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Abstract:



Autophagy is a eukaryotic catabolic pathway that degrades and recycles cellular components to maintain homeostasis. It can target protein aggregates, superfluous biomolecular complexes, dysfunctional and damaged organelles, as well as pathogenic intracellular microbes. Autophagy is a dynamic process in which the different stages from initiation to final degradation of cargo are finely regulated. Therefore, the study of this process requires the use of a palette of techniques, which are continuously evolving and whose interpretation is not trivial. Here, we present the social amoeba Dictyostelium discoideum as a relevant model to study autophagy. Several methods have been developed based on the tracking and observation of autophagosomes by microscopy, analysis of changes in expression of autophagy genes and proteins, and examination of the autophagic flux with various techniques. In this review, we discuss the pros and cons of the currently available techniques to assess autophagy in this organism.
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1. Introducing Dictyostelium as a Model for Autophagy Research


Intracellular degradation processes are ubiquitous to all organisms and essential to maintain cellular homeostasis. One of the major degradative pathways in eukaryotes is macroautophagy (hereafter referred to as autophagy), a dynamic process that captures and delivers diverse cellular material, including cytoplasm, organelles, and protein aggregates, to the lysosomes. Although basal levels of autophagy might be sufficient for homeostasis under normal growth conditions, a variety of stresses induce a strong up-regulation of this pathway, such as starvation [1], mechanical deformations [2], oxidative and endoplasmic reticulum (ER) stresses [3], and infection [4], among others. In order to reach the degradation stage, the cargo must be sequestered from the cytosol by de novo formation of a double-membrane cisterna, the phagophore. In yeast, this occurs only at one site near the vacuole, known as the phagophore assembly site (PAS). In other eukaryotes, including Dictyostelium discoideum and human cells, this occurs at multiple sites on the ER, and the initial structure formed is referred to as the omegasome. The phagophore expands using membranes from many sources, such as the ER, Golgi, endosomes, mitochondria, and plasma membrane [5,6], eventually closing and generating a completed vesicle, the autophagosome.



Although the study of autophagy dates back to the early 1960s, when C. de Duve coined the term [7], it is still a growing research field, mainly due to its complexity and importance in many physiological and pathological aspects of human health and disease [8]. A large number of proteins that participate in and regulate the autophagic process have been defined (termed Atg proteins). Many of these studies have been performed in model organisms, mainly yeast, as recognized recently by the Nobel prize awarded to Yoshinori Ohsumi for his discoveries on the autophagic machinery [9,10].



One of the organisms that has recently contributed to this area is Dictyostelium, a soil amoeba that was isolated and described by Kenneth Raper in 1935. Since then, it has become a well-established model in cell and developmental biology [11,12]. Importantly, Dictyostelium has conserved genes involved in processes that were lost during the specialization of fungi, such as phagocytosis, macropinocytosis, chemotaxis, and motility. So, in many ways (including autophagosome formation), Dictyostelium is more similar to metazoans than yeasts are [13], justifying the use of Dictyostelium as a model for human diseases and even for drug screening [14,15,16,17,18,19,20]. For example, research on Dictyostelium has contributed to the unraveling of the signaling pathways implicated in the poorly defined therapeutic effects of valproic acid and lithium [18]. Additionally, Dictyostelium has proven to be a good model organism to address questions regarding the etiology of some human diseases; for instance, orthologues of the genes implicated in neurological disorders such as neuronal ceroid lipofuscinosis [21], chorea-acanthocytosis [22], Alzheimer’s disease [23], and lissencephaly [24] (among others) have been studied in Dictyostelium, shedding light on the cellular biology underlying these conditions. Further, as many innate immunity mechanisms used by animal phagocytes are conserved in Dictyostelium, studies using this amoeba as a model organism have expanded the knowledge on the molecular mechanisms of infection and pathogen–host interactions [20,25].



Dictyostelium has an unusual life cycle that alternates between unicellular and multicellular phases. As a unicellular amoeba, Dictyostelium feeds on bacteria and yeasts and multiplies by fission about every 8 h. However, when nutrients are scarce, vegetative growing cells enter a developmental program that begins with the secretion of diverse molecules for intercellular communication. One of these, cyclic adenosine monophosphate (cAMP), functions as a chemoattractant, resulting in cell aggregation. Collectives of about 100,000 cells then differentiate to form a multicellular slug that finally culminates in a fruiting body, a structure composed of a stalk of dead cells supporting a sorocarp filled with spores that will disperse and germinate under favorable environmental conditions (Figure 1A) (a comprehensive review on Dictyostelium development can be found in [26]). Interestingly, Dictyostelium defends itself against pathogens both as a single cell and as a multicellular organism. Inside the slug, a subset of specialized phagocytic cells called Sentinel cells function as a primitive innate immune system and patrol the facultative multicellular organism to scavenge and kill invading microbes by phagocytosis or using extracellular DNA traps [27,28].


Figure 1. Dictyostelium as a model for autophagy. Dictyostelium discoideum is a social amoeba that enters a developmental program during starvation. (A) Scheme of the Dictyostelium developmental cycle. Individual amoebas aggregate to form mounds of cells that undergo different stages of development that culminate with the formation of a fruiting body containing spores. (B) The lack of autophagy in Dictyostelium leads to developmental arrest either at the aggregation stage or at the mound stage. In the latter, the formation of multiple tips is characteristic of some of the strains.
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During development, Dictyostelium cells rely on autophagy to obtain the energy and metabolites required for aggregation and differentiation [29]. However, besides this recycling function, autophagy also functionally participates in the developmental program. For example, autophagy is required for the vacuolization that accompanies differentiation and death of the stalk cells [30], and is required for the unconventional secretion of AcbA—the precursor of SDF-2, a protein involved in spore formation [31]. Consequently, a blockade in autophagy results in abnormal development.



Since the first Dictyostelium autophagy mutants were described [29,32], it became clear that the severity of the phenotypes correlates with the level of autophagy inhibition [33]. These phenotypes range from a complete lack of aggregation to incomplete development, characterized by the formation of multi-tipped structures and aberrant fruiting bodies, which has facilitated the isolation and characterization of many autophagy mutants (Figure 1B). Comprehensive reviews on autophagy in Dictyostelium can be found in [34,35]. It must be noted that the severity of the multi-tipped phenotype depends on the genetic background of the laboratory strain used. For example, while mutants of Atg16 in the AX4-background produce large, abnormal mounds with many finger-like tips [22], a similar mutant in AX2 forms smaller mounds with only three tips [36]. In both cases, however, as development progresses, the multi-tipped structures from both strains form highly abnormal fruiting bodies and few viable spores.




2. Strategies to Induce Autophagy in Dictyostelium


Starvation is the most common stimulus used to activate Dictyostelium autophagy in the laboratory. Like in other organisms, autophagy can be triggered by a complete starvation, which is accomplished by incubating the cells in a phosphate buffer, or by depleting lysine and arginine—two essential amino acids—and nitrogen sources from otherwise complete medium. Note that the two conditions vary in their impact on cell physiology, whilst the depletion of specific amino acids simply causes growth arrest and a loss of viability over time, a complete lack of nutrients additionally activates the developmental program. Usually, after about 15 min of either of the above treatments, the average number of autophagosomes increases from about 1 to around 2.5 per cell [2,37].



Mechanical stress also activates autophagy in Dictyostelium similarly to other eukaryotic cells. This can be accomplished by overlaying the cells with a thin agarose sheet [2]. In addition, it has been shown that the exposure to the Staphylococcus aureus lipopolysaccharide or the damage to the phagosomal membrane caused by Mycobacterium marinum infection induce an autophagic response [38,39].



In yeast and mammalian cells, rapamycin (RAP) is often used as an autophagy activator, which acts by allosterically inhibiting the mechanistic target of rapamycin complex 1 (mTORC1), which directly phosphorylates Atg1 and connects nutrient availability to autophagy induction. The effect of RAP on autophagy activation is therefore very rapid in most cell types (from minutes to a few hours), but it may not inhibit TOR completely. Other inhibitors such as Torin1, PP242, KU-0063794, PI-103, and NVP-BEZ235 target the catalytic domain of TOR and are more potent inhibitors, although they target both TORC1 and TORC2. In Dictyostelium, short-term RAP treatment does not seem to induce autophagy (Figure 2), despite reports showing that the functional TORC1 complex is sensitive to RAP inhibition [40]. Either the level of inhibition of TORC1 is insufficient to activate autophagy, or Dictyostelium has evolved other pathways to transmit the signal of nutrient availability to the autophagy machinery. However, long-term RAP treatment (24 h) has been reported to activate autophagy in Dictyostelium [41]. As these long treatments may have additional indirect effects, it is not clear whether the observed induction is the result of secondary cell damage instead of a direct signaling pathway. Further studies are required to unambiguously determine whether in Dictyostelium TORC1 directly signals to the Atg1 complex to regulate autophagy, as described in other organisms.


Figure 2. A short-term rapamycin (RAP) treatment does not induce autophagic flux in Dictyostelium. Dictyostelium Ax2(Ka) cells expressing green fluorescent protein (GFP)-Atg8 were treated or mock-treated with RAP at 500 nM for 2 h. One hour before the end of the treatment, cells were incubated or not with a protease inhibitor cocktail (PI, Roche 11873580001) at 2.5×. (A) Representative maximum projections of live cells under the treatments described above. Scale bars, 10 µm; (B) Median and interquartile ranges of the number of GFP-Atg8 structures per cell during the mentioned treatments. Each dot represents one cell; 162–168 cells per condition were counted. The values of λ that define the Poisson distribution of each data set and differences between them were calculated as described before [34] (**** p ≤ 0.0001; ns, p > 0.05). No significant differences were observed by quantification of the percentage of cells with GFP-Atg8 dots under RAP treatment (not shown).
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In contrast, the drug AR-12 (OSU-03012) has recently been shown to induce the autophagic flux in Dictyostelium [39]. A two-hour treatment with this drug—which induces autophagosome formation in mammals by various mechanisms, such as the inhibition of the 3-phosphoinositide-dependent protein kinase 1 (PDK1), the induction of ER stress, and the accumulation of reactive oxygen species (ROS) [42,43]—is enough to increase the number of autophagosomes and the rate of degradation of the GFP cleaved from GFP-Atg8 in Dictyostelium [39].




3. Microscopy Techniques


3.1. Transmission Electron Microscopy (TEM)


TEM has been a key technique in the study of autophagy since its discovery. The first autophagic structures in Dictyostelium were observed using this method [44]. Additionally, the first studies that identified orthologous atg genes in this amoeba relied on TEM to evaluate autophagosome formation [29]. More recently, thanks to an improved fixation protocol, the double-membrane autophagic structures can be visualized with an unprecedented level of detail (Figure 3) [39,45]. However, due to the low number of autophagosomes, it is rather difficult to identify them in thin EM sections. Consequently, this technique remains essential to analyze the ultrastructure of abnormal autophagic organelles and the lack of bona fide autophagosomes [46], but is not adequate to quantitatively monitor the generation and fate of autophagic bodies.


Figure 3. Visualization of autophagosomes in Dictyostelium by TEM. Electron micrographs of a Dictyostelium Ax2(Ka) cell treated with the autophagy inducer drug AR-12 at 2.5 µM for 2 h and with PI at 2.5× for 1 h. For imaging, cells were fixed for 1 h with 2% glutaraldehyde and stained for 30 min with a 2% osmium/0.1 M imidazole solution. Fixed cells were pelleted, washed in phosphate-buffered saline (PBS), and further processed, as previously described [38]. The red arrow marks the enlarged panel showing two autophagosomes; the green arrow marks the enlargement where a fusion event between a late endosome and an autophagosome can be observed. Scale bar, 2 µm.
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3.2. Fluorescence Microscopy


Quantitative studies of the number of autophagic structures can be achieved by confocal microscopy of cells expressing a fusion of the green fluorescent protein (GFP) with Atg8 (microtubule-associated protein 1A/1B-light chain 3 (LC3) in mammals), which labels all stages of autophagosome formation, or Atg18 (WD-repeat protein interacting with phosphoinositides (WIPI) in mammals), which only marks the expanding phagophore [47]. When autophagy is induced, Atg8 is conjugated to phosphatidylethanolamine (PE) and is incorporated into the membrane of the expanding phagophore, where it remains until the autophagic body is degraded (Figure 4A). This marker has also been used extensively in Dictyostelium to monitor autophagosome formation and to study the dynamics of autophagosomes [2,37,39]. Using GFP-Atg8, it has been possible to perform in vivo time-lapse studies that followed the whole process from the formation to the closure of the autophagosome, and to establish the timing of this process. As autophagosomes move quickly, they are difficult to track for long periods of time, and thus it is advantageous to slightly compress the cells by overlaying them with a thin agarose sheet [2,39]. In addition, since GFP-Atg8 translocates to autophagosomal membranes during autophagy induction, one can monitor both the decrease in the fluorescence intensity of the cytosolic fraction and the concomitant increase in the number of GFP-Atg8 structures [2,39]. It is worth noting, however, that Dictyostelium possesses two Atg8 orthologues, which appear to play partly non-redundant roles in autophagosome formation, with different dynamics of recruitment [48,49].


Figure 4. Atg18 and Atg8 as autophagic markers. (A) Atg18 is necessary for autophagosome formation, but it is released from mature autophagosomes. The cytosolic Atg8 protein is conjugated to phosphatidylethanolamine (PE) upon induction of autophagy, and is stably integrated into both the outer and the inner membranes of the phagophore. Therefore, the Atg8 fraction residing inside the autophagosome is degraded, together with other autophagic cargos, after lysosomal fusion; (B) red fluorescent protein (RFP)-GFP-Atg8 binds the autophagosomal membranes when autophagy is induced. Inside the autolysosomes, GFP is quenched due to the low pH, but RFP remains fluorescent. The increase in yellow and red Atg8 indicates induction of the autophagic flux, while the increase only in yellow Atg8 structures implies autophagic flux blockage.
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Atg18 and its mammalian orthologues are essential for autophagosome biogenesis and recruited to the membranes of nascent and elongating autophagosomes via their phosphatidylinositol 3-phosphate (PtdIns(3)P) binding domain [50]. Therefore, GFP fusions of Atg18 allow the tracking of PtdIns(3)P-enriched membranes during autophagosome formation, and in contrast to Atg8, is lost immediately following closure. GFP-Atg18 has emerged as a robust marker after some difficulties using GFP-Atg8 were noticed. GFP-Atg8 has been observed to aggregate and localize to large punctate structures in Dictyostelium cells lacking autophagy, thereby causing aberrations [2,51], making this marker unsuitable for quantitative analysis in some experiments. In contrast, GFP-Atg18 does not aggregate, and its puncta can also be tracked and quantified. The small GFP-Atg18 puncta seem to expand into cup-like structures, resembling mammalian omegasomes [2,39]. Because Atg18 is released from mature autophagosomes in both Dictyostelium and mammalian cells, it only indicates the rate of autophagosome formation, and is not representative of the total number of autophagosomes in a cell. Therefore, to obtain a complete picture, it is advisable to monitor and quantitate both Atg8- and Atg18-positive structures. Additionally, as antibodies against the two Atg8 Dictyostelium orthologues have been generated, the endogenous proteins can be evaluated using immunohistochemistry [48,52].





4. Measurement of Gene and Protein Expression Levels


Although autophagy is essential for Dictyostelium development, the regulation of the expression of autophagy genes during development has not been studied in detail. The first descriptions were obtained using Northern blots to monitor the expression of atg1, atg8, atg5, atg9, and atg12, which all increase in mRNA level at early times during development [29]. An alternative, non-radioactive method is quantitative reverse transcription polymerase chain reaction qRT-PCR [39]. In addition, the steady-state protein levels of the two Dictyostelium Atg8 orthologues were recently analyzed by western blot, and were shown to have different expression patterns during development [48]. Unfortunately, while in mammalian cells it is possible to separate and quantify the cytoplasmic and autophagosome-associated lipidated forms of Atg8 (LC3 I/II), in Dictyostelium only a single form can be observed, and consequently Atg8 western blotting results must be interpreted carefully. It is possible that the fast-migrating lipidated form is under the detection level. Consequently, this technique can only shed light on the total amount of Atg8, and thus an increase in Atg8 levels can be interpreted as a rise in autophagy induction or as an autophagy blockage [36].



Gene and protein expression analyses can be useful as initial approaches to evaluate mutants or novel autophagy inducers, but cannot provide enough evidence of the real cellular autophagic activity, and so must be accompanied by other assays.




5. Autophagic Flux Assays


To perform a complete autophagy evaluation, it is important to analyze not only autophagosome formation, but also whether the cargos are being degraded. As discussed above, GFP-Atg8 puncta reflect only the steady-state levels of autophagosomes; therefore, the presence of higher number of puncta may be due either to an increase in autophagosome induction or to an autophagy blockage at a subsequent stage. In order to circumvent this problem, a number of autophagic flux assays have been developed in Dictyostelium.



5.1. Protein Cleavage Assays


In many organisms, the autophagic flux is assayed by following the breakdown of a nominal cytoplasmic protein fused to the relatively hydrolase-resistant GFP. In Dictyostelium, this technique has been developed using either transketolase (Tkt) or phosphoglycerate kinase (PgkA) fused to GFP as cargoes [37,53]. As Dictyostelium possesses extremely acidic lysosomes with a pH of 3.5 or below [54], the use of non-saturating concentrations of the lysosomotropic agent NH4Cl is essential to visualize the free GFP fragments that accumulate from autophagic degradation (Figure 5). It is important to point out that the NH4Cl concentration required to visualize the GFP fragments is very high, inducing an elevated autophagic response per se that hinders the use of this assay to evaluate the effect of autophagy-inducing agents, although cells can be treated with other drugs prior to NH4Cl treatment [55]. In addition, NH4Cl also induces osmotic swelling of endosomes and lysosomes, which severely impairs microscopy observations. Nevertheless, this cleavage assay has proven to be very effective to evaluate the degradation capacity of both autophagy-deficient and over-activated strains [22,33,56]. This technique is very sensitive to changes in the metabolic status of the cells, so each experiment must be carefully controlled. For example, cells should have similar growth history, avoiding overconfluency. In addition, comparisons should always be performed within the same parental strain, since differences in the lysosomal pH and the autophagic capacity between the commonly used laboratory strains may occur. In this case, and when evaluating strains that present moderate phenotypes, it is advisable to optimize the NH4Cl concentration and/or compare the autophagic flux at different concentrations of NH4Cl within the same experiment.


Figure 5. Protein cleavage assay. AX4 wild-type (WT), atg1-, or atg7- cells constitutively expressing GFP-PgkA (phosphoglycerate kinase) were subjected to two 150 mM pulses of NH4Cl, each of 2 h, as previously described (see text). Total cell extracts were analyzed by western blot using an anti-GFP antibody. Free GFP cannot be detected in autophagy-deficient strains.



[image: Cells 06 00018 g005]






An alternative technique, based on the breakdown of GFP-Atg8, does not require the use of NH4Cl. When the flux is completely blocked by, for instance, impairment of the lysosomal activity with a protease inhibitor treatment, the accumulation of GFP-Atg8 can be observed by western-blot while the free GFP disappears. On the other hand, when GFP-Atg8 is actively degraded, free GFP accumulates because of its relative resistance to degradation by lysosomal hydrolases. As this technique does not require the use of NH4Cl, it can be used to monitor autophagic changes upon drug or infection treatments [39]. Changes in the levels of free GFP are indicative of changes in the autophagic flux. However, interpretation of the results must take into account that both an induction or a blockage of autophagy may decrease the levels of free GFP, and additional flux assays are required to discriminate these possibilities [39]. In addition, it must also be considered that a small amount of free GFP is generated in an autophagy-independent manner as it occurs in the atg1 mutant, which has been shown by other methods to have a complete block in autophagosome formation [32,39] (RE, personal communication).




5.2. Quantification of Fluorescently-Tagged Proteins


Imaging GFP-Atg8-expressing cells and counting GFP-Atg8 dots can also serve as a proxy readout for the autophagic flux if combined with inhibitors of degradation. In Dictyostelium, lysosomal inhibition can be achieved by treating the cells with a cocktail of protease inhibitors (Figure 2) or with the V-ATPase inhibitor concanamycin B [39]. Both the induction of autophagosome formation and the blockage of the autophagic flux lead to an increase in the number of GFP-Atg8 structures in the cell. Thus, when autophagy is induced, a higher number of GFP-Atg8 dots is expected when blocking the autophagic flux by the mentioned inhibitors. However, if the autophagic flux is already blocked, no change in the number of GFP-Atg8 structures will occur.




5.3. RFP-GFP-Atg8 Puncta Monitoring


Another kind of autophagic flux assay is based on the differential stability of green and red fluorescent proteins (GFP and RFP, respectively) in acidic environments. At a pH of 5 or below (which is found in lysosomes), the fluorescence of GFP is completely quenched, whilst RFP fluorescence is retained. For these assays, a fusion of Atg8 to a tandem GFP-RFP tag is expressed, and the autophagic flux is examined by monitoring the relative fluorescence of both tags with confocal microscopy. When green–red merged images of cells are analyzed, yellow puncta represent early autophagosomes, while red-only puncta (lacking green fluorescence) indicate acidic autolysosomes. Thus, when the autophagic flux is augmented, more of both yellow and red puncta are expected. However, when there is a blockage in lysosomal fusion or acidification, yellow puncta will accumulate (Figure 4B).



The GFP-RFP-Atg8 construct has been evaluated in Dictyostelium [53], and it was observed that the use of NH4Cl is required to reveal the presence of autolysosomes (red-only puncta) in the strain AX4, likely because the extremely low lysosomal pH in this organism even quenches the fluorescence of RFP (Figure 6). In AX2, however, it has been reported that this technique can be applied without the need of NH4Cl, as red-only puncta are present under starvation [57].


Figure 6. Wild-type (WT) (AX4) and atg1- cells expressing the marker RFP-GFP-Atg8 were incubated for four hours with two pulses of 100 mM NH4Cl and visualized by confocal microscopy. The arrows show the presence of red-only puncta in WT that presumably represent autophagolysosomes. Cells lacking Atg1 typically show a large aggregate and no red-only puncta. Scale bar 5 μm.
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6. Determination of Ubiquitin Aggregates


Autophagic dysfunction often leads to an abnormal increase of ubiquitinated protein aggregates. This is because either autophagy participates in the clearance of ubiquitinated proteins, or because in its absence the autophagy targets remain long enough to get ubiquitinated [58]. In either case, the increase in ubiquitin aggregates in autophagy-deficient strains has been exploited to evaluate the autophagic capacity of cells.



Ubiquitinated protein aggregates can be detected either by analyzing the Triton-insoluble fraction of total cellular lysates by western blot, or directly by the observation of immunohistochemically labeled cells by microscopy (Figure 7). In Dictyostelium, this technique revealed that in autophagy-deficient mutants the accumulation of ubiquitin aggregates correlates with impairment of the autophagic flux [36,37,51]. This method is thus useful to indirectly visualize impairments in autophagy, but quantitative analyses are difficult and should be complemented with other techniques. Note that defective proteasomal degradation can also cause an increase in ubiquitinated proteins.


Figure 7. Detection of ubiquitinated protein aggregates by confocal microscopy. WT (AX4) and vmp1− cells were fixed and prepared for immunocytochemistry detection of ubiquitin (red), and analyzed by confocal microscopy. Autophagy-deficient vmp1− cells are not able to degrade proteins by autophagy and accumulate large ubiquitinated aggregates (denoted by white arrows). Scale bars 5 μm.
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7. Concluding Remarks


We have presented the current available strategies to assess autophagic activity in Dictyostelium. It is important to emphasize that—as in any other organism and cell type—there is no single perfect method to determine autophagic activity. The use of different strategies—even with overlapping approaches—should therefore be considered to accurately monitor autophagy in Dictyostelium. Additionally, due to the high conservation of this process, new methods can surely be adapted from other species to the study of autophagy in this model organism.







Acknowledgments


This work has been supported by grant numbers (to E.D. and R.E.) BFU2012-32536 and BFU2015-64440-P; and CONACyT: CB-254078; PAPIIT, DAGAPA, UNAM: IN210616 (to E.D. and R.C.).




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Onodera, J.; Ohsumi, Y. Autophagy is required for maintenance of amino acid levels and protein synthesis under nitrogen starvation. J. Biol. Chem. 2005, 280, 31582–31586. [Google Scholar] [CrossRef] [PubMed]

	2. 
King, J.S.; Veltman, D.M.; Insall, R.H. The induction of autophagy by mechanical stress. Autophagy 2011, 7, 1490–1499. [Google Scholar] [CrossRef] [PubMed]

	3. 
Yorimitsu, T.; Nair, U.; Yang, Z.; Klionsky, D.J. Endoplasmic reticulum stress triggers autophagy. J. Biol. Chem. 2006, 281, 30299–30304. [Google Scholar] [CrossRef] [PubMed]

	4. 
Miller, C.; Celli, J. Avoidance and Subversion of Eukaryotic Homeostatic Autophagy Mechanisms by Bacterial Pathogens. J. Mol. Biol. 2016, 428, 3387–3398. [Google Scholar] [CrossRef] [PubMed]

	5. 
Lamb, C.A.; Yoshimori, T.; Tooze, S.A. The autophagosome: Origins unknown, biogenesis complex. Nat. Rev. Mol. Cell Biol. 2013, 14, 759–774. [Google Scholar] [CrossRef] [PubMed]

	6. 
Shibutani, S.T.; Yoshimori, T. A current perspective of autophagosome biogenesis. Cell Res. 2014, 24, 58–68. [Google Scholar] [CrossRef] [PubMed]

	7. 
De Duve, C. Ciba Foundation Symposium. In Lysosome; De Reuck, A., Cameron, M.P., Eds.; Little Brown and Company: Boston, MA, USA, 1963. [Google Scholar]

	8. 
Schneider, J.L.; Cuervo, A.M. Autophagy and human disease: Emerging themes. Curr. Opin. Genet. Dev. 2014, 26, 16–23. [Google Scholar] [CrossRef] [PubMed]

	9. 
Levine, B.; Klionsky, D.J. Autophagy wins the 2016 Nobel Prize in Physiology or Medicine: Breakthroughs in baker’s yeast fuel advances in biomedical research. Proc. Natl. Acad. Sci. USA 2017, 114, 201–205. [Google Scholar] [CrossRef] [PubMed]

	10. 
Tsukada, M.; Ohsumi, Y. Isolation and characterization of autophagy-defective mutants of Saccharomyces cerevisiae. FEBS Lett. 1993, 333, 169–174. [Google Scholar] [CrossRef]

	11. 
Romeralo, M.; Escalante, R.; Baldauf, S.L. Evolution and diversity of dictyostelid social amoebae. Protist 2012, 163, 327–343. [Google Scholar] [CrossRef] [PubMed]

	12. 
Annesley, S.J.; Fisher, P.R. Dictyostelium discoideum—A model for many reasons. Mol. Cell. Biochem. 2009, 329, 73–91. [Google Scholar] [CrossRef] [PubMed]

	13. 
King, J.S. Autophagy across the eukaryotes: Is S. cerevisiae the odd one out? Autophagy 2012, 8, 1159–1162. [Google Scholar] [CrossRef] [PubMed]

	14. 
Muñoz-Braceras, S.; Mesquita, A.; Escalante, R. Dictyostelium discoideum as a model in biomedical research. In Dictyostelids. Evolution, Genomics and Cell Biology; Romeralo, M., Baldauf, S., Escalante, R., Eds.; Springer: Berlin/Heiderberg, Germany, 2013; pp. 1–34. [Google Scholar]

	15. 
Alexander, S.; Alexander, H. Lead genetic studies in Dictyostelium discoideum and translational studies in human cells demonstrate that sphingolipids are key regulators of sensitivity to cisplatin and other anticancer drugs. Semin. Cell Dev. Biol. 2011, 22, 97–104. [Google Scholar] [CrossRef] [PubMed]

	16. 
Cai, H.; Devreotes, P.N. Moving in the right direction: How eukaryotic cells migrate along chemical gradients. Semin. Cell Dev. Biol. 2011, 22, 834–841. [Google Scholar] [CrossRef] [PubMed]

	17. 
Francione, L.M.; Annesley, S.J.; Carilla-Latorre, S.; Escalante, R.; Fisher, P.R. The Dictyostelium model for mitochondrial disease. Semin. Cell Dev. Biol. 2011, 22, 120–130. [Google Scholar] [CrossRef] [PubMed]

	18. 
Ludtmann, M.H.; Boeckeler, K.; Williams, R.S. Molecular pharmacology in a simple model system: Implicating MAP kinase and phosphoinositide signalling in bipolar disorder. Semin. Cell Dev. Biol. 2011, 22, 105–113. [Google Scholar] [CrossRef] [PubMed]

	19. 
Maniak, M. Dictyostelium as a model for human lysosomal and trafficking diseases. Semin. Cell Dev. Biol. 2011, 22, 114–119. [Google Scholar] [CrossRef] [PubMed]

	20. 
Steinert, M. Pathogen-host interactions in Dictyostelium, Legionella, Mycobacterium and other pathogens. Semin. Cell Dev. Biol. 2011, 22, 70–76. [Google Scholar] [CrossRef] [PubMed]

	21. 
Huber, R.J. Using the social amoeba Dictyostelium to study the functions of proteins linked to neuronal ceroid lipofuscinosis. J. Biomed. Sci. 2016, 23, 83. [Google Scholar] [CrossRef] [PubMed]

	22. 
Munoz-Braceras, S.; Calvo, R.; Escalante, R. TipC and the chorea-acanthocytosis protein VPS13A regulate autophagy in Dictyostelium and human HeLa cells. Autophagy 2015, 11, 918–927. [Google Scholar] [CrossRef] [PubMed]

	23. 
McMains, V.C.; Myre, M.; Kreppel, L.; Kimmel, A.R. Dictyostelium possesses highly diverged presenilin/gamma-secretase that regulates growth and cell-fate specification and can accurately process human APP: A system for functional studies of the presenilin/gamma-secretase complex. Dis. Model Mech. 2010, 3, 581–594. [Google Scholar] [CrossRef] [PubMed]

	24. 
Meyer, I.; Kuhnert, O.; Graf, R. Functional analyses of lissencephaly-related proteins in Dictyostelium. Semin. Cell Dev. Biol. 2011, 22, 89–96. [Google Scholar] [CrossRef] [PubMed]

	25. 
Lima, W.C.; Lelong, E.; Cosson, P. What can Dictyostelium bring to the study of Pseudomonas infections? Semin. Cell Dev. Biol. 2011, 22, 77–81. [Google Scholar] [CrossRef] [PubMed]

	26. 
Schaap, P. Evolutionary crossroads in developmental biology: Dictyostelium discoideum. Development 2011, 138, 387–396. [Google Scholar] [CrossRef] [PubMed]

	27. 
Zhang, X.; Zhuchenko, O.; Kuspa, A.; Soldati, T. Social amoebae trap and kill bacteria by casting DNA nets. Nat. Commun. 2016, 7, 10938. [Google Scholar] [CrossRef] [PubMed]

	28. 
Zhang, X.; Soldati, T. Of Amoebae and Men: Extracellular DNA Traps as an Ancient Cell-Intrinsic Defense Mechanism. Front. Immunol. 2016, 7, 269. [Google Scholar] [CrossRef] [PubMed]

	29. 
Otto, G.P.; Wu, M.Y.; Kazgan, N.; Anderson, O.R.; Kessin, R.H. Macroautophagy is required for multicellular development of the social amoeba Dictyostelium discoideum. J. Biol. Chem. 2003, 278, 17636–17645. [Google Scholar] [CrossRef] [PubMed]

	30. 
Uchikawa, T.; Yamamoto, A.; Inouye, K. Origin and function of the stalk-cell vacuole in Dictyostelium. Dev. Biol. 2011, 352, 48–57. [Google Scholar] [CrossRef] [PubMed]

	31. 
Duran, J.M.; Anjard, C.; Stefan, C.; Loomis, W.F.; Malhotra, V. Unconventional secretion of Acb1 is mediated by autophagosomes. J. Cell. Biol. 2010, 188, 527–536. [Google Scholar] [CrossRef] [PubMed]

	32. 
Otto, G.P.; Wu, M.Y.; Kazgan, N.; Anderson, O.R.; Kessin, R.H. Dictyostelium macroautophagy mutants vary in the severity of their developmental defects. J. Biol. Chem. 2004, 279, 15621–15629. [Google Scholar] [CrossRef] [PubMed]

	33. 
Mesquita, A.; Tabara, L.C.; Martinez-Costa, O.; Santos-Rodrigo, N.; Vincent, O.; Escalante, R. Dissecting the function of Atg1 complex in Dictyostelium autophagy reveals a connection with the pentose phosphate pathway enzyme transketolase. Open Biol. 2015, 5. [Google Scholar] [CrossRef] [PubMed]

	34. 
Mesquita, A.; Cardenal-Munoz, E.; Dominguez, E.; Munoz-Braceras, S.; Nunez-Corcuera, B.; Phillips, B.A.; Tabara, L.C.; Xiong, Q.; Coria, R.; Eichinger, L.; et al. Autophagy in Dictyostelium: Mechanisms, regulation and disease in a simple biomedical model. Autophagy 2016, 13, 24–40. [Google Scholar] [CrossRef] [PubMed]

	35. 
Calvo-Garrido, J.; Carilla-Latorre, S.; Kubohara, Y.; Santos-Rodrigo, N.; Mesquita, A.; Soldati, T.; Golstein, P.; Escalante, R. Autophagy in Dictyostelium: Genes and pathways, cell death and infection. Autophagy 2010, 6, 686–701. [Google Scholar] [CrossRef] [PubMed]

	36. 
Xiong, Q.; Unal, C.; Matthias, J.; Steinert, M.; Eichinger, L. The phenotypes of ATG9, ATG16 and ATG9/16 knock-out mutants imply autophagy-dependent and–independent functions. Open Biol. 2015, 5, 150008. [Google Scholar] [CrossRef] [PubMed]

	37. 
Mesquita, A.; Calvo-Garrido, J.; Carilla-Latorre, S.; Escalante, R. Monitoring autophagy in Dictyostelium. Methods Mol. Biol. 2013, 983, 461–470. [Google Scholar] [CrossRef] [PubMed]

	38. 
Pflaum, K.; Gerdes, K.; Yovo, K.; Callahan, J.; Snyder, M.L. Lipopolysaccharide induction of autophagy is associated with enhanced bactericidal activity in Dictyostelium discoideum. Biochem. Biophys. Res. Commun. 2012, 422, 417–422. [Google Scholar] [CrossRef] [PubMed]

	39. 
Cardenal-Munoz, E.; Arafah, S.; Lopez-Jimenez, A.T.; Kicka, S.; Falaise, A.; Bach, F.; Schaad, O.; King, J.S.; Hagedorn, M.; Soldati, T. Mycobacterium marinum antagonistically induces an autophagic response while repressing the autophagic flux in a TORC1-and ESX-1-dependent manner. PLoS Pathog. 2017, 13, e1006344. [Google Scholar] [CrossRef] [PubMed]

	40. 
Rosel, D.; Khurana, T.; Majithia, A.; Huang, X.; Bhandari, R.; Kimmel, A.R. TOR complex 2 (TORC2) in Dictyostelium suppresses phagocytic nutrient capture independently of TORC1-mediated nutrient sensing. J. Cell Sci. 2012, 125, 37–48. [Google Scholar] [CrossRef] [PubMed]

	41. 
Swer, P.B.; Lohia, R.; Saran, S. Analysis of rapamycin induced autophagy in Dictyostelium discoideum. Indian J. Exp. Biol. 2014, 52, 295–304. [Google Scholar] [PubMed]

	42. 
Gao, M.; Yeh, P.Y.; Lu, Y.S.; Hsu, C.H.; Chen, K.F.; Lee, W.C.; Feng, W.C.; Chen, C.S.; Kuo, M.L.; Cheng, A.L. OSU-03012, a novel celecoxib derivative, induces reactive oxygen species-related autophagy in hepatocellular carcinoma. Cancer Res. 2008, 68, 9348–9357. [Google Scholar] [CrossRef] [PubMed]

	43. 
Park, M.A.; Yacoub, A.; Rahmani, M.; Zhang, G.; Hart, L.; Hagan, M.P.; Calderwood, S.K.; Sherman, M.Y.; Koumenis, C.; Spiegel, S.; et al. OSU-03012 stimulates PKR-like endoplasmic reticulum-dependent increases in 70-kDa heat shock protein expression, attenuating its lethal actions in transformed cells. Mol. Pharmacol. 2008, 73, 1168–1184. [Google Scholar] [CrossRef] [PubMed]

	44. 
de Chastellier, C.; Ryter, A. Changes on the cell surface and of the digestive apparatus of Dictyostelium discoideum during the starvation period triggering aggregation. J. Cell Biol. 1977, 75, 218–236. [Google Scholar] [CrossRef] [PubMed]

	45. 
Barisch, C.; Paschke, P.; Hagedorn, M.; Maniak, M.; Soldati, T. Lipid droplet dynamics at early stages of Mycobacterium marinum infection in Dictyostelium. Cell. Microbiol. 2015, 17, 1332–1349. [Google Scholar] [CrossRef] [PubMed]

	46. 
Calvo-Garrido, J.; Carilla-Latorre, S.; Lazaro-Dieguez, F.; Egea, G.; Escalante, R. Vacuole membrane protein 1 is an endoplasmic reticulum protein required for organelle biogenesis, protein secretion, and development. Mol. Biol. Cell 2008, 19, 3442–3453. [Google Scholar] [CrossRef] [PubMed]

	47. 
Klionsky, D.J.; Abdelmohsen, K.; Abe, A.; Abedin, M.J.; Abeliovich, H.; Acevedo Arozena, A.; Adachi, H.; Adams, C.M.; Adams, P.D.; Adeli, K.; et al. Guidelines for the use and interpretation of assays for monitoring autophagy (3rd edition). Autophagy 2016, 12, 1–222. [Google Scholar] [CrossRef] [PubMed]

	48. 
Matthias, J.; Messling, S.; Eichinger, L. The two Dictyostelium autophagy eight proteins, ATG8a and ATG8b, associate with the autophagosome in succession. Eur. J. Cell Biol. 2016, 95, 15–25. [Google Scholar] [CrossRef] [PubMed]

	49. 
Messling, S.; Matthias, J.; Xiong, Q.; Fischer, S.; Eichinger, L. The two Dictyostelium discoideum autophagy 8 proteins have distinct autophagic functions. Eur. J. Cell Biol. 2017. [Google Scholar] [CrossRef] [PubMed]

	50. 
Proikas-Cezanne, T.; Takacs, Z.; Donnes, P.; Kohlbacher, O. WIPI proteins: Essential PtdIns3P effectors at the nascent autophagosome. J. Cell Sci. 2015, 128, 207–217. [Google Scholar] [CrossRef] [PubMed]

	51. 
Calvo-Garrido, J.; Escalante, R. Autophagy dysfunction and ubiquitin-positive protein aggregates in Dictyostelium cells lacking Vmp1. Autophagy 2010, 6, 100–109. [Google Scholar] [CrossRef] [PubMed]

	52. 
Gerstenmaier, L.; Pilla, R.; Herrmann, L.; Herrmann, H.; Prado, M.; Villafano, G.J.; Kolonko, M.; Reimer, R.; Soldati, T.; King, J.S.; et al. The autophagic machinery ensures nonlytic transmission of mycobacteria. Proc. Natl. Acad. Sci. USA 2015, 112, E687–E692. [Google Scholar] [CrossRef] [PubMed]

	53. 
Calvo-Garrido, J.; Carilla-Latorre, S.; Mesquita, A.; Escalante, R. A proteolytic cleavage assay to monitor autophagy in Dictyostelium discoideum. Autophagy 2011, 7, 1063–1068. [Google Scholar] [CrossRef] [PubMed]

	54. 
Marchetti, A.; Lelong, E.; Cosson, P. A measure of endosomal pH by flow cytometry in Dictyostelium. BMC Res. Notes 2009, 2, 7. [Google Scholar] [CrossRef] [PubMed]

	55. 
Ostrowski, P.P.; Fairn, G.D.; Grinstein, S.; Johnson, D.E. Cresyl violet: A superior fluorescent lysosomal marker. Traffic 2016, 17, 1313–1321. [Google Scholar] [CrossRef] [PubMed]

	56. 
Carilla-Latorre, S.; Annesley, S.J.; Munoz-Braceras, S.; Fisher, P.R.; Escalante, R. Ndufaf5 deficiency in the Dictyostelium model: New roles in autophagy and development. Mol. Biol. Cell 2013, 24, 1519–1528. [Google Scholar] [CrossRef] [PubMed]

	57. 
Lohia, R.; Jain, P.; Jain, M.; Burma, P.K.; Shrivastava, A.; Saran, S. Dictyostelium discoideum Sir2D modulates cell-type specific gene expression and is involved in autophagy. Int. J. Dev. Biol. 2017, 61, 95–104. [Google Scholar] [CrossRef] [PubMed]

	58. 
Korolchuk, V.I.; Mansilla, A.; Menzies, F.M.; Rubinsztein, D.C. Autophagy inhibition compromises degradation of ubiquitin-proteasome pathway substrates. Mol. Cell 2009, 33, 517–527. [Google Scholar] [CrossRef] [PubMed]





















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file13.jpg





media/file4.png
>

GFP-Atg8

RAP

RAP + P

W

GFP-Atg8 structures/cell

. . - .

10-

8-

5- e e,

7

| E R E
control control RAP  RAP
mock Pl mock Pl





nav.xhtml


  cells-06-00018


  
    		
      cells-06-00018
    


  




  





media/file2.png
Phenotype Strains
. Lack of aggregation

_"';’_.;: ? atgl
Fald ® vmp1:
B8 ® ® atgl3

- Growth
N
Spore germination
Aggregation atgl101°

Fruiting body atgs

atg7
atglé

Mound
Slug Wild Type AX4

Finger ‘
A=
\ /






media/file5.jpg





media/file3.jpg
>
w

mocic Pl RAP__ _RAPPI

."f .
$

GFP Al sirucursics!

o cotvol | RAP AP
Mok P mock Pl





media/file1.jpg
Phenotype stains

[
aor

ot

otg1s

atgi01
a8
o7
atgts

Completedeveopment

widType axa






media/file7.jpg
A phagophore lysosome
auwphagosnms autolysosome

r (~O° @».

Atg8 bound to the inner membrane is
degraded, while the Atg8 located at the.
outer side is released to the cytosol

cytosolic Alg18  Alg18 is excluded from
cytosolic Alg8  the mature autophagosome

B phagophore lysosome
autophagosome autolysosome

N\,
7 (O @@

GFP, but not RFP, is
RFP-GFP-Atg8 quenched at acidic pH






media/file10.png
+NH,CI

WT atgl atg/ WT atgl atg’7
GFP-PgkA—> "D esams NP aE=> G S

GFP —»






media/file12.png





media/file9.jpg
+NH,CI

WT atgl atg7: WT atgl atg7
GFP-PEkA—> 4D wHmS CEND mus == S

GFP —» =





media/file0.png





media/file14.png





media/file8.png
A phagophore lysosome
autophagosome autolysosome

-

Atg8 bound to the inner membrane is
degraded, while the Atg8 located at the
outer side is released to the cytosol

cytosolic Atg18  Atg18 is excluded from
cytosolic Atg8 the mature autophagosome

B phagophore lysosome

autophagosome autolysosome

Ce-@

GFP, but not RFP, is
quenched at acidic pH

\I,

RFP-GFP-Atg8





media/file11.jpg





media/file6.png





