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Seyma Demirsoy1, Shaun Martin2, Hannelore Maes1 and Patrizia Agostinis1*

1 Laboratory for Cell Death Research and Therapy, Department of Cellular and Molecular Medicine, KU Leuven, Leuven, Belgium

2 Laboratory for Cellular Transport Systems, Department of Cellular and Molecular Medicine, KU Leuven, Leuven, Belgium

OPEN ACCESS

Edited by:

Paolo Pinton, University of Ferrara, Italy

Reviewed by:

Klaus Bister, University of Innsbruck, Austria
Markus A. N. Hartl, University of Innsbruck, Austria

*Correspondence:

Patrizia Agostinis
patrizia.agostinis@kuleuven.be

Specialty section:

This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology

Received: 19 July 2016
Accepted: 27 October 2016
Published: 15 November 2016

Citation:

Demirsoy S, Martin S, Maes H and Agostinis P (2016) Adapt, Recycle, and Move on: Proteostasis and Trafficking Mechanisms in Melanoma. Front. Oncol. 6:240. doi: 10.3389/fonc.2016.00240

Melanoma has emerged as a paradigm of a highly aggressive and plastic cancer, capable to co-opt the tumor stroma in order to adapt to the hostile microenvironment, suppress immunosurveillance mechanisms, and disseminate. In particular, oncogene- and aneuploidy-driven dysregulations of proteostasis in melanoma cells impose a rewiring of central proteostatic processes, such as the heat shock and unfolded protein responses, autophagy, and the endo-lysosomal system, to avoid proteotoxicity. Research over the past decade has indicated that alterations in key nodes of these proteostasis pathways act in conjunction with crucial oncogenic drivers to increase intrinsic adaptations of melanoma cells against proteotoxic stress, modulate the high metabolic demand of these cancer cells and the interface with other stromal cells, through the heightened release of soluble factors or exosomes. Here, we overview and discuss how key proteostasis pathways and vesicular trafficking mechanisms are turned into vital conduits of melanoma progression, by supporting cancer cell’s adaptation to the microenvironment, limiting or modulating the ability to respond to therapy and fueling melanoma dissemination.
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MELANOMA

Cutaneous malignant melanoma (or simply melanoma) is a skin cancer that arises from the malignant transformation of melanocytes, the essential pigment (melanin)-secreting cells of the skin, whose incidence is quickly rising worldwide, and in particular in the developed countries (1). In the last decade, melanoma has emerged as a paradigm of aggressive cancer, typified by a high heterogeneity and poor therapeutic response. In fact, unless diagnosed at an early stage and surgically resected, melanoma evolves rapidly as a metastatic disease, highly resistant to therapy and associated with poor prognosis. Moreover, despite efforts for early detection and prevention, the median survival of patients with metastatic melanoma remains dismal (6–12 months) (2).

Crucial melanoma-associated oncogenic events have been identified, including a large variety of genetic and epigenetic defects in key components of the cell cycle, cell death, and epithelial-to-mesenchymal-like transition (EMT). Distinctive mechanisms related to the aggressive behavior of melanoma cells are the constitutive activation of growth factor receptors, such as c-Kit, PDGFR-α, EGFR, and the RAS/RAF/MEK/ERK pathway (or just MAPK pathway) (3, 4). It is known that 40–60% of all melanoma patients harbor a somatic mutation in the 600 residues of BRAF, an early event in melanomagenesis, with 80% of these patients displaying V600E mutations, while 20% and a very small population of approximately 5–7% of patients harboring V600K or V600R mutations, respectively (5, 6). Moreover 20, 2, and 1% of all melanomas are due to mutations in NRAS, KRAS, and HRAS, respectively, with the most common NRAS mutation occurring at position Q61 (7). Other known oncogenic mechanisms relate to the heightened activation of the PI3K/protein kinase B (AKT) pathway (partially driven by the loss, mutation, or epigenetic silencing of the PTEN tumor suppressor) (8–10), transcription factor NFκB, overexpression of the metabotropic glutamate receptor 1 (GRM1) (11), and dysregulation (deletions, silencing, mutations) of genes involved in the cell cycle (CDKN2A/CDK4/CCND1) or regulating apoptosis, such as MDM2/4 and Apaf-1, and anti-apoptotic Bcl-2 family members, such as Bcl-xL and Mcl-1 [extensively reviewed in Ref. (12–15)]. Moreover, p53 has been recently shown to be a bona fide ultraviolet radiation (UVR) target gene in melanoma, and acquired, UVR-induced p53 mutations accelerate BRAFV600E-driven melanomagenesis (16).

In addition to driving unrestrained proliferation and increasing the resistance to apoptosis, these genetic and additional epigenetic alterations also modulate the cell autonomous ability of melanoma cells to invade and migrate (e.g., through altered expression of adhesion proteins). Moreover, both heightened NFκB signaling (17) and increased GRM1 expression (18), which foster glutamate-mediated MAPK-driven melanoma cell survival and the AKT–mTOR–HIF1 pathway (19), have been shown to support melanoma-associated proangiogenic signaling, thereby favoring melanoma growth and dissemination. Finally, the complex gene expression landscape of melanoma is further regulated by several epigenetic mechanisms, including methylation, chromatin modification and remodeling, and through various classes of non-coding RNAs (20, 21).

Although melanoma can be considered a prototypical immunogenic tumor, it is a very aggressive cancer that can progress even in the presence of significant lymphoid infiltrate or demonstrated antitumor immune responses (22). This is largely due to the ability of melanoma to efficiently escape the immune system through various mechanisms [e.g., by the release of immune-silencing molecules such as vascular endothelial growth factor (VEGF), transforming growth factor (TGF)-β, interleukin (IL)-10, nitric oxide (NO), or prostaglandins], in part relying on the enhanced secretory activity of melanoma cells. Together, these observations suggest that deranged melanoma cell autonomous processes and melanoma cell–stromal cell interactions contribute to the establishment of a tumor-promoting and immunosuppressive microenvironment driving melanoma growth.

Based on the accumulating knowledge on melanoma’s malignant features, in recent years, different classes of novel drugs were approved for the treatment of advanced melanoma. However, targeted molecular therapies relying on blockage of altered MAPK pathway, such as BRAFV600E (e.g., vemurafenib) and MAPK/ERK kinase (MEK) (e.g., trametinib) inhibitors (23), have demonstrated only partial antitumor responses in patients (24, 25). This is largely due to the rapid emergence of drug-resistant (6) and more aggressive melanoma clones (26), reflecting the high degree of cellular plasticity of melanoma cells and possibly pre-existing heterogeneity, which is one of the major hallmarks of this aggressive disease. An important emerging class of anti-melanoma drugs targets co-inhibitory receptors limiting T cell-mediated antitumor responses through the agency of anti-CTLA-4 or anti-PD-1 or PD-L1 antibodies (27). However, despite the very promising objective clinical responses, it has become clear that a sizeable subset of melanoma patients does not respond equally well to immune checkpoint blockade strategies, which are often accompanied with severe toxic side effects (28). Thus, the limits and undesired side effects of current anti-melanoma therapeutics create a great interest to investigate new targets and develop novel approaches.

Recent data underscore that during melanoma progression certain housekeeping processes are used by melanoma cells to adapt and to sustain oncogene- and aneuploidy-driven dysregulations, much more than normal melanocytes would need them. In keeping with this, accumulating evidence indicate that, to support their intrinsic plasticity, melanoma cells rewind key homeostatic pathways, such as UPR, vesicle trafficking, and key lysosomal pathways, like autophagy. These pathways have been shown to be dynamically regulated throughout melanoma progression to increase intrinsic adaptations against proteotoxic stress, to accommodate the high metabolic demands of these cancer cells, and to modulate the interface with stromal cells within the tumor microenvironment. However, unlike other well-documented types of stress involved in malignant behavior, such as genotoxic, oxidative, and metabolic stress in cancer cells, much less is known about the mechanisms regulating proteostatic stress and how perturbations in the proteome of cancer cells, and more specifically in melanoma, affect disease progression, despite its prominent manifestation in other human disorders (29).

In this review, after a brief introduction of the main pathways regulating proteostasis, we discuss in more molecular details altered mechanisms governing the proteome of melanoma cells and how they modulate melanoma survival, metastatic spreading, and therapy responses.

THE PROTEOME UNDER CONTROL: A BRIEF OVERVIEW OF KEY PATHWAYS REGULATING PROTEOSTASIS

The regulation of intracellular protein turnover (synthesis/degradation), protein conformation/folding, protein–protein interactions, and localization (trafficking) are crucial processes preserving the quality of the proteome (proteostasis), which is required for a cell to function efficiently and to dynamically respond to internal and external cues. In line with their role in the maintenance of a healthy proteome, various proteostasis mechanisms have been shown to be disturbed during aging as well as in many pathological conditions, including cancer and neurodegeneration (30, 31). Proteostasis is fine-tuned by vital protein quality control mechanisms, including autophagy and the proteasomal and endo/lysosomal pathways, which make up the triad of modalities that encompass general proteostasis control (GPC, Figure 1). These modalities utilize various classes of chaperones, folding enzymes, posttranslational modifications, synthesis, trafficking and degradation mechanisms, which work in concert and are modulated by stress pathways, ultimately sensing changes in the integrity of the proteome. In the following paragraphs, we will provide a simplified introduction on the main mechanisms contributing to proteostasis; a more detailed discussion is beyond the scope of this essay and can be found in excellent recent reviews (32–34).
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FIGURE 1 | Deranged proteostasis network in melanoma supports the main hallmarks of cancer. A simplified overview of the main components of the proteostasis network is discussed in this review and its implications for melanoma biology. The deranged proteostasis network (PN) in the depicted melanoma cell; the inner-most circle (light gray) represents the general proteostasis control (GPC) triad (35) and includes the synthesis, degradation, posttranslational modification, and trafficking of proteins. The second circle (dark gray) shows the signaling pathways that influence the level and activity of the triad. The outer radial circle gives the summary of the key melanoma-associated processes, which have been shown to be affected/modified by alterations of the PN [adapted from Ref. (36)]. EMT, epithelial mesenchymal-like transition; HSR, heat shock response; UPR, unfolded protein response; ELS, endo-lysosomal system; ERAD, ER-associated degradation; MAPS, misfolded-associated protein secretion; PTMs, posttranslational modifications.



To maintain proteostasis and prevent/minimize proteotoxic stress as a result of the accumulation of aged, aberrantly folded, or aggregated proteins, cells are heavily dependent on various quality control mechanisms. Cytoplasmic proteostasis is vitally regulated by the heat shock response (HSR), which is largely mediated by the stress-induced activation of heat shock transcription factor 1 (HSF1). Upon cellular stress, the activation of HSF1, the master regulator of the HSR, causes the induction of the expression of HSPs, molecular chaperones that protect the proteome against misfolding and subsequent aggregation, by facilitating folding, transport, and degradation (32). HSPs exert their first line-quality control activity by assisting folding of de novo synthesized protein during their transit within cellular compartments, facilitating refolding of stress-denatured proteins, oligomeric assembly, protein transport, and providing assistance in proteolytic degradation. Moreover, HSPs assist in the prevention of protein aggregation by shielding the exposed hydrophobic surfaces of partially unfolded proteins (34).

While HSR regulates cytoplasmic proteostasis, the unfolded protein response (UPR) is activated in response to changes in ER folding capacity and regulates ER proteostasis.

The transcriptional program that is put in motion by the activation of the UPR preferentially acts as an intermediate response to reestablish the ER protein folding and synthesis output as a consequence of increased detection of unfolded or misfolded proteins in the ER lumen (33) (see Box 1 for molecular description of the UPR). During the initial phase, the UPR is an adaptive response that potentiates a diverse array of quality control mechanisms aiming to reestablish ER folding capacity and homeostasis. This is mainly achieved by temporarily shutting down protein synthesis, to reduce folding burden in the ER lumen, while increasing the expression of various chaperones and folding enzymes (33). Besides the UPR emanating from the ER (UPRER), recent studies have implicated another transcriptional, mitochondrial stress response, called the mitochondrial unfolded protein response or UPRmt, as major contributor of proteostasis. Although partially overlapping with elements of the HSR and UPRER and not entirely understood in mammalian cells, the UPRmt program is elicited to promote folding, limit import, and reduce translation of mitochondrial proteins and is selective for mitochondrial chaperones, such as the mitochondrial HSP60 (37). However, if stress persists and proteostasis is not reestablished, both UPR-signaling mechanisms activate mechanisms capable of inciting cell death. In the scenario of the best characterized UPRER, this involves increased expression of the transcription factors ATF4 and induction of CHOP, downstream in the PERK–eIF2α branch of the ER-stress response (38).


BOX 1 | The unfolded protein response.

Loss of the ER folding capacity leads to the accumulation of unfolded or misfolded proteins and the initiation of the unfolded protein response (UPR). The UPR is sensed by the luminal domain of three ER-stress transmembrane proteins, which are PERK, IRE1 – the latter harboring both protein kinase and endoribonuclease activities –, and ATF6. Binding of GRP78 (also called BiP) to the luminal domain of these ER transmembrane proteins keeps them inactive. Upon loss of ER homeostasis, which causes an accumulation of unfolded proteins, GRP78 is titrated away from these ER-stress sensors to bind to the hydrophobic domains of misfolded proteins, allowing the dimerization/oligomerization of PERK and IRE1α, and the migration of ATF6 to the Golgi, ultimately launching the UPR (33). Active PERK attenuates global protein synthesis by the phosphorylation of eIF2α, thus relieving pressure on the stressed ER (39, 40), while at the same time allowing cap-independent translation of mRNA important in both pro-survival and pro-death stress response proteins (41). An essential role here is played by the activating transcription factor 4 (ATF4), which stimulates the synthesis of essential ER chaperones, proteins involved in ER homeostasis (42) as well as autophagy (43). However, ATF4 can also induce the expression of the pro-apoptotic transcription factor C/EBP homologous protein CHOP, enabling the PERK branch of the UPR to elicit cell death under conditions of unresolved ER stress (44). The antioxidant response element (ARE) transcription factor Nrf2 is also induced by PERK and is a homeostatic response to counter reactive oxygen species (ROS) (45). Negative feedback by kinase inhibition of PERK (46) and eIF2α dephosphorylation (47) as stress is resolved, restores the cell’s normal translational capacity. IRE1 displays protein kinase and endoribonuclease activities. Oligomerization and autophosphorylation of IRE1 results in RNase-domain activation leading to unconventional splicing of the XBP1 mRNA (48). XBP1 splicing generates an active transcription factor that upon nuclear translocation induces the expression of several cytoprotective genes involved in ER quality control, such as ER-resident chaperones involved in protein folding and the tagging of terminally mutated proteins for ER-associated degradation.(ERAD). IRE1 can also degrade specific mRNAs through a process termed regulated IRE1-dependent decay of mRNA (RIDD). As in the case of PERK, while XBP1splicing is mostly involved in evoking cytoprotective responses, IRE1 can engage cell death pathways as well. This can occur either through its scaffolding role at the ER leading to the activation JNK (49) and through RIDD-mediated degradation of pro-survival mRNAs, which increases with the intensity of ER stress (50). Following release from the ER, ATF6 translocates to the Golgi apparatus where it is cleaved by Golgi-resident proteases into an active transcription factor (51), which binds to promoters containing ER-stress response elements (ESRE) and regulates the expression of key enzymes and chaperones of the UPR machinery (52).

Although PERK, IRE1, and ATF6 each appear to play functionally separate roles in stress signaling, conserved overlap in chaperone induction and cell death activation exist, further highlighting the importance of cellular proteostasis and how it is coupled to cell death pathways.



Both the HSR and UPR-signaling pathways work in conjunction with major proteolytic systems, such as the proteasome, autophagy, and the endo-/lysosomal system (ELS) (33, 53), to maintain the integrity of the proteome and attenuate proteotoxicity, thus establishing a complex network of interconnected proteostasis mechanisms.

Typically, under conditions of loss of ER proteostasis misfolded/abnormally, folded proteins are re-translocated to the cytoplasm and subsequently degraded by the ubiquitin–proteasomal system (UPS) through a process called ERAD [reviewed in Ref. (43)]. Alternatively, ER protein overload can be alleviated by the secretory pathway, through a newly described mechanism whereby unfolded glycosylphosphatidylinositol (GPI)-anchored proteins are exported via the Golgi apparatus to the plasma membrane (PM) for subsequent endocytosis and lysosome degradation (54).

In the cytosol, non-functional/damaged or misfolded proteins are sensed and chaperoned. Failure to refold the target proteins, induces the activity of E3 ubiquitin ligases, including the co-chaperone carboxyl terminus of co-chaperone carboxyl terminus of heat-shock cognate 70 (HSC70)-interacting protein (CHIP), resulting in the ubiquitination of unfolded/damaged proteins and their targeting for degradation through the UPS (55). The ubiquitin-tag, is a well-known posttranslational modification allowing polypeptides to be targeted and delivered to the 26S proteasome for degradation (56–59). However, if the capacity of the chaperone-mediated refolding machinery and the UPS are overloaded, or if the misfolded proteins form large aggregates that are resistant to proteasomal degradation, these ubiquitin-modified substrates are recognized and targeted to the lysosome through autophagy-mediated pathways. In line with this, in addition to the ERAD pathway, autophagy has been shown to play an important role in restoring ER proteostasis (60).

Protein ubiquitination has been moreover recognized to be a crucial signal for the selection and delivery of cytoplasmic cargo, not only restricted to aberrantly folded proteins and aggregates but also to damaged organelles (like the mitochondria), to the autophagy machinery. This mechanism confers specificity to the process of autophagy, which was initially thought to occur in an aspecific manner. Ubiquitinated cargo is recognized by the binding of shuttling factors or specific receptors, of which p62 (also called sequestosome 1 or SQSTM1) and neighbor of BRCA1 gene 1 (NBR1) are the prototypes, that tether it to the autophagosomes, the hallmark of macroautophagy (thereafter called simply autophagy, see Box 2 for further description). During autophagy, damaged or aberrant cytoplasmic material is sequestered by double-membraned autophagosomes and trafficked to the lysosomes, where upon fusion, is ultimately degraded by lysosomal hydrolytic enzymes. However, autophagosomes can fuse with an associated membrane protein 1 (LAMP1)-positive compartment before acquiring lysosomal proteases and enter the endocytic pathway through fusion with late endosomes (LEs), forming the amphisomes and hybrid organelles (61). Although a complete description of the molecular pathways regulating autophagy is beyond the scope of this review [for further details, readers are referred to Ref. (62–64) and Box 2], it is important to note that the ER plays an instrumental role in the modulation of autophagy and is thought to provide an important membrane source during the early steps of autophagosome formation (65).


BOX 2 | Autophagy pathways.

To date, three different mechanisms have been identified in mammalian cells, which facilitate the lysosomal degradation of intracellular components: chaperone-mediated autophagy (CMA), macroautophagy, and microautophagy.

Macroautophagy is the major lysosomal degradation pathway hallmarked by formation of a double-membraned autophagosomes (48, 49). Dysfunctional/obsolete organelles and proteins, both soluble and aggregates that are tagged for recycling, are encapsulated in the forming autophagosomes that ultimately fuse with the lysosome (autolysosomes) for degradation (66). At the molecular level, the induction of autophagy is regulated by two kinase complexes; the ULK1 complex that includes ATG13, FIP200, and ATG101, and is suppressed by mTOR and the large class III PI3P–Vps34 complex, which includes among others Beclin 1, which generates PI3P on the nascent autophagosome. These kinase complexes in turn coordinate the recruitment of downstream autophagic proteins, including WIPI1 and 2, the membrane associated ATG9, two ubiquitin-like protein complexes ATG12–ATG5–ATG16 and the LC3/GABARAP (ATG8) proteins which, upon phospatidylethanolamine (PE)-lipidation, become integrated in the autophagosomal membrane and become degraded upon fusion with the lysosome (62, 67, 68). Selective macroautophagy pathways can lead to the clearance of specific targets, such as protein aggregates (aggrephagy), organelles such as mitochondria (mitophagy), endoplasmic reticulum (reticulophagy), and peroxisomes (pexophagy), or lipid droplets (lipophagy), glycogen particles (glycophagy), and pathogens (xenophagy). In analogy to the proteasome, selective cargo recognition and autophagic degradation also involves ubiquitination. The autophagic degradation of protein aggregates requires the ubiquitin receptors p62/SQSTM1 and NBR1, which recognize polyubiquitinated targets and bridge them to the autophagy machinery. Both autophagic adapters are cargo receptors and autophagy substrates (69) and share similar domain architecture, interacting with LC3/Atg8 through an LC3-interacting region (LIR) and binding to monoubiquitin and polyubiquitin via the C terminal ubiquitin-associated (UBA) domain.

Chaperone-mediated autophagy involves the selective degradation of soluble proteins exposing a KFERQ-related sequence, which are directly targeted to the lysosomes upon their recognition by the cytosolic heat shock cognate 70 (hsc70) (70). The substrate-chaperone complex interacts with the lysosome-associated membrane protein-2A (LAMP-2A) receptor, which ensures its translocation into the lysosome assisted by lysosomal hsc70. This process encompasses four main steps, which are as follows: (a) substrate recognition and targeting to the lysosomes; (b) substrate binding to the lysosomal receptor and unfolding; (c) substrate translocation through the lysosomal membrane; and (d) substrate degradation in the lysosomal lumen (71).

Microautophagy is the third subtype of autophagy, which to date has not yet been well characterized in mammalian cells (72). It involves the internalization of cytosolic cargo through invagination of the lysosomal membrane, through a process that resembles the formation of multivesicular bodies (MVBs) (72). Although the molecular players have not been well defined and the relationship between this process and the formation of MVBs is elusive, microautophagy underlies the ability of the lysosomal membrane to direct engulf cytosolic components. During this phenomenon, a specialized “autophagic tube” is formed by invagination of the lysosomal membrane, which encloses portions of the cytosol through an ATP-dependent process that is accompanied by drastic changes in the distribution of both lysosomal lipids and proteins. In mammalian cells, non-selective microautophagy clears soluble intracellular substrates, whereas selective microautophagy mechanisms have only been described in yeasts.

While these autophagy pathways are constitutively active, macroautophagy and CMA are stimulated in response to a variety of common metabolic and oxidative stressors, and mutual compensatory mechanisms exist to balance and compensate these degradation pathways (70). Microautophagy, is often stimulated in parallel with macroautophagy, especially in response to starvation or mTOR inhibition, and is thought to be a mechanism important to reestablish lysosomal membrane homeostasis and regulate lipid metabolism and endocytosis (73).



Additionally, proteostasis is regulated at different levels through the ELS (schematically described in Box 3), which interfaces and overlaps extensively with the autophagy machinery by sharing a number of tethering, fusion, and trafficking components (74).


BOX 3 |  The endo-lysosomal system.

The endo-lysosomal system (ELS) is a dynamic, interconnected vesicular network including a set of intracellular membranous compartments, which comprise the endocytic pathway (early endosomes, recycling endosomes, late endosomes, and lysosomes) (75). Endocytosis is initiated by invagination of a portion of the plasma membrane, typically through the action of chlatrin-coated pits, or through plasma membrane caveolae, or through larger vesicles like micropinosomes. Upon internalization, endocytic vesicles fuse with the mildly acidic early endosomes, to be finally transported to the acidic compartments, namely the late endosomes (LEs) and finally the lysosomes for degradation. In the ELS, the maturation of endosomes into LEs/lysosomes entails a significant shift in the acidity of the vesicles, a process that ultimately regulates vesicle trafficking, protein sorting, and targeted degradation of sorted cargo. These vesicular pathways involve various membrane fusion events that are vitally regulated by members of the Rab small GTPase family, tethering complexes, and actual membrane fusion events guided by SNARE proteins (51) and posttranslational modifications, primarily ubiquitinilation. The early endosomes are regulated predominantly by the small GTPase Rab5 (52) and act as the major sorting station holding the capacity to go back to cell surface for reuse (recycled endosomes), a process under the regulation of Rab 4 and 11 (76, 77), or mature into late endosomes (LEs), which is facilitated by the transition from Rab5 to Rab7. The major roles of LEs are the biogenesis of intraluminal vesicles and sorting of ubiquitinated membrane proteins for lysosomal degradation (78). An LE demonstrating intraluminal vesicle (ILVs) formation, in a process of inward membrane invagination involving the ESCRT complexes, is referred to as a multivesicular body (MVBs) (79). In the end, the MVBs/LEs fuse with lysosomes for degradation. However, MVBs can also fuse with the plasma membrane leading to the release of their internal vesicles into the extracellular space (exosomes) (80).

An intense cross talk exists between trafficking mechanisms and molecular modulators of autophagosomes and ELS. For example, autolysosome formation and the trafficking of MVBs to lysosomes are processes regulated by LE-associated proteins, among which the small GTPase, Rab7A, a critical regulator of endosomal maturation/functionality (81–83) and syntaxin 5 (84). Moreover, endosomal membranes can contribute to the formation of autophagosomes through vesicles derived from Rab11-positive recycling endosomes, where both ULK1 and mATG9 reside and sense autophagy induction (85). Additionally, mATG9 and ATG16L1-containing vesicles can traffic through the endocytic pathway via different routes and fuse with recycling endosomes (86). These examples clearly show that autophagosomes can undergo fusions with both acidic vesicles of the endo-lysosomal system as well as earlier compartments of the endocytic pathway.



At the level of the LEs/MVBs and lysosomes, proteostasis is performed by a variety of differing mechanisms, chiefly regulated by ubiquitin signals, including, protein sorting (recycling) and targeted clearance (degradation) of the cargo (87). Furthermore, LE/MVBs can fuse with the cell membrane to release proteolytic enzymes and signaling molecules or ILVs, called exosomes, thereby regulating intercellular communication (80).

A number of studies have further highlighted the close cross talk between autophagy and the UPS (88–91). Moreover, perturbed autophagy may also lead to the impaired degradation of specific UPS clients; such that reduced autophagic capacity can alter the efficiency of the proteasome through mechanism regulated by the key autophagic receptor p62 (55, 90, 91). This suggests that the autophagy and UPS proteolytic machineries are functionally linked and do not simply respond to compensatory mechanisms. Moreover, evidence coupling the proteasomal and endosomal machinery is also emerging (92, 93).

Recently, the autophagy machinery (94) and the UPS (94) have been shown to be implicated in unconventional secretion pathways, facilitating the extracellular delivery of cytosolic proteins directly from the cytosol, without transiting trough the classical ER-to-Golgi pathway. In case of the UPS-mediated pathway, it has been suggested that this unconventional secretory mechanism, called misfolded-associated protein secretion or misfolded-associated protein secretion (MAPS) and involving the LE as delivery carriers, may help proteostasis through the export of misfolded proteins when the proteasomal degradation capacity in the cell is overwhelmed, a condition that may lead to the accumulation of detrimental protein aggregates (94).

In conclusion, although the molecular nature of all these interactions and the identity of the shared components have not been fully characterized, it is clear that there is a more significant cross talk within the complex network of the pathways regulating cellular proteostasis and protein quality control, than originally hypothesized. This is perhaps not surprising considering that ubiquitin-regulated pathways, autophagosomes, endosomes, and lysosomes are emergently recognized as highly dynamic and cross-communicating signaling hubs controlling not only intracellular protein/organelle degradation but also the strength and duration of signaling pathways originating from intracellular and surface receptors/complexes as well as the composition of the surface proteome and secretome (95–98).

In the following sections, we will discuss how these major housekeeping pathways are recruited to support different features of melanoma plasticity and aggressiveness.

ADAPT AND SURVIVE: ALTERATION OF CYTOPLASMIC AND UPR-BASED PROTEOSTASIS IN MELANOMA

Cancer cells are particularly exposed to a variety of intrinsic (oncogenic expression and aneuploidy) and extrinsic perturbations (hypoxia, glucose deprivation, acidosis) that alter global proteostasis, resulting in the accumulation of flawed or misfolded proteins. Moreover, to keep pace with their increased metabolic/energy request and heightened proliferation, cancer cells usually expand their protein folding and trafficking capacities. Indeed, oncogenic expression and chromosome imbalance, characteristic of malignant cells, impose pressure on proteostasis control and encumber cellular quality control mechanisms, mainly due to imbalances in protein synthesis, e.g., excessive/overexpression of proteins that often culminate in protein aggregation and the activation of degradation and/or export pathways. To cope with these cues, cancer cells tend not only to upregulate various mechanisms regulating proteostasis, by e.g., upregulating chaperones and expanding their secretory/vesicular pathways but also become heavily reliant on them – a phenomenon known as “non-oncogene addiction” (99).

In this context, melanoma represents a key paradigm. Accumulating evidence shows that melanoma cells display a significant increase in ER and cytoplasmic chaperones, driven by the UPR (Box 1), which act initially to increase protein folding efficiency, along with an elevated expression of many vesicular trafficking related genes, such as Rab7 (100), TBC1D16 (101), and Rab27 (102). Moreover, the relevant role that chaperones (for example; HSP70, HSP90) play in preserving melanoma survival and plasticity is emphasized by their correlation with disease progression (103, 104) and the manifested vulnerability that melanoma cells exhibit following perturbations of global proteostasis. A study comparing the expression levels of HSPs across patient clinical parameters showed that, with the notable exception of HSP32, whose expression correlated with improved patient survival, increased expression of HSP90 and HSP40 correlated with advanced stages of melanoma, and in the case of HSP40 with decreased patient survival (105). In line with this, another study observed an indispensable role of HSF1 in melanoma progression and migration, thus highlighting its potential as therapeutic target in melanoma (106).

Increased chaperone expression may also allow for heightened protein synthesis, feeding melanomas proliferative capacity (107). Moreover, chaperones are multifaceted proteins that modulate signaling pathways as a consequence of their high affinity for unfolded or misfolded proteins, drawing them away from their regulatory role in signaling pathways. For example, HSP90 is an essential cytoplasmic chaperone, renowned for its protective capacity against a number of chemotherapeutics and implicated as a modulating factor of drug resistance (108). Over 100 client proteins have been identified for HSP90, many of which are important in the progression of cancer (3, 4), including MEK, AKT, Apaf-1, VEGFR, and c-MET (109). Moreover, the chaperone HSP90 stabilizes mutant BRAFV600E, further supporting the prognostic relevance of HSP90 upregulation in melanoma and the close correlation between oncogenic drivers and increased chaperone expression (108).

Interestingly, a recent study showed that upon cellular stress HSF1 physically interacts with and is directly phosphorylated by MEK, a pivotal kinase of the MAPK pathway, and as a consequence promotes melanoma growth (110). Furthermore, MEK inhibition in these BRAFV600E mutant melanoma cells, caused HSF1 inactivation, protein destabilization, and aggregation that lead to melanoma cell demise by excessive proteotoxic stress. Interestingly, MEK–HSF1 inhibition or proteasomal inhibition, also led to the accumulation of aggregation-prone proteins forming amyloid fibrils enriched in beta sheet structure, through the process of amyloidogenesis. Increased amyloidogenesis by MEK or HSF1 inhibition blunted melanoma growth, by exacerbating proteotoxic stress to a lethal threshold, thus suggesting that the induction of proteotoxic stress might have relevant anti-melanoma effects and represent a promising therapeutic strategy (110).

Unfortunately, the use of bortezomib, a clinically used 26S proteasome inhibitor, for the treatment of melanoma gave disappointing results (111). One rationale for this was the tendency of bortezomib to upregulate ER stress, cytoprotective autophagy, and the detectable expression of key cytoprotective chaperones, such as HSP70, all of which are potential therapeutic targets in melanoma (112). In line with this, targeting HSP70 significantly increased the efficacy of bortezomib to incite cell death and reduced the metastatic potential of melanoma (112). In agreement with this strategy, while single agent MEK inhibition or bortezomib were shown to be only partially beneficial, their combination markedly synergized their antitumor and anti-metastatic potential in a xenografted model of melanoma (110).

Taken together, from a cell focused perspective, these observations suggest that targeting multiple nodes of the proteostasis network of melanoma cells would significantly enhance melanoma cell’s vulnerability to proteotoxic stress.

Melanoma cells are moreover renowned for their chronic activation of the UPRER (107), and a significant proportion of research has committed to understanding the molecular and therapeutic potential of this adaptation [reviewed in Ref. (107)]. The importance of ER homeostasis in melanoma is highlighted by the constitutive upregulation of certain ER-resident chaperones, such as GRP78, and their correlation with upstream, disease initiating, NRAS, or BRAF oncogenic mutations (107). In fact, ample evidence indicates GRP78 as a prognostic marker of melanoma, where its increased expression correlates with disease progression (113). The observed enhancement in basal UPRER activation in melanoma cells is in part justified by the increased protein synthesis burden required for proliferation, driven by the constitutively activation of the MAPK pathway and AKT, downstream mediators of the RAS–RAF and PI3K pathways, respectively (107). However, while some studies have shown that inhibition of BRAF or MEK signaling in melanoma increases ER stress, yet conversely, others have demonstrated that inhibition of oncogenic BRAF or MEK resulted in a marked reduction in IRE1 and ATF6 based signaling (107) (Box 1). Interestingly however, the capacity of the RAS–RAF pathway to modulate PERK-based signaling was not altered (107).

Various HSP proteins, including HSP70, are also found at the cell surface and/or are secreted from melanoma cells under stress conditions eliciting loss of proteostasis. Increased expression of HSP70 in melanoma cells triggered its rerouting through the ELS, allowing excess HSP70 to be deposited to the cell surface and be released into the extracellular space (103). This suggests that stress conditions altering HSP expression in melanoma cells may concomitantly favor their extracellular release through the ELS.

However, the extracellular route of delivery, and especially the context in which chaperones are exposed or released, whether they originate from living or dying cells, modulate their known extracellular immunomodulatory activities. During immunogenic cancer cell death (ICD), a cancer cell death subroutine triggered by a limited set of assorted anticancer therapies resulting in the efficient stimulation antitumor immunity (114), vital homeostasis processes favor the trafficking and export of key chaperones to the surface of the dying cells, where they act as damage-associated molecular patterns (DAMPs). During ICD, loss of ER proteostasis and an intact secretory pathway were found to be required for the surface exposure of the ER luminal chaperone calreticulin (CRT), a major ICD-associated danger signal, whose exodus is often accompanied by the extracellular exposure or release of HSP70 (115). Notably, in melanoma cells dying in response to the genotoxic agent melphalan (Mel), the limited induction of an ER-stress response failed to elicit the surface emission of CRT and HSP70 (116) and to efficiently stimulate a CD8+ T cell-dependent antitumor response, in a prophylactic immunization mouse model (116). Intriguingly, the anticancer vaccination potential of Mel was potentiated by the exogenous addition of recombinant CRT (116). This concept is further highlighted by the observation that upon ROS-induced loss of ER proteostasis, autophagy counterbalances the mobilization of CRT on the surface of dying melanoma cells (possibly by reducing ROS-mediated loss of ER proteostasis), thereby weakening the functional interaction between dying melanoma cells with antigen-presenting cells (117). Likewise, the heightened autophagic flux harbored by the BRAFV600E inhibitor-resistant melanoma cells, hindered the surface exposure CRT and HSP90, in response to cell death induced by the blockade of the hyperactive MEK pathway (118).

Recently, melanoma cell-associated activation of the oncogenic Wnt/beta-catenin signal was found to prevent antitumor immunity by inhibiting the intratumoural recruitment of dendritic cells and T cells (119). Interestingly, microphthalmia-associated transcription factor (MITF), the crucial melanocytes lineage factor, has been recently shown to misregulate endolysosomal biogenesis and to promote Wnt signaling (120) (as discussed later in more details). Whether the melanoma cell-intrinsic and Wnt-mediated immunosuppressive mechanism described above is regulated by MITF-driven endolysosomal changes has not been investigated yet. However, considering the emerging pro-tumorigenic role of the heightened ELS in melanoma (discussed in further sections), this hypothesis needs urgent validation.

In conclusion, various proteostasis mechanisms leading to the upregulation of cytoplasmic chaperones or expansion of the ELS compartment are recruited by melanoma cells to support cell autonomous adaptation to stress from one hand and to maintain the immunosuppressive microenvironment, from the other hand, ultimately promoting disease progression and drug resistance. However, loss of ER proteostasis along with other housekeeping mechanisms may enable key chaperones like CRT and HSP70, with extracellular immunomodulatory functions, to get exposed on the surface of the dying melanoma cells, and modulate antitumor immunity in response to certain anti-melanoma therapies. These observations highlight the plasticity and context-dependent relevance of proteostasis control in melanoma.

DEGRADE AND RECYCLE: AUTOPHAGY “ON DEMAND” IN MELANOMA

Several recent studies have highlighted that the transition from the melanocytes to malignant melanoma cells entails changes in major degradation pathways (121–126). Recent studies have shown that the role of autophagy (Box 2) in carcinogenesis is highly context dependent. On the one hand, it may act as a tumor suppressor by removing damaged and ROS-producing organelles, primarily mitochondria thereby favoring metabolic homeostasis and counteracting metabolic rewiring characteristic of malignant cells (122–124, 127). Moreover, autophagy has been proposed to prevent malignancy by decreasing the risk of genome instability, favoring oncogene-induced senescence, degrading oncogenic proteins, ensuring the maintenance of normal stem cell populations, lowering inflammation, and regulating immune responses (123). On the other hand, in established tumors, autophagy may favor oncogenesis by providing tumor cells with essential amino acids or an alternative energy supply to boost their metabolic need under conditions of nutrient and oxygen deprivation, a typical phenomenon of the tumor environment (66). Moreover, in the tumor microenvironment, cancer cell-associated and stromal cell-associated autophagy engage in a tight cross talk that favors cancer cell dissemination through the blood stream (127, 128), repression of antitumor immunity (127), and exchange of metabolites supporting cancer cell’s metabolic needs (129). Therefore in established tumors, in many instances, albeit not in all, blocking autophagy results in increased therapeutic efficacy [reviewed in Ref. (127)].

Although evidence reporting autophagy alterations during melanoma progression is still incomplete, available knowledge supports a dynamic implementation of autophagy in melanomagenesis and melanoma dissemination. In the early phases of melanoma growth, mRNA and protein expression levels of the pro-autophagic proteins Beclin 1 and LC3 have been found to be lower compared to benign nevi (130). Primary melanoma cells also display reduced expression levels of ATG5, a factor which was associated with a worse prognosis (131). Induction of autophagy by ectopic ATG5 expression or autophagy inducers attenuated clonogenic growth of melanoma cell lines harboring low ATG5 levels (131). Downregulation of ATG5 promoted melanocytes transformation by curtailing oncogene-induced senescence (131). Moreover, the use of the lysosomotropic drug chloroquine (CQ) revealed that primary melanoma cells have a reduced autophagic flux in comparison with melanocytes (132).

Collectively, these studies support the hypothesis that early during melanomagenesis the tumor-suppressive role of autophagy is repressed (132). This phenomenon appears to be regulated by epigenetic mechanisms (133) and, at least in part, by the autophagy-inhibitory activity exerted by the heightened activity of the AKT pathway in primary melanoma (132).

Efficient autophagic capacity is recovered during melanoma progression along with the acquisition of other mutations altering the oncogenic landscape. In line with this, metastatic melanoma cells have a higher autophagic flux in comparison to primary melanoma and melanocytes, which was found to be a crucial transition for their survival and clonogenic expansion (132). This switch toward a restoration in the autophagy capacity associated to the invasive/aggressive melanoma phenotype is further supported by analysis of biopsies from human melanoma patients. Consistently higher LC3B and Beclin 1 expression are found in samples of patients with advanced/metastatic melanoma as compared to non-invasive, primary tumors (134–136). Furthermore, increased levels of autophagy prior to treatment in metastatic melanoma have been shown to predict invasiveness, chemoresistance, and poor patient survival (135).

These data support the concept that autophagy in melanoma is regulated in a somewhat biphasic manner. Early in melanomagenesis autophagic flux is decreased, a condition that may favor accumulation of pro-oncogenic mutations and cellular damage, ultimately supporting malignant transformation. In the later stages of melanoma progression autophagy is reactivated, to serve as a major pro-survival mechanism supporting the high metabolic demands and adaptation to stressful tumor microenvironment conditions (118, 132, 136). In line with this, studies using a melanoma xenograft model showed that compromising melanoma cell-associated autophagy by silencing ATG1 or VPS34 (class III PI3K) expression, increased melanoma cell death induced by leucine deprivation (137). Moreover, in a syngeneic host, murine B16F10 melanoma cells silenced for the expression of ATG5 exhibited a severely reduced growth potential, inability to survive in the blood stream and metastasize (128), thus indicating a general role of pro-autophagic proteins in supporting metastatic melanoma dissemination. Likewise, Beclin 1 silencing in B16F10 melanoma halted tumor growth and increased apoptosis in vivo (138) [further reviewed in Ref. (139)].

Interestingly, the expression of the HIF1-responsive gene BCL-2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), an atypical BH3-only protein contextually implicated in the regulation of both cell death and autophagy (140), is constitutively higher in melanoma cells as compared to normal melanocytes (141). BNIP3 via its BH3 domain can displace Beclin 1 from its interaction with Bcl-2, therefore activating autophagy, while through its LIR motif, functions as an autophagy receptor for the clearance of mitochondria (142). In melanoma cells, BNIP3 not only regulates autophagic clearance of ROS-generating mitochondria but is also a key orchestrator of actin-driven formation of PM protrusions (ruffles), melanoma cell morphology, and migration (141). Intriguingly, melanoma cell-associated BNIP3 was also found to regulate the stability of the integrin-associated CD47 a surface molecule acting as a powerful “don’t eat me signal” that favors cancer cell escape from immunosurveillance mechanisms during carcinogenesis, a property that is not shared with ATG5 (141). This suggests that BNIP3 is an essential player in the regulation of melanoma cell proteostasis, a function that is exerted by the dual regulation of the pool of healthy mitochondria, with crucial implications for melanoma bioenergetics and metabolic reprograming, and the composition of the PM, possibly affecting melanoma’s phagocytic barrier. In line with this, co-regulated BNIP3/CD47 mRNA expression is correlated to cancer progression and poor prognosis (141).

In line with a tumor-promoting role of autophagic pathways in advanced melanoma, several studies have shown that pharmacological or genetic inhibition of autophagy increase drug-induced cytotoxicity in melanoma cells (127). With the intensive interest of targeted therapy, great relief came with the initial clinical success of BRAF inhibitors (BRAFi), targeting the V600E mutation in melanoma such as vemurafenib (or PLX4032). Unfortunately, the development of drug resistance and relapse prevailed within 1 year of therapy initiation (143). Although a significant number of studies have highlighted the rationale for the inevitable acquisition of drug resistance in melanoma, the underlying mechanisms still remain largely unsolved (144).

Recently it was reported that patients harboring BRAFi/vemurafenib-resistant melanoma’s displayed heightened levels of autophagy compared with their responsive counterparts, and those patients displaying increased levels of therapy-induced autophagy had drastically lower response rates to BRAFi and poor prognosis (145). Interestingly, the CQ derivative Lys05 potentiated BRAFi-induced cell death and enhanced its antitumor activity in mice bearing MEL624 melanoma xenografts (145), suggesting that targeting the heightened lysosomal pathway displayed by these drug-resistant melanoma cells may be of therapeutic benefit. At the mechanistic level, BRAF inhibition in BRAFV600E-melanoma cells induced ER-stress and the predominant activation of the PERK–eIF2α–ATF4/ATF3 pathway, which in turn promoted cytoprotective autophagy (145). Notably, inhibition of mutant BRAFV600E by vemurafenib increased its interaction with both the ER-associated and cytosolic pools of GRP78, thereby ensuing the ER-stress response (145). Thus, deregulated MAPK signaling in melanoma cells alters chaperone-mediated quality control mechanisms, which in turn triggers protective proteostatic measures, through the cross talk between UPRER and autophagy. Together, these stress responses alleviate sufficient proteotoxic stress to allow melanoma cells to adapt and evolve molecular mechanisms that circumvent BRAF inhibition and reactivate MEK-based signaling, ultimately leading to increased resistance to proteotoxic stress (145). Altogether, these findings suggest that targeting melanomas’ addiction to autophagy in late stage metastatic disease could compromise vital cellular mechanisms of protection against proteotoxic stress. In line with this, suppression of autophagy has been shown to exacerbate amyloidogenic-stress caused by persistence of aggregate-prone or amyloid-like proteins in other paradigms (146, 147).

However, contrary to several reports indicating a cytoprotective role of autophagy in anti-melanoma therapy, other studies have also reported that the autophagy machinery could favor or promote proteotoxic stress and melanoma killing. For example, an autophagy-dependent, caspase-independent melanoma cell death mediated by ROS generated by the photoactivation of 5-ALA has been shown to dependent on the melanin content, such that only non-pigmented melanoma cells died through autophagy (148). Melanoma killing, both in vitro and in vivo, in response to the dsRNA mimic, PEI-conjugated polyinosine–polycytidylic acid (pIC), was found to be mediated by the ability of the dsRNA helicase melanoma-differentiation-associated gene 5 (MDA-5) to drive endosome–autophagosome–lysosome fusion events, ultimately leading to NOXA-induced apoptosis (149). These studies suggest that conditions altering the cross talk among proteostatic pathways, or exacerbating fusion events in the endo-lysosomal pathway, may turn off the intrinsic pro-survival function of certain autophagy mediators, thereby amplifying the activation of cell death pathways.

Moreover, it should be also considered that autophagy-independent processes are emerging for autophagy-related genes. Of note, melanin biogenesis [a process known to require some components of the autophagy machinery like WIPI1 (150)] has been recently shown to be negatively regulated by ULK1, independent of its canonical autophagy-inducing role through the ATG13/FIP200 complex and mTORC1 regulation (151). ULK1 depletion increased the levels of melanin and was implicated in MITF-mediated induction of tyrosinase (TYR), the rate-limiting factor in melanin biogenesis (151). Whether ULK1 acquires pro-death properties and mediates ROS-induced cell death in non-pigmented melanoma cells remains to be investigated.

Finally, also the in vivo autophagy-independent effects of the first-generation autophagy inhibitors, CQ/hydroxychloroquine (HCQ), should be considered, as recently evidenced in a melanoma mouse model where the key autophagy gene Atg5 was deleted either in melanoma cells or in the tumor vasculature (128). We found that in vivo CQ reduced intratumoural hypoxia and metastasis, while improving chemotherapy response, largely by eliciting tumor vessel normalization. This CQ-mediated effect was independent on endothelial cell-associated ATG5 but involved alterations in the trafficking and degradation mechanisms of the antiangiogenic NOTCH1 receptor, resulting in its activation through the endocytic route (128).

In addition, as mentioned above, autophagosomes can interact/interplay at multiple stages of the endocytic pathway, a vital process that is ruthlessly exploited by melanoma cells to support progression and malignancy (125, 152), thus allowing for additional cross talk between trafficking and degradation mechanisms regulating melanoma proteostasis.

In conlusion, in spite of the emerging evidence indicating that autophagy plays a pivotal role in melanoma, a better understanding of the complex and context-dependent relationship that exists between the (epi)genetic profile of the evolving melanoma cell and its interaction with key microenvironmental factors is required to devise therapeutic strategies aiming at harnessing autophagy in melanoma.

ON THE MOVE: ENDO/LYSOSOMAL SIGNALLING IN MELANOMA

Although aberrations in vesicular trafficking pathways (Box 3) may not be themselves the drivers of tumorigenesis, they may be utilized by cancer cells, on “demand,” to support oncogene-driven proliferation, to facilitate invasion and seeding to other organs, and to increase the plasticity of the interface with other stromal cells (153). Moreover, deranged vesicular trafficking may alter the accurate recycling, delivery, and degradation of proteins, resulting in a new compendium of surface localized proteins and lipids that may alter signaling circuits, adhesion/migratory properties, and invasion mechanisms, favoring cancer progression (153). In line with this, accumulating evidence indicates that vesicle trafficking and lysosomal degradative pathways modulate melanoma plasticity and favor dissemination (125, 127, 154).

Gene expression profiling and experimental evidence indicate that during melanomagenesis, high levels of MITF in melanoma cells are associated with a vesicular trafficking signature hallmarked by high expression of Rab7, TBCD1D16, and Rab27a (155). Moreover, as discussed above, MITF-driven ELS biogenesis results in stimulation of Wnt signaling from the MVBs (120), which in turn support melanoma proliferation. The expression levels of MITF, encoding a basic helix–loop–helix/leucine zipper transcription factor, which is found mutated (156) or amplified in 30–40% of melanoma’s (157), is dynamically altered during melanoma progression depending on the need. In general, a large body of evidence supports the view that increasing levels of MITF expression promote melanoma proliferation and drug resistance (126) [extensively reviewed in Ref. (158)]. However, a recent study also reported that decreased/loss of MITF expression in conjunction with an increased expression/activation of receptor tyrosine kinases (RTKs), like AXL and EGFR in melanoma cells correlated with increased cross-resistance toward MAPK pathway inhibitors and the induction of an invasive melanoma phenotype, suggesting that the oncogenic role of MITF is modulated by its cross talk with RTK pathways (159). Moreover, whether this is linked with MITF-driven alterations in the ELS affecting recycling and signaling properties of melanoma-associated RTKs (160) has not been explored yet.

Microphthalmia-associated transcription factor is a member of the MiT family of transcription factors, which include transcription factor EB (TFEB), the master regulator of lysosome biogenesis and autophagosomes formation, through the regulation of the expression of genes belonging to the coordinated lysosomal expression and regulation (CLEAR) network (161) in an mTOR-dependent manner (162). TFEB has also been reported to be a target of ERK2 and starvation along with ERK2 inhibition promoted TFEB nuclear translocation and consequent stimulation of the autophagic/lysosomal program (161). Although the role for TFEB in melanoma is still understudied, it would be interesting to investigate if blockage of this MAPK–TFEB pathway in combination with leucine starvation is a way to keep autophagy at bay and elicit caspase-dependent apoptotic cell death of melanoma cells (137).

Within the endo-/lysosomal gene cluster identified in melanoma, Rab7 was recently found to be differentially expressed in melanoma cells, compared to normal melanocytes and other non-melanocytic tumor cell lines, and to foster melanoma growth by accelerating migration/invasion dynamics (125). Moreover, promoter-based analysis identified the neural crest lineage master regulator SOX10 and the oncogene MYC as drivers of Rab7 transcription in melanoma (125). Increased expression of Rab7A in human cells, clinical specimens, and mouse models highlighted that this key membrane traffic regulator is an early-induced melanoma driver, to which melanoma become particularly addicted to support their increased invasiveness and metastatic potential (125).

Moreover, a heightened “endo-/lysosomal status” could favor melanoma plasticity, by facilitating the uptake of key nutrients from the extracellular environment required to sustain melanoma cell’s high proliferation rates (163). In line with this, Class I PI3K signaling has been shown to promote macropinocytosis upon oncogene activation in human melanocytes and to recruit Rab7A for their degradation (164). Interestingly, Golgi phosphoprotein 3 (GOLPH3), a Golgi-localizing protein, is encoded by 5p13, a region that is focally amplified in melanoma (165). GOLPH3 is important in endosomal-trans golgi signaling and has been shown to enhance endocytosis in melanoma cells via interaction with VPS35. Furthermore, expression of GOLPH3 increased mTOR and AKT activity, whereby in melanocytes GOLPH3 overexpression in conjunction with mutant BRAF or NRAS resulted in increased anchorage-independent and xenograft growth in vivo (165).

This heightened endo-lysosomal signature in the early phase of melanomagenesis could be hijacked to plastically support the melanoma phenotype switching paradigm. Melanoma phenotype switching, also referred to as EMT-like transition, is a hallmark of the plastic nature of this cancer. EMT-like transition entails that a reversible expression of a set of genes regulating either a “proliferative signature” or an “invasive signature,” is imposed by key microenvironmental factors (i.e., hypoxia, inflammation) rather than the acquisition and selection of specific pro-metastatic mutations and is reversibly acquired “on demand” to support melanoma escape and proliferation at a new metastatic site. In line with this, melanoma subpopulations have been shown to harbor specific gene expression programs, whereby “proliferative” melanoma cells display MITFhigh, SOX10high, and PAX3high, in line with the reported function of MITF in driving endosomal biosynthesis and Wnt-mediated proliferation. On the other hand, invasive cells have a MITFlow, TGF-signalinghigh, ZEB1high signature (166). Moreover, the strength but also the duration of TGF-β signaling, which is hyperactivated in the invasive melanoma cells, is highly affected by the internalization route and the capacity to signal from the endosomes (167). Additionally, E-cadherin a junction protein, present in the proliferative melanoma cells is not only regulated by genetics and epigenetics but also by endocytosis and endosomal recycling. Indeed, EMT-inducing stimuli promote E-cadherin ubiquitination and subsequent lysosomal degradation in a process that requires the sequential activation of Rab5 and Rab7 (168). Altogether, these data support the idea that the dynamics of the endocytic compartment play an important role in the plastic phenotype switching of the melanoma cells.

Taken together, these studies suggest that although the ELS is not a direct driver of melanoma progression, enhanced lysosomal functionality is a key weapon within the melanoma’s arsenal. Moreover, exacerbated ELS may indirectly drive disease progression by accelerating and facilitating invasion or metastasis and by buffering the enhanced proteostatic burden or by supplying additional materials required for melanoma growth, spread, and progression. Finally, its role in shaping the extracellular matrix may also aid in or promote melanoma plasticity.

COMMUNICATE AND EDUCATE: MELANOMA-DERIVED EXOSOMES

Melanoma cells not only rewire intracellular adaptations and degradative pathways to their advantage but also upregulate intercellular communication pathways that enable them to support neighboring melanoma cells and educate the tumor stroma and prime (pre)metastatic sites for subsequent invasion (39, 169). An intercellular messenger system key for melanoma progression and metastasis are the secreted vesicles. Melanoma cells secrete multiple extracellular vesicles, which are highly heterogenic in their origin, composition, and size. The best characterized secreted extracellular vesicles are the exosomes, which are formed in the cell cytoplasm within the multivesicular bodies, trafficked to the cell borders via the cytoskeleton and subsequently released upon fusion with the PM. With their small diameters of less than 150 nm, exosomes function as tiny messenger bags, which not only contain proteins but also lipids, DNA, and RNAs. On top of a specific cargo, these messenger bags also contain a specific delivery address, which is indicated by the composition of the membrane, including specific integrin expression patterns, which target them to a specific cell subtype (170). Upon delivery of the exosomes to the target cell, the intracellular signaling can be altered either by direct activation of PM receptors or via fusion of the exosome with the PM and subsequent release of its content in the cytosol of the target cell (171). The formation, trafficking, secretion, and uptake of exosomes is regulated at multiple steps by several signaling molecules, including the Rab family of proteins (172, 173).

As mentioned above, melanoma cells have been found to express high levels of key regulators of exosomes formation and trafficking pathways (102), indicating their propensity to recruit the ELS to communicate with their environment. The first functional evidence for a tumor-supportive role for melanoma-derived exosomes was already produced a decade ago when it was shown that the metastatic potential of the aggressive BL6-F10 melanoma cell lines could be transferred to the poorly metastatic BL6-F1 melanoma cell line via the exosomes (169). More recently, exosomes secreted by melanoma cell lines have been shown to induce EMT-like transition in normal melanocytes (39). The relevance of exosomes for autocrine/paracrine signaling is also supported by findings showing that exosomes secreted by miRNA22-overexpressing melanoma cells are capable to transfer the miRNA 22-dependent malignant potential of the overexpressing cells to the wild-type cells (40). Besides affecting neighboring melanocytes and melanoma cells, melanoma-secreted exosomes have been reported to have profound paracrine effects on the tumor stroma. One of the tumor stroma components reported to be activated by melanoma-derived exosomes are the endothelial cells of the tumor vasculature. Several reports show the presence of multiple proangiogenic molecules, including IL-6, MMP2, and VEGFA, in melanoma-derived exosomes (41, 45, 102, 174). Another tumor stroma component whose functionality is altered/modulated by the tumor-secreted exosomes are the immune cells. Melanoma-derived exosomes have been shown to prevent monocytes differentiation into dendritic cells and instead skew them toward TGF-β secreting myeloid cells, capable of suppressing T-cell activation and proliferation (175, 176). Moreover MHC class II-containing exosomes isolated from the plasma of melanoma bearing mice have been shown to suppress the tumor antigen-induced immune response in an ovalbumin–antigen model (177). It has been proposed that melanoma-derived exosomes could also induce immune tolerance in the draining lymph nodes by increasing the production of TNF-α by vascular endothelial cells (42).

A unique signaling feature of exosomes is their long half-life in the blood, which makes them excellent long distance messengers for the tumor-induced priming of the (pre)metastatic niche. An elegant study by the group of D. Lyden revealed that melanoma-derived exosomes educate bone marrow-derived cells toward a tumor-promoting phenotype supporting angiogenesis, metastasis, and invasion, by increasing their MET signaling (102). The importance of exosomes in the establishment of the (pre)metastatic niche is also supported by studies showing that melanoma-derived exosomes uptake in the sentinel lymph node increases melanoma cell recruitment, extracellular matrix deposition, and blood vessel activation (45).

Recent patient sample analysis has documented an increase in exosome number and size distribution (44), or higher exosome protein concentrations and a different composition, in patients with advanced disease compared to all other stages (102). In particular, exosomes of melanoma patients were shown to display higher protein levels of melanoma inhibitory activity (MIA), a small soluble protein of 11 kDa secreted by malignant melanoma cells, and S100B, a 21-kDa dimeric calcium-binding protein biomarker for malignant melanoma, known to contribute to melanoma progression at metastatic niche (46, 178). This tight correlation between exosomal protein content and melanoma progression was further confirmed in an in vitro study where exosomes from metastatic melanoma cell lines were shown to have a specific protein signature (102, 174).

As mentioned before, certain vital components of the proteostasis system, such as HSP70, are expressed within the endo-lysosomal compartment and at the PM and can be secreted on the membrane of exosomes. A recent study has shown that a peptide aptamer targeting the extracellular domain of HSP70 disrupts the interaction between exosome-associated HSP70 and the toll-like receptor (TLR) 2 on myeloid-derived suppressor cells (MDSCs), potent suppressors of antitumor immunity, thereby lowering their proliferation (47). This effect was particularly evident after cisplatin or 5FU treatment, thus suggesting that blocking the exosomal source of HSP70 may improve the efficacy of anticancer drugs by blunting the immune suppressive functions of melanoma-associated exosomes. This hypothesis still needs to be further proven and evaluated in the context of clinically used anti-melanoma therapies.

Although the true implications of exosome-based communication (both between cancer cells and neighboring cells) is still being unraveled, the studies discussed above highlight a vital role for melanoma-derived exosomes in facilitating and supporting multiple steps of melanoma progression. In that context, melanoma-derived exosomes may hold value as diagnostic and prognostic biomarkers of disease progression.

CONCLUSION AND PERSPECTIVES

Research over the past decades has evidenced the ability of melanoma cells to hijack various homeostatic processes to adapt to the changing and hostile microenvironment and disseminate. One of the most successful strategy adopted by melanoma cells to foster their plasticity is to model regulatory pathways governing proteostasis. This is achieved by the recruitment of a cluster of lysosome- and endolysosome-associated genes, by expanding and modulating the unfolded protein and the HSRs and autophagy/degradative pathways, and by intensifying or even generating novel and robust communication routes within the main nodes of the proteostasis network (schematically illustrated in Figure 1). Perturbing degradation, recycling and trafficking mechanisms alter the functional status of signaling proteins/receptors within the endo-lysosomal network or movement of endocytic cargo to inappropriate destinations (e.g., shifting the cargo from degradation to recycling or secretion). Ultimately, this deranged proteostasis network is reflected in changes of melanoma cell’s proteome and secretome, which plastically fuel melanoma aggressive behavior and shape the microenvironment. However, such a dependency also reveals an intrinsic vulnerability of melanoma cells, which can be exploited therapeutically. For example, autophagy pathways at the late stage of melanoma development, when they become exquisitely important for melanoma survival and growth, can be therapeutically targeted. Understanding how and when sabotage of the altered proteostasis system in melanoma can be harnessed for therapeutic purposes is an outstanding question that will require future studies. Future studies would need to identify the high connectivity points within a network that are more susceptible to lethal perturbations. Research is already progressing in that direction as demonstrated by recent studies that show the increased therapeutic benefit of combining inhibitors of multiple deranged proteostasis pathways. In this context, it would be interesting to model proteostasis network of melanoma cell at the system level, in order to model the deranged nodes and predict lethal perturbations. Finally, these system biology and therapeutic approaches would need to be tested and/or translated in vivo to understand the impact of the induced melanoma cell proteotoxicity, at the tumor microenvironmental level.

AUTHOR CONTRIBUTIONS

PA conceived the review and largely contributed to the writing of the review. SD, SM, and HM contributed to the writing, checked the correctness of the references, and drafted the figures.

FUNDING

Research in PA lab is supported by C16/15/073 grant of the KU Leuven, STK grant F/2014/222, and FWO-Vlaanderen G070115N. SD is supported by DBOF-mandate of the KU Leuven and HM by a post-doctoral fellowship of the Vlaamse Liga tegen Kanker (VLK).

Abbreviations

5-ALA, 5-aminolevulinic acid; AKT, protein kinase B; ATG, autophagy-related protein; ATG6, activating transcription factor 6; Beclin 1, BH3-only domain protein; BNIP3, BCL-2/adenovirus E1B 19 kDa protein-interacting protein 3; BRAFi, BRAF inhibitors; CHIP, co-chaperone carboxyl terminus of heat-shock cognate 70 (HSC70)-interacting protein; CLEAR, coordinated lysosomal expression and regulation; CMA, chaperone-mediated autophagy; CQ, chloroquine; CRT, calreticulin; CTLA, cytotoxic T-lymphocyte antigen-4; DAMPs, damage-associated molecular patterns; eIF2α, PERK-eukaryotic translation initiation factor 2 subunit 1; ELS, endo-lysosomal system; EMT, epithelial-to-mesenchymal-like transition; ER, endoplasmic reticulum; ERAD, ER-associated degradation; ESCRT, endosomal sorting complex required for transport; GOLPH3, Golgi phosphoprotein 3; GPC, general proteostasis control; GRM1, metabotropic glutamate receptor 1; GRP78, 78 kDa glucose-regulated protein; HCQ, hydroxychloroquine; HSC70, heat-shock cognate 70; HSF1, heat shock transcription factor 1; HSR, heat shock response; ICD, immunogenic cell death; IL, interleukin; IRE1, inositol-requiring element 1; LAMP1, lysosomal-associated membrane protein 1; LC3B, microtubule-associated proteins 1A/1B light chain 3B; LEs, late endosomes; LIR, LC3-interacting region; MAPK, mitogen-activated protein kinase; MAPS, misfolded-associated protein secretion; MDA-5, melanoma-differentiation-associated gene 5; MDSCs, myeloid-derived suppressor cells; Mel, melphalan; MITF, microphthalmia-associated transcription factor; mTOR, mechanistic (formerly “mammalian”) target of rapamycin; MVBs, multivesicular bodies; MYC, V-myc avian myelocytomatosis viral oncogene homolog; NBR1, neighbor of BRCA1 gene 1; NFκB, nuclear factor kappa-light-chain-enhancer of activated B cells; NO, nitric oxide; p62, nucleoporin p62; PD-1, programed cell death-1 protein; PERK, ER membrane the (PKR)-like ER kinase; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; PI3P, phosphatidylinositol-3-phosphate; pIC, PEI-conjugated polyinosine–polycytidylic acid; Rab7, Ras-related protein Rab7; ROS, reactive oxygen species; RTKs, receptor tyrosine kinases; SNARE, soluble NSF attachment protein (SNAP) receptor; SOX10, sex-determining region Y (SRY)-box 10 (SOX10); TFEB, transcription factor EB; TGF, transforming growth factor; TLR, toll-like receptor; TYR, tyrosinase; UPR, unfolded protein response; UPS, ubiquitin–proteasomal system; VEGF, vascular endothelial growth factor.

REFERENCES

1. Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer JL, Rowland JH, et al. Cancer treatment and survivorship statistics, 2016. CA Cancer J Clin (2016) 66(4):271–89. doi:10.3322/caac.21349

2. Song X, Zhao Z, Barber B, Farr AM, Ivanov B, Novich M. Overall survival in patients with metastatic melanoma. Curr Med Res Opin (2015) 31(5):987–91. doi:10.1185/03007995.2015.1021904

3. Inamdar GS, Madhunapantula SV, Robertson GP. Targeting the MAPK pathway in melanoma: why some approaches succeed and other fail. Biochem Pharmacol (2010) 80(5):624–37. doi:10.1016/j.bcp.2010.04.029

4. Wellbrock C, Karasarides M, Marais R. The RAF proteins take centre stage. Nat Rev Mol Cell Biol (2004) 5(11):875–85. doi:10.1038/nrm1498

5. Long GV, Menzies AM, Nagrial AM, Haydu LE, Hamilton AL, Mann GJ, et al. Prognostic and clinicopathologic associations of oncogenic BRAF in metastatic melanoma. J Clin Oncol (2011) 29(10):1239–46. doi:10.1200/JCO.2010.32.4327

6. Holderfield M, Deuker MM, McCormick F, McMahon M. Targeting RAF kinases for cancer therapy: BRAF-mutated melanoma and beyond. Nat Rev Cancer (2014) 14(7):455–67. doi:10.1038/nrc3760

7. Fedorenko IV, Gibney GT, Sondak VK, Smalley KS. Beyond BRAF: where next for melanoma therapy? Br J Cancer (2015) 112(2):217–26. doi:10.1038/bjc.2014.476

8. Gopal YN, Deng W, Woodman SE, Komurov K, Ram P, Smith PD, et al. Basal and treatment-induced activation of AKT mediates resistance to cell death by AZD6244 (ARRY-142886) in Braf-mutant human cutaneous melanoma cells. Cancer Res (2010) 70(21):8736–47. doi:10.1158/0008-5472.CAN-10-0902

9. Paraiso KH, Xiang Y, Rebecca VW, Abel EV, Chen YA, Munko AC, et al. PTEN loss confers BRAF inhibitor resistance to melanoma cells through the suppression of BIM expression. Cancer Res (2011) 71(7):2750–60. doi:10.1158/0008-5472.CAN-10-2954

10. Shi H, Hugo W, Kong X, Hong A, Koya RC, Moriceau G, et al. Acquired resistance and clonal evolution in melanoma during BRAF inhibitor therapy. Cancer Discov (2014) 4(1):80–93. doi:10.1158/2159-8290.CD-13-0642

11. Ortiz P, Vanaclocha F, López-Bran E, Esquivias JI, López-Estebaranz JL, Martín-González M, et al. Genetic analysis of the GRM1 gene in human melanoma susceptibility. Eur J Hum Genet (2007) 15(11):1176–82. doi:10.1038/sj.ejhg.5201887

12. Read J, Wadt KA, Hayward NK. Melanoma genetics. J Med Genet (2016) 53(1):1–14. doi:10.1136/jmedgenet-2015-103150

13. Hayward NK. Genetics of melanoma predisposition. Oncogene (2003) 22(20):3053–62. doi:10.1038/sj.onc.1206445

14. Lee B, Sandhu S, McArthur G. Cell cycle control as a promising target in melanoma. Curr Opin Oncol (2015) 27(2):141–50. doi:10.1097/CCO.0000000000000159

15. Bennett DC. Genetics of melanoma progression: the rise and fall of cell senescence. Pigment Cell Melanoma Res (2016) 29(2):122–40. doi:10.1111/pcmr.12422

16. Viros A, Sanchez-Laorden B, Pedersen M, Furney SJ, Rae J, Hogan K, et al. Ultraviolet radiation accelerates BRAF-driven melanomagenesis by targeting TP53. Nature (2014) 511(7510):478–82. doi:10.1038/nature13298

17. Karst AM, Gao K, Nelson CC, Li G. Nuclear factor kappa B subunit p50 promotes melanoma angiogenesis by upregulating interleukin-6 expression. Int J Cancer (2009) 124(2):494–501. doi:10.1002/ijc.23973

18. Wen Y, Li J, Koo J, Shin SS, Lin Y, Jeong BS, et al. Activation of the glutamate receptor GRM1 enhances angiogenic signaling to drive melanoma progression. Cancer Res (2014) 74(9):2499–509. doi:10.1158/0008-5472.CAN-13-1531

19. Gelb T, Pshenichkin S, Rodriguez OC, Hathaway HA, Grajkowska E, DiRaddo JO, et al. Metabotropic glutamate receptor 1 acts as a dependence receptor creating a requirement for glutamate to sustain the viability and growth of human melanomas. Oncogene (2015) 34(21):2711–20. doi:10.1038/onc.2014.231

20. Leucci E, Vendramin R, Spinazzi M, Laurette P, Fiers M, Wouters J, et al. Melanoma addiction to the long non-coding RNA SAMMSON. Nature (2016) 531(7595):518–22. doi:10.1038/nature17161

21. Sarkar D, Leung EY, Baguley BC, Finlay GJ, Askarian-Amiri ME. Epigenetic regulation in human melanoma: past and future. Epigenetics (2015) 10(2):103–21. doi:10.1080/15592294.2014.1003746

22. Ladanyi A. Prognostic and predictive significance of immune cells infiltrating cutaneous melanoma. Pigment Cell Melanoma Res (2015) 28(5):490–500. doi:10.1111/pcmr.12371

23. Vennepureddy A, Thumallapally N, Motilal Nehru V, Atallah JP, Terjanian T. Novel drugs and combination therapies for the treatment of metastatic melanoma. J Clin Med Res (2016) 8(2):63–75. doi:10.14740/jocmr2424w

24. Kudchadkar RR, Smalley KS, Glass LF, Trimble JS, Sondak VK. Targeted therapy in melanoma. Clin Dermatol (2013) 31(2):200–8. doi:10.1016/j.clindermatol.2012.08.013

25. Johnson DB, Flaherty KT, Weber JS, Infante JR, Kim KB, Kefford RF, et al. Combined BRAF (Dabrafenib) and MEK inhibition (Trametinib) in patients with BRAFV600-mutant melanoma experiencing progression with single-agent BRAF inhibitor. J Clin Oncol (2014) 32(33):3697–704. doi:10.1200/JCO.2014.57.3535

26. Eggermont AM, Spatz A, Robert C. Cutaneous melanoma. Lancet (2014) 383(9919):816–27. doi:10.1016/S0140-6736(13)60802-8

27. Sharma P, Allison JP. The future of immune checkpoint therapy. Science (2015) 348(6230):56–61. doi:10.1126/science.aaa8172

28. Villadolid J, Amin A. Immune checkpoint inhibitors in clinical practice: update on management of immune-related toxicities. Transl Lung Cancer Res (2015) 4(5):560–75. doi:10.3978/j.issn.2218-6751.2015.06.06

29. Dai C, Sampson SB. HSF1: guardian of proteostasis in cancer. Trends Cell Biol (2016) 26(1):17–28. doi:10.1016/j.tcb.2015.10.011

30. Deshaies RJ. Proteotoxic crisis, the ubiquitin-proteasome system, and cancer therapy. BMC Biol (2014) 12:94. doi:10.1186/s12915-014-0094-0

31. Tanaka K, Matsuda N. Proteostasis and neurodegeneration: the roles of proteasomal degradation and autophagy. Biochim Biophys Acta (2014) 1843(1):197–204. doi:10.1016/j.bbamcr.2013.03.012

32. Labbadia J, Morimoto RI. The biology of proteostasis in aging and disease. Annu Rev Biochem (2015) 84:435–64. doi:10.1146/annurev-biochem-060614-033955

33. Diaz-Villanueva JF, Diaz-Molina R, Garcia-Gonzalez V. Protein folding and mechanisms of proteostasis. Int J Mol Sci (2015) 16(8):17193–230. doi:10.3390/ijms160817193

34. Vabulas RM, Raychaudhuri S, Hayer-Hartl M, Hartl FU. Protein folding in the cytoplasm and the heat shock response. Cold Spring Harb Perspect Biol (2010) 2(12):a004390. doi:10.1101/cshperspect.a004390

35. Roth DM, Balch WE. Modeling general proteostasis: proteome balance in health and disease. Curr Opin Cell Biol (2011) 23(2):126–34. doi:10.1016/j.ceb.2010.11.001

36. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell (2011) 144(5):646–74. doi:10.1016/j.cell.2011.02.013

37. Jensen MB, Jasper H. Mitochondrial proteostasis in the control of aging and longevity. Cell Metab (2014) 20(2):214–25. doi:10.1016/j.cmet.2014.05.006

38. Hetz C, Chevet E, Oakes SA. Proteostasis control by the unfolded protein response. Nat Cell Biol (2015) 17(7):829–38. doi:10.1038/ncb3184

39. Xiao D, Barry S, Kmetz D, Egger M, Pan J, Rai SN, et al. Melanoma cell-derived exosomes promote epithelial-mesenchymal transition in primary melanocytes through paracrine/autocrine signaling in the tumor microenvironment. Cancer Lett (2016) 376(2):318–27. doi:10.1016/j.canlet.2016.03.050

40. Felicetti F, De Feo A, Coscia C, Puglisi R, Pedini F, Pasquini L, et al. Exosome-mediated transfer of miR-222 is sufficient to increase tumor malignancy in melanoma. J Transl Med (2016) 14(1):56. doi:10.1186/s12967-016-0811-2

41. Ekström EJ, Bergenfelz C, von Bülow V, Serifler F, Carlemalm E, Jönsson G, et al. WNT5A induces release of exosomes containing pro-angiogenic and immunosuppressive factors from malignant melanoma cells. Mol Cancer (2014) 13:88. doi:10.1186/1476-4598-13-88

42. Hood JL. Melanoma exosomes enable tumor tolerance in lymph nodes. Med Hypotheses (2016) 90:11–3. doi:10.1016/j.mehy.2016.02.018

43. Walter P, Ron D. The unfolded protein response: from stress pathway to homeostatic regulation. Science (2011) 334(6059):1081–6. doi:10.1126/science.1209038

44. Logozzi M, De Milito A, Lugini L, Borghi M, Calabrò L, Spada M, et al. High levels of exosomes expressing CD63 and caveolin-1 in plasma of melanoma patients. PLoS One (2009) 4(4):e5219. doi:10.1371/journal.pone.0005219

45. Hood JL, San RS, Wickline SA. Exosomes released by melanoma cells prepare sentinel lymph nodes for tumor metastasis. Cancer Res (2011) 71(11):3792–801. doi:10.1158/0008-5472.CAN-10-4455

46. Bresnick AR, Weber DJ, Zimmer DB. S100 proteins in cancer. Nat Rev Cancer (2015) 15(2):96–109. doi:10.1038/nrc3893

47. Gobbo J, Marcion G, Cordonnier M, Dias AM, Pernet N, Hammann A, et al. Restoring anticancer immune response by targeting tumor-derived exosomes with a HSP70 peptide aptamer. J Natl Cancer Inst (2016) 108(3). doi:10.1093/jnci/djv330

48. Hayashi-Nishino M, Fujita N, Noda T, Yamaguchi A, Yoshimori T, Yamamoto A. Electron tomography reveals the endoplasmic reticulum as a membrane source for autophagosome formation. Autophagy (2010) 6(2):301–3. doi:10.4161/auto.6.2.11134

49. Hayashi-Nishino M, Fujita N, Noda T, Yamaguchi A, Yoshimori T, Yamamoto A. A subdomain of the endoplasmic reticulum forms a cradle for autophagosome formation. Nat Cell Biol (2009) 11(12):1433–7. doi:10.1038/ncb1991

50. Sano R, Reed JC. ER stress-induced cell death mechanisms. Biochim Biophys Acta (2013) 1833(12):3460–70. doi:10.1016/j.bbamcr.2013.06.028

51. Fevrier B, Raposo G. Exosomes: endosomal-derived vesicles shipping extracellular messages. Curr Opin Cell Biol (2004) 16(4):415–21. doi:10.1016/j.ceb.2004.06.003

52. Laifenfeld D, Patzek LJ, McPhie DL, Chen Y, Levites Y, Cataldo AM, et al. Rab5 mediates an amyloid precursor protein signaling pathway that leads to apoptosis. J Neurosci (2007) 27(27):7141–53. doi:10.1523/JNEUROSCI.4599-06.2007

53. Senft D, Ronai ZA. UPR, autophagy, and mitochondria crosstalk underlies the ER stress response. Trends Biochem Sci (2015) 40(3):141–8. doi:10.1016/j.tibs.2015.01.002

54. Satpute-Krishnan P, Ajinkya M, Bhat S, Itakura E, Hegde RS, Lippincott-Schwartz J. ER stress-induced clearance of misfolded GPI-anchored proteins via the secretory pathway. Cell (2014) 158(3):522–33. doi:10.1016/j.cell.2014.06.026

55. Shaid S, Brandts CH, Serve H, Dikic I. Ubiquitination and selective autophagy. Cell Death Differ (2013) 20(1):21–30. doi:10.1038/cdd.2012.72

56. Frankland-Searby S, Bhaumik SR. The 26S proteasome complex: an attractive target for cancer therapy. Biochim Biophys Acta (2012) 1825(1):64–76. doi:10.1016/j.bbcan.2011.10.003

57. Gordon PB, Seglen PO. Prelysosomal convergence of autophagic and endocytic pathways. Biochem Biophys Res Commun (1988) 151(1):40–7. doi:10.1016/0006-291X(88)90556-6

58. Tooze J, Hollinshead M, Ludwig T, Howell K, Hoflack B, Kern H. In exocrine pancreas, the basolateral endocytic pathway converges with the autophagic pathway immediately after the early endosome. J Cell Biol (1990) 111(2):329–45. doi:10.1083/jcb.111.2.329

59. Lucocq J, Walker D. Evidence for fusion between multilamellar endosomes and autophagosomes in HeLa cells. Eur J Cell Biol (1997) 72(4):307–13.

60. Ding WX, Ni HM, Gao W, Yoshimori T, Stolz DB, Ron D, et al. Linking of autophagy to ubiquitin-proteasome system is important for the regulation of endoplasmic reticulum stress and cell viability. Am J Pathol (2007) 171(2):513–24. doi:10.2353/ajpath.2007.070188

61. Repnik U, Cesen MH, Turk B. The endolysosomal system in cell death and survival. Cold Spring Harb Perspect Biol (2013) 5(1):a008755. doi:10.1101/cshperspect.a008755

62. Parzych KR, Klionsky DJ. An overview of autophagy: morphology, mechanism, and regulation. Antioxid Redox Signal (2014) 20(3):460–73. doi:10.1089/ars.2013.5371

63. Goldsmith J, Levine B, Debnath J. Autophagy and cancer metabolism. Methods Enzymol (2014) 542:25–57. doi:10.1016/B978-0-12-416618-9.00002-9

64. Cicchini M, Karantza V, Xia B. Molecular pathways: autophagy in cancer – a matter of timing and context. Clin Cancer Res (2015) 21(3):498–504. doi:10.1158/1078-0432.CCR-13-2438

65. Ylä-Anttila P, Vihinen H, Jokitalo E, Eskelinen EL. 3D tomography reveals connections between the phagophore and endoplasmic reticulum. Autophagy (2009) 5(8):1180–5. doi:10.4161/auto.5.8.10274

66. Cuervo AM. Autophagy: in sickness and in health. Trends Cell Biol (2004) 14(2):70–7. doi:10.1016/j.tcb.2003.12.002

67. Xia HG, Najafov A, Geng J, Galan-Acosta L, Han X, Guo Y, et al. Degradation of HK2 by chaperone-mediated autophagy promotes metabolic catastrophe and cell death. J Cell Biol (2015) 210(5):705–16. doi:10.1083/jcb.201503044

68. Klionsky DJ, Schulman BA. Dynamic regulation of macroautophagy by distinctive ubiquitin-like proteins. Nat Struct Mol Biol (2014) 21(4):336–45. doi:10.1038/nsmb.2787

69. Johansen T, Lamark T. Selective autophagy mediated by autophagic adapter proteins. Autophagy (2011) 7(3):279–96. doi:10.4161/auto.7.3.14487

70. Kaushik S, Cuervo AM. Chaperone-mediated autophagy: a unique way to enter the lysosome world. Trends Cell Biol (2012) 22(8):407–17. doi:10.1016/j.tcb.2012.05.006

71. Xilouri M, Stefanis L. Chaperone mediated autophagy to the rescue: a new-fangled target for the treatment of neurodegenerative diseases. Mol Cell Neurosci (2015) 66(Pt A):29–36. doi:10.1016/j.mcn.2015.01.003

72. Marzella L, Ahlberg J, Glaumann H. Autophagy, heterophagy, microautophagy and crinophagy as the means for intracellular degradation. Virchows Arch B Cell Pathol Incl Mol Pathol (1981) 36(2–3):219–34. doi:10.1007/BF02912068

73. Li WW, Li J, Bao JK. Microautophagy: lesser-known self-eating. Cell Mol Life Sci (2012) 69(7):1125–36. doi:10.1007/s00018-011-0865-5

74. Tooze SA, Abada A, Elazar Z. Endocytosis and autophagy: exploitation or cooperation? Cold Spring Harb Perspect Biol (2014) 6(5):a018358. doi:10.1101/cshperspect.a018358

75. Huotari J, Helenius A. Endosome maturation. EMBO J (2011) 30(17):3481–500. doi:10.1038/emboj.2011.286

76. Hsu VW, Prekeris R. Transport at the recycling endosome. Curr Opin Cell Biol (2010) 22(4):528–34. doi:10.1016/j.ceb.2010.05.008

77. Li X, DiFiglia M. The recycling endosome and its role in neurological disorders. Prog Neurobiol (2012) 97(2):127–41. doi:10.1016/j.pneurobio.2011.10.002

78. Hu YB, Dammer EB, Ren RJ, Wang G. The endosomal-lysosomal system: from acidification and cargo sorting to neurodegeneration. Transl Neurodegener (2015) 4:18. doi:10.1186/s40035-015-0041-1

79. Woodman PG, Futter CE. Multivesicular bodies: co-ordinated progression to maturity. Curr Opin Cell Biol (2008) 20(4):408–14. doi:10.1016/j.ceb.2008.04.001

80. Keller S, Sanderson MP, Stoeck A, Altevogt P. Exosomes: from biogenesis and secretion to biological function. Immunol Lett (2006) 107(2):102–8. doi:10.1016/j.imlet.2006.09.005

81. Szatmari Z, Sass M. The autophagic roles of Rab small GTPases and their upstream regulators: a review. Autophagy (2014) 10(7):1154–66. doi:10.4161/auto.29395

82. Vanlandingham PA, Ceresa BP. Rab7 regulates late endocytic trafficking downstream of multivesicular body biogenesis and cargo sequestration. J Biol Chem (2009) 284(18):12110–24. doi:10.1074/jbc.M809277200

83. Gutierrez MG, Munafó DB, Berón W, Colombo MI. Rab7 is required for the normal progression of the autophagic pathway in mammalian cells. J Cell Sci (2004) 117(Pt 13):2687–97. doi:10.1242/jcs.01114

84. Renna M, Schaffner C, Winslow AR, Menzies FM, Peden AA, Floto RA, et al. Autophagic substrate clearance requires activity of the syntaxin-5 SNARE complex. J Cell Sci (2011) 124(Pt 3):469–82. doi:10.1242/jcs.076489

85. Szatmári Z, Kis V, Lippai M, Hegedus K, Faragó T, Lorincz P, et al. Rab11 facilitates cross-talk between autophagy and endosomal pathway through regulation of Hook localization. Mol Biol Cell (2014) 25(4):522–31. doi:10.1091/mbc.E13-10-0574

86. Puri C, Renna M, Bento CF, Moreau K, Rubinsztein DC. Diverse autophagosome membrane sources coalesce in recycling endosomes. Cell (2013) 154(6):1285–99. doi:10.1016/j.cell.2013.08.044

87. Elkin SR, Lakoduk AM, Schmid SL. Endocytic pathways and endosomal trafficking: a primer. Wien Med Wochenschr (2016) 166(7–8):196–204. doi:10.1007/s10354-016-0432-7

88. Lee JY, Koga H, Kawaguchi Y, Tang W, Wong E, Gao YS, et al. HDAC6 controls autophagosome maturation essential for ubiquitin-selective quality-control autophagy. EMBO J (2010) 29(5):969–80. doi:10.1038/emboj.2009.405

89. Rubinsztein DC. Autophagy induction rescues toxicity mediated by proteasome inhibition. Neuron (2007) 54(6):854–6. doi:10.1016/j.neuron.2007.06.005

90. Korolchuk VI, Menzies FM, Rubinsztein DC. Mechanisms of cross-talk between the ubiquitin-proteasome and autophagy-lysosome systems. FEBS Lett (2010) 584(7):1393–8. doi:10.1016/j.febslet.2009.12.047

91. Korolchuk VI, Menzies FM, Rubinsztein DC. A novel link between autophagy and the ubiquitin-proteasome system. Autophagy (2009) 5(6):862–3. doi:10.4161/auto.8840

92. Dong J, Chen W, Welford A, Wandinger-Ness A. The proteasome alpha-subunit XAPC7 interacts specifically with Rab7 and late endosomes. J Biol Chem (2004) 279(20):21334–42. doi:10.1074/jbc.M401022200

93. Mukhopadhyay D, Riezman H. Proteasome-independent functions of ubiquitin in endocytosis and signaling. Science (2007) 315(5809):201–5. doi:10.1126/science.1127085

94. Lee JG, Takahama S, Zhang G, Tomarev SI, Ye Y. Unconventional secretion of misfolded proteins promotes adaptation to proteasome dysfunction in mammalian cells. Nat Cell Biol (2016) 18(7):765–76. doi:10.1038/ncb3372

95. Murphy JE, Padilla BE, Hasdemir B, Cottrell GS, Bunnett NW. Endosomes: a legitimate platform for the signaling train. Proc Natl Acad Sci U S A (2009) 106(42):17615–22. doi:10.1073/pnas.0906541106

96. Widjaja I, de Vries E, Tscherne DM, García-Sastre A, Rottier PJ, de Haan CA. Inhibition of the ubiquitin-proteasome system affects influenza A virus infection at a postfusion step. J Virol (2010) 84(18):9625–31. doi:10.1128/JVI.01048-10

97. Greene W, Zhang W, He M, Witt C, Ye F, Gao SJ. The ubiquitin/proteasome system mediates entry and endosomal trafficking of Kaposi’s sarcoma-associated herpesvirus in endothelial cells. PLoS Pathog (2012) 8(5):e1002703. doi:10.1371/journal.ppat.1002703

98. Sahu R, Kaushik S, Clement CC, Cannizzo ES, Scharf B, Follenzi A, et al. Microautophagy of cytosolic proteins by late endosomes. Dev Cell (2011) 20(1):131–9. doi:10.1016/j.devcel.2010.12.003

99. Luo J, Solimini NL, Elledge SJ. Principles of cancer therapy: oncogene and non-oncogene addiction. Cell (2009) 136(5):823–37. doi:10.1016/j.cell.2009.02.024

100. Alonso-Curbelo D, Soengas MS. Hyperactivated endolysosomal trafficking in melanoma. Oncotarget (2015) 6(5):2583–4. doi:10.18632/oncotarget.3141

101. Vizoso M, Ferreira HJ, Lopez-Serra P, Carmona FJ, Martínez-Cardús A, Girotti MR, et al. Epigenetic activation of a cryptic TBC1D16 transcript enhances melanoma progression by targeting EGFR. Nat Med (2015) 21(7):741–50. doi:10.1038/nm.3863

102. Peinado H, Alečković M, Lavotshkin S, Matei I, Costa-Silva B, Moreno-Bueno G, et al. Melanoma exosomes educate bone marrow progenitor cells toward a pro-metastatic phenotype through MET. Nat Med (2012) 18(6):883–91. doi:10.1038/nm.2753

103. Juhász K, Thuenauer R, Spachinger A, Duda E, Horváth I, Vígh L, et al. Lysosomal rerouting of Hsp70 trafficking as a potential immune activating tool for targeting melanoma. Curr Pharm Des (2013) 19(3):430–40. doi:10.2174/138161213804143644

104. Becker B, Multhoff G, Farkas B, Wild PJ, Landthaler M, Stolz W, et al. Induction of Hsp90 protein expression in malignant melanomas and melanoma metastases. Exp Dermatol (2004) 13(1):27–32. doi:10.1111/j.0906-6705.2004.00114.x

105. Shipp C, Weide B, Derhovanessian E, Pawelec G. Hsps are up-regulated in melanoma tissue and correlate with patient clinical parameters. Cell Stress Chaperones (2013) 18(2):145–54. doi:10.1007/s12192-012-0363-1

106. Nakamura Y, Fujimoto M, Fukushima S, Nakamura A, Hayashida N, Takii R, et al. Heat shock factor 1 is required for migration and invasion of human melanoma in vitro and in vivo. Cancer Lett (2014) 354(2):329–35. doi:10.1016/j.canlet.2014.08.029

107. Sykes EK, Mactier S, Christopherson RI. Melanoma and the unfolded protein response. Cancers (Basel) (2016) 8(3). doi:10.3390/cancers8030030

108. Smyth T, Paraiso KH, Hearn K, Rodriguez-Lopez AM, Munck JM, Haarberg HE, et al. Inhibition of HSP90 by AT13387 delays the emergence of resistance to BRAF inhibitors and overcomes resistance to dual BRAF and MEK inhibition in melanoma models. Mol Cancer Ther (2014) 13(12):2793–804. doi:10.1158/1535-7163.MCT-14-0452

109. Zhang H, Burrows F. Targeting multiple signal transduction pathways through inhibition of Hsp90. J Mol Med (Berl) (2004) 82(8):488–99. doi:10.1007/s00109-004-0549-9

110. Tang Z, Dai S, He Y, Doty RA, Shultz LD, Sampson SB, et al. MEK guards proteome stability and inhibits tumor-suppressive amyloidogenesis via HSF1. Cell (2015) 160(4):729–44. doi:10.1016/j.cell.2015.01.028

111. Rosa M, Marti AS, Yeramian A, Dolcet X, Abal L, Ortega E, et al. Targeting the Proteasome in Melanoma. Lleida: Intechopen (2011).

112. Yerlikaya A, Okur E, Eker S, Erin N. Combined effects of the proteasome inhibitor bortezomib and Hsp70 inhibitors on the B16F10 melanoma cell line. Mol Med Rep (2010) 3(2):333–9. doi:10.3892/mmr_00000262

113. Guan M, Chen X, Ma Y, Tang L, Guan L, Ren X, et al. MDA-9 and GRP78 as potential diagnostic biomarkers for early detection of melanoma metastasis. Tumour Biol (2015) 36(4):2973–82. doi:10.1007/s13277-014-2930-9

114. Krysko DV, Garg AD, Kaczmarek A, Krysko O, Agostinis P, Vandenabeele P. Immunogenic cell death and DAMPs in cancer therapy. Nat Rev Cancer (2012) 12(12):860–75. doi:10.1038/nrc3380

115. van Vliet AR, Agostinis P. When under pressure, get closer: PERKing up membrane contact sites during ER stress. Biochem Soc Trans (2016) 44(2):499–504. doi:10.1042/BST20150272

116. Dudek-Perić AM, Ferreira GB, Muchowicz A, Wouters J, Prada N, Martin S, et al. Antitumor immunity triggered by melphalan is potentiated by melanoma cell surface-associated calreticulin. Cancer Res (2015) 75(8):1603–14. doi:10.1158/0008-5472.CAN-14-2089

117. Garg AD, Dudek AM, Ferreira GB, Verfaillie T, Vandenabeele P, Krysko DV, et al. ROS-induced autophagy in cancer cells assists in evasion from determinants of immunogenic cell death. Autophagy (2013) 9(9):1292–307. doi:10.4161/auto.25399

118. Martin S, Dudek-Perić AM, Maes H, Garg AD, Gabrysiak M, Demirsoy S, et al. Concurrent MEK and autophagy inhibition is required to restore cell death associated danger-signalling in Vemurafenib-resistant melanoma cells. Biochem Pharmacol (2015) 93(3):290–304. doi:10.1016/j.bcp.2014.12.003

119. Spranger S, Bao R, Gajewski TF. Melanoma-intrinsic beta-catenin signalling prevents anti-tumour immunity. Nature (2015) 523(7559):231–5. doi:10.1038/nature14404

120. Ploper D, Taelman VF, Robert L, Perez BS, Titz B, Chen HW, et al. MITF drives endolysosomal biogenesis and potentiates Wnt signaling in melanoma cells. Proc Natl Acad Sci U S A (2015) 112(5):E420–9. doi:10.1073/pnas.1424576112

121. Shtivelman E, Davies MQ, Hwu P, Yang J, Lotem M, Oren M, et al. Pathways and therapeutic targets in melanoma. Oncotarget (2014) 5(7):1701–52. doi:10.18632/oncotarget.1891

122. de Souza GA, Godoy LM, Teixeira VR, Otake AH, Sabino A, Rosa JC, et al. Proteomic and SAGE profiling of murine melanoma progression indicates the reduction of proteins responsible for ROS degradation. Proteomics (2006) 6(5):1460–70. doi:10.1002/pmic.200500243

123. Galluzzi L, Pietrocola F, Bravo-San Pedro JM, Amaravadi RK, Baehrecke EH, Cecconi F, et al. Autophagy in malignant transformation and cancer progression. EMBO J (2015) 34(7):856–80. doi:10.15252/embj.201490784

124. White E. The role for autophagy in cancer. J Clin Invest (2015) 125(1):42–6. doi:10.1172/JCI73941

125. Alonso-Curbelo D, Riveiro-Falkenbach E, Pérez-Guijarro E, Cifdaloz M, Karras P, Osterloh L, et al. RAB7 controls melanoma progression by exploiting a lineage-specific wiring of the endolysosomal pathway. Cancer Cell (2014) 26(1):61–76. doi:10.1016/j.ccr.2014.04.030

126. Lekmine F, Chang CK, Sethakorn N, Das Gupta TK, Salti GI. Role of microphthalmia transcription factor (Mitf) in melanoma differentiation. Biochem Biophys Res Commun (2007) 354(3):830–5. doi:10.1016/j.bbrc.2007.01.075

127. Maes H, Rubio N, Garg AD, Agostinis P. Autophagy: shaping the tumor microenvironment and therapeutic response. Trends Mol Med (2013) 19(7):428–46. doi:10.1016/j.molmed.2013.04.005

128. Maes H, Kuchnio A, Peric A, Moens S, Nys K, De Bock K, et al. Tumor vessel normalization by chloroquine independent of autophagy. Cancer Cell (2014) 26(2):190–206. doi:10.1016/j.ccr.2014.06.025

129. Martinez-Outschoorn UE, Peiris-Pagés M, Pestell RG, Sotgia F, Lisanti MP. Cancer metabolism: a therapeutic perspective. Nat Rev Clin Oncol (2016). doi:10.1038/nrclinonc.2016.60

130. Miracco C, Cevenini G, Franchi A, Luzi P, Cosci E, Mourmouras V, et al. Beclin 1 and LC3 autophagic gene expression in cutaneous melanocytic lesions. Hum Pathol (2010) 41(4):503–12. doi:10.1016/j.humpath.2009.09.004

131. Liu H, He Z, von Rütte T, Yousefi S, Hunger RE, Simon HU. Down-regulation of autophagy-related protein 5 (ATG5) contributes to the pathogenesis of early-stage cutaneous melanoma. Sci Transl Med (2013) 5(202):202ra123. doi:10.1126/scitranslmed.3005864

132. Maes H, Martin S, Verfaillie T, Agostinis P. Dynamic interplay between autophagic flux and Akt during melanoma progression in vitro. Exp Dermatol (2014) 23(2):101–6. doi:10.1111/exd.12298

133. Liu H, He Z, Simon HU. Targeting autophagy as a potential therapeutic approach for melanoma therapy. Semin Cancer Biol (2013) 23(5):352–60. doi:10.1016/j.semcancer.2013.06.008

134. Lazova R, Klump V, Pawelek J. Autophagy in cutaneous malignant melanoma. J Cutan Pathol (2010) 37(2):256–68. doi:10.1111/j.1600-0560.2009.01359.x

135. Lazova R, Camp RL, Klump V, Siddiqui SF, Amaravadi RK, Pawelek JM. Punctate LC3B expression is a common feature of solid tumors and associated with proliferation, metastasis, and poor outcome. Clin Cancer Res (2012) 18(2):370–9. doi:10.1158/1078-0432.CCR-11-1282

136. Hara Y, Nakamura M. Overexpression of autophagy-related beclin-1 in advanced malignant melanoma and its low expression in melanoma-in-situ. Eur J Dermatol (2012) 22(1):128–9. doi:10.1684/ejd.2011.1562

137. Sheen JH, Zoncu R, Kim D, Sabatini DM. Defective regulation of autophagy upon leucine deprivation reveals a targetable liability of human melanoma cells in vitro and in vivo. Cancer Cell (2011) 19(5):613–28. doi:10.1016/j.ccr.2011.03.012

138. Noman MZ, Janji B, Kaminska B, Van Moer K, Pierson S, Przanowski P, et al. Blocking hypoxia-induced autophagy in tumors restores cytotoxic T-cell activity and promotes regression. Cancer Res (2011) 71(18):5976–86. doi:10.1158/0008-5472.CAN-11-1094

139. Checinska A, Soengas MS. The gluttonous side of malignant melanoma: basic and clinical implications of macroautophagy. Pigment Cell Melanoma Res (2011) 24(6):1116–32. doi:10.1111/j.1755-148X.2011.00927.x

140. Zhang J, Ney PA. Role of BNIP3 and NIX in cell death, autophagy, and mitophagy. Cell Death Differ (2009) 16(7):939–46. doi:10.1038/cdd.2009.16

141. Maes H, Van Eygen S, Krysko DV, Vandenabeele P, Nys K, Rillaerts K, et al. BNIP3 supports melanoma cell migration and vasculogenic mimicry by orchestrating the actin cytoskeleton. Cell Death Dis (2014) 5:e1127. doi:10.1038/cddis.2014.94

142. Maes H, Agostinis P. Autophagy and mitophagy interplay in melanoma progression. Mitochondrion (2014) 19(Pt A):58–68. doi:10.1016/j.mito.2014.07.003

143. Spagnolo F, Ghiorzo P, Orgiano L, Pastorino L, Picasso V, Tornari E, et al. BRAF-mutant melanoma: treatment approaches, resistance mechanisms, and diagnostic strategies. Onco Targets Ther (2015) 8:157–68. doi:10.2147/OTT.S39096

144. Sosman JA, Kim KB, Schuchter L, Gonzalez R, Pavlick AC, Weber JS, et al. Survival in BRAF V600-mutant advanced melanoma treated with vemurafenib. N Engl J Med (2012) 366(8):707–14. doi:10.1056/NEJMoa1112302

145. Ma XH, Piao SF, Dey S, McAfee Q, Karakousis G, Villanueva J, et al. Targeting ER stress-induced autophagy overcomes BRAF inhibitor resistance in melanoma. J Clin Invest (2014) 124(3):1406–17. doi:10.1172/JCI70454

146. Rubinsztein DC. The roles of intracellular protein-degradation pathways in neurodegeneration. Nature (2006) 443(7113):780–6. doi:10.1038/nature05291

147. Kim J, Cheon H, Jeong YT, Quan W, Kim KH, Cho JM, et al. Amyloidogenic peptide oligomer accumulation in autophagy-deficient beta cells induces diabetes. J Clin Invest (2014) 124(8):3311–24. doi:10.1172/JCI69625

148. Sparsa A, Bellaton S, Naves T, Jauberteau MO, Bonnetblanc JM, Sol V, et al. Photodynamic treatment induces cell death by apoptosis or autophagy depending on the melanin content in two B16 melanoma cell lines. Oncol Rep (2013) 29(3):1196–200. doi:10.3892/or.2012.2190

149. Tormo D, Checińska A, Alonso-Curbelo D, Pérez-Guijarro E, Cañón E, Riveiro-Falkenbach E, et al. Targeted activation of innate immunity for therapeutic induction of autophagy and apoptosis in melanoma cells. Cancer Cell (2009) 16(2):103–14. doi:10.1016/j.ccr.2009.07.004

150. Ganesan AK, Ho H, Bodemann B, Petersen S, Aruri J, Koshy S, et al. Genome-wide siRNA-based functional genomics of pigmentation identifies novel genes and pathways that impact melanogenesis in human cells. PLoS Genet (2008) 4(12):e1000298. doi:10.1371/journal.pgen.1000298

151. Kalie E, Razi M, Tooze SA. ULK1 regulates melanin levels in MNT-1 cells independently of mTORC1. PLoS One (2013) 8(9):e75313. doi:10.1371/journal.pone.0075313

152. Maes H, Olmeda D, Soengas MS, Agostinis P. Vesicular trafficking mechanisms in endothelial cells as modulators of the tumor vasculature and targets of antiangiogenic therapies. FEBS J (2016) 283(1):25–38. doi:10.1111/febs.13545

153. Goldenring JR. A central role for vesicle trafficking in epithelial neoplasia: intracellular highways to carcinogenesis. Nat Rev Cancer (2013) 13(11):813–20. doi:10.1038/nrc3601

154. Guo JY, Xia B, White E. Autophagy-mediated tumor promotion. Cell (2013) 155(6):1216–9. doi:10.1016/j.cell.2013.11.019

155. Akavia UD, Litvin O, Kim J, Sanchez-Garcia F, Kotliar D, Causton HC, et al. An integrated approach to uncover drivers of cancer. Cell (2010) 143(6):1005–17. doi:10.1016/j.cell.2010.11.013

156. Yokoyama S, Woods SL, Boyle GM, Aoude LG, MacGregor S, Zismann V, et al. A novel recurrent mutation in MITF predisposes to familial and sporadic melanoma. Nature (2011) 480(7375):99–103. doi:10.1038/nature10630

157. Garraway LA, Widlund HR, Rubin MA, Getz G, Berger AJ, Ramaswamy S, et al. Integrative genomic analyses identify MITF as a lineage survival oncogene amplified in malignant melanoma. Nature (2005) 436(7047):117–22. doi:10.1038/nature03664

158. Vachtenheim J, Ondrusova L. Microphthalmia-associated transcription factor expression levels in melanoma cells contribute to cell invasion and proliferation. Exp Dermatol (2015) 24(7):481–4. doi:10.1111/exd.12724

159. Müller J, Krijgsman O, Tsoi J, Robert L, Hugo W, Song C, et al. Low MITF/AXL ratio predicts early resistance to multiple targeted drugs in melanoma. Nat Commun (2014) 5:5712. doi:10.1038/ncomms6712

160. Easty DJ, Gray SG, O’Byrne KJ, O’Donnell D, Bennett DC. Receptor tyrosine kinases and their activation in melanoma. Pigment Cell Melanoma Res (2011) 24(3):446–61. doi:10.1111/j.1755-148X.2011.00836.x

161. Settembre C, Di Malta C, Polito VA, Garcia Arencibia M, Vetrini F, Erdin S, et al. TFEB links autophagy to lysosomal biogenesis. Science (2011) 332(6036):1429–33. doi:10.1126/science.1204592

162. Roczniak-Ferguson A, Petit CS, Froehlich F, Qian S, Ky J, Angarola B, et al. The transcription factor TFEB links mTORC1 signaling to transcriptional control of lysosome homeostasis. Sci Signal (2012) 5(228):ra42. doi:10.1126/scisignal.2002790

163. Bryant KL, Mancias JD, Kimmelman AC, Der CJ. KRAS: feeding pancreatic cancer proliferation. Trends Biochem Sci (2014) 39(2):91–100. doi:10.1016/j.tibs.2013.12.004

164. Alonso-Curbelo D, Osterloh L, Cañón E, Calvo TG, Martínez-Herranz R, Karras P, et al. RAB7 counteracts PI3K-driven macropinocytosis activated at early stages of melanoma development. Oncotarget (2015) 6(14):11848–62. doi:10.18632/oncotarget.4055

165. Scott KL, Kabbarah O, Liang MC, Ivanova E, Anagnostou V, Wu J, et al. GOLPH3 modulates mTOR signalling and rapamycin sensitivity in cancer. Nature (2009) 459(7250):1085–90. doi:10.1038/nature08109

166. Verfaillie A, Imrichova H, Atak ZK, Dewaele M, Rambow F, Hulselmans G, et al. Decoding the regulatory landscape of melanoma reveals TEADS as regulators of the invasive cell state. Nat Commun (2015) 6:6683. doi:10.1038/ncomms7683

167. Balogh P, Katz S, Kiss AL. The role of endocytic pathways in TGF-beta signaling. Pathol Oncol Res (2013) 19(2):141–8. doi:10.1007/s12253-012-9595-8

168. Palacios F, Tushir JS, Fujita Y, D’Souza-Schorey C. Lysosomal targeting of E-cadherin: a unique mechanism for the down-regulation of cell-cell adhesion during epithelial to mesenchymal transitions. Mol Cell Biol (2005) 25(1):389–402. doi:10.1128/MCB.25.1.389-402.2005

169. Hao S, Ye Z, Li F, Meng Q, Qureshi M, Yang J, et al. Epigenetic transfer of metastatic activity by uptake of highly metastatic B16 melanoma cell-released exosomes. Exp Oncol (2006) 28(2):126–31.

170. Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic Mark M, et al. Tumour exosome integrins determine organotropic metastasis. Nature (2015) 527(7578):329–35. doi:10.1038/nature15756

171. Tkach M, Thery C. Communication by extracellular vesicles: where we are and where we need to go. Cell (2016) 164(6):1226–32. doi:10.1016/j.cell.2016.01.043

172. Somasundaram R, Herlyn M. Melanoma exosomes: messengers of metastasis. Nat Med (2012) 18(6):853–4. doi:10.1038/nm.2775

173. Thery C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and function. Nat Rev Immunol (2002) 2(8):569–79. doi:10.1038/nri855

174. Lazar I, Clement E, Ducoux-Petit M, Denat L, Soldan V, Dauvillier S, et al. Proteome characterization of melanoma exosomes reveals a specific signature for metastatic cell lines. Pigment Cell Melanoma Res (2015) 28(4):464–75. doi:10.1111/pcmr.12380

175. Valenti R, Huber V, Filipazzi P, Pilla L, Sovena G, Villa A, et al. Human tumor-released microvesicles promote the differentiation of myeloid cells with transforming growth factor-beta-mediated suppressive activity on T lymphocytes. Cancer Res (2006) 66(18):9290–8. doi:10.1158/0008-5472.CAN-06-1819

176. Yu S, Liu C, Su K, Wang J, Liu Y, Zhang L, et al. Tumor exosomes inhibit differentiation of bone marrow dendritic cells. J Immunol (2007) 178(11):6867–75. doi:10.4049/jimmunol.178.11.6867

177. Yang C, Ruffner MA, Kim SH, Robbins PD. Plasma-derived MHC class II+ exosomes from tumor-bearing mice suppress tumor antigen-specific immune responses. Eur J Immunol (2012) 42(7):1778–84. doi:10.1002/eji.201141978

178. Alegre E, Zubiri L, Perez-Gracia JL, González-Cao M, Soria L, Martín-Algarra S, et al. Circulating melanoma exosomes as diagnostic and prognosis biomarkers. Clin Chim Acta (2016) 454:28–32. doi:10.1016/j.cca.2015.12.031

Conflict of Interest Statement: 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 © 2016 Demirsoy, Martin, Maes and Agostinis. 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) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
’ frontiers
in Oncology

Adapt, Recycle, and Move on:
Proteostasis and Trafficking
Mechanisms in Melanoma





OPS/images/fonc-06-00240-g001.jpg
Invasion and Metastasis
(emT)

Survival- (Cell Death Combinatorial Drug Therapy

Resistance)

Cell to Cell Communication
(Extracellular Vesicle Secretion)

/
Angiogenesis ?
\

Sustained Proliferative

Signalling Anti-tumour Immunity

‘Oncogenesis





OPS/images/logo.jpg
Ghesk for

i@





