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Abstract

:

Intermediate filaments are an important component of the cellular cytoskeleton. The first established role attributed to intermediate filaments was the mechanical support to cells. However, it is now clear that intermediate filaments have many different roles affecting a variety of other biological functions, such as the organization of microtubules and microfilaments, the regulation of nuclear structure and activity, the control of cell cycle and the regulation of signal transduction pathways. Furthermore, a number of intermediate filament proteins have been involved in the acquisition of tumorigenic properties. Over the last years, a strong involvement of intermediate filament proteins in the regulation of several aspects of intracellular trafficking has strongly emerged. Here, we review the functions of intermediate filaments proteins focusing mainly on the recent knowledge gained from the discovery that intermediate filaments associate with key proteins of the vesicular membrane transport machinery. In particular, we analyze the current understanding of the contribution of intermediate filaments to the endocytic pathway.
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1. Introduction


Intermediate filament proteins (IFs) are a large family that constitutes one of the three components of the cytoskeleton. This family includes a wide number of proteins that, in the human genome, derive from 70 different genes. Furthermore, multiple splice variants can originate from the same gene thus increasing the variety of proteins constituting IFs [1,2,3,4]. IFs, according to their denomination, have an intermediate size (8–15 nm diameter) compared with the other cytoskeleton components, microtubules and actin microfilaments, whose diameter is 25 nm and 5–8 nm, respectively [5,6,7,8,9,10]. Moreover, IFs differ from the other cytoskeletal members for their apolarity which prevent them to be used as tracks for motor proteins [11].



Despite the wide number of IFs, all the members of this family share the same tripartite structural organization. In fact, IFs are composed by a central α-helical rod domain flanked by two non-α-helical domains. Amino acids are organized in heptad repeat pattern in the central rod domain, whereas variability in the primary structure of IFs characterizes the amino-terminal head and the carboxy-terminal tail domains. The in silico structural prediction of IFs suggests that the central domain is divided into four subdomains, interrupted by three linker domains (L1, L12, L2), where the heptad repeats form four sub-helices (coil 1A, coil 1B, coil 2A, coil 2B), but crystallographic studies indicate that the segments coil 2A, L2 and coil 2B constitute a continuous coiled coil domain [10,11,12,13,14]. The structure of IFs is important for self-assembly. In fact, unlike the other cytoskeleton components, intermediate filament (IF) monomers do not have any enzymatic activity, thus their assembly is based on the association of several monomers. In particular, two α-helical rods associate in parallel creating a dimer, which, in turn, associates with another dimer in an antiparallel manner, giving rise to a tetramer. Tetramers rapidly associate laterally in order to form unit length filaments (ULF), whose length is around 60 nm, and then they anneal longitudinally creating longer filaments [15]. Their assembly in mature insoluble filaments and their disassembly in soluble components (from tetramers to monomers) are regulated by phosphorylation/dephosphorylation cycles [16].



According to comparisons on the IFs primary structure in higher vertebrates, IFs have been grouped into six types or classes. Acidic and basic keratins have been catalogued into the I and II class, respectively. Class III is the most heterogeneous as it includes desmin, glial fibrillary acidic protein (GFAP), peripherin and vimentin while class IV comprises α-internexin, nestin, synemin, syncoilin and the neurofilament (NF) triplet proteins, which are classified according to their molecular weight in NF-L (light), NF-M (medium) and NF-H (heavy). Lamins belong to the fifth class and, unlike the IFs of classes I-IV that constitute the cytoplasmic IFs, compose the nuclear IFs. Class VI has been added recently and contains two lens-specific proteins, the beaded filament structural proteins, Bfsp1 (known also as filensin) and Bfsp2 (also known as phakinin or CP49) [11,17]. Keratins can form only heteropolymers in epithelial cells combining proteins of the I and II class in a 1:1 ratio [18], while type III IFs form mainly homopolymers but are able also to associate with other type III or type IV IFs. For instance, vimentin forms heteropolymeric filaments with desmin in vascular smooth muscle tissue [19], with glial fibrillary acidic protein (GFAP) in glioma cells [20] and with neurofilaments [21].



IFs expression is highly regulated during embryonic development and cell differentiation. For instance, vimentin has a wide distribution being expressed in mesenchimal cells, in leukocytes, in blood vessel endothelial cells and in some epithelial cells [22,23,24], but it is also expressed in neurons during axonal regeneration together with peripherin [25,26]. Moreover, IFs expression presents cell and tissue specificity in adult cells [27]. For instance, desmin is expressed both in cardiac and skeletal muscle cells [24], GFAP is found in astrocytes and in other glial cells [28,29] and peripherin is present in peripheral neurons and in central neurons projecting toward peripheral structures [30,31,32]. In addition, neurofilaments are expressed in mature neurons [33]. In addition, IFs expression levels are altered in pathological conditions. In fact, overexpression of keratins has been linked to several diseases [34] and alteration of neurofilament levels in specific body compartments are hallmarks of neurological disorders [35,36]. Moreover, GFAP and vimentin are upregulated in reactive astrocytes [37], whereas peripherin is increased after injury [38].



IFs are essential components of cell architecture and functions. The differences in the head and tail domains of the various IF proteins, their different expression and their post-translation modifications are essential characteristics in order to modulate a wide range of cellular functions. The first role attributed to IFs was to support cell strength and maintain tissue structure in a static manner. In fact, IFs are important in conferring resistance to mechanical and non-mechanical stress and deformation. For instance vimentin contributes to cell stiffness both in fibroblasts and chondrocytes [39,40], but it has also elastic properties and protects against compressive stress. In embryonic fibroblasts from wild type and vimentin knockout mice it has been shown that vimentin filaments regulate intracellular mechanics by localizing and stabilizing organelles in the cell and enhancing cell elastic behavior [41,42]. Another example is represented by keratins that are important for structural integrity of epithelial cells. Indeed, keratins found mainly in epithelial cells from simple epithelia modulate cell stiffness in hepatic epithelial cells [43].



Traditional and well-established roles of IFs include also regulation of the nuclear shape, structure and activity. Lamins are localized in the nuclear lamina, which is one of the three components of the nuclear envelope, together with the nuclear membrane and the nuclear pore complexes. Lamins are important for nuclear architecture and exert important anchorage functions for structural proteins of the nuclear envelope [44]. Moreover, they are responsible for the distribution of the nuclear pore complexes in the nuclear membrane [44]. In addition, a physical connection between cytoplasmic IFs and lamins through nuclear protein complexes at the nuclear envelope has been demonstrated [45,46,47,48]. Furthermore, several studies proved that a correct lamina assembly is necessary to establish DNA replication centers and that lamins are important also for the elongation phase of the synthesis of DNA [49,50]. Lamins are also able to modulate and maintain heterochromatin domains [51,52,53,54,55] and to influence DNA transcription regulating RNA polymerase II activity [56]. Moreover, they can regulate DNA repair recruiting the DNA damage response machinery [57,58,59,60] and phosphorylation of lamins is requested for nuclear envelope breakdown during mitosis [61,62,63,64]. Lamins are not the only IFs affecting nuclear activities as also vimentin filaments, together with lamins, control nuclear shape [65,66].



Interestingly, the involvement of IFs in several other biological aspects led to the discovery of a dynamic IF network with multiple functions. IFs, microtubules and microfilaments are in constant communication and are linked together thanks to proteins called cytolinkers [67,68]. Modulation of IFs leads to modification in the microtubule and microfilament networks [67,68]. Interestingly, a direct interaction between vimentin and actin has been proved and rheological studies have demonstrated that these two cytoskeletal components contribute together to cellular stiffness [69,70]. Moreover, vimentin modulates ERKs (extracellular-signal-regulated kinases) signaling [71,72,73,74], whereas keratins are involved in the regulation of cell cycle [75]. In addition, keratins and lamins have a role in apoptosis [76,77], while vimentin, keratins and nestin have an established role in cell migration and cancer [78,79,80,81,82].




2. Novel Roles of IFs: Involvement in Vesicular Trafficking


Endocytosis is an active process used by the cells in order to engulf and internalize in vesicular structures molecules, macromolecules, particles and fluids from the extracellular milieu at variance with exocytosis that is used in order to export out of the cells these materials using secretory vesicles. Transport in the endocytic and the secretory pathway occurs through the formation of vesicles. In endocytosis, material from the extracellular milieu is internalized by a portion of plasma membrane that will form a vesicle. This vesicle will fuse with early endosomes, compartments with tubular extensions that are localized at the periphery of the cell. Then cargoes are sorted to late endosome in order to be then delivered to lysosomes for degradation or are recycled back to the plasma membrane directly or via perinuclear recycling endosomes. The endocytic pathway is characterized by progressive acidification of endosomal organelles, formation of multivesicular bodies and late endosomes, recruitment of lysosomal hydrolases from the trans-Golgi network and, finally, degradation of cargoes. Instead, in the secretory pathway the Golgi apparatus packages macromolecules into vesicles moving towards the plasma membrane and fusing with it exporting their content outside the cell [83,84].



A complex molecular machinery controls the different steps of intracellular vesicular trafficking such as the formation of the vesicle from the donor compartment, the selection of the cargo, the movement of the vesicle, and the tethering, docking and fusion to the acceptor compartment. Rab proteins, small GTPases belonging to the ras superfamily, are key players of this machinery, being localized to specific compartments in the endocytic and exocytic pathway and regulating the different steps of intracellular vesicular transport, from the formation of the vesicle to its fusion with the target compartment [85]. Each Rab protein regulates transport between defined compartments. For instance, Rab5 regulates the first steps of endocytosis from plasma membrane to early endosomes and it is responsible for early endosomes biogenesis and maturation, controlling cargo selection, regulating early endosome motility and fusion and recruiting a number of relevant molecules necessary for endocytosis [86,87,88,89]. At variance, Rab4, Rab11 and Rab25 regulate recycling from endosomes to the plasma membrane [90,91,92]. Surprisingly, a role of IFs in vesicular trafficking has been recently discovered and several links between IFs and vesicular membrane transport machinery have been demonstrated (Table 1).



2.1. Endocytosis and IFs


An increasing amount of evidence demonstrates that intermediate filaments and vesicular trafficking are strictly connected and that IFs have a role in different steps of endocytosis.



First of all some reports documented interactions between IFs and Rab proteins of sorting and recycling early endosomes, suggesting that IFs might have a role in the early steps of endocytosis [100,104,106]. For instance, Rab4, localized to sorting early endosomes and endocytic recycling vesicles, has been demonstrated to interact with vimentin in Sertoli cell, seminiferous tubule and testis [90,106]. In addition, using a photocross-linking approach, Kurzchalia and colleagues found a number of cytosolic proteins interacting with Rab5 and among these proteins there were vimentin and desmin intermediate filament proteins [100]. In fact, under conditions of ATP-depletion, both actin and polymerized vimentin and desmin filaments, were recovered in the pellet with Rab5 after sucrose gradient centrifugation [100]. These interactions have not been further investigated and thus their functional meaning and their impact on the early stages of endocytic trafficking regulated by Rab5 and Rab4 are not yet known.



Notably, the role of vimentin in the regulation of intracellular trafficking has been demonstrated at different levels. First of all vimentin associates with PKCε-positive vesicles that mediate β1-integrin trafficking, and phosphorylation of vimentin, mediated by PKCε, determines dissociation from vesicles of PKCε and vimentin as a complex, thus suggesting that vimentin has a role in β1-integrin trafficking [104,113]. In fact, vimentin localization is regulated by PKCε and expression of vimentin mutants lacking the N-terminal phosphorylation sites recognized by PKCε results in the accumulation in the cytoplasm of vesicles containing PKCε and β1-integrins, and integrins are not anymore delivered to the plasma membrane [104]. Therefore, PKCε controls the association of vimentin filaments with vesicles and the delivery of endocytosed β1-integrin to the plasma membrane from the intracellular vesicles requires PKCε-dependent phosphorylation of vimentin [104]. Interestingly, Rab4 has been shown to interact not only with vimentin but also with β1-integrins and weakly with PKCε [106], thus recycling to the plasma membrane of β1-integrin containing vesicles could be regulated by Rab4 through vimentin and PKCε. Further work is needed to test this hypothesis.



Notably, several reports document also a strong connection between IFs and late endocytic trafficking and most of them are focused on vimentin filaments. First, it has been demonstrated that vimentin interacts both with Rab7a and Rab9 [95,99]. Rab7a regulates transport from late endosomes to lysosomes and it is important for lysosome, phagolysosome and autolysosome biogenesis [114,115,116,117]. Biogenesis of lysosomes is regulated also by Rab9, which has a role not only in transport from trans-Golgi network to late endosomes but also in defining late endosomes morphology and localization [118,119]. Rab7a regulates assembly and organization of vimentin filaments modulating its phosphorylation state [95]. Indeed, Rab7a overexpression caused increased phosphorylation at Ser38 and Ser55 leading to increased amount of vimentin in the soluble fraction [95]. Moreover, in Niemann-Pick type C1 (NPC1) disease, a lysosomal storage disease, the lipid accumulation in late endosomes alters the interaction between Rab9 and vimentin leading to protein kinase C inhibition, hypophosphorylation of vimentin, aggregation and localization of Rab9 to vimentin filaments causing late endosomes dysfunction [99]. Therefore, the interaction between these Rab proteins and vimentin is important in determining the phosphorylation state of vimentin, thus its soluble/insoluble (filamentous) ratio affecting the correct transport of materials in late endosomes. Interestingly, it has to be noted that Rab7a interacts also with peripherin, an IF expressed only in the peripheral nervous system, and modulates its assembly [108]. Consequently, alteration of the functional interaction between Rab7a and peripherin might have a role in the onset of Charcot-Marie-Tooth 2B peripheral neuropathy, which is due to the expression of Rab7a mutants that bind more strongly to peripherin than Rab7 wt.



Another relevant interaction which proves the importance of vimentin in late intracellular trafficking is that between vimentin and AP-3 adaptor complex, which is important in the sorting of proteins to the endosomal/lysosomal system and is recruited from cytosol to membranes in an ARF1-GTP-dependent manner [98,120,121]. Lack of vimentin alters the subcellular distribution of AP-3 and lysosomes but also the levels of the lysosomal proteins LAMP-1 and LAMP-2, suggesting that IFs might regulate the trafficking of lysosomal cargoes, probably along with AP-3 [98]. Furthermore, it has been demonstrated that disruption of the vesicular membrane transport machinery, obtained by inhibiting ARF1, alters vimentin cytoskeleton [122]. The small GTPase ARF1 regulates the recruitment of AP-3 to endosomes and expression of a dominant-negative mutant of ARF1 causes the release of AP-3 adaptor protein from membranes [122]. Interestingly, in these conditions, it is possible to observe vimentin filaments retracted to the perinuclear region or forming dense clusters [122]. Notably, in addition to vimentin, also other two IF proteins, peripherin and α-internexin, interact with AP-3 adaptor complex thus possibly regulating late endocytic trafficking [98]. Importantly, IFs are able to control and determine the luminal content of vesicles in the late endocytic pathway. For instance, in fibroblast, vesicular ionic zinc is accumulated mainly in endosomal and lysosomal compartments [123,124]. Styers and colleagues demonstrated that vimentin-deficient skin fibroblasts show a reduction in the amount of acidic compartments, similar to AP-3-deficient cells, and, importantly, had a lower amount of ionic zinc in vesicular compartments compared to control fibroblasts [98]. As AP-3 regulates the trafficking of ClC3, an endosomal-lysosomal chloride channel important in the acidification of endocytic compartments [125], vimentin influence on the ionic composition of endocytic organelles might be due to its interaction with AP-3. Moreover, in vimentin-deficient fibroblasts defects in glycolipid synthesis have been revealed and these defects seem to be due to impaired intracellular vesicular trafficking between endosomes and the Golgi complex [107].



In addition to the regulation of lysosomal cargoes and the luminal content of late endosomes and lysosomes, IFs have a role in distribution and motility of late endocytic vesicles and compartments. For instance, vimentin, together with GFAP, regulates endosome and lysosome motility and endocytosis in astrocytes [96,102,103] while studies in desmin-deficient hearts suggest that desmin has a role in lysosome and lysosome-related organelle biogenesis and positioning [111]. In fact, desmin binds to myospryn, which, in turn, can interact with dysbindin, a component of the biogenesis of lysosome-related organelles complex 1 (BLOC-1), which regulates protein trafficking and organelle biogenesis [111]. Some IF proteins seem to be involved also in the positioning of other organelles such as, for instance, mitochondria [93,126,127] indicating organelle positioning as an important function of IF.



IFs are also important in the regulation of fast axonal transport. Indeed, overexpression of peripherin and silencing of neurofilament light, two components of IFs in neurons, cause alterations of axonal transport of endocytic organelles such as lysosomes [109]. In fact, in neurofilament light-deficient neurons lysosomal movements are faster in both directions while in the presence of peripherin overexpression lysosomes move faster only in the anterograde direction [109]. Furthermore, movements of lysosomes in axons, usually saltatory with frequent stops and changes of direction, are longer and more persistent both in anterograde and retrograde directions in neurofilament light-deficient neurons [109].



IFs seem to have a key role also in autophagy, a process that regulates degradation of unnecessary or dysfunctional cellular components, by affecting the formation and the content of autophagosomes. In fact, it has been demonstrated that treatment of cells with okadaic acid, a protein phosphatase inhibitor, inhibits autophagy and alters the organization of cytokeratin IF but not of microtubules [93]. Other data indicate that cytokeratin filaments in hepatocytes are dynamic and subjected to rapid phosphorylation/dephosphorylation cycles that affect autophagy [93]. Furthermore, vimentin-deficient cells had a reduced number of organelles labeled by monodansylcadaverine (MDC), a dye that can localize in multilamellar endosomal intermediates of autophagosomes, supporting the link between IFs and the content of autophagosomes [98]. Notably, the fact that vimentin is able to control the amount of LAMP-2 links vimentin to autophagy as LAMP-2 is a key factor not only for lysosomal biogenesis but also for autophagy. Indeed, it has been demonstrated that in LAMP-2-deficient hepatocytes autophagosomes accumulate and both macroautophagy and chaperon-mediated autophagy are impaired [98,128].



Altogether, these data indicate that IFs interact with key proteins involved in the regulation of early and late endocytic pathway such as Rab4, Rab5, Rab7 and Rab9 [95,99,100,106,108], although, while a strong involvement of IFs in late endocytic trafficking and autophagy has been established, the role of IFs in the early step of endocytosis is still unknown. At the level of late endosomes and lysosomes, IFs regulate organelle positioning, distribution, motility but also cargo selection and transport [98,102,109,111].




2.2. Exocytosis and IFs


Few evidences are available for the involvement of IFs in exocytosis. Communication between astrocytes and neurons is mediated by exocytic vesicles whose motility and fusion with the plasma membranes require different elements of the cytoskeleton [101]. Indeed, microtubules but also microfilaments are essential for directional motility of these vesicles towards the plasma membrane [101]. Notably, also IFs seem to have a key role in this process as depolymerisation of IFs causes a strong inhibition in trafficking of these vesicles and reduces the fraction of vesicles moving toward the plasma membrane [101].



IFs and in particular cytokeratins have been involved in the organization of the apical domain of the plasma membrane in single layered polarized epithelia [129]. Further work has established that lack of cytokeratin filaments impairs delivery to the apical domain of a number of proteins among which there is syntaxin 3, an important component of the SNARE vesicular transport machinery [94]. Syntaxin 3 is involved in the fusion of exocytic vesicles with the apical domain of plasma membrane in enterocytes and it is mistargeted when cytokeratin 8 is missing thus confirming a role of IFs in the regulation of exocytosis [94].



Recently, it has been discovered that peripherin interacts with SIP30, a neuronal protein involved in SNARE-dependent exocytosis [110]. This interaction alters SIP30 and SNAP25 subcellular distribution while SIP30 is able to affect peripherin assembly [110]. Thus, peripherin, through the close functional association with SIP30, controls the exocytic pathway in neuronal cells [110]. Moreover, two-hybrid data have indicated that a number of putative peripherin interactors are vesicular trafficking proteins. Indeed, among putative peripherin interactors there are the SNAP associated protein Snapin, the 6A subunit of the trafficking protein particle complex involved in vesicle transport during the biogenesis of melanosomes, the Cplx2 complex containing SNAP25, VAMP2 and Syntaxin1A and involved in synaptic vesicles exocytosis, and several others [110]. However, further work is needed to validate all these interactions and to investigate their functional meaning. In addition, it has been demonstrated that vimentin binds to SNAP23, a ubiquitously expressed isoform of SNAP25, involved in exocytosis to apical and basolateral domains of epithelial cells [105]. In the cytoplasm SNAP23 is associated with vimentin and thus vimentin filaments are considered a reservoir for SNAP23 that, when needed, is recruited to form SNARE complexes at the plasma membrane [105]. Therefore, vimentin through sequestration of SNAP23 is able to regulate secretion [105].



Other associations between IFs and the vesicular membrane transport machinery of the secretory pathway will be likely discovered in the near future.




2.3. Clinical Aspects of the Association between Intermediate Filaments and Vesicular Trafficking in Neurons and Astrocytes


As mentioned above, several links between IFs and the vesicular membrane transport machinery have been discovered in cells of the nervous system [95,101,102,108,109,110]. These findings are of extreme importance in order to understand the molecular mechanisms of the onset of some neurological diseases.



Neurons are the fundamental unit of the nervous system as they receive incoming information and send signals to other cells. Protein synthesis takes place mainly within the cell body of neurons and many proteins must be transported in an anterograde direction to distal regions of the cell. Retrograde transport of proteins from the distal regions to the cell body also occurs. This bidirectional transport has been named axonal transport [130]. In mature neurons, five major IFs are expressed and compose the neuronal IFs: NF-L, NF-M, NF-H, α-internexin and peripherin [30,31,33,131]. Alteration in IF organization affects the axonal transport machinery in DRG (dorsal root ganglion) neurons [109]. Indeed, axonal transport of late endosomes and lysosomes in NF-L-deficient neurons, in neurons overexpressing peripherin or in NF-L deficient neurons overexpressing peripherin was studied observing that neither morphology nor the percentage of moving organelles was affected [109]. In contrast, several kinetic parameters of late endosomal and lysosomal transport, such as the frequency of pauses and of direction changes and the duration of individual movements were altered in NF-L-deficient neurons and in NF-L-deficient neurons overexpressing peripherin [109]. In addition, in neurons lacking NF-L, velocity of late endosomes and lysosomes both in the anterograde and retrograde directions was increased compared to wild type neurons, while in NF-L-deficient neurons overexpressing peripherin only anterograde velocity was incremented [109]. At variance in neurons overexpressing peripherin no major alterations of lysosomal axonal transport were detected [109]. These data indicate that absence of IFs facilitate axonal transport of lysosomes and demonstrate the involvement of IFs in the regulation of fast axonal transport of organelles thus suggesting that alteration in IF dynamics could also contribute to neurodegeneration [109].



Other studies have linked, in a different way, IFs and the endo-lysosomal compartments in neurons as Rab7a was found to interact with peripherin and vimentin, regulating their assembly [95,108]. Interestingly, both proteins have a role in axonal regeneration [25,26] and Rab7a mutant proteins causing the Charcot-Marie-Tooth type 2B peripheral neuropathy seem to interact more strongly with these IF proteins [95,108]. However, a direct role of these vimentin and peripherin in the regulation of the late steps of endocytosis involving Rab7a-positive late endosomal and lysosomal compartments has not yet been demonstrated. Notably, mutations in NF-L have been associated to some forms of Charcot-Marie-Tooth (CMT) disease, causing alteration of NF-L assembly and inhibiting axonal transport of NF-L and mitochondria, thus an effect of NF-L mutations on vesicle transport cannot be excluded in these forms of CMT [132]. Peripherin interacts also with SIP30, a neuronal protein involved in SNAP receptor (SNARE)-dependent exocytosis, suggesting a possible role of peripherin in regulating exocytosis of synaptic vesicles [110].



Therefore, in neurons, IFs are important for the motility of late endosomes and lysosomes between the cell body and the distal regions of the cell, they might regulate exocytosis and they might have a role in vesicular trafficking during axonal regeneration as both vimentin and peripherin are overexpressed in early stages of axonal regeneration [25,26].



An important role of IFs in vesicle motility has been hypothesized also in astrocytes as it has been demonstrated an impairment of vesicle delivery to plasma membrane and of lysosomal motility in astrocytes upon IFs depletion [101,102]. Astrocytes are the most abundant glial cells in the central nervous system (CNS) and actively participate in neuronal functions by communicating with neurons. First of all, astrocytes provide metabolic support to neurons by supplying them with nutrients and removing products of metabolism. Moreover, they regulate neurotransmitter recycling, local ion concentration and pH homeostasis in the extracellular space [133,134,135,136,137,138]. Astrocytes store many neuroactive molecules and some of them are released by vesicles. Calcium is one of the stimuli that mediates the release of a number of neuroactive substances through exocytosis [138,139,140,141,142,143]. Among the substances that are released by exocytosis, there are ATP [144], atrial natriuretic peptide (ANP) [142], glutamate [140] and D-serine [145]. They are transported along the cytoskeleton in vesicles that deliver material to the extracellular space after fusion with the plasma membrane. Subsequently, vesicles may be retrieved back into the cytoplasm [146]. While immature astrocytes contain nestin and vimentin, GFAP become expressed when astrocytes mature. The level of vimentin in mature astrocytes is variable [27,147,148,149,150,151] but, in many neurological disorders, astrocytes undergo several changes showing a reactive phenotype, which is characterized by the increase of vimentin and GFAP expression [37]. Studies conducted in astrocytes lacking GFAP and vimentin demonstrated that vesicle motility is regulated by IFs [101,102]. In fact, the fraction of exocytic ANP-containing vesicles with directional motility was reduced in astrocytes devoid of IFs [101]. Furthermore, after stimulation with both ionomycin and ATP, which increases cytosolic calcium, the motility of endosomes and lysosomes was altered in astrocytes lacking IFs. Indeed, a strong stimulation-dependent reduction in lysosomal motility was observed in wild type astrocytes, but not in astrocytes devoid of IFs [102].



In light of the above, IFs play an established important role in endosomal and lysosomal motility both in neurons and in astrocytes [102,109] (Figure 1). Moreover, disruption of IFs affects exocytosis of neuroactive substances in astrocytes and a role of IFs in neuronal exocytosis has also been suggested [101,110] thus altering neuronal functions. Therefore, IFs seem to be necessary for proper brain function by regulating intracellular processes as well as communication between astrocytes and neurons.



As a consequence of the role of IFs in neuronal and astrocytes vesicular trafficking, IFs alterations might be responsible for the onset of several pathologies. The abnormal accumulation of IFs is considered a sign of many neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS), Parkinson’s disease and Charcot-Marie-Tooth (CMT) disease and several studies proved that disorganization of IFs might be responsible for neuronal dysfunctions [109,132,152,153,154,155,156]. Moreover, it is known that alterations of axonal transport are responsible for the onset of several neurodegenerative disorders [157,158,159,160]. However, the molecular mechanisms underlying these pathologies are still not completely clear.



In light of the emerging data on the involvement of IFs in vesicular trafficking in neurons and astrocytes it can be hypothesized that alterations of IFs responsible for the onset of neuropathies might act by impairing vesicular trafficking. In support of this, studies on axonal transport in case of modulation of IFs, condition which is reminiscent of the IF changes found in ALS, suggest that disorganization of IFs may contribute to neurodegeneration by altering the axonal transport of lysosomes [109,152,161,162,163]. Interestingly, in astrocytes repetitive ionomycin treatment at a short interval induces phosphorylation of vimentin at Ser38 and Ser82 sites, determining a prolongation of phosphorylation at Ser82 and, in turn, disassembly of vimentin filaments [164]. Notably, motility of lysosomes is not decreased by ionomycin treatment in astrocytes lacking vimentin and GFAP whereas it is strongly reduced in control cells [102], thus suggesting that IFs regulates lysosomal motility. A similar mechanism could take place in neurons. Interestingly, Rab7a regulates vimentin phosphorylation state and, in turn, vimentin assembly [95]. CMT2B-associated Rab7a mutants determine higher phosphorylation of vimentin at Ser38 and Ser55 positions than the wild type protein. Moreover, overexpression of CMT2B-causing Rab7a mutants in HeLa cells caused a stronger increase of soluble vimentin compared to the overexpression of wild type Rab7a [95] and similar data were obtained in case of the interaction of Rab7a with peripherin [108]. It will be important to evaluate whether CMT2B-causing Rab7a mutant proteins affect lysosomal motility in axons, in particular during axonal regeneration in peripheral neurons. Further studies on the molecular mechanisms underlying different neuropathies will clarify whether the impairment of the association between IFs and vesicular trafficking might be important for the onset of these diseases.





3. Relationship between IFs and Endocytosis during Mitosis


During mitosis, the cell divides to produce two identical daughter cells, which contain the same amount of material shared equally by the mitotic cell during cytokinesis. Phosphorylation of lamins, which are the nuclear IFs, is necessary for the disassembly of the nuclear lamina and for nuclear breakdown at the onset of mitosis [62,63,165].



In vertebrates there are three lamin genes lamin A/C, B1 and B2, from which, by alternative splicing, a number of isoforms are generated. A- and B-type lamins are differentially expressed [166]. For instance, A-type lamins are expressed more abundantly in well-differentiated epithelial cells, whereas B1 lamin is preferentially expressed in proliferating epithelial cells [166].



The main function of lamins is to constitute the karyoskeleton but they have also several other roles such as the regulation of chromatin structure and of signaling pathways playing a crucial role in development [167]. During mitosis, A-type lamins are released into the cytoplasm whereas B-type lamins remain associated with membranes via a lipid post-translational modification [168]. During the telophase/early G1 transition dephosphorylation of lamins is necessary for their assembly and nuclear lamina formation [169]. At variance, cytoplasmic IFs behavior during mitosis is affected by several factors and varies depending on the cell- and IF-type. In fact, during mitosis, in some cell types all IFs are disassembled, in others IF filaments are maintained, whereas in a number of cell types only some kinds of IFs are disassembled [170,171,172].



Studies performed in the 1980s suggested that endocytosis is shut down during mitosis [173,174,175]. Therefore, attention has been focused on the importance of endocytic trafficking in cell division only recently, discovering that endocytosis is fundamental for plasma membrane reshaping during mitosis and for repartition of materials during cytokinesis [176,177]. Interestingly, cyclin-dependent kinase 1 (Cdk1) phosphorylates substrates involved in early endosomes fusion such as RN-tre, a Rab5 GAP, and Vps34 [178,179]. Unphosphorylated Vps34 is responsible for phosphatidylinositol-3-phosphate (PtdIns3P) production on early ensodomes and interacts with beclin [178,179,180]. Early endosomes fusion is regulated by Rab5 and its effector protein early endosomal antigen 1 (EEA1) through the association with PtdIns3P [89,181]. EEA1 is weakly associated with early endosomes during mitosis [182]. Therefore, Cdk1 might be responsible for the inhibition of endosomes fusion mediated by RN-tre, Vps34 and EEA1. Other proteins of the vesicular transport machinery have been associated with cell division. In fact, it has been demonstrated that the GTPases Arf6, Rab4, Rab11 and ESCRT (Endosomal Sorting Complex Required for Transport) proteins are localized either in the proximity of the spindle midzone or at the cytokinetic furrow and the midbody [183,184,185,186]. Moreover, impairment of the GTPase Rab6A′ function, which regulates a retrograde transport route connecting early endosomes and the endoplasmic reticulum in interphase, leads to a block in metaphase [187]. In addition, it has been demonstrated that Rab35 is required for cytokinesis [188]. All these data strongly suggest a connection between endocytosis and mitosis.



The first link between vesicular trafficking and IFs during mitosis has been proposed when it was demonstrated that Rab5 depletion delays the disassembly of the nuclear lamina in Caenorhabditis elegans [189]. Then a role for Rab5 in chromosome alignment during Drosophila mitosis through the regulation of Lamin disassembly and of localization of Mud, two components of the interphase nuclear envelope, was proposed [112]. Lamin is the single Drosophila homolog of the two vertebrate B-type lamins. The nuclear envelope in Drosophila and C. elegans embryos, unlike in vertebrates, is only partially disrupted at spindle poles and, as nuclear pore complexes disassemble, it generates a fenestrated nuclear envelope present in many Drosophila tissues and called spindle envelope. Rab5 localizes around the spindle poles and it associates with vesicles that move to centrosomes along astral microtubules in a dynein-dependent manner. Moreover, Rab5 forms a complex in vivo with Lamin and Mud, and Rab5 depletion causes an increase of prometaphase/metaphase cells showing Lamin around the spindle envelope affecting also the localization at poles of Mud and other factors. Thus, it has been suggested that Rab5, regulates proper disassembly of the nuclear lamina in mitosis and, through the interaction with Lamin and Mud, influences spindle orientation, kinetochore tension and chromosome alignment [112].



A stronger connection between vimentin and endocytosis during mitosis was demonstrated recently in HeLa cells where vimentin remains filamentous during mitosis and associates with early endosomes in M-phase-arrested cells [97]. In fact, it was established that vimentin phosphorylation on Ser459 is mediated by Polo-like kinase (Plk) 1, does not affect vimentin polymerization but regulates Rab21 association with β1-integrin vesicles during metaphase [97]. Moreover, vimentin Ser459 phosphorylation is required for the Rab21-regulated β1-integrin localization at the cleavage furrow during telophase and, in turn, for cytokinesis [97,190]. In addition, Plk1 regulates early endosomes fusion during mitosis as after Plk1 or vimentin depletion early endosomes, but not late endosomes, are enlarged in M-phase due to an abnormal endocytic vescicle fusion that depends on vimentin phosphorylation state [97]. As early endosome fusion depends on the activity of Rab5 and EEA1, it will be interesting to investigate in more details the role of Plk1 and vimentin on these proteins. It was also demonstrated that Plk1 depletion does not influence Rab5 activity or association with β1-integrin vesicles although an effect on Rab5 localization during mitosis cannot be excluded considering that Rab5 has been shown to interact with vimentin and to be required for chromosome alignment and that vimentin is associated with early endosomes [97,100,112]. In this process, it would be interesting to evaluate the role of Rab7a, as Rab7a has been found in endosome fractionations prepared from M phase arrested cells and interacts with vimentin [95,97]. Moreover, it would be also interesting to investigate whether Rab7a, which modulates vimentin phoshorylation state [95], is able to affect vimentin phosphorylation on Ser459 site.



The data collected on the associations Rab5/lamins and vimentin/Rab21/early endosomes (Figure 2) prove a direct and strong connection between IFs and vesicular trafficking in mitosis whose role was previously underestimated. In particular, these data demonstrate that the relationship between endocytosis and IFs might be important for several stages and mechanisms of mitosis. New links between IFs and endosomal trafficking will probably be established in the future, increasing the knowledge of the molecular events occurring during mitosis and involving vesicular traffic.




4. Conclusions


It is now clear that IFs are not just a static cellular component and that cells rely on IF functions for many important processes. Indeed, IF functions include cell mechanical support, organization of the other cytoskeleton components, regulation of nucleus structure and activity, cell signaling, cell migration, cell growth, survival and apoptosis. In recent years, the interest in the relationship between IFs and vesicular trafficking has increased, due to the discovery of several key interactions between IFs and components of the molecular machinery regulating vesicular trafficking. Further studies are certainly required to clarify the functional meaning of these interactions but, nevertheless, a consistent amount of data indicate the involvement of IFs in the regulation of a number of steps of vesicular trafficking both in interphase and mitosis.



In particular, interactions between IFs and key proteins of sorting and recycling early endosomes have been established and, functional relationships between early stages of endocytosis and IFs have been detected during mitosis. Further studies on the role of IFs in the first steps of endocytosis, whose function in mitosis has long been underestimated, will be of importance to clarify the molecular mechanism of a number of events occurring during cell division. Other evidences support the importance of IFs in the late stages of endocytosis. In fact, it has been established that IFs interact with key proteins of the late endocytic trafficking, being important for the regulation of the luminal content of late endosomes and lysosomes, but also for their distribution and motility. Moreover, IFs seem to affect also autophagy, which overlap with endocytosis, as both share lysosomal degradation as the common terminal end-point. As lysosomal degradation plays a key role in several diseases and alterations of IFs have been associated to a number of neuropathies, the link between IFs and vesicular trafficking might explain the pathological mechanism and might be determinant in the onset of these pathologies. Furthermore, the association between IFs and exocytosis might be relevant in the regulation of neurotransmitters release and therefore in brain physiological functions and pathology.



Understanding in details IFs functions in vesicular trafficking will surely open new scenario not only on different aspects of cell biology but also on the molecular mechanisms underlying a number of diseases.
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The following abbreviations are used in this manuscript:





	ALS
	amyotrophic lateral sclerosis



	ANP
	atrial natriuretic peptide



	BLOC-1
	biogenesis of lysosome-related organelles complex 1



	Cdk1
	cyclin-dependent kinase 1



	CMT
	Charcot-Marie-Tooth



	CMT2B
	Charcot-Marie-Tooth type 2B



	CNS
	central nervous system



	DRG
	dorsal root ganglion



	ERK
	extracellular-signal-regulated kinase



	GCP6
	γ-tubulin complex protein 6



	GFAP
	glial fibrillary acidic protein



	IFs
	intermediate filament proteins



	LAMP-1
	Lysosomal-associated membrane protein 1



	LAMP-2
	Lysosomal-associated membrane protein 2



	MDC
	Monodansylcadaverine



	NF
	Neurofilament



	NF-H
	neurofilament heavy



	NF-L
	neurofilament light



	NF-M
	neurofilament medium



	NPC1
	Niemann-Pick type C1



	Plk1
	Polo-like kinase 1



	PtdIns3P
	phosphatidylinositol-3-phosphate



	SNARE
	SNAP (Soluble NSF Attachment Protein) REceptor
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Figure 1. Axonal transport of lysosomes in neurons and astrocytes. Neurons and astrocytes communicate with each other. Both the lack of NFL in neurons and of GFAP and vimentin (VIM) in astrocytes affect lysosome mobility. 
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Figure 2. IFs and vesicle trafficking during cell cycle. Model representing the suggested role of Rab5, Rab21, vimentin filaments and lamins during interphase and mitosis. In interphase, Rab5-positive vesicles can localize also around the nucleus and fusion between these organelles occurs. In metaphase, nuclear lamina disassembly is controlled also by Rab5 and Rab5-positive organelles localize around the spindle poles. At this stage, vimentin filaments are phosphorylated on Ser459 and regulate Rab21 but not Rab5 association with β1-integrin-containing vesicles. Thus, vimentin is associated with endosomes, whose fusion is blocked in metaphase. At later stages lamins are dephosphorylated, the nuclear lamina is assembled and vimentin phosphorylation on Ser459 is required for Rab21-positive β1-integrin vesicles localization at the cleavage furrow where they fuse contributing to separation of daughter cells. Rab5-positive vesicles accumulate around the newly reformed nuclear envelope. 
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Table 1. List of links between IFs and the vesicular membrane transport machinery.
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IF

	
Interaction

	
Function in Vesicular Trafficking






	
Keratin 8

	

	
Formation of autophagosomes [93]




	

	
Syntaxin 3 targeting [94]




	
Vimentin

	
Rab7a regulates vimentin phosphorylation state and assembly [95]

	




	

	
Endocytosis of Jagged-1 [96]




	

	
Inhibition of endocytic vesicles fusion in mitosis [97]




	

	
Rab21-regulated β1-integrin trafficking to the cleavage furrow [97]




	
AP-3 [98]

	
Positioning of late endosomal-lysosomal compartments, luminal ionic composition of endocytic organelles and content of autophagosomes [98]




	
Rab9 [99]

	




	
Rab5 [100]

	




	

	
Directional mobility of vesicles [101]




	

	
Activity-dependent mobility of endosomes/lysosomes [102,103]




	

	
Integrin recycling [104]




	

	
Reservoir for SNAP23 [105]




	
Rab4A [106]

	




	

	
Intracellular transport of glicolipids [107]




	
GFAP

	

	
Directional mobility of vesicles [101]




	

	
Endocytosis of Jagged-1 [96]




	

	
Activity-dependent mobility of endosomes/lysosomes [102,103]




	
Peripherin

	
Rab7a regulates peripherin assembly [108]

	




	
AP-3 [98]

	




	

	
Lysosomal transport [109]




	
SIP30 affects peripherin assembly [110]

	
Subcellular distribution of SIP30 and SNAP25 [110]




	
Desmin

	

	
Lysosomal distribution [111]




	
Rab5 [100]

	




	
NF-L

	

	
Lysosomal transport [109]




	
α-Internexin

	
AP-3 [98]

	




	
Drosophila lamin

	
Rab5 regulates lamin disassembly [112]
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