane recycling pathways of the budding yeast Saccharomyces cerevisiae. Traffic 21 (1), 45–59. doi:10.1111/tra.12693
 Ma, G. Q., Wang, B., Wang, H. B., Wang, Q., and Bao, L. (2008). Short elements with charged amino acids form clusters to sort protachykinin into large dense-core vesicles. Traffic 9 (12), 2165–2179. doi:10.1111/j.1600-0854.2008.00836.x
 Ma, C. J., Yang, Y., Kim, T., Chen, C. H., Polevoy, G., Vissa, M., et al. (2020). An early endosome-derived retrograde trafficking pathway promotes secretory granule maturation. J. Cell. Biol. 219 (3). doi:10.1083/jcb.201808017
 Ma, C. J., Burgess, J., and Brill, J. A. (2021). Maturing secretory granules: where secretory and endocytic pathways converge. Adv. Biol. Regul. 80, 100807. doi:10.1016/j.jbior.2021.100807
 MacDonald, E., Savage, B., and Zech, T. (2020). Connecting the dots: combined control of endocytic recycling and degradation. Biochem. Soc. Trans. 48 (6), 2377–2386. doi:10.1042/BST20180255
 Marx, R., El Meskini, R., Johns, D. C., and Mains, R. E. (1999). Differences in the ways sympathetic neurons and endocrine cells process, store, and secrete exogenous neuropeptides and peptide-processing enzymes. J. Neurosci. 19 (19), 8300–8311. doi:10.1523/JNEUROSCI.19-19-08300.1999
 Mbikay, M., Croissandeau, G., Sirois, F., Anini, Y., Mayne, J., Seidah, N. G., et al. (2007). A targeted deletion/insertion in the mouse Pcsk1 locus is associated with homozygous embryo preimplantation lethality, mutant allele preferential transmission and heterozygous female susceptibility to dietary fat. Dev. Biol. 306 (2), 584–598. doi:10.1016/j.ydbio.2007.03.523
 McGirr, R., Guizzetti, L., and Dhanvantari, S. (2013). The sorting of proglucagon to secretory granules is mediated by carboxypeptidase E and intrinsic sorting signals. J. Endocrinol. 217 (2), 229–240. doi:10.1530/JOE-12-0468
 McGough, I. J., and Cullen, P. J. (2011). Recent advances in retromer biology. Traffic 12 (8), 963–971. doi:10.1111/j.1600-0854.2011.01201.x
 McNally, K. E., and Cullen, P. J. (2018). Endosomal retrieval of cargo: retromer is not alone. Trends Cell. Biol. 28 (10), 807–822. doi:10.1016/j.tcb.2018.06.005
 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 (10), 1214–1225. doi:10.1038/ncb3610
 Meldolesi, J. (2002). Rapidly exchanging Ca(2+) stores: ubiquitous partners of surface channels in neurons. News Physiol. Sci. 17, 144–149. doi:10.1152/nips.01385.2002
 Meresse, S., Ludwig, T., Frank, R., and Hoflack, B. (1990). Phosphorylation of the cytoplasmic domain of the bovine cation-independent mannose 6-phosphate receptor. Serines 2421 and 2492 are the targets of a casein kinase II associated to the Golgi-derived HAI adaptor complex. J. Biol. Chem. 265 (31), 18833–18842. doi:10.1016/S0021-9258(17)30589-6
 Miklavc, P., and Frick, M. (2020). Actin and myosin in non-neuronal exocytosis. Cells 9 (6). doi:10.3390/cells9061455
 Mitok, K. A., Keller, M. P., and Attie, A. D. (2022). Sorting through the extensive and confusing roles of sortilin in metabolic disease. J. Lipid Res. 63 (8), 100243. doi:10.1016/j.jlr.2022.100243
 Montero-Hadjadje, M., Vaingankar, S., Elias, S., Tostivint, H., Mahata, S. K., and Anouar, Y. (2008). Chromogranins A and B and secretogranin II: evolutionary and functional aspects. Acta Physiol. (Oxf) 192 (2), 309–324. doi:10.1111/j.1748-1716.2007.01806.x
 Montero-Hadjadje, M., Elias, S., Chevalier, L., Benard, M., Tanguy, Y., Turquier, V., et al. (2009). Chromogranin A promotes peptide hormone sorting to mobile granules in constitutively and regulated secreting cells: role of conserved N- and C-terminal peptides. J. Biol. Chem. 284 (18), 12420–12431. doi:10.1074/jbc.M805607200
 Natori, S., and Huttner, W. B. (1996). Chromogranin B (secretogranin I) promotes sorting to the regulated secretory pathway of processing intermediates derived from a peptide hormone precursor. Proc. Natl. Acad. Sci. U. S. A. 93 (9), 4431–4436. doi:10.1073/pnas.93.9.4431
 Neuman, S. D., Terry, E. L., Selegue, J. E., Cavanagh, A. T., and Bashirullah, A. (2021). Mistargeting of secretory cargo in retromer-deficient cells. Dis. Model. Mech. 14 (1). doi:10.1242/dmm.046417
 Nielsen, M. S., Madsen, P., Christensen, E. I., Nykjaer, A., Gliemann, J., Kasper, D., et al. (2001). The sortilin cytoplasmic tail conveys Golgi-endosome transport and binds the VHS domain of the GGA2 sorting protein. EMBO J. 20 (9), 2180–2190. doi:10.1093/emboj/20.9.2180
 Nillni, E. A. (2007). Regulation of prohormone convertases in hypothalamic neurons: implications for prothyrotropin-releasing hormone and proopiomelanocortin. Endocrinology 148 (9), 4191–4200. doi:10.1210/en.2007-0173
 Nillni, E. A. (2010). Regulation of the hypothalamic thyrotropin releasing hormone (TRH) neuron by neuronal and peripheral inputs. Front. Neuroendocrinol. 31 (2), 134–156. doi:10.1016/j.yfrne.2010.01.001
 Normant, E., and Loh, Y. P. (1998). Depletion of carboxypeptidase E, a regulated secretory pathway sorting receptor, causes misrouting and constitutive secretion of proinsulin and proenkephalin, but not chromogranin A. Endocrinology 139 (4), 2137–2145. doi:10.1210/endo.139.4.5951
 Nothwehr, S. F., and Hindes, A. E. (1997). The yeast VPS5/GRD2 gene encodes a sorting nexin-1-like protein required for localizing membrane proteins to the late Golgi. J. Cell. Sci. 110 (9), 1063–1072. doi:10.1242/jcs.110.9.1063
 O'Connor, D. T., and Frigon, R. P. (1984). Chromogranin A, the major catecholamine storage vesicle soluble protein. Multiple size forms, subcellular storage, and regional distribution in chromaffin and nervous tissue elucidated by radioimmunoassay. J. Biol. Chem. 259 (5), 3237–3247. doi:10.1016/S0021-9258(17)43286-8
 Oka, Y., Rozek, L. M., and Czech, M. P. (1985). Direct demonstration of rapid insulin-like growth factor II Receptor internalization and recycling in rat adipocytes. Insulin stimulates 125I-insulin-like growth factor II degradation by modulating the IGF-II receptor recycling process. J. Biol. Chem. 260 (16), 9435–9442. doi:10.1016/S0021-9258(17)39385-7
 Oshima, A., Nolan, C. M., Kyle, J. W., Grubb, J. H., and Sly, W. S. (1988). The human cation-independent mannose 6-phosphate receptor. Cloning and sequence of the full-length cDNA and expression of functional receptor in COS cells. J. Biol. Chem. 263 (5), 2553–2562. doi:10.1016/S0021-9258(18)69243-9
 Padrick, S. B., Doolittle, L. K., Brautigam, C. A., King, D. S., and Rosen, M. K. (2011). Arp2/3 complex is bound and activated by two WASP proteins. Proc. Natl. Acad. Sci. U. S. A. 108 (33), E472–E479. doi:10.1073/pnas.1100236108
 Palade, G. (1975). Intracellular aspects of the process of protein synthesis. Science 189 (4200), 347–358. doi:10.1126/science.1096303
 Paquet, L., Zhou, A., Chang, E. Y., and Mains, R. E. (1996). Peptide biosynthetic processing: distinguishing prohormone convertases PC1 and PC2. Mol. Cell. Endocrinol. 120 (2), 161–168. doi:10.1016/0303-7207(96)03834-8
 Park, J. J., and Loh, Y. P. (2008). How peptide hormone vesicles are transported to the secretion site for exocytosis. Mol. Endocrinol. 22 (12), 2583–2595. doi:10.1210/me.2008-0209
 Parmer, R. J., Xi, X. P., Wu, H. J., Helman, L. J., and Petz, L. N. (1993). Secretory protein traffic. Chromogranin A contains a dominant targeting signal for the regulated pathway. J. Clin. Invest. 92 (2), 1042–1054. doi:10.1172/JCI116609
 Peden, A. A., Park, G. Y., and Scheller, R. H. (2001). The Di-leucine motif of vesicle-associated membrane protein 4 is required for its localization and AP-1 binding. J. Biol. Chem. 276 (52), 49183–49187. doi:10.1074/jbc.M106646200
 Perello, M., Stuart, R., and Nillni, E. A. (2008). Prothyrotropin-releasing hormone targets its processing products to different vesicles of the secretory pathway. J. Biol. Chem. 283 (29), 19936–19947. doi:10.1074/jbc.M800732200
 Phillips-Krawczak, C. A., Singla, A., Starokadomskyy, P., Deng, Z., Osborne, D. G., Li, H., et al. (2015). COMMD1 is linked to the WASH complex and regulates endosomal trafficking of the copper transporter ATP7A. Mol Biol Cell. 26 (1), 91–103. doi:10.1091/mbc.E14-06-1073
 Piotrowski, J. T., Gomez, T. S., Schoon, R. A., Mangalam, A. K., and Billadeau, D. D. (2013). WASH knockout T cells demonstrate defective receptor trafficking, proliferation, and effector function. Mol. Cell. Biol. 33 (5), 958–973. doi:10.1128/MCB.01288-12
 Placidi, G., and Campa, C. C. (2021). Deliver on time or pay the fine: scheduling in membrane trafficking. Int. J. Mol. Sci. 22 (21). doi:10.3390/ijms222111773
 Ponnambalam, S., and Baldwin, S. A. (2003). Constitutive protein secretion from the trans-Golgi network to the plasma membrane. Mol. Membr. Biol. 20 (2), 129–139. doi:10.1080/0968768031000084172
 Progida, C., Cogli, L., Piro, F., De Luca, A., Bakke, O., and Bucci, C. (2010). Rab7b controls trafficking from endosomes to the TGN. J. Cell. Sci. 123 (9), 1480–1491. doi:10.1242/jcs.051474
 Puertollano, R., Aguilar, R. C., Gorshkova, I., Crouch, R. J., and Bonifacino, J. S. (2001). Sorting of mannose 6-phosphate receptors mediated by the GGAs. Science 292 (5522), 1712–1716. doi:10.1126/science.1060750
 Purchio, A. F., Cooper, J. A., Brunner, A. M., Lioubin, M. N., Gentry, L. E., Kovacina, K. S., et al. (1988). Identification of mannose 6-phosphate in two asparagine-linked sugar chains of recombinant transforming growth factor-beta 1 precursor. J. Biol. Chem. 263 (28), 14211–14215. doi:10.1016/S0021-9258(18)68207-9
 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 (5), 761–773. doi:10.1016/j.cell.2010.10.003
 Quinn, D., Orci, L., Ravazzola, M., and Moore, H. P. (1991). Intracellular transport and sorting of mutant human proinsulins that fail to form hexamers. J. Cell. Biol. 113 (5), 987–996. doi:10.1083/jcb.113.5.987
 Reck, J., Beuret, N., Demirci, E., Prescianotto-Baschong, C., and Spiess, M. (2022). Small disulfide loops in peptide hormones mediate self-aggregation and secretory granule sorting. Life Sci. Alliance 5 (5). doi:10.26508/lsa.202101279
 Reitz, C. (2018). Retromer dysfunction and neurodegenerative disease. Curr. Genomics 19 (4), 279–288. doi:10.2174/1389202919666171024122809
 Ren, X., Farias, G. G., Canagarajah, B. J., Bonifacino, J. S., and Hurley, J. H. (2013). Structural basis for recruitment and activation of the AP-1 clathrin adaptor complex by Arf1. Cell. 152 (4), 755–767. doi:10.1016/j.cell.2012.12.042
 Rindler, M. J. (1998). Carboxypeptidase E, a peripheral membrane protein implicated in the targeting of hormones to secretory granules, co-aggregates with granule content proteins at acidic pH. J. Biol. Chem. 273 (47), 31180–31185. doi:10.1074/jbc.273.47.31180
 Robinson, M. S. (2004). Adaptable adaptors for coated vesicles. Trends Cell. Biol. 14 (4), 167–174. doi:10.1016/j.tcb.2004.02.002
 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 (3), 513–526. doi:10.1083/jcb.200804048
 Rojo Pulido, I., Nightingale, T. D., Darchen, F., Seabra, M. C., Cutler, D. F., and Gerke, V. (2011). Myosin Va acts in concert with Rab27a and MyRIP to regulate acute von-Willebrand factor release from endothelial cells. Traffic 12 (10), 1371–1382. doi:10.1111/j.1600-0854.2011.01248.x
 Rose, S. D., Lejen, T., Casaletti, L., Larson, R. E., Pene, T. D., and Trifaro, J. M. (2003). Myosins II and V in chromaffin cells: myosin V is a chromaffin vesicle molecular motor involved in secretion. J. Neurochem. 85 (2), 287–298. doi:10.1046/j.1471-4159.2003.01649.x
 Rudolf, R., Salm, T., Rustom, A., and Gerdes, H. H. (2001). Dynamics of immature secretory granules: role of cytoskeletal elements during transport, cortical restriction, and F-actin-dependent tethering. Mol. Biol. Cell. 12 (5), 1353–1365. doi:10.1091/mbc.12.5.1353
 Rudolf, R., Kogel, T., Kuznetsov, S. A., Salm, T., Schlicker, O., Hellwig, A., et al. (2003). Myosin Va facilitates the distribution of secretory granules in the F-actin rich cortex of PC12 cells. J. Cell. Sci. 116 (7), 1339–1348. doi:10.1242/jcs.00317
 Saito, N., Takeuchi, T., Kawano, A., Hosaka, M., Hou, N., and Torii, S. (2011). Luminal interaction of phogrin with carboxypeptidase E for effective targeting to secretory granules. Traffic 12 (4), 499–506. doi:10.1111/j.1600-0854.2011.01159.x
 Sannerud, R., Saraste, J., and Goud, B. (2003). Retrograde traffic in the biosynthetic-secretory route: pathways and machinery. Curr. Opin. Cell. Biol. 15 (4), 438–445. doi:10.1016/s0955-0674(03)00077-2
 Scamuffa, N., Calvo, F., Chretien, M., Seidah, N. G., and Khatib, A. M. (2006). Proprotein convertases: lessons from knockouts. FASEB J. 20 (12), 1954–1963. doi:10.1096/fj.05-5491rev
 Schmidt, B., Kiecke-Siemsen, C., Waheed, A., Braulke, T., and von Figura, K. (1995). Localization of the insulin-like growth factor II binding site to amino acids 1508-1566 in repeat 11 of the mannose 6-phosphate/insulin-like growth factor II receptor. J. Biol. Chem. 270 (25), 14975–14982. doi:10.1074/jbc.270.25.14975
 Seaman, M., and Freeman, C. L. (2014). Analysis of the Retromer complex-WASH complex interaction illuminates new avenues to explore in Parkinson disease. Commun. Integr. Biol. 7, e29483. doi:10.4161/cib.29483
 Seaman, M. N., McCaffery, J. M., and Emr, S. D. (1998). A membrane coat complex essential for endosome-to-Golgi retrograde transport in yeast. J. Cell. Biol. 142 (3), 665–681. doi:10.1083/jcb.142.3.665
 Seaman, M. N., Harbour, M. E., Tattersall, D., Read, E., and Bright, N. (2009). Membrane recruitment of the cargo-selective retromer subcomplex is catalysed by the small GTPase Rab7 and inhibited by the Rab-GAP TBC1D5. J. Cell. Sci. 122 (14), 2371–2382. doi:10.1242/jcs.048686
 Seaman, M. N., Gautreau, A., and Billadeau, D. D. (2013). Retromer-mediated endosomal protein sorting: all WASHed up. Trends Cell. Biol. 23 (11), 522–528. doi:10.1016/j.tcb.2013.04.010
 Seaman, M. N. (2004). Cargo-selective endosomal sorting for retrieval to the Golgi requires retromer. J. Cell. Biol. 165 (1), 111–122. doi:10.1083/jcb.200312034
 Seaman, M. N. (2007). Identification of a novel conserved sorting motif required for retromer-mediated endosome-to-TGN retrieval. J. Cell. Sci. 120 (14), 2378–2389. doi:10.1242/jcs.009654
 Seaman, M. N. J. (2018). Retromer and the cation-independent mannose 6-phosphate receptor-Time for a trial separation?Traffic 19 (2), 150–152. doi:10.1111/tra.12542
 Seidah, N. G., and Prat, A. (2012). The biology and therapeutic targeting of the proprotein convertases. Nat. Rev. Drug Discov. 11 (5), 367–383. doi:10.1038/nrd3699
 Seidah, N. G., Mattei, M. G., Gaspar, L., Benjannet, S., Mbikay, M., and Chretien, M. (1991). Chromosomal assignments of the genes for neuroendocrine convertase PC1 (NEC1) to human 5q15-21, neuroendocrine convertase PC2 (NEC2) to human 20p11.1-11.2, and furin (mouse 7[D1-E2] region). Genomics 11 (1), 103–107. doi:10.1016/0888-7543(91)90106-o
 Seidah, N. G., Sadr, M. S., Chretien, M., and Mbikay, M. (2013). The multifaceted proprotein convertases: their unique, redundant, complementary, and opposite functions. J. Biol. Chem. 288 (30), 21473–21481. doi:10.1074/jbc.R113.481549
 Seidah, N. G. (2011). The proprotein convertases, 20 years later. Methods Mol. Biol. 768, 23–57. doi:10.1007/978-1-61779-204-5_3
 Shitara, A., Bleck, C. K. E., and Weigert, R. (2020). Cdc42 controls secretory granules morphology in rodent salivary glands in vivo. Commun. Integr. Biol. 13 (1), 22–26. doi:10.1080/19420889.2020.1724605
 Simonetti, B., and Cullen, P. J. (2019). Actin-dependent endosomal receptor recycling. Curr. Opin. Cell. Biol. 56, 22–33. doi:10.1016/j.ceb.2018.08.006
 Simonetti, B., Danson, C. M., Heesom, K. J., and Cullen, P. J. (2017). Sequence-dependent cargo recognition by SNX-BARs mediates retromer-independent transport of CI-MPR. J. Cell. Biol. 216 (11), 3695–3712. doi:10.1083/jcb.201703015
 Simonetti, B., Paul, B., Chaudhari, K., Weeratunga, S., Steinberg, F., Gorla, M., et al. (2019). Molecular identification of a BAR domain-containing coat complex for endosomal recycling of transmembrane proteins. Nat. Cell. Biol. 21 (10), 1219–1233. doi:10.1038/s41556-019-0393-3
 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 (1), 4271. doi:10.1038/s41467-019-12221-6
 Song, L., and Fricker, L. (1995a). Processing of procarboxypeptidase E into carboxypeptidase E occurs in secretory vesicles. J. Neurochem. 65 (1), 444–453. doi:10.1046/j.1471-4159.1995.65010444.x
 Song, L., and Fricker, L. D. (1995b). Calcium- and pH-dependent aggregation of carboxypeptidase E. J. Biol. Chem. 270 (14), 7963–7967. doi:10.1074/jbc.270.14.7963
 Steinberg, F., Gallon, M., Winfield, M., Thomas, E. C., Bell, A. J., Heesom, K. J., et al. (2013). A global analysis of SNX27-retromer assembly and cargo specificity reveals a function in glucose and metal ion transport. Nat. Cell. Biol. 15 (5), 461–471. doi:10.1038/ncb2721
 Steiner, D. F. (1998). The proprotein convertases. Curr. Opin. Chem. Biol. 2 (1), 31–39. doi:10.1016/s1367-5931(98)80033-1
 Steveson, T. C., Zhao, G. C., Keutmann, H. T., Mains, R. E., and Eipper, B. A. (2001). Access of a membrane protein to secretory granules is facilitated by phosphorylation. J. Biol. Chem. 276 (43), 40326–40337. doi:10.1074/jbc.M011460200
 Sudhof, T. C. (2002). Synaptotagmins: why so many?J. Biol. Chem. 277 (10), 7629–7632. doi:10.1074/jbc.R100052200
 Supattapone, S., Fricker, L. D., and Snyder, S. H. (1984). Purification and characterization of a membrane-bound enkephalin-forming carboxypeptidase, "enkephalin convertase. J. Neurochem. 42 (4), 1017–1023. doi:10.1111/j.1471-4159.1984.tb12705.x
 Suzuki, S. W., Chuang, Y. S., Li, M., Seaman, M. N. J., and Emr, S. D. (2019). A bipartite sorting signal ensures specificity of retromer complex in membrane protein recycling. J. Cell. Biol. 218 (9), 2876–2886. doi:10.1083/jcb.201901019
 Tam, W. W., Andreasson, K. I., and Loh, Y. P. (1993). The amino-terminal sequence of pro-opiomelanocortin directs intracellular targeting to the regulated secretory pathway. Eur. J. Cell. Biol. 62 (2), 294–306.
 Tan, J. Z. A., and Gleeson, P. A. (2019). Cargo sorting at the trans-golgi network for shunting into specific transport routes: role of arf small G proteins and adaptor complexes. Cells 8 (6). doi:10.3390/cells8060531
 Tanguy, E., Carmon, O., Wang, Q., Jeandel, L., Chasserot-Golaz, S., Montero-Hadjadje, M., et al. (2016). Lipids implicated in the journey of a secretory granule: from biogenesis to fusion. J. Neurochem. 137 (6), 904–912. doi:10.1111/jnc.13577
 Tanguy, E., Coste de Bagneaux, P., Kassas, N., Ammar, M. R., Wang, Q., Haeberle, A. M., et al. (2020). Mono- and poly-unsaturated phosphatidic acid regulate distinct steps of regulated exocytosis in neuroendocrine cells. Cell. Rep. 32 (7), 108026. doi:10.1016/j.celrep.2020.108026
 Tatemoto, K., Efendic, S., Mutt, V., Makk, G., Feistner, G. J., and Barchas, J. D. (1986). Pancreastatin, a novel pancreatic peptide that inhibits insulin secretion. Nature 324 (6096), 476–478. doi:10.1038/324476a0
 Taupenot, L., Harper, K. L., Mahapatra, N. R., Parmer, R. J., Mahata, S. K., and O'Connor, D. T. (2002). Identification of a novel sorting determinant for the regulated pathway in the secretory protein chromogranin A. J. Cell. Sci. 115 (24), 4827–4841. doi:10.1242/jcs.00140
 Taupenot, L., Harper, K. L., and O'Connor, D. T. (2003). The chromogranin-secretogranin family. N. Engl. J. Med. 348 (12), 1134–1149. doi:10.1056/NEJMra021405
 Taylor, N. A., Jan, G., Scougall, K. T., Docherty, K., and Shennan, K. I. (1998). Sorting of PC2 to the regulated secretory pathway in AtT20 cells. J. Mol. Endocrinol. 21 (2), 209–216. doi:10.1677/jme.0.0210209
 Temkin, P., Lauffer, B., Jager, 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 (6), 715–721. doi:10.1038/ncb2252
 Thiele, C., and Huttner, W. B. (1998a). The disulfide-bonded loop of chromogranins, which is essential for sorting to secretory granules, mediates homodimerization. J. Biol. Chem. 273 (2), 1223–1231. doi:10.1074/jbc.273.2.1223
 Thiele, C., and Huttner, W. B. (1998b). Protein and lipid sorting from the trans-Golgi network to secretory granules-recent developments. Semin. Cell. Dev. Biol. 9 (5), 511–516. doi:10.1006/scdb.1998.0259
 Thureson-Klein, A. (1983). Exocytosis from large and small dense cored vesicles in noradrenergic nerve terminals. Neuroscience 10 (2), 245–259. doi:10.1016/0306-4522(83)90132-x
 Tooze, S. A., Flatmark, T., Tooze, J., and Huttner, W. B. (1991). Characterization of the immature secretory granule, an intermediate in granule biogenesis. J. Cell. Biol. 115 (6), 1491–1503. doi:10.1083/jcb.115.6.1491
 Tooze, S. A. (1998). Biogenesis of secretory granules in the trans-Golgi network of neuroendocrine and endocrine cells. Biochim. Biophys. Acta 1404 (1-2), 231–244. doi:10.1016/s0167-4889(98)00059-7
 Torii, S., Saito, N., Kawano, A., Zhao, S., Izumi, T., and Takeuchi, T. (2005). Cytoplasmic transport signal is involved in phogrin targeting and localization to secretory granules. Traffic 6 (12), 1213–1224. doi:10.1111/j.1600-0854.2005.00353.x
 Traub, L. M., Ostrom, J. A., and Kornfeld, S. (1993). Biochemical dissection of AP-1 recruitment onto Golgi membranes. J. Cell. Biol. 123 (3), 561–573. doi:10.1083/jcb.123.3.561
 Urbe, S., Dittie, A. S., and Tooze, S. A. (1997). pH-dependent processing of secretogranin II by the endopeptidase PC2 in isolated immature secretory granules. Biochem. J. 321, 65–74. doi:10.1042/bj3210065
 Urbe, S., Page, L. J., and Tooze, S. A. (1998). Homotypic fusion of immature secretory granules during maturation in a cell-free assay. J. Cell. Biol. 143 (7), 1831–1844. doi:10.1083/jcb.143.7.1831
 van den Berg, R., and Hoogenraad, C. C. (2012). Molecular motors in cargo trafficking and synapse assembly. Adv. Exp. Med. Biol. 970, 173–196. doi:10.1007/978-3-7091-0932-8_8
 Varlamov, O., Eng, F. J., Novikova, E. G., and Fricker, L. D. (1999). Localization of metallocarboxypeptidase D in AtT-20 cells. Potential role in prohormone processing. J. Biol. Chem. 274 (21), 14759–14767. doi:10.1074/jbc.274.21.14759
 Verges, M., Luton, F., Gruber, C., Tiemann, F., Reinders, L. G., Huang, L., et al. (2004). The mammalian retromer regulates transcytosis of the polymeric immunoglobulin receptor. Nat. Cell. Biol. 6 (8), 763–769. doi:10.1038/ncb1153
 Veugelers, K., Motyka, B., Goping, I. S., Shostak, I., Sawchuk, T., and Bleackley, R. C. (2006). Granule-mediated killing by granzyme B and perforin requires a mannose 6-phosphate receptor and is augmented by cell surface heparan sulfate. Mol. Biol. Cell. 17 (2), 623–633. doi:10.1091/mbc.e05-07-0631
 Waguri, S., Dewitte, F., Le Borgne, R., Rouille, Y., Uchiyama, Y., Dubremetz, J. F., et al. (2003). Visualization of TGN to endosome trafficking through fluorescently labeled MPR and AP-1 in living cells. Mol. Biol. Cell. 14 (1), 142–155. doi:10.1091/mbc.e02-06-0338
 Wang, Y., Thiele, C., and Huttner, W. B. (2000). Cholesterol is required for the formation of regulated and constitutive secretory vesicles from the trans-Golgi network. Traffic 1 (12), 952–962. doi:10.1034/j.1600-0854.2000.011205.x
 Wang, J., Fedoseienko, A., Chen, B., Burstein, E., Jia, D., and Billadeau, D. D. (2018). Endosomal receptor trafficking: retromer and beyond. Traffic 19 (8), 578–590. doi:10.1111/tra.12574
 Wasmeier, C., Burgos, P. V., Trudeau, T., Davidson, H. W., and Hutton, J. C. (2005). An extended tyrosine-targeting motif for endocytosis and recycling of the dense-core vesicle membrane protein phogrin. Traffic 6 (6), 474–487. doi:10.1111/j.1600-0854.2005.00292.x
 Welch, M. D., and Mullins, R. D. (2002). Cellular control of actin nucleation. Annu. Rev. Cell. Dev. Biol. 18, 247–288. doi:10.1146/annurev.cellbio.18.040202.112133
 Wendler, F., Page, L., Urbe, S., and Tooze, S. A. (2001). Homotypic fusion of immature secretory granules during maturation requires syntaxin 6. Mol. Biol. Cell. 12 (6), 1699–1709. doi:10.1091/mbc.12.6.1699
 Wickner, W., and Schekman, R. (2008). Membrane fusion. Nat. Struct. Mol. Biol. 15 (7), 658–664. doi:10.1038/nsmb.1451
 Yong, X., Zhao, L., Deng, W., Sun, H., Zhou, X., Mao, L., et al. (2020). Mechanism of cargo recognition by retromer-linked SNX-BAR proteins. PLoS Biol. 18 (3), e3000631. doi:10.1371/journal.pbio.3000631
 Yong, X., Mao, L., Seaman, M. N. J., and Jia, D. (2022). An evolving understanding of sorting signals for endosomal retrieval. iScience 25 (5), 104254. doi:10.1016/j.isci.2022.104254
 Yoo, S. H., and Albanesi, J. P. (1991). High capacity, low affinity Ca2+ binding of chromogranin A. Relationship between the pH-induced conformational change and Ca2+ binding property. J. Biol. Chem. 266 (12), 7740–7745. doi:10.1016/S0021-9258(20)89511-8
 Yoo, S. H., and Lewis, M. S. (1993). Dimerization and tetramerization properties of the C-terminal region of chromogranin A: A thermodynamic analysis. Biochemistry 32 (34), 8816–8822. doi:10.1021/bi00085a012
 Yoo, S. H. (1994). pH-dependent interaction of chromogranin A with integral membrane proteins of secretory vesicle including 260-kDa protein reactive to inositol 1,4,5-triphosphate receptor antibody. J. Biol. Chem. 269 (16), 12001–12006. doi:10.1016/S0021-9258(17)32673-X
 Zech, T., Calaminus, S. D., Caswell, P., Spence, H. J., Carnell, M., Insall, R. H., et al. (2011). The Arp2/3 activator WASH regulates alpha5beta1-integrin-mediated invasive migration. J. Cell. Sci. 124 (22), 3753–3759. doi:10.1242/jcs.080986
 Zhang, C. F., Snell, C. R., and Loh, Y. P. (1999). Identification of a novel prohormone sorting signal-binding site on carboxypeptidase E, a regulated secretory pathway-sorting receptor. Mol. Endocrinol. 13 (4), 527–536. doi:10.1210/mend.13.4.0267
 Zhang, C. F., Dhanvantari, S., Lou, H., and Loh, Y. P. (2003). Sorting of carboxypeptidase E to the regulated secretory pathway requires interaction of its transmembrane domain with lipid rafts. Biochem. J. 369 (3), 453–460. doi:10.1042/BJ20020827
 Zhang, X., Bao, L., and Ma, G. Q. (2010). Sorting of neuropeptides and neuropeptide receptors into secretory pathways. Prog. Neurobiol. 90 (2), 276–283. doi:10.1016/j.pneurobio.2009.10.011
 Zhang, H., Huang, T., Hong, Y., Yang, W., Zhang, X., Luo, H., et al. (2018). The retromer complex and sorting nexins in neurodegenerative diseases. Front. Aging Neurosci. 10, 79. doi:10.3389/fnagi.2018.00079
 Zhou, A., Webb, G., Zhu, X., and Steiner, D. F. (1999). Proteolytic processing in the secretory pathway. J. Biol. Chem. 274 (30), 20745–20748. doi:10.1074/jbc.274.30.20745
 Zhu, X., Zhou, A., Dey, A., Norrbom, C., Carroll, R., Zhang, C., et al. (2002). Disruption of PC1/3 expression in mice causes dwarfism and multiple neuroendocrine peptide processing defects. Proc. Natl. Acad. Sci. U. S. A. 99 (16), 10293–10298. doi:10.1073/pnas.162352599
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 © 2023 Štepihar, Florke Gee, Hoyos Sanchez and Fon Tacer. 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/fcell-11-1243038-g005.gif
Cytosolic side.

sgmiinien o

®

Sortogmechansm  Soring motfuidomaia nRsps  Soping e, adators
o andcaon dependent Soloi ptsins Genas

(& Spregaton’ Diutide 00 ops

p pectonn aneices ses
memgrane s Dvbasi processing stes pos
sty or ety oo &
mracionwith soring  CPE bingngmott P compeses
1eSIrs 043009 Apading ot VX (O/EPODXLT] ARFS

o GGAbindng ot (0BLL Goas
Frosphoryaion S in s cstrs Ceseinkinase (0Kt





OPS/images/fcell-11-1243038-g006.gif





OPS/images/fcell-11-1243038-g003.gif
T
Ui
H

oy

55 ooy
e

e
iy






OPS/images/fcell-11-1243038-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Cell-specific secretory granule sorting mechanisms: the role of MAGEL2 and retromer in hypothalamic regulated secretion		1 Introduction

		2 Brief overview of the biogenesis, maturation, and anterograde transport of secretory granules

		3 Secretory granule composition with a focus on SG-resident proteins		3.1 Proprotein convertases (PCs)

		3.2 Carboxypeptidase E (CPE)

		3.3 The granin family

		3.4 Mannose-6-phosphate receptors (MPRs)





		4 Sorting compartments, mechanisms, and signals in the anterograde pathway of regulated secretion		4.1 Sorting models

		4.2 Sorting mechanisms

		4.3 Sorting domains and motifs

		4.4 Cytoskeletal filaments in the sorting and trafficking of regulated proteins





		5 Endocytic recycling of proteins in the regulated secretory pathway		5.1 Retromer evolution and function

		5.2 Retromer and the sorting nexin protein family

		5.3 Retromer, the WASH complex, and F-actin in retrograde trafficking





		6 MAGEL2 in regulated secretion of the hypothalamus

		7 Conclusion

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Abbreviations

		References









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






OPS/images/fcell-11-1243038-g001.gif





OPS/images/fcell-11-1243038-g002.gif









OPS/images/crossmark.jpg
©

|





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





