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The Awd (abnormal wing discs) gene is the Drosophila homolog of human NME1 and NME2 metastasis suppressor genes. These genes play a key role in tumor progression. Extensive studies revealed that intracellular NME1/2 protein levels could be related to either favorable or poor prognosis depending on tissue context. More recently, extracellular activities of NME1/2 proteins have also been reported, including a tumor- promoting function. We used Drosophila as a genetic model to investigate the mechanism controlling intra- and extracellular levels of NME1/2. We examined the role of several components of the ESCRT (endosomal sorting complex required for transport) complex in controlling Awd trafficking. We show that the Vps28 component of the ESCRT−I complex is required for maintenance of normal intracellular level of Awd in larval adipocytes. We already showed that blocking of Shibire (Shi)/Dynamin function strongly- lowers Awd intracellular level. To further investigate this down regulative effect, we analyzed the distribution of endosomal markers in wild type and Shi-defective adipocytes. Our results suggest that Awd does not enter CD63-positive endosomes. Interestingly, we found that in fat body cells, Awd partly- colocalizes with the ESCRT accessory component ALiX, the ALG-2 (apoptosis-linked gene 2)-interacting protein X. Moreover, we show that the intracellular levels of both proteins are downregulated by blocking the function of the Dynamin encoded by the shibire gene.
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INTRODUCTION

NME1 and NME2 genes are closely related members of the NME gene family which consists of 10 members (Stafford et al., 2008). NME1 was the 1st metastasis suppressor gene identified (Steeg et al., 1988) and together with NME2 is mostly implicated in tumor progression. Several studies showed that NME1/2 intracellular content is correlated with either lowered or enhanced metastatic abilities depending on tissue context of the developing tumor (Steeg et al., 1993; Okabe-Kado et al., 1998; van Noesel and Versteeg, 2004; Tschiedel et al., 2008). Recently, a correlation between extracellular NME protein level and tumor progression has also been reported in a number of tumor types (Romani et al., 2018).

The Drosophila Awd gene is the fly ortholog of NME1/2 genes (Rosengard et al., 1989). Our studies showed that Awd is an endocytic mediator that interacts with Rab5 and the Drosophila homolog of Dynamin1 encoded by the shibire (shi) gene (Dammai et al., 2003; Nallamothu et al., 2008; Woolworth et al., 2009; Ignesti et al., 2014). We have shown that the larval fat body, among several larval tissues, is able to secrete the Awd protein in the hemolymph (Romani et al., 2016). In addition, we found that Shi controls the balance of Awd intracellular-extracellular levels. While blocking of Shi function in adipocytes leads to downregulated Awd intracellular level, loss of Rab5 function does not. Thus, our results suggest the specific involvement of Shi in the internalization process of Awd molecules circulating in the hemolymph, and the endocytic vesicles containing Awd are sorted into the adipocytes via a Rab5-independent pathway (Romani et al., 2016).

Proteomic studies showed the presence of Awd within extracellular vesicles released in the culture medium by two different Drosophila cell lines (Koppen et al., 2011). Extracellular vesicles mediate cellular communication and are involved in numerous biological functions (Christ et al., 2017). These small vesicles can derive from cells of different nature and form throughout different developmental processes (van Niel et al., 2018).

The ESCRT machinery is a membrane remodeling system that acts in a variety of biological processes (Christ et al., 2017). It consists of three multi-subunit complexes ESCRT–I, –II and –III that are recruited by specific targeting molecules. Multivesicular body (MVB) formation requires the ESCRT–0 function to recruit the ESCRT machinery. The four ESCRT complexes, together with additional components, act sequentially to deliver cargoes into the intraluminal vesicles (ILVs). These ILVs could then be released as exosomes in the extracellular space upon fusion of the MVBs with plasma membrane.

The well characterized role of ESCRT in biogenesis and secretion of extracellular vesicles (Christ et al., 2017) sparked our interest in the possibility that the ESCRT machinery might be involved in Awd trafficking. Furthermore, we have recently shown that, in larval wing discs, downregulation of Awd levels coupled with blocking apoptosis causes aneuploidy (Romani et al., 2017) probably due to mitotic defects that have been described in awd mutant larval brains (Biggs et al., 1990). The ESCRT complex plays a key role in membrane scission at the end of cytokinesis (Christ et al., 2017) and the ALiX accessory component is required for both completion of abscission (Eikenes et al., 2015) and orientation of the mitotic spindle (Malerød et al., 2018). ALiX is also involved in the biogenesis of exosomes and in the sorting of some cargoes inside these vesicles (Baietti et al., 2012; Hurley and Odorizzi, 2012; Juan and Furthauer, 2018).

In this study, we investigate the involvement of ESCRT machinery in Awd trafficking. We use MARCM system (Lee and Luo, 1999) to generate clones of adipocytes that are null mutants in genes belonging to ESCRT–0, ESCRT–I, ESCRT–II and ESCRT–III complexes. Our analyses of the amount and distribution of intracellular Awd in mutant adipocytes highlight a role of Vps28 component of ESCRT–I complex in controlling the Awd presence inside the cell. In addition, we found that Awd colocalizes with the ALiX accessory component and that Shi function is required for normal intracellular amount of both proteins.

RESULTS

Role of ESCRT Machinery in Regulating Awd Intracellular Amount

The Awd protein is expressed over all the larval fat body that, in 3rd instar larval stage, consists of layers of tightly connected polygonal adipocytes (Figure 1A). Clones of larval adipocytes homozygous for null mutations of ESCRT genes were generated using the MARCM system (Lee and Luo, 1999). Then, the intracellular localization of Awd was analyzed using immunofluorescence confocal microscopy of fat bodies (see Figure 1B for a scheme of x-y and x-z optical sections).
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FIGURE 1. Intracellular distribution of Awd in larval fat body. (A) Epifluorescence image of Awd protein expression (green) in fat body dissected from stage L3 larvae carrying the His2Av-mRFP transgene whose expression marks DNA (red). (B) Schematic representation of confocal optical sections of a sample in x-y and x-z planes. (C–I) Confocal microscopy analysis of vps28A2 MARCM clones marked by GFP expression (C,E,G,H, green) stained for Awd (C,D,F,H,I, cyan). (C) Surface section (x–y) of mosaic fat body showing a control heterozygous vps28A2/vps28+ and a mutant vps28A2/vps28A2 adipocyte marked by GFP expression. (D) Magnified view of the control vps28A2/vps28+ adipocyte (left orange box in C). (E,F) Magnified view of the mutant vps28A2/vps28A2 adipocyte (right orange box in C). (G–I) x–z sections of the adipocytes through the planes indicated by the orange dashed line in C. The white dotted line outlines the boundary between the control and mutant adipocyte. The white bracket indicates the mutant adipocyte. (J) A severe and significant decrease of Awd signal (p = 0.000085) is detectable in vps28A2/vps28A2 adipocyte. Graphs represent mean ± SD amount of Awd in arbitrary units; n = 7; ∗∗∗∗p < 0.0001 (two-tailed, paired t-test).



We started our analysis by looking at the ESCRT–0 complex. In hrsD28, stam2L2896 double mutant adipocytes, that lack the functions of both genes (Lloyd et al., 2002; Chanut-Delalande et al., 2007), Awd level is unaltered in comparison with its level in wild type adipocytes (Supplementary Figures S1A–C’,L).

We then investigated the role of the ESCRT–I complex. Among the four ESCRT–I subunits, we analyzed the effect of Tsg101 and Vps28 components. Absence of Tsg101 function in clones of adipocytes homozygous for the tsg1012 loss-of-function allele (Vaccari et al., 2009) does not alter intracellular Awd distribution (Supplementary Figures S1D–K’,M). In wild type cells, Tsg101 mediates recruitment of ESCRT–I to ESCRT–0 complex through direct interaction with Hrs (Christ et al., 2017). The absence of Tsg101 function causes the accumulation of large vesicles, positive for Hrs, which stall along the endocytic pathway. Despite accumulation of the Hrs protein, cells lacking Tsg101 function show normal intracellular profile of Awd (Supplementary Figures S1D–K’,M), further confirming that Hrs is not involved in Awd trafficking.

We then analyzed the effect of Vps28 loss of function in MARCM clones homozygous for the vps28A2 mutation (Vaccari et al., 2009). Surprisingly, immunofluorescence detection of Awd protein in vps28A2 mutant clones (Figures 1C,E,F,H,I) shows a clear downregulation of protein level, when compared to the wild type flanking cells (Figures 1D,G–J). The analysis of vps28A2 mutant adipocytes also shows that the small amount of Awd protein is detectable in its normal subcortical localization indicating that the spatial distribution of Awd is unaltered (Figures 1H,I).

We extended our analysis of Awd trafficking to theVps22 ESCRT–II component (Christ et al., 2017). vps22ZZ13 homozygous adipocytes lacking the function of Vps22 (Vaccari et al., 2009) show an intracellular profile of Awd comparable to that present in the control flanking cells (Supplementary Figures S2A–G,K). Thus, at least this subunit of the ESCRT–II complex is not involved in modulation of the intracellular levels of Awd.

Finally, we analyzed the Vps2 component of the ESCRT–III complex (Christ et al., 2017) by taking advantage of the loss-of-function allele vps2PP6 (Vaccari et al., 2009). In comparison with wild type adipocytes, vps2PP6 homozygous mutant cells show the same intracellular level and the same subcortical distribution of Awd (Supplementary Figures S2H–J’,L). This suggests that the Vps2 component of the ESCRT–III complex is not involved in the regulation of Awd trafficking.

Analysis of the Endosomal Trafficking in Adipocytes Lacking Shi Function

We have already shown that absence of Shi function causes downregulation of Awd intracellular level in adipocytes coupled with the enhancement of the level of this protein in larval circulating hemolymph (Romani et al., 2016). Moreover, proteomic studies showed that the Awd protein is secreted within extracellular vesicles (Koppen et al., 2011). To further investigate Awd traffic inside and outside cells, we analyzed the effect of defective Shi function on endosomal compartments involved in the secretory pathway.

The exosomes are a particular type of extracellular vesicles that are released by fusion of MVBs, containing the ILVs, with the plasma membrane. The CD63 protein, belonging to the tetraspanine family, is commonly used as an exosome marker. In human cells, this protein is enriched in the ILVs and in the exosomes derived from them (Escola et al., 1998; Wubbolts et al., 2003). Beside biogenesis of exosomes, CD63 is involved in endosomal sorting and in cargo targeting to exosomes (van Niel et al., 2018).

In Drosophila cells, it has been shown that the CD63: GFP transgenic protein, consisting of the CD63 heterologous protein fused with GFP, can be used as a marker for MVBs (Panakova et al., 2005). We applied the Flp–Out technique (Pignoni and Zipursky, 1997) to obtain clones of adipocytes expressing CD63:GFP (Supplementary Figures S3A,A’). We found that the Awd protein (Supplementary Figures S3B,B’) does not colocalize with the CD63:GFP chimeric protein (Supplementary Figures S3C,C’). We then asked if blocking Shi function could cause the Awd downregulation by pushing its release through CD63:GFP positive exosomes. We took advantage of the ShiK44A (ShiDN) dominant negative form of Shi whose expression leads to the blocking of Shi activity (Moline et al., 1999). We induced clones of adipocytes coexpressing ShiDN and CD63:GFP proteins through flp–out technique (Supplementary Figures S3D,D’). Shi-defective adipocytes show an increase in the number and size of vesicles positive for CD63:GFP (Supplementary Figures S3D,D’). In Drosophila wing discs CD63:GFP marks late endosomes (Panakova et al., 2005). Since ShiDN adipocytes accumulate Rab7-positive late endosomes (Fang et al., 2016), it is possible that these late endosomes accumulate CD63:GFP. The analysis of Awd distribution (Supplementary Figures S3E,E’,F,F’) shows that even within Shi-defective adipocytes there is no colocalization of Awd and CD63:GFP.

Awd Partially Colocalizes With ALiX

ALiX is an early-acting ESCRT factor that plays a key role in the assembly of ESCRT machinery. Besides its role in nucleating ESCRT–III complex, ALiX also acts in concentrating cargoes in vesicles (Schöneberg et al., 2017). To investigate the possibility that Awd transits in ALiX-positive vesicles, we analyzed Awd and ALiX distribution in adipocytes. Co-immunolocalization of Awd and ALiX was carried out in larval fat body expressing ShiDN in flp–out clones (Figure 2A). Interestingly, confocal microscopy analysis shows that Awd (Figures 2C,C’) and ALiX (Figures 2B,B’) were partially- colocalized in wild type adipocytes (Figures 2D,D’) (Pearson’s coefficient R = 0,293 ± 0,059; n = 5). Furthermore, Shi-defective adipocytes show a significant lowering of the intracellular level of both ALiX and Awd, in comparison with the intracellular level of each protein detectable in the surrounding wild type cells (Figure 2E). Moreover, in ShiDN adipocytes the colocalization level of Awd and AliX decreases as shown by the strong reduction of correlation (Pearson’s coefficient R = 0,027 ± 0,013; n = 3).
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FIGURE 2. Intracellular distribution of ALiX and Awd in adipocytes expressing ShiDN. (A) Confocal microscopy analysis of fat body containing single-cell flip-out clone (GFP positive, green) over expressing ShiDN. (B) Staining for ALiX (red). (C) Staining for Awd (cyan). (D) merge of B and C signals. (B’–D’) Magnified view of the wild type adipocyte (yellow box in B–D). Yellow arrows point to colocalization of ALiX and Awd signals. (E) A significant decrease of Awd (p = 0.0076) and ALiX (p = 0.0013) signals is detectable in ShiDN adipocytes. Graphs represent mean ± SD amount of Awd and ALiX in arbitrary units; n = 7; ∗∗p < 0.01 (two-tailed, paired t-test).



DISCUSSION

We have previously shown that Awd is secreted in the hemolymph by the fat body and the block of Shi activity causes the enhancement of Awd extracellular level coupled with a reduced intracellular level (Romani et al., 2016). Since Shi is required for lysosomal/autolysosomal acidification (Fang et al., 2016), the low level of Awd in ShiDN adipocytes cannot be due to an increased protein degradation. Therefore, we propose that Shi plays a key role in maintenance of Awd intra-extracellular balance. Here we show that a subpopulation of ALiX-positive vesicles partially- colocalizes with Awd. This is of particular interest since ALiX controls the intracellular traffic of multiple proteins and is frequently present at the level of EVs secreted by cells (Juan and Furthauer, 2018). Block of Shi function results in lowered intracellular level of ALiX and Awd and their loss of colocalization may suggest that Awd/ALiX-positive vesicles could exit the cell contributing to their intracellular decrease.

Our functional analysis of ESCRT complex components shows that, among the subunits analyzed, the Vps28 is involved in Awd trafficking in larval adipocytes. Vps28 is a component of the ESCRT–I complex; however, loss-of-function of the other ESCRT–I component Tsg101 did not affect the Awd intracellular level and distribution. This suggests that the ESCRT machinery is acting in a Non-canonical fashion. Previous works already showed that Non-canonical ESCRT mechanisms, involving few but not all subunits, act in EVs and exosomes biogenesis (Colombo et al., 2013; Juan and Furthauer, 2018). The long-range secretion of the Hedgehog (Hh) morphogen in the larval wing disc is also regulated by a subset of ESCRT components (Matusek et al., 2014). Conditioned medium of a cell line derived from the wing imaginal disc showed the presence of Vps28, ALiX and Vps32 components. Interestingly, these vesicles also contain Awd (Matusek et al., 2014).

Taken together these results suggest a possible involvement of ALiX and Vps28 in Awd secretion.

The partial colocalization of Awd and ALiX could be explained by taking into account two considerations. First, adipocytes are able to produce and secrete Awd protein (Romani et al., 2016). Proteins addressed to secretion have to traffic to several different intracellular compartments identified by specific proteins (Barlowe and Miller, 2013). Second, it is worth noting that Shi function requires Awd activity (Krishnan et al., 2001; Dammai et al., 2003). Therefore, we would not expect that all the Awd intracellular pool will localize in membrane compartments destined for secretion.

Intriguingly, alteration of both intracellular and extracellular NME1/2 levels were shown to have implication in cancer progression (Romani et al., 2018). To date, very little is known about the mechanisms regulating NME1/2 presence in the extracellular environment. The comprehension of the mechanism controlling the balance of Awd inside and outside the cell will be relevant to understand NME1/2 functions in physiological and pathological conditions.

MATERIALS AND METHODS

Fly Strains

All stocks were maintained and crossed at 25°C. For details of genotypes and mosaic techniques see the Supplementary Data.

Immunostaining

Fat bodies were dissected from 3rd instar larvae in Phosphate Buffered Saline (PBS) and then immediately fixed for 20 min in 4% formaldehyde in PBS at room temperature. For additional information on staining procedure see Supplementary Data. Fluorescent images were obtained with TCS SL Leica confocal system.
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