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In eukaryotes, many proteins contain an N-terminal signal peptide that allows their translocation into the endoplasmic reticulum followed by secretion outside the cell according to the classical secretory system. However, an increasing number of secreted proteins lacking the signal peptide sequence are emerging. These proteins, secreted in several alternative ways collectively known as unconventional protein secretion (UPS) pathways, exert extracellular functions including cell signaling, immune modulation, as well as moonlighting activities different from their well-described intracellular functions. Pathways for UPS include direct transfer across the plasma membrane, secretion from endosomal/multivesicular body-related components, release within plasma membrane-derived microvesicles, or use of elements of autophagy. In this review we describe the mammals and plants UPS pathways identified so far highlighting commonalities and differences.
Keywords: extracellular vesicles, vacuole, extracellular space, cell signaling, unconventional protein secretion
1 INTRODUCTION
Eukaryotic cells secrete soluble and membrane proteins during organism development or after induction by different types of stress. The discovery of protein trafficking describes the classical secretion pathway (Vitale and Denecke, 1999), in which proteins are translocated into the endoplasmic reticulum (ER) by a co-translational mechanism that involves the interaction in the cytosol of an N-terminal signal peptide (SP), or a transmembrane domain, with a signal recognition particle (SRP). SRP directs the protein to an ER-localized SRP receptor which, together with an ER-localized translocon complex (Sec61 complex), initiates the ER translocation (Osborne et al., 2005; Shan and Walter, 2005). Secretory proteins are then transported through the Golgi apparatus, to be sorted and targeted to the extracellular space or to the subsequent endomembrane compartments (plasma membrane, vacuoles in yeast and plants, lysosomes in animals, etc.). In recent years, an increasing number of proteins, either with or without an N-terminal SP (leaderless proteins) have been found to reach their final destinations by alternative pathways that bypass the Golgi, leading to the conclusion that this kind of transport is a very important type of protein traffic inside the cell (Goring and Di Sansebastiano, 2017; Pompa et al., 2017). Such proteins, very well represented in the eukaryotic secretome, reach their destination by an “unconventional” mechanism, of which determinants have not yet been clearly defined. In fact, neither the amino acid structural motifs that direct a protein along an unconventional protein secretion (UPS) pathway nor all the biological mechanisms that determine the UPS pathways and the molecular events involved, have been fully characterized. Another aspect related to the UPS definition is that some mechanisms involved in this process are superimposable with other cellular processes such as autophagy or programmed cell death (PCD). Even if the crosstalk between organelles of different pathways may occur in specific situations, UPS is clearly determined by literature as a distinct pathway from the conventional exo–endocytic trafficking which regulates the turnover of plasma membrane proteins (Zhang et al., 2019) and the autophagic route as well (Hu et al., 2020). Currently investigated in many organisms, UPS seems to be related to several physiological processes like immune responses, abiotic stress responses and cell proliferation in normal growth conditions (Pallotta and Nickel, 2020; Balmer and Faso, 2021). In this review, along with a presentation of differences and commonalities between the UPS mechanisms in mammals and plants, we try to summarize the latest research on UPS to combine the molecular mechanisms and the physiological issues of this type of protein transport.
1.1 Mechanisms and Physiological Role of Unconventional Protein Secretion in Mammalian Cells
In mammals, many leaderless proteins can be secreted outside the cells through different UPS mechanisms. Such secretion is biologically controlled because these proteins can exploit distinct extracellular functions, like immune modulation or cell signaling, activities different from their intracellular ones (Cohen et al., 2020). Some proteins are directly translocated across the plasma membrane forming pore structures. Generally, these proteins bind lipids, undergo a conformational change facilitated by other proteins, and then pass through the plasma membrane (Stewart et al., 2018). Only in a few cases protein secretion turns out to be mediated by ABC transporters, while a wide range of proteins is taken up into intracellular vesicle intermediates and released upon fusion with the plasma membrane in a free form or into vesicles (Cocozza et al., 2020). Moreover, integral membrane proteins lacking SP are translocated from the ER to the plasma membrane without the passage through the Golgi apparatus (Pallotta and Nickel, 2020).
1.1.1 Type I Pathway: Golgi-Bypass Pathway for Leaderless Proteins
In mammals, UPS type I is a secretory pathway wherein soluble leaderless proteins directly translocate across the plasma membrane. One of the first and most studied proteins that undergo this pathway is Fibroblast Growth Factor 2 (FGF2), which is recruited at the inner plasma membrane leaflet through interaction with the α1-subunit of the Na/K-ATPase (Legrand et al., 2020). This event promotes FGF2 binding to the phosphoinositide PI(4,5)P2 and the recruitment of the kinase Tec. FGF2 first oligomerizes, to be then phosphorylated by kinase Tec forming lipidic membrane pores. Lastly, membrane inserted FGF2 oligomers are disassembled at the outer plasma membrane leaflet by membrane proximal heparan sulfate proteoglycans, and FGF2 appears on the cell surface (Legrand et al., 2020; Pallotta and Nickel, 2020).
The UPS mechanism of FGF2 has proved to be relevant also for other functionally different proteins such as Tau and human immunodeficiency virus type 1 transactivator of transcription (HIV-Tat). Like FGF2, the secretory process of these proteins occurs by direct translocation across the plasma membrane and requires both PI(4,5)P2 for the binding to the inner leaflet and heparan sulfates for the release from the outside leaflet (Mele et al., 2018; Merezhko et al., 2020). Furthermore, the secretion of HIV-Tat involves the binding to the α1-subunit of the Na/K-ATPase as well (Agostini et al., 2017). The recent case of the protein engrailed-2 homeoprotein (EN2) translocated across the plasma membrane due to its interaction with PI(4,5)P2 also suggests that the EN2 secretion may rely on a UPS type I pathway (Amblard et al., 2020).
Interestingly, several aspects of the FGF2 secretion pathway also seem to be relevant for interleukin-1β (IL-1β). IL-1β, an essential cytokine necessary for acute inflammatory responses, is produced in the cytosol as a precursor (pro-IL1β). After the cleavage by caspase-1 into a mature form (mIL-1β), mIL-1β, like FGF2, is targeted to the plasma membrane in a PI(4,5)P2-dependent manner and then exits the cell through membrane pores. However, unlike FGF2, mIL-1β does not appear to interact directly with PI(4,5)P2. The membrane pores formation that allows mIL-1β passage is triggered by phosphoinositide-dependent oligomerization of the N-terminal domain of the cytosolic protein Gasdermin D, which is generated through proteolytic cleavage by inflammasome-activated caspases (Chan and Schroder, 2020). Moreover, by forming pores in the plasma membrane, the cleaved Gasdermin D ultimately causes cell lysis in a cell death process named pyroptosis (Evavold et al., 2018).
1.1.2 Type II Pathway: ABC Transporter-Based Secretion
In mammalian cells, a few proteins are known to be secreted through the Type II UPS pathway, which allows protein translocation through the plasma membrane via ATP-binding cassette (ABC) transporters (Dimou and Nickel, 2018). The first member of the ABCA subfamily, named ABCA1, promotes the secretion of several proteins, such as acetylated apurinic (apyrimidinic) endonuclease-1/redox factor-1 (AcAPE1/Ref-1) (Chen et al., 2021) and macrophage migration–inhibitory factor (MIF) (Sitia and Rubartelli, 2020). Heat shock 70-kDa protein (HSP70), which can be secreted through Type II UPS, appears to enter into endolysosomal vesicles with the aid of ABC transporters spanning the lysosomal membrane and to exit from mammalian cells via these vesicles (Cohen et al., 2020). Moreover, HSP70 seems to be capable of mediating a mechanism of type I UPS by itself. In fact, HSP70 associates with lipid membranes and, upon membrane insertion, oligomerizes and forms ion conductance channels. As a result, it mediates the extracellular secretion of different proteins (De Maio and Hightower, 2021).
1.1.3 Type III Pathway: Organelle-Based Translocation and Extracellular Vesicles
Type III UPS pathway involves different types of organelles that are in some cases intracellular vesicle intermediates, especially secretory lysosomes, multivesicular bodies (MVBs) and secretory autophagosomes. Endosomes, autophagosomes, and lysosomes are membrane-bound organelles with their normal cellular functions, but turn out to be secretory organelles after induction by stress signaling pathways (Pallotta and Nickel, 2020).
In mammals, MVBs are crucial components of the endolysosomal system, which leads to endocytosis, recycling, and degradation of different kinds of macromolecules, including proteins. The membrane of MVBs invaginates, captures membrane and cytosolic proteins into vesicles and forms intraluminal vesicles (ILVs). Upon fusion of these compartments with the plasma membrane, proteins are secreted outside the cell into extracellular vesicles (EVs) named exosomes (Cocozza et al., 2020). Exosomes represent one of the major types of EVs (Mathieu et al., 2019) with contents and markers defined by previous studies (Jeppesen et al., 2019). The membrane of classical exosomes contains CD63, CD81, CD9, flotillin -1 and -2, EGFR, integrin beta1 and alpha2, and Na/K-ATPase. Four different complexes named endosomal sorting complexes required for transport 0-III (ESCRT 0-III) control the generation of ILVs, in particular monomers of the ESCRT-III protein Snf7, which polymerize, deform the membrane and allow the vesicles fission (Cohen et al., 2020).
Different types of vesicles can be released directly from the plasma membrane, such as ectosomes, microvesicles, microparticles, large oncosomes and apoptotic bodies (Cocozza et al., 2020).
Being derived from the pinching outwards of the plasma membrane, microvesicles can recruit cytosolic leaderless proteins. Like the blebbing mechanism, firstly the cytoskeleton adjacent to the site of shedding on the plasma membrane is disassembled, then the phosphatidylserine is translocated to the outer leaflet causing the plasma membrane to bulge (Cohen et al., 2020). Functional microvesicles are involved in several physiopathologic conditions, such as inflammation, oxidative stress, and senescence (Hijmans et al., 19852019). These vesicles differ from exosomes not only in formation mechanism, but also in size and molecular markers. Being heterogeneous, bigger than exosomes (50–1,000 nm in diameter whereas exosomes are between 30 and 150 nm (van Niel et al., 2018)), they contain glucose-regulated protein 94 (GRP94, also known as GP96), tumor susceptibility gene 101 (TSG101), annexin A1 and ADP-ribosylation factor 6 (ARF6) as markers (Jeppesen et al., 2019).
An interesting secretion route involves secretory lysosomes. Lysosomes can generate not only protein degradation, but also protein secretion. For this purpose, these vesicles release proteins by fusing with the plasma membrane and liberating their contents in the extracellular space. Studies on fatty acid-binding protein FABP4 show how a protein is secreted by this mechanism (Villeneuve et al., 2018).
Another way of leaderless protein release outside the cell is mediated by the so-called misfolding-associated protein secretion (MAPS) pathway. Cytotoxic polypeptides, such as alpha-synuclein, Tau and other cytosolic misfolded proteins, are delivered to late endosomes, which then fuse to the plasma membrane, releasing their contents (Sitia and Rubartelli, 2020).
Structures involved in autophagy are also critical for UPS of leaderless proteins, such as autophagosomes and amphisomes. Autophagosomes are double-membrane organelles formed under starvation and exogenous stresses to break down cellular components, but they are also constitutively formed to maintain the turnover of self-components. Moreover, autophagy can selectively degrade harmful substances that cannot be digested by other pathways such as the proteasomal degradation pathway (Kawabata and Yoshimori, 2020). Being capable of capturing other organelles and large areas of cytoplasm, autophagosomes deliver the materials to lysosomes or MVBs or the extracellular space for recycling, degradation or secretion of the cargo (Pallotta and Nickel, 2020). In particular, when autophagosomes fuse with MVBs, structures called amphisomes are formed, which can later fuse with the plasma membrane and deliver cargo to the external environment as a UPS mechanism (Cohen et al., 2020). An example of protein secreted by this mechanism is histone H3 (Jeppesen et al., 2019), while IL-1β can be released outside the cells through autophagosomes. Cytokine IL-1β can be released by either pyroptosis and pore formation (Type I UPS) or autophagy-mediated UPS mechanism (Type III UPS). Recent studies have revealed the mechanism by which IL-1β and other leaderless cargoes enter into the lumen of intracellular vesicle intermediates, in order to be secreted by the type III UPS pathway (Zhang et al., 2020). The transmembrane p24 trafficking protein 10 (TMED10) plays a crucial role in vesicle entry, as well as the secretion of many leaderless cargoes, like IL-1β. The unfolded form of this cytokine is bound to the cytoplasmic chaperone heat shock 90-kDa protein (HSP90A), which directs the protein to TMED10 localized in the ER-Golgi intermediate compartment (ERGIC). TMED serves as a protein channel and directs the entry of cargoes into this structure (Zhang et al., 2020). Besides, components of the early secretory pathway named Golgi reassembly and stacking proteins (GRASP, in mammals GRASP55 and GRASP65), are involved in the biogenesis of the vesicle intermediates, turning out to be important for IL-1β secretion (Chiritoiu et al., 2019).
1.1.4 Type IV Pathway: Bypassing the Golgi With SP/Transmembrane Domain-Containing Proteins
In mammals, type IV UPS is a pathway where integral membrane proteins translocated into the ER reach the plasma membrane bypassing the Golgi apparatus (therefore defined as Golgi-bypass). It is mostly associated with cellular stress signals generated during nutrient starvation, mechanical stress and ER stress. Indeed, proteins specialized in recognizing misfolded proteins and implicated in ER stress response, like IRE1, GRASPs, heat shock proteins as well as their cofactors and molecular chaperones, take part in the Golgi-bypass of different cargo proteins (Gee et al., 2018).
Well-known examples of transmembrane proteins that undergo the type IV UPS pathway are pendrin and cystic fibrosis transmembrane conductance regulator (CFTR). Disease-causing mutations of both CFTR and pendrin lead to, proteins misfolding and retention in the ER. Studies have demonstrated that under blocked ER-to-Golgi transport or ER stress conditions, immature core-glycosylated CFTR and pendrin can reach the plasma membrane via the Golgi-bypass UPS pathway and retain their anion transporting activity. The basic mechanisms by which these two proteins reach the cell membrane via UPS appear to be similar, both enhanced by IRE1α kinase pathway activation (Park et al., 2020). However, some key molecules controlling the UPS of these two membrane proteins are not identical. For example, GRASP55 is required for the UPS of CFTR, whereas the HSP70 co-chaperone DNAJC14 is involved in the UPS of pendrin (Gee et al., 2018; Zhang and Wang, 2020). Furthermore, vesicular components related to autophagosome formation are involved in UPS. For instance, only knockdown of components in the autophagosome formation (ATG1, ATG5, ATG7, and ATG8), but not that of vacuole fusion (Vamp7), inhibits unconventional surface trafficking of the mutated form of CTFR (ΔF508-CFTR) (Gee et al., 2018). Moreover, secretory autophagy machinery and vesicular trafficking components have been demonstrated to take part in the secretory pathway of high mobility group box 1 (HMGB1), a leaderless protein whose unconventional secretion mechanism has recently been clarified (Kim et al., 2021). In particular, the machinery of HMGB1 secretion is mediated by Golgi reassembly stacking protein 2 (GORASP2), secretion associated Ras-related GTPase 1A (SAR1AT39N), ADP ribosylation factor 1 (ARF1Q71L) and MVBs formation (Kim et al., 2021). However, important questions regarding the mechanism of autophagy-mediated UPS of transmembrane proteins remain to be elucidated (Noh et al., 2018).
It should be noted that certain cargoes can enter different types of UPS pathways based on the physiological context. Indeed, some proteins that undergo the type I pathway can reach the extracellular space through other UPS mechanisms as well. Typical examples are Tau undergoing both type I UPS and UPS by EVs, and IL-1β going through both type I and type III UPS (Pallotta and Nickel, 2020).
2.2 Mechanisms and Physiological Role of Unconventional Protein Secretion in Plants
Numerous review articles have already described UPS in plants (De Marchis et al., 2013a; Davis et al., 2016; Robinson et al., 2016) or compared conventional protein secretion with UPS in plants (Goring and Di Sansebastiano, 2017; Wang et al., 2017). In one of these papers, (Ding et al., 2014) the authors have suggested a classification for the different types of UPS existing in plants: type I, a Golgi-bypass pathway for SP-lacking polypeptides, type II, a secretion route mediated by the vacuole, or (type III) mediated by MVBs, or (type IV) mediated by an exocyst-positive organelle (EXPO). Unfortunately, other authors have denominated UPS types in animals and yeast as type I-IV, and at least in two cases, very different UPS mechanisms share the same name. For example, the type IV pathway in mammalian cells involves SP- and/or transmembrane domain-containing proteins which are translated in the ER and then targeted to the plasma membrane without passing through the Golgi (Rabouille, 2017). Conversely, the type IV pathway in plant cells corresponds to a secretory pathway mediated by EXPO, a double-membrane-bound organelle that fuses with the plasma membrane and releases leaderless cytosolic proteins (Ding et al., 2014; Wang et al., 2020). Therefore, we describe in this paper how the UPS plant classification system should be revised in comparison to the UPS general categories identified by Pallotta and Nickel (Pallotta and Nickel, 2020).
2.2.1 Type I Pathway: Golgi-Bypass Pathway for Leaderless Proteins
Both mammalian and plant cells use this UPS route, and many leaderless secretory proteins have been described in the plant secretome (Agrawal et al., 2010; Krause et al., 2013), but in plants, there are only a few published examples of leaderless proteins secreted in the apoplast bypassing the Golgi apparatus. One involves a leaderless heterologous protein of bacterial origin, hygromycin phosphotransferase (HYGR), which is secreted, when expressed in transgenic Arabidopsis plants, from the cytosol to the apoplast, i.e the plant extracellular space, bypassing the Golgi (Zhang et al., 2011). With this aim, brefeldin A (BFA), an inhibitor of protein traffic through the Golgi apparatus caused by deregulated fusion of the ER with the Golgi cisternae, has been used. BFA treatment does not inhibit HYGR secretion (Zhang et al., 2011), nor does it impede the secretion of another protein, mannitol dehydrogenase (MTD) (Cheng et al., 2009). MTD, the only other example, converts mannitol to mannose and it is localized in the cell (cytoplasm, nucleus, etc.) but secreted into the apoplast after treatment with salicylic acid, an endogenous inducer of plant defense responses (Cheng et al., 2009). MTD secretion may represent part of a plant defense mechanism against mannitol-secreting fungal pathogens, and a very preliminary effort has recently been made to identify the cytoplasmic components of the MTD secretory machinery following salicylic acid treatment (Ho et al., 2022). Indeed, no information about the translocation mechanisms of HYGR and MTD is available yet.
2.2.2 Type II Pathway: ABC Transporter-Based Secretion
No plant-secreted protein seems to follow this route involving lipidated cargoes and being mediated by ABC transporters (Dimou and Nickel, 2018).
2.2.3 Type III Pathway: Organelle-Based Translocation and Extracellular Vesicles
Through similar mechanisms used by mammalian cells, the endomembrane trafficking system in plants is tightly linked to cellular stresses in order to rapidly adapt the cellular processes to the new physiological conditions (Wang et al., 2020). The vacuole is the largest membrane-bounded compartment in plant cells with multiple functions essential for plant growth and development, and some of these functions, like cellular waste degradation, are similar to those of lysosomes. In case of a pathogen attack, vacuoles can turn into secretory organelles and fuse with the plasma membrane at pathogen entry sites releasing antibacterial proteins like aleurain, aspartyl protease, and carboxypeptidase Y (Hatsugai et al., 2009). These hydrolytic enzymes enter the ER due to their N-terminal SP and then traffic along the conventional protein secretion pathway to reach the vacuole where they normally degrade cellular proteins. Their induced release into the apoplast carries out both antibacterial activity and cell death-inducing activity, leading to PCD as a defense strategy developed by plants for lack of immune cells (Ruano and Scheuring, 2020).
In plants, another UPS route should be comprised of the type III pathway because it is organelle-mediated and the secreted proteins are released as part of vesicles: UPS mediated by EVs. Plant EVs can be secreted from either exocyst-positive organelles (EXPOs) or MVBs.
EXPOs, double-membrane organelles from 500 to 800 nm in diameter (similar to autophagosomes), are Exo70E2-positive structures because immunolabelling studies have shown the exocyst subunit Exo70E2 co-localized with them (Wang et al., 2010). EXPOs deliver cargo-containing vesicles into the apoplast by fusion of the outer membrane with the PM, while the inner boundary membrane is subjected to degradation (Ding et al., 2012). EXPO characteristics have recently been revised (Cui et al., 2020), so here we only underline that EXPOs seem to be involved in releasing exosomes containing leaderless proteins with a role in growth regulation and plant cell wall remodeling. De Caroli and colleagues (De Caroli et al., 2021) have shown that two out of three xyloglucan endotransglucosylase/hydrolases (XTHs) involved in cell wall assembly are targeted to the cell wall and plasma membrane through a conventional protein secretion pathway. Conversely, the other leaderless protein (XTH29), released in the apoplast by a UPS route mediated by EXPOs, appears to be upregulated in response to abiotic stresses.
Plant MVBs (alternatively named prevacuolar compartments or late endosomes) are organelles of conventional secretion pathway mediating the transport from the Golgi to vacuoles (Hu et al., 2020), but MVBs can also participate in UPS pathways by fusing with the plasma membrane to release their ILVs to the apoplast. These ILVs, referred to as exosomes, take part in intercellular communication and carry small RNAs and proteins (Cai et al., 2018). Exosomes belong to an EVs subpopulation of 30–150 nm in diameter, isolated by differential ultracentrifugation (Rutter and Innes, 2020; Kim, 2021) and enriched in membrane proteins used as biomarkers like the syntaxin AtSYP121/PENETRATION1 (PEN1) and the tetraspanin (TET) 8 and TET9 (Rutter and Innes, 2017; Cai et al., 2018). Transmission electron microscopy images of MVBs and exosomes have been shown in plant leaves (An et al., 2006; Liu et al., 2020) and stigmatic papillae (Goring, 2017), moreover, exosomes have been isolated from external fluids of leaves (Rutter and Innes, 2017), pollen grains (Prado et al., 2014) and seeds (Pinedo et al., 2012). However, there is limited experimental evidence of MVB-plasma membrane fusion resulted in the release of exosomes into the apoplast (Movahed et al., 2019). Since the secretion of plant exosomes/EVs is enhanced in response to pathogen infection (Hansen and Nielsen, 2017; Rybak and Robatzek, 2019), and proteomic analyses of exosomes/EVs isolated from plant tissues have identified enrichment of proteins involved in cell wall remodeling enzymes and defense/stress-related proteins (Regente et al., 2017; Rutter and Innes, 2017), it is widely accepted that plant exosomes/EVs perform a function in plant growth and development (de la Canal and Pinedo, 2018), including regulation of plant-microbe interactions (Ivanov et al., 2019; Roth et al., 2019; Cui et al., 2020). Nevertheless, many questions remain to be answered, like which cargo proteins are involved and how they are loaded in plant exosomes.
2.2.4 Type IV Pathway: Bypassing the Golgi With SP/Transmembrane Domain-Containing Proteins
Integral membrane proteins, synthesized in the ER and bypassing the Golgi during their journey to the plasma membrane, are comprised in this route. In plants, there is no solid result able to demonstrate protein traveling from the ER to the plasma membrane or the apoplast bypassing the Golgi apparatus. Alternatively, there are many examples of proteins directly delivered from the ER to the vacuole, which have extensively been reviewed (Pedrazzini et al., 2016; Bellucci et al., 2017). Both soluble and membrane proteins with ER-targeting signals can traffic to the vacuole bypassing the Golgi, including proteins aggregated in large polymers (ER bodies), which are stored either in seed tissues to allow seed germination or in vegetative tissues to join the plant defense against abiotic stresses. Examples of such ER bodies are the precursor-accumulating vesicles (PACs) and the ER bodies described in plants of the Brassicales order. PACs are ER-derived spherical bodies that accumulate storage proteins and, after being released in the cytoplasm, fuse with the protein storage vacuoles (Hara-Nishimura et al., 1998). In Arabidopsis thaliana (Brassicaceae) seedlings, ER bodies accumulate mainly proteases and fuse to the vacuoles in presence of salt stress, thus assisting the cell death under stress conditions (Hayashi et al., 2001).
Heterologous expression of soluble glycoproteins, like human lysosomal alpha-mannosidase (MAN2B1) and mouse IgG1 14D9, demonstrates that these proteins directly reach the vacuole after translocation into the ER (De Marchis et al., 2013b; Ocampo et al., 2016). It is not clear how they are delivered to the vacuole and if glycosylation is relevant for their trafficking. Interestingly, in the case of cardosins, plant vacuolar aspartic proteinases, when the C-terminal vacuolar sorting domain (VSD) is artificially removed, a second domain named plant-specific insert (PSI) acts as a VSD in specific conditions or developmental stages. In the species artichoke (Cynara Cardunculus) and soybean (Glycine max), the glycosylation status of the PSI domain seems to play an important role in determining if the cardosin should go through or bypass the Golgi in their route to the vacuole (Vieira et al., 2019). As regards membrane proteins, several proteins located in the vacuole membrane like calcineurin B-like (CBL) 6, soluble N-ethylmaleimide sensitive factor attachment protein receptor (SNARE) VAM3 and α-TIP, traffic through this UPS pathway (Di Sansebastiano et al., 2017).
2 DISCUSSION
We are firmly convinced that a unique classification system in mammals and plants for the UPS pathways based on their different molecular mechanisms should be an important prerequisite for biological research to avoid confusion. After all, similar motivations have driven the community to conceive biological classification systems (Marakeby et al., 2014). A re-classification of the UPS pathways can especially benefit the plant scientific community because in plants the understanding of UPS mechanisms is still very restricted and the assignment of a particular protein transport route to a type of UPS pathway can arise debate (Pompa et al., 2017). This is the case of EXPO organelles, and in fact for some authors the question if these organelles should be considered part of an autophagic transport to the vacuole rather than part of a UPS pathway that releases leaderless proteins in the apoplast, is still in discussion (Kulich et al., 2013; Lin et al., 2015). However, with the scientific data available about the UPS pathways, abundant in mammals and few in plants, we’ve succeeded in finding some common categories/types (Figure 1). For example, there are many similarities between animals and plants in UPS type III, where organelles normally involved in the endomembrane trafficking system of the classical secretion pathway (vacuoles in plants and lysosomes in animals) become UPS organelles, but there are also differences due to specific membrane-bound organelles like the EXPOs in plants. Moreover, specialized UPS organelles, such as the yeast cup-shaped membranes (CUPS), are present neither in animals nor in plants (Bruns et al., 2011). It has been difficult for us to distinguish proteins secreted by UPS routes from those secreted by autophagy or PCD mechanisms because interaction takes place between UPS and autophagy/PCD. Conversely, we have unanimously decided to exclude from this review plasmodesmata and tunnelling nanotubes which are types of cell-to-cell transport based on intercellular channels (Knox and Benitez-Alfonso, 2014). By writing this review, we have realized that knowledge is still very limited of the molecular machineries involved in the secretion of proteins by unconventional pathways both in animals and in plants. The UPS topic will become more and more important in the coming years and an increasing understanding of these secretion mechanisms will provide unique opportunities for applied biology.
[image: Figure 1]FIGURE 1 | Overview of unconventional protein secretion (UPS) pathways in mammals and plants, with a description of proteins following different UPS routes. From left to right: UPS type I, UPS type II, and UPS type III are used by leaderless proteins which employ different methods to go through the plasma membrane (PM). In type III autophagosomes are inserted to represent the crosstalk between UPS and autophagy (see Paragraph 1.1.3). The scheme of UPS type IV represents the destiny of SP/transmembrane domain-containing proteins translocated in the ER, the next journey to the plasma membrane in mammals, and the direct delivery to the vacuole in plants. However, such proteins normally traffic along the conventional secretory pathway and transit through the Golgi apparatus.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work has been supported by the PRIN program of Italian Ministry of Education, University and Research (MIUR, grant number PRIN 2017WJZ9W9) to MTP.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Agostini, S., Ali, H., Vardabasso, C., Fittipaldi, A., Tasciotti, E., Cereseto, A., et al. (2017). Inhibition of Non Canonical HIV-1 Tat Secretion through the Cellular Na + ,K + -ATPase Blocks HIV-1 Infection. EBioMedicine 21, 170–181. doi:10.1016/j.ebiom.2017.06.011
 Agrawal, G. K., Jwa, N.-S., Lebrun, M.-H., Job, D., and Rakwal, R. (2010). Plant Secretome: Unlocking Secrets of the Secreted Proteins. Proteomics 10 (4), 799–827. doi:10.1002/pmic.200900514
 Amblard, I., Dupont, E., Alves, I., Miralvès, J., Queguiner, I., and Joliot, A. (2020). Bidirectional Transfer of Homeoprotein EN2 across the Plasma Membrane Requires PIP2. J. Cel Sci 133 (13), jcs244327. doi:10.1242/jcs.244327
 An, Q., Huckelhoven, R., Kogel, K.-H., and van Bel, A. J. E. (2006). Multivesicular Bodies Participate in a Cell wall-associated Defence Response in Barley Leaves Attacked by the Pathogenic Powdery Mildew Fungus. Cell Microbiol 8 (6), 1009–1019. doi:10.1111/j.1462-5822.2006.00683.x
 Balmer, E. A., and Faso, C. (2021). The Road Less Traveled? Unconventional Protein Secretion at Parasite-Host Interfaces. Front. Cel Dev. Biol. 9, 662711. doi:10.3389/fcell.2021.662711
 Bellucci, M., De Marchis, F., and Pompa, A. (2017). The Endoplasmic Reticulum Is a Hub to Sort Proteins toward Unconventional Traffic Pathways and Endosymbiotic Organelles. J. Exp. Bot. 69 (1), 7–20. doi:10.1093/jxb/erx286
 Bruns, C., McCaffery, J. M., Curwin, A. J., Duran, J. M., and Malhotra, V. (2011). Biogenesis of a Novel Compartment for Autophagosome-Mediated Unconventional Protein Secretion. J. Cel Biol 195 (6), 979–992. doi:10.1083/jcb.201106098
 Cai, Q., Qiao, L., Wang, M., He, B., Lin, F.-M., Palmquist, J., et al. (2018). Plants Send Small RNAs in Extracellular Vesicles to Fungal Pathogen to Silence Virulence Genes. Science 360 (6393), 1126–1129. doi:10.1126/science.aar4142
 Chan, A. H., and Schroder, K. (2020). Inflammasome Signaling and Regulation of Interleukin-1 Family Cytokines. J. Exp. Med. 217 (1), e20190314. doi:10.1084/jem.20190314
 Chen, W., Wang, S., and Xing, D. (2021). New Horizons for the Roles and Association of APE1/Ref-1 and ABCA1 in Atherosclerosis. Jir 14, 5251–5271. doi:10.2147/jir.s330147
 Cheng, F.-y., Zamski, E., Guo, W.-w., Pharr, D. M., and Williamson, J. D. (2009). Salicylic Acid Stimulates Secretion of the Normally Symplastic Enzyme Mannitol Dehydrogenase: a Possible Defense against Mannitol-Secreting Fungal Pathogens. Planta 230 (6), 1093–1103. doi:10.1007/s00425-009-1006-3
 Chiritoiu, M., Brouwers, N., Turacchio, G., Pirozzi, M., and Malhotra, V. (2019). GRASP55 and UPR Control Interleukin-1β Aggregation and Secretion. Dev. Cel 49 (1), 145–155. doi:10.1016/j.devcel.2019.02.011
 Cocozza, F., Grisard, E., Martin-Jaular, L., Mathieu, M., and Théry, C. (2020). SnapShot: Extracellular Vesicles. Cell 182 (1), 262. doi:10.1016/j.cell.2020.04.054
 Cohen, M. J., Chirico, W. J., and Lipke, P. N. (2020). Through the Back Door: Unconventional Protein Secretion. Cel Surf. 6, 100045. doi:10.1016/j.tcsw.2020.100045
 Cui, Y., Gao, J., He, Y., and Jiang, L. (2020). Plant Extracellular Vesicles. Protoplasma 257 (1), 3–12. doi:10.1007/s00709-019-01435-6
 Davis, D. J., Kang, B.-H., Heringer, A. S., Wilkop, T. E., and Drakakaki, G. (2016). Unconventional Protein Secretion in Plants. Methods Mol. Biol. 1459, 47–63. doi:10.1007/978-1-4939-3804-9_3
 De Caroli, M., Manno, E., Piro, G., and Lenucci, M. S. (2021). Ride to Cell wall: Arabidopsis XTH11, XTH29 and XTH33 Exhibit Different Secretion Pathways and Responses to Heat and Drought Stress. Plant J. 107 (2), 448–466. doi:10.1111/tpj.15301
 de la Canal, L., and Pinedo, M. (2018). Extracellular Vesicles: a Missing Component in Plant Cell wall Remodeling. J. Exp. Bot. 69 (20), 4655–4658. doi:10.1093/jxb/ery255
 De Maio, A., and Hightower, L. (2021). The Interaction of Heat Shock Proteins with Cellular Membranes: a Historical Perspective. Cell Stress and Chaperones 26 (5), 769–783. doi:10.1007/s12192-021-01228-y
 De Marchis, F., Bellucci, M., and Pompa, A. (2013). Unconventional Pathways of Secretory Plant Proteins from the Endoplasmic Reticulum to the Vacuole Bypassing the Golgi Complex. Plant Signal. Behav. 8 (8), e25219. doi:10.4161/psb.25129
 De Marchis, F., Bellucci, M., and Pompa, A. (2013). Traffic of Human α-Mannosidase in Plant Cells Suggests the Presence of a New Endoplasmic Reticulum-To-Vacuole Pathway without Involving the Golgi Complex. Plant Physiol. 161 (4), 1769–1782. doi:10.1104/pp.113.214536
 Di Sansebastiano, G. P., Barozzi, F., Piro, G., Denecke, J., and de Marcos Lousa, C. (2017). Trafficking Routes to the Plant Vacuole: Connecting Alternative and Classical Pathways. J. Exp. Bot. 69 (1), 79–90. doi:10.1093/jxb/erx376
 Dimou, E., and Nickel, W. (2018). Unconventional Mechanisms of Eukaryotic Protein Secretion. Curr. Biol. 28 (8), R406–r410. doi:10.1016/j.cub.2017.11.074
 Ding, Y., Robinson, D. G., and Jiang, L. (2014). Unconventional Protein Secretion (UPS) Pathways in Plants. Curr. Opin. Cel Biol. 29, 107–115. doi:10.1016/j.ceb.2014.05.008
 Ding, Y., Wang, J., Wang, J., Stierhof, Y.-D., Robinson, D. G., and Jiang, L. (2012). Unconventional Protein Secretion. Trends Plant Sci. 17 (10), 606–615. doi:10.1016/j.tplants.2012.06.004
 Evavold, C. L., Ruan, J., Tan, Y., Xia, S., Wu, H., and Kagan, J. C. (2018). The Pore-Forming Protein Gasdermin D Regulates Interleukin-1 Secretion from Living Macrophages. Immunity 48 (1), 35–44. doi:10.1016/j.immuni.2017.11.013
 Gee, H. Y., Kim, J., and Lee, M. G. (2018). Unconventional Secretion of Transmembrane Proteins. Semin. Cel Dev. Biol. 83, 59–66. doi:10.1016/j.semcdb.2018.03.016
 Goring, D. R., and Di Sansebastiano, G. P. (2017). Protein and Membrane Trafficking Routes in Plants: Conventional or Unconventional?J. Exp. Bot. 69 (1), 1–5. doi:10.1093/jxb/erx435
 Goring, D. R. (2017). Exocyst, Exosomes, and Autophagy in the Regulation of Brassicaceae Pollen-Stigma Interactions. J. Exp. Bot. 69 (1), 69–78. doi:10.1093/jxb/erx340
 Hansen, L. L., and Nielsen, M. E. (2017). Plant Exosomes: Using an Unconventional Exit to Prevent Pathogen Entry?J. Exp. Bot. 69 (1), 59–68. doi:10.1093/jxb/erx319
 Hara-Nishimura, I., Shimada, T., Hatano, K., Takeuchi, Y., and Nishimura, M. (1998). Transport of Storage Proteins to Protein Storage Vacuoles Is Mediated by Large Precursor-Accumulating Vesicles. The Plant Cell 10 (5), 825–836. doi:10.2307/3870668
 Hatsugai, N., Iwasaki, S., Tamura, K., Kondo, M., Fuji, K., Ogasawara, K., et al. (2009). A Novel Membrane Fusion-Mediated Plant Immunity against Bacterial Pathogens. Genes Dev. 23 (21), 2496–2506. doi:10.1101/gad.1825209
 Hayashi, Y., Yamada, K., Shimada, T., Matsushima, R., Nishizawa, N., Nishimura, M., et al. (2001). A Proteinase-Storing Body that Prepares for Cell Death or Stresses in the Epidermal Cells of Arabidopsis. Plant Cel Physiol 42 (9), 894–899. doi:10.1093/pcp/pce144
 Hijmans, J. G., Stockelman, K., Levy, M., Brewster, L. M., Bammert, T. D., Greiner, J. J., et al. (19852019). Effects of HIV-1 Gp120 and TAT-Derived Microvesicles on Endothelial Cell Function. J. Appl. Physiol. (1985) 126 (5), 1242–1249. doi:10.1152/japplphysiol.01048.2018
 Ho, T. C., Blackburn, R. K., Goshe, M. B., and Williamson, J. D. (2022). Identification of Multiple Proteins Whose Interaction with Mannitol Dehydrogenase Is Induced by Salicylic Acid: Implications for Unconventional Secretion. Proteomics 22 (1-2), e2100091. doi:10.1002/pmic.202100091
 Hu, S., Li, Y., and Shen, J. (2020). A Diverse Membrane Interaction Network for Plant Multivesicular Bodies: Roles in Proteins Vacuolar Delivery and Unconventional Secretion. Front. Plant Sci. 11, 425. doi:10.3389/fpls.2020.00425
 Ivanov, S., Austin, J., Berg, R. H., and Harrison, M. J. (2019). Extensive Membrane Systems at the Host-Arbuscular Mycorrhizal Fungus Interface. Nat. Plants 5 (2), 194–203. doi:10.1038/s41477-019-0364-5
 Jeppesen, D. K., Fenix, A. M., Franklin, J. L., Higginbotham, J. N., Zhang, Q., Zimmerman, L. J., et al. (2019). Reassessment of Exosome Composition. Cell 177 (2), 428–445. doi:10.1016/j.cell.2019.02.029
 Kawabata, T., and Yoshimori, T. (2020). Autophagosome Biogenesis and Human Health. Cell Discov 6 (1), 33. doi:10.1038/s41421-020-0166-y
 Kim, K. W. (2021). In Situ and Ex Situ Imaging of Plant Extracellular Vesicles as Nanovectors for Cross‐domain Communication. J. Phytopathol 169 (9), 515–524. doi:10.1111/jph.13022
 Kim, Y. H., Kwak, M. S., Lee, B., Shin, J. M., Aum, S., Park, I. H., et al. (2021). Secretory Autophagy Machinery and Vesicular Trafficking Are Involved in HMGB1 Secretion. Autophagy 17 (9), 2345–2362. doi:10.1080/15548627.2020.1826690
 Knox, J. P., and Benitez-Alfonso, Y. (2014). Roles and Regulation of Plant Cell walls Surrounding Plasmodesmata. Curr. Opin. Plant Biol. 22, 93–100. doi:10.1016/j.pbi.2014.09.009
 Krause, C., Richter, S., Knöll, C., and Jürgens, G. (2013). Plant Secretome - from Cellular Process to Biological Activity. Biochim. Biophys. Acta (Bba) - Proteins Proteomics 1834 (11), 2429–2441. doi:10.1016/j.bbapap.2013.03.024
 Kulich, I., Pečenková, T., Sekereš, J., Smetana, O., Fendrych, M., Foissner, I., et al. (2013). Arabidopsis Exocyst Subcomplex Containing Subunit EXO70B1 Is Involved in Autophagy-Related Transport to the Vacuole. Traffic 14 (11), 1155–1165. doi:10.1111/tra.12101
 Legrand, C., Saleppico, R., Sticht, J., Lolicato, F., Müller, H.-M., Wegehingel, S., et al. (2020). The Na,K-ATPase Acts Upstream of Phosphoinositide PI(4,5)P2 Facilitating Unconventional Secretion of Fibroblast Growth Factor 2. Commun. Biol. 3 (1), 141. doi:10.1038/s42003-020-0871-y
 Lin, Y., Ding, Y., Wang, J., Shen, J., Kung, C. H., Zhuang, X., et al. (2015). Exocyst-Positive Organelles and Autophagosomes Are Distinct Organelles in Plants. Plant Physiol. 169 (3), 1917–1932. doi:10.1104/pp.15.00953
 Liu, N.-J., Wang, N., Bao, J.-J., Zhu, H.-X., Wang, L.-J., and Chen, X.-Y. (2020). Lipidomic Analysis Reveals the Importance of GIPCs in Arabidopsis Leaf Extracellular Vesicles. Mol. Plant 13 (10), 1523–1532. doi:10.1016/j.molp.2020.07.016
 Marakeby, H., Badr, E., Torkey, H., Song, Y., Leman, S., Monteil, C. L., et al. (2014). A System to Automatically Classify and Name Any Individual Genome-Sequenced Organism Independently of Current Biological Classification and Nomenclature. PLoS One 9 (2), e89142. doi:10.1371/journal.pone.0089142
 Mathieu, M., Martin-Jaular, L., Lavieu, G., and Théry, C. (2019). Specificities of Secretion and Uptake of Exosomes and Other Extracellular Vesicles for Cell-To-Cell Communication. Nat. Cel Biol 21 (1), 9–17. doi:10.1038/s41556-018-0250-9
 Mele, A. R., Marino, J., Chen, K., Pirrone, V., Janetopoulos, C., Wigdahl, B., et al. (2018), Defining the Molecular Mechanisms of HIV-1 Tat Secretion: PtdIns(4,5)P2 at the Epicenter. Traffic , 4, doi:10.1111/tra.12578
 Merezhko, M., Uronen, R.-L., and Huttunen, H. J. (2020). The Cell Biology of Tau Secretion. Front. Mol. Neurosci. 13, 569818. doi:10.3389/fnmol.2020.569818
 Movahed, N., Cabanillas, D. G., Wan, J., Vali, H., Laliberté, J.-F., and Zheng, H. (2019). Turnip Mosaic Virus Components Are Released into the Extracellular Space by Vesicles in Infected Leaves. Plant Physiol. 180 (3), 1375–1388. doi:10.1104/pp.19.00381
 Noh, S. H., Gee, H. Y., Kim, Y., Piao, H., Kim, J., Kang, C. M., et al. (2018). Specific Autophagy and ESCRT Components Participate in the Unconventional Secretion of CFTR. Autophagy 14 (10), 1761–1778. doi:10.1080/15548627.2018.1489479
 Ocampo, C. G., Lareu, J. F., Marin Viegas, V. S., Mangano, S., Loos, A., Steinkellner, H., et al. (2016). Vacuolar Targeting of Recombinant Antibodies in Nicotiana Benthamiana. Plant Biotechnol. J. 14 (12), 2265–2275. doi:10.1111/pbi.12580
 Osborne, A. R., Rapoport, T. A., and van den Berg, B. (2005). Protein Translocation by the Sec61/SecY Channel. Annu. Rev. Cel Dev. Biol. 21, 529–550. doi:10.1146/annurev.cellbio.21.012704.133214
 Pallotta, M. T., and Nickel, W. (2020). FGF2 and IL-1β - Explorers of Unconventional Secretory Pathways at a Glance. J. Cel Sci 133 (21), jcs250449. doi:10.1242/jcs.250449
 Park, H., Shin, D. H., Sim, J. R., Aum, S., and Lee, M. G. (2020). IRE1α Kinase-Mediated Unconventional Protein Secretion Rescues Misfolded CFTR and Pendrin. Sci. Adv. 6 (8), eaax9914. doi:10.1126/sciadv.aax9914
 Pedrazzini, E., Mainieri, D., Marrano, C. A., and Vitale, A. (2016). Where Do Protein Bodies of Cereal Seeds Come from?Front. Plant Sci. 7, 1139. doi:10.3389/fpls.2016.01139
 Pinedo, M., Regente, M., Elizalde, M., Y. Quiroga, I., A. Pagnussat, L., Jorrin-Novo, J., et al. (2012). Extracellular sunflower Proteins: Evidence on Non-classical Secretion of a Jacalin-Related Lectin. Ppl 19 (3), 270–276. doi:10.2174/092986612799363163
 Pompa, A., De Marchis, F., Pallotta, M. T., Benitez-Alfonso, Y., Jones, A., Schipper, K., et al. (2017). Unconventional Transport Routes of Soluble and Membrane Proteins and Their Role in Developmental Biology. Int. J. Mol. Sci. 18 (4), 703. doi:10.3390/ijms18040703
 Prado, N., de Dios Alché, J., Casado-Vela, J., Mas, S., Villalba, M., Rodríguez, R., et al. (2014). Nanovesicles Are Secreted during Pollen Germination and Pollen Tube Growth: a Possible Role in Fertilization. Mol. Plant 7 (3), 573–577. doi:10.1093/mp/sst153
 Rabouille, C. (2017). Pathways of Unconventional Protein Secretion. Trends Cel Biol. 27 (3), 230–240. doi:10.1016/j.tcb.2016.11.007
 Regente, M., Pinedo, M., San Clemente, H., Balliau, T., Jamet, E., and de la Canal, L. (2017). Plant Extracellular Vesicles Are Incorporated by a Fungal Pathogen and Inhibit its Growth. J. Exp. Bot. 68 (20), 5485–5495. doi:10.1093/jxb/erx355
 Robinson, D. G., Ding, Y., and Jiang, L. (2016). Unconventional Protein Secretion in Plants: a Critical Assessment. Protoplasma 253 (1), 31–43. doi:10.1007/s00709-015-0887-1
 Roth, R., Hillmer, S., Funaya, C., Chiapello, M., Schumacher, K., Lo Presti, L., et al. (2019). Arbuscular Cell Invasion Coincides with Extracellular Vesicles and Membrane Tubules. Nat. Plants 5 (2), 204–211. doi:10.1038/s41477-019-0365-4
 Ruano, G., and Scheuring, D. (2020). Plant Cells under Attack: Unconventional Endomembrane Trafficking during Plant Defense. Plants (Basel) 9 (3), 389. doi:10.3390/plants9030389
 Rutter, B. D., and Innes, R. W. (2017). Extracellular Vesicles Isolated from the Leaf Apoplast Carry Stress-Response Proteins. Plant Physiol. 173 (1), 728–741. doi:10.1104/pp.16.01253
 Rutter, B. D., and Innes, R. W. (2020). Growing Pains: Addressing the Pitfalls of Plant Extracellular Vesicle Research. New Phytol. 228 (5), 1505–1510. doi:10.1111/nph.16725
 Rybak, K., and Robatzek, S. (2019). Functions of Extracellular Vesicles in Immunity and Virulence. Plant Physiol. 179 (4), 1236–1247. doi:10.1104/pp.18.01557
 Shan, S.-o., and Walter, P. (2005). Co-translational Protein Targeting by the Signal Recognition Particle. FEBS Lett. 579 (4), 921–926. doi:10.1016/j.febslet.2004.11.049
 Sitia, R., and Rubartelli, A. (2020). Evolution, Role in Inflammation, and Redox Control of Leaderless Secretory Proteins. J. Biol. Chem. 295 (22), 7799–7811. doi:10.1074/jbc.rev119.008907
 Stewart, S. E., Ashkenazi, A., Williamson, A., Rubinsztein, D. C., and Moreau, K. (2018). Transbilayer Phospholipid Movement Facilitates the Translocation of Annexin across Membranes. J. Cel Sci 131 (14), jcs217034. doi:10.1242/jcs.217034
 van Niel, G., D'Angelo, G., and Raposo, G. (2018). Shedding Light on the Cell Biology of Extracellular Vesicles. Nat. Rev. Mol. Cel Biol 19 (4), 213–228. doi:10.1038/nrm.2017.125
 Vieira, V., Peixoto, B., Costa, M., Pereira, S., Pissarra, J., and Pereira, C. (2019). N-linked Glycosylation Modulates Golgi-independent Vacuolar Sorting Mediated by the Plant Specific Insert. Plants (Basel) 8 (9), 312. doi:10.3390/plants8090312
 Villeneuve, J., Bassaganyas, L., Lepreux, S., Chiritoiu, M., Costet, P., Ripoche, J., et al. (2018). Unconventional Secretion of FABP4 by Endosomes and Secretory Lysosomes. J. Cel Biol 217 (2), 649–665. doi:10.1083/jcb.201705047
 Vitale, A., and Denecke, J. (1999). The Endoplasmic Reticulum: Gateway of the Secretory Pathway. The Plant Cell 11 (4), 615–628. doi:10.2307/3870888
 Wang, J., Ding, Y., Wang, J., Hillmer, S., Miao, Y., Lo, S. W., et al. (2010). EXPO, an Exocyst-Positive Organelle Distinct from Multivesicular Endosomes and Autophagosomes, Mediates Cytosol to Cell Wall Exocytosis inArabidopsisand Tobacco Cells. Plant Cell 22 (12), 4009–4030. doi:10.1105/tpc.110.080697
 Wang, X., Chung, K. P., Lin, W., and Jiang, L. (2017). Protein Secretion in Plants: Conventional and Unconventional Pathways and New Techniques. J. Exp. Bot. 69 (1), 21–37. doi:10.1093/jxb/erx262
 Wang, X., Xu, M., Gao, C., Zeng, Y., Cui, Y., Shen, W., et al. (2020). The Roles of Endomembrane Trafficking in Plant Abiotic Stress Responses. J. Integr. Plant Biol. 62 (1), 55–69. doi:10.1111/jipb.12895
 Zhang, H., Zhang, L., Gao, B., Fan, H., Jin, J., Botella, M. A., et al. (2011). Golgi Apparatus-Localized Synaptotagmin 2 Is Required for Unconventional Secretion in Arabidopsis. PLoS One 6 (11), e26477. doi:10.1371/journal.pone.0026477
 Zhang, L., Xing, J., and Lin, J. (2019). At the Intersection of Exocytosis and Endocytosis in Plants. New Phytol. 224 (4), 1479–1489. doi:10.1111/nph.16018
 Zhang, M., Liu, L., Lin, X., Wang, Y., Li, Y., Guo, Q., et al. (2020). A Translocation Pathway for Vesicle-Mediated Unconventional Protein Secretion. Cell 181 (3), 637–652. doi:10.1016/j.cell.2020.03.031
 Zhang, X., and Wang, Y. (2020). Nonredundant Roles of GRASP55 and GRASP65 in the Golgi Apparatus and beyond. Trends Biochem. Sci. 45 (12), 1065–1079. doi:10.1016/j.tibs.2020.08.001
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 © 2022 Maricchiolo, Panfili, Pompa, De Marchis, Bellucci and Pallotta. 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/xhtml/nav.xhtml
Contents

		Cover

		Unconventional Pathways of Protein Secretion: Mammals vs. Plants		1 Introduction		1.1 Mechanisms and Physiological Role of Unconventional Protein Secretion in Mammalian Cells

		2.2 Mechanisms and Physiological Role of Unconventional Protein Secretion in Plants





		2 Discussion

		Author Contributions

		Funding

		Publisher’s Note

		References









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






OPS/images/fcell-10-895853-g001.gif









OPS/images/crossmark.jpg
©

|





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





