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Abstract

Wingless acts as a morphogen in Drosophila wing discs, where it specifies cell fates and controls 

growth several cell diameters away from its site of expression. Thus, despite being acylated and 

membrane-associated, Wingless spreads in the extracellular space. Recent studies have focussed 

on identifying the route that Wingless follows in the secretory pathway and determining how it is 

packaged for release. We have found that, in medium conditioned by Wingless-expressing 

Drosophila S2 cells, Wingless is present on exosome-like vesicles and that this fraction activates 

signal transduction. Proteomic analysis shows that Wingless-containing exosome-like structures 

contain many Drosophila proteins that are homologous to mammalian exosome proteins. In 

addition, Evi, a multipass transmembrane protein, is also present on exosome-like vesicles. Using 

these exosome markers and a cell-based RNAi assay, we found that the small GTPase Rab11 

contributes significantly to exosome production. This finding allows us to conclude from in vivo 

Rab11 knockdown experiments, that exosomes are unlikely to contribute to Wingless secretion 

and gradient formation in wing discs. Consistent with this conclusion, extracellularly tagged Evi 

expressed from a BAC is not released from imaginal disc Wingless-expressing cells. Nevertheless, 

Evi is present in larval haemolymph, suggesting that exosomes are normally produced in vivo.
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INTRODUCTION

Intercellular communication is essential for embryonic development and adult homeostasis. 

Signalling proteins, such as Wnts, spread within tissues to coordinate cell growth, 
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differentiation and survival (1). Wnt proteins are lipid-modified causing them to be tightly 

associated with cellular membranes (2, 3). Yet Wnts can be released from producing cells 

and act at a distance of up to 20 cell diameters from their site of expression (4). It is likely 

that, as Wnts progress through the secretory pathway they could be packaged in such a way 

that allows subsequent spread within the extracellular space. Therefore, substantial effort has 

been devoted to determining the secretory route taken by Wnts. This has led to the 

identification of several proteins that are specifically required for Wnt secretion (5). One 

example is the multipass transmembrane protein Evi/Wntless (6-8). However, despite major 

advances in our understanding of Wnt secretion, an outstanding question remains: in what 

form are Wnt proteins packaged for release from producing cells?

Wingless (Wg), the main Drosophila Wnt is expressed in a stripe of cells along the dorsal-

ventral boundary of wing imaginal discs and spreads throughout most of the prospective 

wing pouch where it controls patterning and growth (4, 9-13). Thus wing imaginal discs of 

Drosophila have become a system of choice to study long-range transport of Wnt proteins. 

Several possible mechanisms of packaging and release that are compatible with long-range 

transport of Wnts have been suggested (5). These include the formation of micelles, 

association with lipid-masking chaperone proteins, such as the lipocalin Swim, loading onto 

long filopodia (cytonemes), or packaging onto membrane vesicles or lipoprotein particles 

(14-17). The possibility that Wg could be packaged onto small membranous vesicles was 

suggested in 2001 by Greco et al. These authors showed that membrane tethered GFP could 

spread within imaginal discs. Since membrane-tethered GFP expressed in Wg secreting cells 

was found to colocalise with Wg in receiving cells, these authors argued that membranous 

vesicles, which they named argosomes, could act as transport vehicles for Wg. Although no 

detail was given on the biogenesis of such vesicles, it was suggested that they must be 

surrounded by a bilayer because they were marked by GFP targeted to either leaflet of the 

plasma membrane (15). Subsequent work by the same group suggested that Wg could 

instead be transported on lipoprotein particles. They reported that Wg is present on 

lipoprotein particles (LPPs) purified from larvae or imaginal discs. Moreover, knocking 

down lipophorin, a key component of lipoprotein particles, led to a reduction of the Wg 

range suggesting a role in transport (16). However, this interpretation is complicated by the 

pleiotropic effects of lipophorin knockdown. Moreover, the activity of LPP-associated Wg 

was not tested and only a fraction of total Wg is found on these structures. Argosomes and 

lipoprotein particles represent distinct structures. The former are surrounded by a bilayer 

while a single layer of phospholipids encloses the latter. In addition, while argosomes are 

generated within imaginal discs cells, LPPs are produced in the fat body and transported 

systemically to imaginal discs via the haemolymph (18). The relative contributions of these 

two classes of structures to Wg transport remains to be determined. In this study, we assess 

the possible contribution of exosomes in Wg secretion from cultured Drosophila cells and in 

the wing imaginal disc.

Exosomes comprise one of several classes of membranous vesicles that are released by cells 

(19-21). They are 40-100 nm microvesicles that are produced in multivesicular bodies 

(MVBs), an endocytic compartment, and released into the extracellular space following 

fusion of the MVB’s outer membrane with the plasma membrane (22-24). They have a 
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characteristic density (1.13-1.19 g/ml), a cup-shape morphology and sediment at 100,000 g 

(25). They are enriched in cholesterol, sphingomyelin, and ceramide and components of 

membrane microdomains such as Flotillins (26, 27). Tetraspanins such as CD63 are often 

used as exosome markers in mammalian cells, although exosomes do not necessarily contain 

CD63. Exosomes also contain proteins involved in signalling, trafficking, and membrane 

fusion (28, 29). Although they are produced by a variety of cell types and are found in body 

fluids such as blood and urine, the functional relevance of exosomes is poorly understood. 

Exosomes were first demonstrated to be released from reticulocytes (22, 24) and 

subsequently the majority of exosome studies have been in the fields of blood cells and 

immunology as they play an important role in antigen presentation and the spread of 

infectious agents (30, 31). They are also thought to be relevant to cancer because they can 

carry signalling components (32).

In this paper, we test whether Wg is present on exosomes. Several observations are 

consistent with this possibility. First, immuno-EM revealed the presence of Wg on 100 nm 

vesicles located in the extracellular space in Drosophila embryos (33, 34). Second, Wg was 

found to associate with lipid microdomains, which are commonly found in exosomes (27, 

35). Third, Wg cofractionates with Flotillin-2 (Flo2), a common exosome protein, and loss 

of Flo2 decreases the range of the Wg gradient (36, 37). Finally, recent studies have shown 

that Wg and Evi cross the neuromuscular junction in an exosome-dependent mechanism (38, 

39). We found that Wg and Evi are present in an exosome fraction obtained from culture 

medium. We then used mass spectrometry (MS) to identify Drosophila exosome markers 

and developed a cell-based RNAi assay to test the potential role of candidate proteins in 

exosome production and found Rab11 to be a regulator of this process. However, subsequent 

analysis showed that Rab11 is not required for Wg secretion and that Evi is not released 

from Wg expressing cells in wing imaginal discs. It appears therefore that exosomes do not 

play a role in Wg packaging and release in this tissue.

RESULTS

Wingless and Wnt3A are secreted on exosome-like vesicles

To test if Wg is secreted on exosomes, we obtained conditioned medium (CM) from S2 cells 

stably expressing Wg (S2 tub-Wg cells) as well as untransfected S2 cells (as controls) and 

performed differential centrifugation. The CM was first spun at low speed to remove cell 

debris and any large vesicles (the pellet will be referred to as the P10). The resulting 

supernatant (the S10) was then spun at 100,000 g to pellet exosome-like vesicles (25). This 

pellet will be referred to as the P100 and the supernatant as the S100. Western blot analysis 

revealed the presence of Wg in the P100 obtained from S2 tub-Wg cells, but not from S2 

cells (Fig. 1A). The amount of secreted Wg that sediments at 100,000 g (the P100) was 

compared to the total amount present in the S10 and S100 supernatants. This analysis 

suggested that approximately 12% of Wg from the S10 (i.e. secreted) is present in the P100 

(Fig. 1B). To determine which fractions are capable of activating signal transduction, the 

S10, the S100, and the resuspended P100 pellets from S2 and S2 tub-Wg cells were added to 

S2R+ cells transfected with a luciferase reporter of Wg signalling activity (see methods). 

Luciferase activity was measured 24 hrs after treatment. Several conclusions can be drawn 
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from this experiment. First, approximately 23% of signalling activity present in the S10 is 

found in the P100 pellet. Second, the majority of signalling activity originally detected in the 

S10 sample is still present in the S100 sample indicating that non-exosomal associated pools 

of Wg that can activate signalling are present in this sample. Third, the concentrated P100 

pellet (x45) from S2 tub-Wg cells could robustly activate Wg signalling (Fig. 1C). These 

data indicate that Wg is present in the P100 pellet purified from S2 tub-Wg CM and that this 

Wg-containing fraction is capable of activating signal transduction.

The P100 pellet likely contains, in addition to exosomes, a variety of vesicles and cell debris 

that sediment at 100,000 g. We therefore further fractionated the P100 pellet by continuous 

sucrose density gradient centrifugation and analysed the various fractions by Western blot. 

Wg was found to be present in fractions of densities between 1.14 and 1.192 g/ml (Fig.1D), 

where exosomes are normally found (25). The Wg antibody that is available is not 

compatible with immuno-EM so we used S2 HA-Wg cells for this analysis. The P100 pellet 

obtained from these cells was fractionated by continuous density gradient centrifugation and 

the HA-Wg-containing fractions identified by Western blot analysis (data not shown). These 

fractions were analysed by immuno-EM and found to contain many cup-shaped vesicles 

with a mean diameter of 114 nm. 35% of these vesicles were labelled with anti-HA with 1-2 

gold particles per vesicle (Fig. 1E). Taken together, these data show that Wg can be secreted 

on vesicles that have the same size, morphology and density as exosomes.

Next, we tested whether a Wnt produced by mammalian cells is present in fractions that 

sediment like exosomes. We obtained CM from L cells stably transfected with Wnt3A (L-

Wnt3A cells) and performed differential centrifugation to sediment exosome-like vesicles at 

100,000 g. A small, but reproducible amount of Wnt3A was found in the P100 pellet, as 

detected by Western blot (Fig. 2A). This is in contrast with an earlier report that Wnt3A is 

not present in such a pellet (40). The reason for the discrepancy is unknown as similar 

differential centrifugation methods and cell lines were used. However, our result was further 

confirmed by subsequent fractionation of the P100 pellet on a continuous sucrose density 

gradient and Western blot analysis. While Wnt3A is present over a broader range of 

densities than Wg (1.151 – 1.228 g/ml for Wnt3A compared to 1.14 – 1.192 g/ml for Wg), 

the highest levels of Wnt3A were found in the 1.170 g/ml fraction (Fig. 2B), which is 

consistent with exosome association. The P100 pellet was then analysed by Western blot to 

assess the presence of known mammalian exosome proteins. The ESCRT protein Tsg101 

was not found in the pellet even though it was detected in L-Wnt3A cell lysates (41). 

However, Flo2, a protein required for the formation of lipid microdomains and commonly 

found in exosomes, was detected in the P100 pellet (Fig. 2A) (27). Furthermore Flo2 was 

detected in fractions of density 1.151 – 1.228 g/ml with the highest levels observed in the 

1.170 g/ml fraction where Wnt3A is present (Fig. 2B). We therefore conclude that both 

Drosophila Wg and mammalian Wnt3A can be secreted on exosome-like vesicles in cell 

culture.

Mass spectrometry to identify Drosophila exosome proteins

To begin identifying Drosophila exosome proteins, we performed MS on fractions 2-9 

(corresponding to the following densities: fraction 2 = 1.098 g/ml, fraction 3 = 1.113 g/ml, 
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fraction 4 = 1.132 g/ml, fraction 5 = 1.152 g/ml, fraction 6 = 1.172 g/ml for S2 cells, 1.170 

g/ml for S2 tub-Wg cells, fraction 7 = 1.193 g/ml, fraction 8 = 1.214 g/ml and fraction 9 = 

1.227 g/ml for S2 cells, 1.230 g/ml for S2 tub-Wg cells) obtained from the P100 pellets from 

S2 and S2 tub-Wg CM. Approximately 200-600 proteins were identified in each fraction. 

This analysis confirmed that Wg is present in fractions 4-8 obtained from the S2 tub-Wg 

cells (data not shown).

For ease of subsequent analysis we focused on three fractions: Fraction 5 (1.152 g/ml; 

referred to as the ‘exosome fraction’), fraction 2 (1.098 g/ml; ‘light non-exosome control’), 

and fraction 9 (1.227 or 1.230 g/ml; ‘heavy non-exosome control’). These were obtained 

from media conditioned by either S2 or S2 tub-Wg cells. To ask whether fraction 5 is likely 

to be enriched in ‘exosome proteins’, we assessed whether it contains Drosophila homologs 

of known mammalian exosome proteins. A list of 143 human exosome proteins was 

obtained from ExoCarta (29), and BLAST was used to identify the closest Drosophila 

homologs. In some cases, no clear Drosophila homolog could be identified. Moreover, in 

large protein families such as the tetraspanins it was difficult to assign the direct Drosophila 

homolog for individual proteins, further reducing the number of candidate Drosophila 

exosome proteins. Ultimately, we identified 80 Drosophila proteins that are likely 

homologous to a human exosome protein. We then asked which of these proteins were 

found in fractions 2, 5, and 9. This was first done for fractions derived from untransfected 

S2 cells. 70% of the putative exosome proteins were detected in fraction 5 while 36.5% and 

38.75% were found in fractions 2 and 9 respectively (Fig. 3B, p<0.001 using chi-squared 

test). 23.75% were specific to fraction 5. Among the fractions obtained from S2 tub-Wg 

cells, fraction 5 contained 72.5% of putative exosome proteins while fractions 2 and 9 

contained 50% and 32.5% respectively (Fig. 3C, p<0.001 using chi-squared test). 21.25% 

were specific to fraction 5. From this analysis we conclude that exosome-like vesicles 

purified from S2 are enriched in proteins that are homologous to proteins previously 

identified in mammalian exosomes.

We next attempted to identify proteins that are specifically located in the ‘exosome fraction’ 

without relying on existing knowledge from mammalian systems. To focus on the most 

significant hits, we decided to exclude all the proteins identified only by a single peptide 

during the mass spec. Among the remaining proteins, those that were found in all fractions 

were removed. This left 156 proteins that were specifically present in fraction 5 from S2 

cells and 181 proteins in fraction 5 from S2 tub-Wg cells (Fig. 3A). 77 of these proteins are 

common to both groups and therefore represent core exosome proteins produced by S2 cells 

(Supplemental Table 1). Among these, many are homologs of mammalian exosome 

proteins, including proteins involved in trafficking, MVB formation, signalling, the 

cytoskeleton and metabolism. We also identified a large number of ribosomal proteins in our 

analysis, but these are commonly found in proteomic analysis of exosomes (42). The above 

analysis also led us to identify 104 proteins, including Wg itself, that were specific to 

fraction 5 from S2 tub-Wg cells (not present in fraction 5 from untransfected S2 cells) 

(Supplemental Table 2).

As suggested above, MS analysis allowed us to draw up a list of potential Drosophila 

exosome proteins. These proteins for which antibodies are available were validated by 
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Western blot analysis of P100 pellets obtained from S2 tub-Wg cells. For example, mass 

spec analysis showed that the membrane trafficking proteins Syntaxin 1A (Syx1A), Cysteine 

string protein (Csp) and Rab35 were present in fraction 5 from S2 tub-Wg cells. The same 

proteins were also detected by Western blot of the P100 pellet. In particular, Syx1A 

appeared to be enriched in the P100 pellet relative to its amount in cell lysates (Fig. 3D). 

Using the same antibodies, we also performed Western blot analysis of the various fractions 

following density gradient centrifugation of the P100 pellet. All three proteins were found in 

fractions that overlap with those where Wg was present (Fig. 3E). A similar analysis was 

performed for ESCRT proteins, which are known to be involved in MVB biogenesis and are 

commonly found in mammalian exosomes (29, 43). Several ESCRT proteins, including Hrs 

(Hepatocyte growth factor regulated tyrosine kinase substrate) and Vps28, were found by 

MS to be present in fraction 5 from S2 tub-Wg cells. Both proteins were found by Western 

blot to be present in the P100 pellet from S2 tub-Wg cells (Fig. 3D). We next asked whether 

Wg colocalises with ESCRT proteins in MVBs of secreting cells, as predicted from our data. 

To test this we cotransfected S2R+ cells with plasmids expressing Wg and a Citrine:Hrs 

fusion protein and analysed these cells using confocal microscopy. Colocalisation of the two 

proteins was often seen (Fig. 3F) suggesting that some Wg protein traffics through Hrs-

positive MVBs within secreting cells consistent with subsequent export in exosome-like 

vesicles.

Tetraspanins, which constitute a major class of proteins commonly found in mammalian 

exosomes, were conspicuously absent from the list of proteins detected in exosome-like 

vesicles from S2 cells. Tetraspanin family members, specifically CD63, are commonly used 

as markers of mammalian exosomes (44). There are 43 predicted tetraspanins encoded by 

the Drosophila genome, but only two were detected by MS in fraction 5 from S2 tub-Wg 

cells (Tsp42Ee and Tsp42Ef). The only tetraspanin against which we could obtain an 

antibody was Late bloomer (Lbm, also known as Tsp42Em). Western blot analysis with this 

antibody showed that this protein is not present in the P100 pellet from S2 cells (Fig. 3D). 

Overall, MS allowed us to identify many exosome proteins from Drosophila. Many but not 

all, are homologous to previously identified mammalian exosome proteins. Some of them 

could be used as markers of exosomes for future functional analysis of exosomes.

Evi is secreted on exosome-like vesicles

Evi is a multipass transmembrane protein required for Wg secretion (6-8). It has been 

suggested to chaperone Wg from the Golgi to the plasma membrane (45). Surprisingly for a 

multipass transmembrane protein, Evi has been shown to move across the larval 

neuromuscular junction in Drosophila and to be secreted into the medium by S2 cells (38, 

39). These observations led to the suggestion that Evi may be secreted on exosomes. No Evi 

peptide was detected upon MS analyses of ‘exosome fractions’ from S2 or S2 tub-Wg cells. 

However, this is likely due to technical difficulties associated with detecting peptides from 

this particular protein since Evi was readily detected by Western blot in the P100 pellets 

produced from both cell types (Fig. 4A). The P100 pellet contained similar amounts of Evi, 

irrespective of whether Wg was expressed, indicating that the loading of Evi on exosomes is 

independent of Wg. Although S2 cells do not express Wg endogenously, they do express 

one other Wnt (Wnt5) (www.flyrnai.org). We cannot exclude the possibility that Wnt5 could 
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contribute to Evi secretion. However, since exogenous Wg expression (as in S2 tub-Wg 

cells) has no impact on the amount of Evi found in the P100 pellet, we suggest that Evi 

secretion is most likely Wnt-independent. To test if Evi secreted by S2 cells is loaded on 

exosomes, the P100 pellet from S2 tub-Wg cells was fractionated by continuous sucrose 

gradient centrifugation. Evi was found in fractions overlapping with those containing Wg, as 

well as in lighter fractions (1.099 – 1.192 g/ml) (Fig. 4B). These data suggest that Evi is 

indeed secreted on exosome-like vesicles by cultured Drosophila cells.

The above results suggest that Evi could play a role in exosome production and/or in the 

loading of Wg on exosomes. Unfortunately, a direct test of this suggestion could not be 

achieved for two reasons. One is that Evi is required for the progression of Wg from the 

Golgi to the plasma membrane (45), precluding assaying any subsequent role in the 

production of Wg-containing exosomes. The second reason is that, although Evi could 

readily be knocked down in S2 cells by RNAi, this was not possible in S2 tub-Wg cells. 

Nevertheless, we were able to ask whether Evi is generally required for exosome production 

in S2 cells. S2 cells were treated with dsRNA against Evi or GFP (as a control) and exosome 

production was assayed by analysing the P100 pellet. Evi RNAi caused robust reduction of 

Evi levels in cell lysates as well as, although to a lesser extent, in the P100 pellet. The levels 

(assayed by Western blots) of Rab35 and Csp, two exosome markers, and of total protein 

(measured by BCA assay) in the P100 pellet were unaffected by Evi RNAi (Fig. 4C-D). We 

conclude that while Evi is present in exosome-like vesicles it does not seem to be required 

for their production.

Known Drosophila exosome proteins are not required for exosome production

Several proteins have been shown to participate in exosome production or release in various 

mammalian cell culture systems and more recently in Drosophila cultured cells (39, 41, 

46-50). However, no individual protein or class of proteins has been shown to be universally 

required for exosome production in all systems (31). We next asked if any of the proteins 

present in Drosophila exosomes was required for exosome production by S2 cells. For these 

experiments, Evi was used as an exosome marker.

We first tested the potential role of ESCRT proteins since they play important roles in the 

formation of MVBs, where exosomes originate (43). As described above, various ESCRT 

proteins were detected by MS in the Drosophila exosome fractions and this was validated by 

Western blot for Hrs and Vps28 (Fig. 3D). We therefore tested whether Hrs or Vps28 are 

required for exosome production in S2 cells. RNAi against Hrs or Vps28 caused a marked 

reduction in the corresponding protein, both in cell lysates and in the P100 pellets (Fig. 5A). 

Moreover, the level of ubiquitinated proteins was increased in the lysate of RNAi-treated 

cells, as expected from reduced trafficking to MVBs and lysosomes (data not shown). 

Therefore, RNAi against these two proteins was effective. Nevertheless, the level of Evi was 

unaffected both in cell lysates and P100 pellets following Hrs or Vps28 RNAi. Additionally 

the levels of Rab35 and total protein were unaltered in the P100 pellets (Fig. 5A and data not 

shown). Similar experiments were performed in S2 tub-Wg cells, although the levels of Hrs 

and Vps28 knockdown observed was not as pronounced in this cell line. (We consistently 

found S2 tub-Wg cells to be partially resistant to RNAi against trafficking proteins but 
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cannot offer an explanation). No effect on Wg or Evi levels in the P100 pellets was observed 

(data not shown). These data suggest that ESCRT proteins are not required for exosome 

production in S2 cells, although we cannot exclude the possibility that very small amounts 

of these proteins could be sufficient.

Another class of proteins that could be required for exosome formation are those involved in 

membrane trafficking such as Rab35, Syx1A and Flo2. We analysed the requirement for 

these proteins in exosome production in S2 and S2 tub-Wg cells. The results for S2 cells are 

shown in Figure 5. Similar but milder effects were observed in S2 tub-Wg cells (data not 

shown), most likely because of the reduced efficacy of RNAi in these cells. We analysed the 

requirement for Rab35 in S2 cells, since this protein was also present in Drosophila 

exosomes (Fig. 3D-E) and has been shown by others to be required to regulate exosome 

secretion in a mammalian oligodendrocyte cell line (50). RNAi against Rab35 in S2 cells 

caused reduction of Rab35 protein levels in cell lysates and in P100 pellets. However, no 

effect on Evi levels in the P100 pellet was observed. Csp and total protein levels in the P100 

pellet were also unchanged (Fig. 5B and data not shown). These data suggest that wild type 

levels of Rab35 are not required for exosome production in S2 cells. Similar experiments 

were performed for Syx1A, which is also present in Drosophila exosomes (Fig. 3D-E), and 

has recently been suggested to play a role in exosome production in Drosophila S2 cells 

(39). Despite causing near complete loss of Syx1A protein in both cell lysates and the P100 

pellet, RNAi against Syx1a had no impact on Rab35 levels in the P100 pellet from S2 cells 

(Fig. 5C). Finally we analysed the role of Flo2 in exosome production. Flotillin proteins are 

known mammalian exosome markers (27) and, as shown above, are present in Wnt3A-

containing exosome-like vesicles from L cells (Fig. 2B). Moreover, Flo2 was found in 

Drosophila exosomes by MS (see above). To overcome the lack of antibody against Flo2, 

we constructed a vector expressing Flo2 carrying a C-terminal HA tag. Treatment of Flo2-

HA expressing S2 cells with dsRNA against Flo2 caused complete loss of Flo2-HA 

indicating that our dsRNA was functional. However, Flo2 RNAi had no effect on Evi or 

Rab35 levels in the P100 pellet (Fig. 5D). Overexpression of Flo2-HA also had no effect on 

Evi levels in the P100 pellet (data not shown). These data suggest that Flo2 levels are not 

important for exosome production in Drosophila S2 cells.

Rab11 is required for exosome production in S2 cells, but not for Wg secretion in wing 
imaginal discs

Rab11 is a small GTPase required for exosome production in mammalian reticulocytes that 

was recently shown to play a similar role in Drosophila S2 cells (49). Knockdown of Rab11 

protein levels or expression of a dominant negative form was shown to reduce the levels of 

Evi secretion in S2 cells and at the larval neuromuscular junction (NMJ) (39). We therefore 

used our RNAi-based assay to test whether Rab11 plays any role in Wg secretion and/or 

exosome production by S2 cells. Treatment of S2 tub-Wg cells with dsRNA against Rab11 

(shown to be effective by immunoblotting cell lysates with anti-Rab11) led to a reduction of 

the levels of Wg and Evi in the P100 pellet without significantly impacting on the levels of 

these proteins in cell lysate. Rab35 was also reduced specifically in the P100. These 

observations suggest that Rab11 could indeed participate in exosome production by S2 cells. 

Total secreted Wg present in the CM harvested from Rab11 RNAi-treated cells appeared 
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unaffected (Fig. 6A-C). This is consistent with the small proportion of total Wg present in 

the P100 pellet and suggests that the other pools of secreted Wg are not affected by Rab11 

RNAi. General secretion, assayed with secreted GFP was also unaffected by Rab11 

knockdown in S2 cells, (data not shown). We conclude that Rab11 knockdown specifically 

reduces the exosome-associated pool of secreted Wg while leaving other pools of Wg 

unaffected.

Our results showed that Rab11 is required for Wg-containing exosome production in S2 

cells. Since Rab11 is also required for Evi and Wg to cross the larval NMJ (39), it is likely 

that exosomes are the carrier of such transfer. We next asked if exosomes are relevant to 

another form of Wg transport, from the D-V boundary of wing imaginal discs to surrounding 

target cells and hence gradient formation in this tissue. We expressed a Rab11 RNAi 

transgene with en-GAL4, which drives expression in the posterior compartment, leaving the 

anterior compartment as a control. To overcome the requirement of Rab11 for long-term cell 

viability, RNAi was expressed for a limited time, using tub-GAL80ts to achieve temporal 

control of expression. Conditions were chosen so that a strong knockdown was achieved 

with minimal cell death (see methods). Under such conditions, the distribution of Wg was 

found to be largely unaffected. The only difference between the posterior (Rab11 

knockdown) and the anterior (control) compartment was a slight accumulation of Wg in 

punctae at the apical region of expressing cells in the former (Fig. 6D-F), which is 

compatible with altered intracellular trafficking. However, analysis of extracellular Wg 

showed that both Wg secretion and gradient formation was unaffected by Rab11 RNAi (Fig. 

6G-H). If we assume that Rab11 RNAi interferes with exosome production in this tissue (as 

it does in S2 cells), these results suggest that exosomes do not play a role in Wg secretion 

and gradient formation in the wing imaginal disc.

Evi, an in vivo exosome marker, is not released by Wg-expressing cells of imaginal discs 
but is present in the haemolymph

Our results with cultured cells suggest that the multipass membrane protein Evi could be 

used as an in vivo marker of exosomes. Indeed, Evi is released by motoneurons at the NMJ 

in structures that could be exosomes (39). We therefore wanted to ask if Evi is secreted by 

other cell types in vivo. One good place to start is the DV boundary of wing imaginal discs 

where Wg is produced and from where it spreads to receiving cells. Do these cells release 

Evi in the extracellular space, as expected from the exosome hypothesis? Since the anti-Evi 

antibody recognises an intracellular epitope, we created transgenic flies expressing 

extracellularly tagged Evi at endogenous levels. To achieve physiological levels of 

expression, which is essential to avoid overexpression artefacts, we started with a BAC 

comprising 80kb of genomic DNA from the evi locus. This was modified by recombineering 

to introduce an OLLAS epitope tag in extracellular loop 4 (Fig. 7A). Glycine linkers were 

used to minimise the impact on protein function. Transgenic flies were obtained and the Evi-

OLLAS BAC transgene was introduced onto a chromosome carrying evi2, a null mutation 

that removes the translational start. As shown in Fig. 7B-C, the Evi-OLLAS BAC rescued 

homozygous evi2 mutants to viability and the rescued flies had normal wings, showing that 

this transgene is fully functional. Next we verified that the distribution of Evi-OLLAS is 

identical to that of the endogenous protein. In wildtype discs, Evi transcripts are produced 
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uniformly but the protein is post-transcriptionaly upregulated at the DV boundary in a Wg-

dependent manner (45). This upregulated Evi forms apical punctae that colocalise with Wg 

(Fig. 7D-F). Upregulation and colocalisation with Wg within Wg-expressing cells was also 

observed in discs that had the Evi-OLLAS BAC as the only source of Evi either with the 

same anti-Evi antibody (Fig. 7G-I) or with anti-OLLAS (Fig. 7J-M). These data indicate that 

Evi-OLLAS reproduces the endogenous expression and subcellular localisation of wildtype 

Evi. Next, we assessed the distribution of extracellular Evi-OLLAS using a detergent-free 

protocol that specifically highlights extracellular protein. Very low level uniform staining 

was seen throughout the disc except at the surface of Wg expressing cells where staining 

was markedly higher (Fig. 7N). No gradient of OLLAS staining was observed. This 

indicates that Evi-OLLAS is present at the plasma membrane of Wg expressing cells, but 

does not appear to be released with Wg and move across the tissue.

Overall, our data do not support a model whereby Evi moves with Wg on exosomes in the 

wing imaginal disc. However, they do not exclude the possibility that Evi could be secreted 

and released by other cell types. Exosomes have been found in body fluids of mammals, 

including blood. Therefore we tested whether Evi was present in larval haemolymph. We 

obtained haemolymph from wildtype wandering 3rd instar larvae dissected in PBS. The 

resulting fluid was filtered to remove any cells or debris over 200nm in diameter and the 

filtered material was analysed by Western blot. Low levels of Evi were reproducibly 

detected (Fig. 7O lane 1). We have not yet determined the source of Evi found in the 

haemolymph, but found that tagged Evi expressed from a transgene in the fat body (with cg-

GAL4) accumulates in the haemolymph (Fig. 7O lane 2). These data are consistent with the 

hypothesis that Evi could be secreted on exosomes into the larval haemolymph.

DISCUSSION

In this paper, we have shown that Drosophila S2 cells secrete Wg on vesicles. Analysis of 

the density, size and morphology of these vesicles leads us to propose that they most likely 

represent endosome-derived exosomes. Proteomic analysis of the corresponding fractions 

showed that they contain many homologs of proteins found in mammalian exosomes. These 

include proteins involved in trafficking, cell adhesion, the cytoskeleton and metabolism, as 

well as in other cellular processes. Moreover, we have found that a mammalian Wnt, 

Wnt3A, is also secreted on vesicles of densities similar to those of exosomes. Additionally, 

we have developed a cell-based RNAi assay that will enable testing the requirements of 

various proteins in exosome production. Using this assay, we have shown that Evi, Hrs, 

Vps28, Rab35, Syx1A and Flo2 do not appear to be required for exosome production in S2 

cells. However, we have found that Rab11 does participate in the production of exosomes 

containing Wg and Evi in cell culture. We next tested the potential requirement for 

exosomes in Wg gradient formation in the wing imaginal disc and found no supporting 

evidence.

Among the several pieces of evidence that Wg is loaded on exosomes is the presence of Wg 

in the 1.14 – 1.192 g/ml fraction obtained from conditioned medium. Our results differs 

from a report that Wg sediments at 1.19 – 1.28 g/ml (51) -- we have no explanation for the 

discrepancy – but are consistent with those of Budnik (39). Altogether, there is strong 
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support for the notion that a subset of secreted Wg is indeed on exosomes and that this 

fraction is competent to trigger signalling. Since only 12% of secreted Wg is found in the 

P100 pellet, it is likely that additional pools of secreted Wg exist. Indeed, in larval extracts, 

Wg has been shown to associate with LPPs produced in the fat body (16). In culture, it is 

likely that Wg associates with the LPPs that are present in the serum supplementing culture 

medium. This is probably functionally significant since Wg secretion is reduced in the 

absence of serum (K.B. and J.P.V., unpublished observations) and, conversely, serum 

stabilises purified mammalian Wnt3A (52). However, since LPPs do not sediment at 

100,000 g, they are unlikely to contribute to our exosome-like fraction. Most likely, the two 

fractions coexist in conditioned medium. In addition, Wg could be released in association 

with the lipocalin encoded by swim, which would shield the lipid moiety on Wg (17). We 

tested whether manipulating the levels of Swim in S2 tub-Wg cells using RNAi and 

overexpression would affect the proportion of Wg present in the P100 pellet, but found it to 

be unaffected (data not shown). The relative abundance and activities of the different pools 

of secreted Wg remain to be investigated.

What are the trafficking steps that target Wg to exosomes? By definition exosomes are of 

endocytic origin since they are produced in MVBs (23). Our MS and western blot analyses 

are consistent with this since they show that proteins involved in endocytosis and MVB 

formation are present in Drosophila exosomes. We suggest that upon reaching the plasma 

membrane from the secretory pathway, Wg could be endocytosed and trafficked to 

specialised MVBs where it would be packaged into exosomes. This hypothesis is supported 

by our data showing that Wg colocalises with Citrine:Hrs in secreting cells. One possibility 

is that trafficking of Wg from the plasma membrane to MVBs is mediated by Evi. This is 

consistent with the documented interaction between these proteins (53) and with our finding 

that Evi is constitutively secreted on exosomes. Since Evi is known to undergo retrograde 

transport to the Golgi (45, 54-57), one would have to invoke that only Wg-associated Evi 

would be targeted to MVBs while Wg-free Evi would return to the Golgi. A second model is 

that Evi and Wg are independently directed to exosomes. This could occur for example as a 

result of association with lipid micromains, which could act as a way station for subsequent 

trafficking to MVBs and packaging into exosomes. Wg is known to associate with lipid 

microdomains and with microdomain-resident proteins such as Flo2 and the glypicans Dally 

and Dally-like (35, 36, 58, 59). Moreover, in mammalian systems, microdomain-associated 

proteins such as GPI-anchored proteins and Flotillins are found in exosomes (27). Further 

genetic and cell biological analyses will be needed to distinguish between these two models.

Another question raised by our results is whether loading onto exosomes is essential for Wg 

function. In order to address this question, it is necessary to develop means of inhibiting 

exosome formation reliably and specifically. While several proteins have been shown to 

play a role in various cell culture systems, no common regulator of exosome formation has 

been identified so far (31). ESCRT proteins are required for MVB formation and therefore 

are likely candidates. We tested the requirement of two ESCRT components, Hrs and 

Vps28, in our cell-based RNAi assay and found no role in exosome production. One cannot 

exclude the possibility that this is because these proteins are required in very small amounts. 

Alternatively exosomes could form in an ESCRT-independent manner, as shown previously 
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in some cell types (27). To overcome the limitations of RNAi, we turned to generating 

clones of homozygous mutant cells in the larval wing imaginal disc. Unfortunately, long 

term ESCRT deficiency leads to extensive apoptosis (data not shown), preventing 

phenotypic analysis. We have therefore sought to identify less pleiotropic factors from our 

list of MS hits. Rab35 was a good candidate since it is required for exosome production in 

an oligodendrocyte cell line (50). However our cell-based RNAi assay showed no 

requirement for Rab35 in exosome production in Drosophila S2 cells. Likewise we found no 

role for Syx1A or Flo2 in exosome production in our cell culture assay. However, we did 

confirm that Rab11 plays an important role in exosome production in S2 cells. Rab11 has 

previously been shown to be required for exosome release in reticulocytes, possibly by 

regulating the fusion of MVBs with the plasma membrane in a Ca2+-dependent manner (49). 

Although more components of exosome biosynthesis need to be identified, the role of Rab11 

provides a first tool to assess the role that exosomes play in releasing Wg from expressing 

cells in vivo. This approach has recently been used to show that exosomes could mediate the 

transfer of Wg and Evi across the NMJ (39). We have similarly assessed the role of 

exosomes in Wnt transport along epithelia.

The first indication that exosomes could contribute to Wg gradient formation came from a 

report that Wg spreads on membrane-bound vesicles, which the authors called argosomes 

(15). Whether these vesicles were exosomes was debatable at the time: they had the right 

topology but did not colocalise with transgenically expressed human CD63, a potential but 

unvalidated exosome marker. Wg was subsequently shown to associate with LPPs (16) and 

interest in exosomes as potential carriers of Wg faded. Our results with cultured cells 

warrant reviving this hypothesis. Since Rab11 is required for exosome formation in cell 

culture, Rab11 was knocked down in imaginal discs and the effect on the Wg gradient was 

assessed. The intracellular distribution of Wg was subtly affected in expressing cells but no 

effect on secretion levels or the extracellular gradient could be detected. These observations 

suggest that Rab11 and by inference exosomes (with the caveat that we cannot yet assess 

exosome formation in the intact epithelium) are not required for Wg gradient formation. As 

a further test, we analysed the in vivo distribution of Evi, which we showed to be an 

excellent exosome marker in cell culture. To ask if Evi is released in the extracellular space 

by Wg-expression cells, as expected from the exosome hypothesis, we devised a transgene 

expressing extracellularly tagged Evi at endogenous level (Evi-OLLAS BAC). Analysis of 

transgenic imaginal discs gave no indication of release from Wg-expressing cells. On 

balance, our results suggest (though do not prove) that exosomes are not required for the 

spread of Wg at the surface of imaginal discs. However, they leave open the possibility that 

exosomes could contribute to other physiological functions. In light of the presence of 

exosomes in many mammalian body fluids, including blood (60, 61), it is intriguing that Evi 

can be detected in the larval haemolymph. It is conceivable that exosomes carry a Wnt or 

another lipidated ligand into the haemolymph. These observations highlight the need and 

potential to uncover the physiological significance of exosomes in a genetically defined, 

intact organism.
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MATERIALS AND METHODS

Cell culture

Drosophila S2, S2R+ (Drosophila Genomics Resource Centre, DGRC), S2 tub-Wg (kindly 

provided by R. Nusse) and S2 HA-Wg cells (62) were cultured at 25°C in Schneider’s 

medium + L-Glutamine (Sigma) containing 10% (v/v) Fetal Bovine Serum (FBS; 

Invitrogen) and 0.1 mg/ml Pen/Strep (Invitrogen). Mouse L and L-Wnt3A cells (ATCC) 

were cultured at 37°C and 5% CO2 in DMEM + Glutamax (Invitrogen) containing 10% 

(v/v) FBS and 0.8 mg/ml G418 (Sigma) for the L-Wnt3A cells. Cell lysates were produced 

using Triton Extraction Buffer (TEB): 50 mM Tris pH7.5, 150 mM NaCl, 1 mM EDTA, 1% 

Triton-X100. Cells were incubated in TEB for 10 min on ice then spun at 14,000 rpm for 10 

min at 4°C to remove remaining cell debris. Total protein levels were measured using a 

BCA assay (Sigma) against BSA protein standards.

Exosome purification

To collect exosomes cells were incubated in exosome-free medium. This was prepared using 

Schneider’s or DMEM containing 20% (v/v) FBS spun overnight at 100,000 g at 4°C in a 

Beckman Coulter L8-70M ultracentrifuge using a SW32Ti rotor to remove any 

microvesicles from the FBS.

The resulting supernatant was diluted in Schneider’s/DMEM to get a final concentration of 

10% (v/v) FBS plus 0.1 mg/ml Pen/Strep was added to the Schneider’s medium prior to 

filtration using 0.2 μm filters (Corning). For large-scale exosome purification, cells were 

plated at 2 × 106 cell/ml in exosome-free medium (100-200ml) and incubated for 72 hours. 

Resuspended cells were spun at 300 g for 5 min to remove the cells and the supernatant spun 

at 2500 g for 5 min to remove dead cells and large cell debris and produce conditioned 

medium (CM). The CM was spun at 10,000 g for 30 min at 4°C in an ultracentrifuge to 

remove cell debris and large microvesicles (P10), then the supernatant (S10) spun at 100,000 

g for 90 min at 4°C. The resulting pellet was resuspended in cold PBS and is referred to as 

the 100,000 g pellet or P100 and contains exosomes.

Exosomes were further purified using a linear sucrose gradient. P100 pellets were 

resuspended in 1.8 ml 2.5 M sucrose/20 mM Hepes pH 7.4, overlaid with 10 ml of a 0.25 M 

to 2 M linear sucrose gradient, and spun at least 15 hours at 35,000 rpm (210,000 g) at 4°C. 

1.8 ml fractions were collected from top to bottom, refraction index of each measured on 10 

μl to indicate the density. They were then diluted in Hepes, and spun at 100,000 g for 1hour. 

Pellets were then used for MS, for EM, or Western blot analysis

ImmunoEM of exosome fractions

Purified exosome fractions were fixed in 2% paraformaldehyde, deposited on Formwar/

carbon-coated electron microscopy grids and immunolabeled with anti-HA antibodies and 

protein A gold conjugates. Samples were post-fixed in 1% glutaraldehyde, contrasted and 

embedded in a mixture of methylcellulose and uranyl acetate as described previously (23). 

Exosomes were observed at 80kV with a CM120 Twin Philipps electron microscope (FEI 

Company) and digital acquisitions were made with a numeric camera (Keen View; Soft 
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Imaging system). Rat anti-HA was from Roche, mouse anti-rat was from Dako and Protein 

A gold conjugates from Cell Microscopy Center, Utrecht, The Netherlands.

Mass spectrometry analysis of sucrose density gradient fractions

Proteins were resuspended in 50 mM ammonium bicarbonate, reduced in 0.5 mM tris(2-

carboxyethyl)phosphine (Pierce) for 20 min at 37°C and alkylated in 50 mM iodoacetamide 

for 20 min at 37°C. Excess iodoacetamide was neutralized with 50 mM DTT. Proteins were 

digested in 50 mM ammonium bicarbonate with immobilized TPCK-treated trypsin 

overnight at 37°C and high agitation speed. The digest mixture was acidified with TFA and 

evaporated to dryness prior to MS analyses. LC-MS/MS analyses were performed on an 

LTQ-Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scientific) coupled to a nano-

flow LC system (Eksigent). Peptides were loaded on a C18 trap column prior to separation 

on a 150 μm ID × 10 cm nano-LC column (Jupiter C18, 3 μm, 300 Å, Phenomex). Peptides 

were separated on the analytical column using a linear gradient of 5-40% acetonitrile (0.2% 

formic acid) in 53 min with a flow rate of 600 nL/min. The mass spectrometer operated in 

data-dependent mode where a survey scan is initiated in full scan at high mass accuracy in 

the Orbitrap followed by tandem MS in the linear ion trap for the three most abundant 

precursor ions. The conventional MS spectra (survey scan) were acquired in the Orbitrap at 

a resolution of 60 000 for m/z 400. Mass calibration used a lock mass from ambient air 

[protonated (Si(CH3)2O))6; m/z 445.12057], and provided mass accuracy within 15 ppm for 

precursor ion mass measurements. A dynamic exclusion window was applied to prevent 

MS/MS analysis of previous selected ions 60 s after its acquisition. Only multiply charged 

ions with an intensity above 10,000 counts were selected for MS/MS sequencing.

Database Searching with Mass Spectrometry Data

Data were analyzed with Xcalibur (version 2.0.7 SR1) software, and peak lists were 

generated using Mascot distiller software (version 2.3.2.0, Matrix Science) and 

LCQ_plus_zoom script. Database searches were performed against an Uniprot Drosophila 

melanogaster (Dmel) containing 58904 entries (version 3.54, released November 2006) 

using Mascot (version 2.2.0, Matrix Science). Parent ion and fragment ion mass tolerances 

were set at 15 ppm and 0.5 Da, respectively. One missed cleavage was allowed for trypsin 

digestion and phosphorylation (STY), oxidation (Met), deamidation (NQ), and 

carbamidomethylation (Cys) were selected as variable modifications. All protein 

identifications and IPI entry numbers were reported for peptide sequences matching more 

than one protein entry. A Mascot search against a concatenated target/decoy database 

consisting of a combined forward and reverse version of the Dmel database was performed 

to establish a cutoff score threshold for a false-positive rate of less than 2% (p < 0.02).

RNAi experiments

dsRNA was produced in vitro using T7-tagged primers to amplify 200-500 bp sequences 

from the relevant cDNAs. The primers used were:

T7-eGFP-F:

TAATACGACTCACTATAGGGACCCTCGTGACCA
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CCCTGAC

T7-eGFP-R:

TAATACGACTCACTATAGGGGGACCATGTGATC

GCGCTTC

T7-evi-F:

TAATACGACTCACTATAGGGGGACACACCGAG

CCAAATGAACC

T7-evi-R:

TAATACGACTCACTATAGGGCGGCGAAGACCA

GCCAGAAA

T7-rab35-F:

TAATACGACTCACTATAGGGGCGCGTAGTTTGT

AGGGTTC

T7-rab35-R:

TAATACGACTCACTATAGGGTTGTTGTCTCTAGT

GGGTGTGAG

T7-hrs-F:

TAATACGACTCACTATAGGGCAGCAGATCATGC

CCCTG

T7-hrs-R:

TAATACGACTCACTATAGGGGGCGCAGCTGCA

TCTC

T7-vps28-F:

TAATACGACTCACTATAGGGGCCGATCTATACG

CAATCA

T7-vps28-R:

TAATACGACTCACTATAGGGAGGAACTGGCGG

ACCTG

T7-syx1a-F:

TAATACGACTCACTATAGGGCGCGGATCCCATC

CTGTCCGCCCCACAAA

T7-syx1a-R:

TAATACGACTCACTATAGGGCGCTCTAGAGCCC

TCCTCCAGCATCTTCTCC

T7-flo2-F:

TAATACGACTCACTATAGGGCGTGAGGCGGAG

TGCCGAAAAG

T7-flo2-R:

TAATACGACTCACTATAGGGCAAGGGTCTGGA

GGCGGAAGG

T7-rab11-F:

TAATACGACTCACTATAGGGGATGGCAAAACAA

TTAAAGCGCAAA

T7-rab11-R:
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TAATACGACTCACTATAGGGGTTGAGTCGAGG

GCCGAGGT

PCR products were used to make dsRNA using the T7 Megscript kit (Ambion) and this was 

purified using the RNeasy mini kit (Qiagen). S2 or S2 tub-Wg cells were plated in 6 well 

plates at 1×106 cell/ml in 3 ml of exosome-free medium and 15μg of dsRNA was added by 

bathing or 2 μg of dsRNA was transfected using Effectene (Qiagen). After 48 hours the 

exosome-free medium was replaced and the cells were incubated for a further 72 hours. The 

cells were then counted prior to being spun at 300 g for 5 min to pellet the cells. The cells 

were lysed as described above. The supernatant was spun at 2500 g for 5 min to make CM. 

The CM was diluted 1:10 in exosome-free medium and spun at 10,000 g for 30 min at 4°C 

in the ultracentrifuge. The resulting supernatant was spun at 100,000 g for 90 min at 4°C and 

the pellet resuspended in 0.2 ml cold PBS (P100). The total protein in the cell lysate and 

P100 pellet was quantified using a BCA assay (Sigma) against BSA protein standards.

Cloning

The Ub-Citrine:Hrs plasmid was made by cloning the citrine cDNA with no stop codon 

directly upstream of and in frame with the full length hrs cDNA minus a stop codon (kindly 

provided by H. Bellen). This was subcloned first into an appropriate cloning vector for a 

stop codon to be introduced using a ds-oligo. This citrine:hrs cDNA containing a stop codon 

was then subcloned into pCasper containing the ubiquitin promoter (pCaspUb) using EcoRI 

and KpnI. The pMT-Flo2-HA plasmid was cloned by amplifying the full length Flo2 cDNA 

(GH22754 from DGRC) by PCR using a 5′ primer containing an EcoRI site upstream of the 

ATG and a 3′ primer containing the sequence for the HA tag preceded by 4 Glycine residues 

just prior to a stop codon followed by a NotI site. This Flo2-HA cDNA was subcloned into 

pMT-V5-His (Invitrogen) using EcoRI and NotI. The pUAS-Evi-V5 plasmid was cloned by 

adding one V5 tag to the full-length evi cDNA (GH01813 from DGRC Gold collection) by 

PCR. The Evi-V5 cDNA was then subcloned into pUAST-attB using EcoRI and XbaI.

BAC recombineering

The Evi-OLLAS BAC was designed using an Evi BAC clone (Ch321_67E05) containing 

80kb around the evi locus. The BAC ORF was electroporated into SW102 bacteria (NCI). 

To introduce the GalK selection cassette into the site of choice, the pGalK vector was 

amplified by PCR using specific primers incorporating sequences from the chosen region for 

insertion in the BAC. The GalK cassette was inserted between amino acids 474(D) and 

475(N) in the fourth extracellular loop of Evi. The GalK fragment containing the evi 

homology arms was then purified and electroporated into competent SW102 BAC 

containing cells. Cells were left to recover in LB for 1 hour at 37°C, washed in M9 salts and 

plated on minimal media + Galactose plates to compete out non-GalK containing bacteria at 

30°C for 4 days. Positive colonies were selected by using McConkey plates and screened 

using GalK containing primers by PCR. To replace the GalK cassette with the OLLAS tag 

(GAGGG linkers either side of OLLAS – SGFANELGPRLMGK), PCR products were 

made containing homology arms flanking the OLLAS sequence and electroporated into 

electrocompetent SW102 BAC-GalK containing cells. Cells were left to recover in LB for 3 

hours at 37°C, washed in M9 salts and plated on minimal media DOG plates to compete out 
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GalK containing bacteria at 30°C for 4 days. Positive colonies containing the selected insert 

instead of the GalK were selected by using McConkey plates and screened using insert 

specific primers. Positive clones containing the BAC and OLLAS insert were prepared and 

electroporated into EPI bacteria (NCI). DNA was then prepared for injection from these 

EPI-BAC containing bacteria using a Pure-Link Maxiprep kit (Invitrogen).

Drosophila genetics

yw was used as a wildtype strain and all flies were kept on standard food at 25°C unless 

otherwise noted. For the Rab11 RNAi experiments, en-GAL4; tub-GAL80ts flies were 

crossed to UAS-rab11-RNAi (VDRC 22198) and the resulting cross kept at 18°C. Rab11 

RNAi expression was induced by switching crosses to 29°C 24 hours prior to dissection. 

Evi2 mutant flies were kindly provided by Michael Boutros. Evi-OLLAS and UAS-Evi-V5 

transgenic flies were made by Rainbow Transgenics. DNAs were injected into fly strains 

containing an attP site at 65B2 on the 3rd chromosome.

Cell stainings

S2R+ cells were plated onto glass coverslips and transfected with Ub-Citrine:Hrs and Ub-

Wg plasmids using Effectene (Qiagen). After 4 days incubation at 25°C the cells were 

washed in PBS (Phosphate Buffered Saline) and fixed for 10 minutes in 4% 

paraformaldehyde in PBS. Cells were washed again, quenched using 50mM NH4CL in PBS 

and permeabilised using 0.1% Triton-X100 in PBS. Cells were blocked using 2% BSA 

(Bovine Serum Albumin) in PBS and incubated in anti-Wg (1:1000; DSHB) in 1% BSA in 

PBS. After incubation with primary antibody the cells were washed in PBS before adding 

anti-mouse Alexa555 (1:500; Invitrogen) in 1% BSA in PBS. Finally cells were washed 

again in PBS and distilled water prior to mounting using Prolong Gold (Invitrogen). Cells 

were imaged using a Leica SP5 confocal microscope.

Disc stainings

For total wing disc stainings, wandering 3rd instar larvae were dissected in PBS and fixed 

for 20 minutes in 4% formaldehyde in PBS. Discs were washed in PBS, permeabilised in 

1% Triton-X100 in PBS and blocked in 4% FCS in PBTx (PBS + 0.5% Triton-X100). 

Samples were incubated in primary antibodies overnight at 4°C in 4% FCS in PBTx, washed 

in PBTx, incubated in secondary antibodies (Alexa-488, Alexa-555 or Cy5 conjugated; 

Invitrogen) in 4% FCS in PBTx for 2 hours at room temperature, washed again and mounted 

in Vectashield (Vectorlabs). Primary antibodies used were anti-Wg (1:1000; DSHB), anti-

Rab11 (1:25; Marcos Gonzalez-Gaitan), anti-Evi (1:1000; Konrad Basler) and anti-OLLAS 

(1:10; Abnova).

For extracellular stainings, larvae were chilled and dissected in ice-cold Schneiders medium 

prior to incubation in primary antibody diluted in Schneiders medium on ice for 2 hours. 

Samples were washed in ice-cold Schneiders medium and PBS and fixed for 40 minutes at 

room temperature in 4% formaldehyde in PBS. Discs were washed in PBS, permeablised 

using PBTx, blocked in 4% FCS in PBTx prior to incubation with secondary antibody 

(Alexa-488 or Alexa-555 conjugated; Invitrogen) diluted in 4% FCS in PBTx. Discs were 

washed again in PBTx prior to being mounted as above. Primary antibodies used were anti-
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Wg (1:300) and anti-OLLAS (1:2). Images were acquired using a Leica SP5 confocal 

microscope.

Haemolymph isolation

For each sample 25 wandering 3rd instar larvae were washed, dried and placed on ice prior. 

20μl of ice-cold PBS was added and the larvae torn open. The resulting haemolymph in PBS 

was filtered using 0.22μm centrifugal filter units (Millipore). 18μl of filtered haemolymph 

was added to 4 × LDS sample buffer (Invitrogen) and boiled at 95°C for 5 min. 50mM DTT 

was added and the samples analysed by Western blot immediately.

Western blots

Cell lysates, S10, S100 or P100 samples were mixed with 4 × LDS sample buffer 

(Invitrogen) and boiled at 95°C for 5 min. 50 mM DTT was added and samples stored at 

−20°C. For analysis of cell lysates, S10 and S100 supernatants and P100 pellets, samples 

were run on 4-12% Bis-Tris NuPage gels with MOPS buffer alongside SeeBlue Plus2 Pre-

Stained Standard molecular weight marker (Invitrogen). Proteins were transferred onto 

nitrocellulose membranes using an iBlot dry transfer machine (Invitrogen) for 10 min at 

20V. Membranes were washed in dH20 prior to staining with Ponceau to assess protein 

loading and transfer and then washed again in dH20 to remove stain. Membranes were 

blocked in 5% dry milk in PBTween (Phosphate Buffered Saline + 0.1% Tween-20) and 

incubated in primary antibodies diluted in 5% milk overnight at 4°C. Membranes were 

washed in PBTween prior to incubation in HRP-conjugated secondary antibodies (anti-

mouse, rabbit or guinea pig 1:5000; Biorad) for 2 hours at room temperature. Membranes 

were washed again in PBTween, developed using ECL (Amersham) and exposed to film. 

Densitometry analysis was performed using Fiji software.

For analysis of fractions from continuous sucrose density gradients, samples were run on 1% 

acrylamide/bisacrymalide (30%/0.2%) gels, blotted on nitrocellulose membranes using 

semi-dry transfer. Membranes were stained with Ponceau red to analyse loading and 

transfer, prior to incubation in 5% dry milk in Western buffer (50 mM TRIS pH7.5; 150 mM 

NaCl; 0.1% Tween20) for 2 hours at room temperature in the presence of primary antibody, 

then 1 hour with HRP-coupled secondary antibody. Membranes were developed using 

Pierce Pico or Dura kit.

Primary antibodies used were: anti-Wingless (1:1000; Developmental Studies Hybridoma 

Bank, DSHB), anti-Wnt3A (1:500; Cell Signaling Technologies), anti-Flotillin2 (1:1000; 

BD Transduction Laboratories), anti-Tsg101 (1:500; Abcam), anti-actin (1:1000; DSHB), 

anti-Evi (1:20,000; kindly provided by K. Basler), anti-GPR177 (1:2500; Lifespan 

Biosciences), anti-Syntaxin1A (1:500; DSHB), anti-Csp (1:1000; DSHB), anti-Rab35 

(1:5000; Arnaud Echard), anti-HrsFL (1:20,000; kindly provided by H. Bellen) and anti-

Vps28 (1:5000; Helmut Kramer). Western blots were quantified using ImageJ software.

Topflash signalling assay

S2R+ cells were plated in 6 well plates and transfected with 0.4 μg of a plasmid containing a 

Wingless-responsive promoter driving Firefly luciferase and a ubiquitous Copia promoter 
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driving Renilla luciferase (made by Cyrille Alexandre). After 24 hours the S2R+ cells were 

counted and 3×105 cells were plated in each well of a 48 well plate and allowed to attach. 

After 3-4 hours the medium was removed and replaced by S10, S100 or P100 samples 

resuspended in exosome-free medium either in the original volume of the S10 sample to be 

at the same dilution or in a smaller volume to be more concentrated (45×). The P100 pellets 

were washed in cold PBS and respun at 100,000 g for 1 hour to remove any contaminating 

S100 sample prior to this. After 24 hours of treatment, the cells were lysed using cold 

passive lysis buffer (Promega), Firefly and Renilla luciferase levels were measured using the 

Dual Luciferase Reporter Assay System (Promega) and the Firefly/Renilla ratio calculated 

to give the Wg signalling activity. Each condition was tested in triplicate and the experiment 

was repeated four times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Wingless is secreted on exosome-like vesicles in S2 cells
A. Equal amounts of total protein from cell lysates (CL) and P100 pellets were analysed by 

western blot. Wg is present in cell lysates and the P100 pellet from S2 tub-Wg cells. B. 

Quantification of Wg levels in S10 and S100 supernatants versus the P100 pellet from S2 

tub-Wg cells shows that approximately 12% of secreted Wg sediments at 100,000 g. C. The 

S10 and S100 supernatants and P100 pellet from S2 tub-Wg cells can activate expression of 

a Wg signalling reporter in S2R+ cells. D. P100 pellet from S2 tub-Wg cells was 

fractionated by continuous sucrose density gradient and equal amounts of the resulting 

fractions analysed by western blot. Wg is present in fractions with densities 1.14 – 1.192 

g/ml, corresponding to exosomes. E. Immuno-EM analysis of fraction 5 (1.1515 g/ml) from 

S2 HA-Wg cells shows cup-shaped vesicles with a mean diameter of 114 nm labelled with 

anti-HA in addition to smaller structures. Scale bar = 200 nm
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Figure 2. Wnt3A is secreted on exosome-like vesicles in L cells
A. Cell lysates (CL) and P100 pellets from L-Wnt3A cells were analysed by Western blot. 

Twice as much P100 protein was loaded compared to CL. Wnt3A and Flo2 are both 

detected in the P100 pellet, while Tsg101 and Actin were only detected in the CL. B. The 

P100 pellet from L-Wnt3A CM was further fractionated by continuous sucrose density 

gradient and the fractions analysed by Western blot. Wnt3A was found at low levels in 

fractions with densities between 1.151 – 1.288 g/ml, but the majority was detected in the 

exosome fraction with a density of 1.170 g/ml. Flo2 was detected in the same fractions and 

levels peaked in the exosome fraction with a density of 1.170 g/ml.
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Figure 3. Analysis and validation of mass spectrometry results
A. Venn diagram showing number of exosome proteins detected (with 2 peptides or more) 

in exosome fraction 5 (1.151 g/ml) from S2 and S2 tub-Wg cells. 77 proteins were found in 

exosome fractions from both cell types. B, C. Graph showing percentage overlap between 

fractions 2, 5 and 9 from S2 (B) and S2 tub-Wg (C) cells and the most common mammalian 

exosome proteins (* p<0.001). D. Equal amount of protein from cell lysates (CL) and P100 

pellets from S2 tub-Wg cells were analysed by western blots. Syx1A, Csp, Rab35, Hrs and 

Vps28 were all present in the P100 pellet, but the tetraspanin Lbm, the ER protein Boca and 

the Golgi marker GMAP were only found in the CL. E. Western blots of continuous sucrose 

density gradients. Syx1A is found in fractions between 1.099 – 1.251 g/ml. Csp and Rab35 

are found in fractions between 1.099 – 1.192 g/ml, showing a narrower distribution than 

Syx1A. The molecular weight of Csp and Rab35 was altered in lighter non-exosome 

fractions with a density between 1.099 – 1.140 g/ml, but the reason for this change is not 

understood. F. S2R+ cells were contransfected with plasmids expressing Wg and 

Citrine:Hrs. Significant colocalisation was observed within Wg secreting cells (white 

arrows).
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Figure 4. Evi is secreted on exosome-like vesicles in S2 cells, but is not required for their 
production
A. Equal amounts of proteins from cell lysates (CL) and P100 pellets from S2 and S2 tub-

Wg cells were analysed by western blot. Similar levels of Evi are detected in the P100 pellet 

from each cell type, although the apparent molecular weight of Evi is slightly higher in the 

P100 samples. B. Western blot analysis of a continuous sucrose density gradient from S2 

tub-Wg cells shows that Evi is present in fractions between 1.099 – 1.192 g/ml. However, in 

lighter non-exosome fractions with densities between 1.099 – 1.410 g/ml Evi appears to 

have a higher molecular weight. We do not understand the reason for this. C, D. S2 cells 

were treated with dsRNA against GFP or evi. Evi levels were reduced upon RNAi treatment 

in both the CL and P100 pellet. Exosome production as measured by Rab35, Csp (D) or total 

protein levels (C) was unaffected.
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Figure 5. ESCRT proteins, Rab35, Syx1A and Flo2 are not required for exosome production in 
S2 cells
S2 cells were treated with dsRNA against hrs or vps28 (A), rab35 (B), syx1a (C) or flo2 (D). 

RNAi against GFP was used as a control. The cell lysates (CL) and P100 pellets produced 

by those cells were analysed by Western blot. A. Hrs and Vps28 RNAi caused reduction in 

respective protein levels in both the CL and P100 pellets. However, no change in Evi or 

Rab35 levels in the P100 pellets were observed. B. Rab35 RNAi caused reduction in Rab35 

levels in both CL and P100 pellets. No change in Evi or Csp levels in the P100 pellet was 

observed. C. Syx1A RNAi caused reduction in Syx1A levels in both CL and P100 pellets. 

No change in Evi or Rab35 levels in the P100 pellet was observed. D. Flo2-HA expressing 

S2 cells were treated with dsRNA against GFP or flo2. Flo2 RNAi caused reduction of Flo2-

HA levels in CL. However, Flo2 RNAi caused no changes in Evi or Rab35 levels in the 

P100 pellet.
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Figure 6. Rab11 is required for exosome production in S2 tub-Wg cells, but plays no role in Wg 
gradient formation in the wing imaginal disc
A-C. S2 tub-Wg cells were treated with dsRNA against GFP or rab11. Rab11 RNAi caused 

a reduction in Rab11 levels in the CL. Reduced levels of Wg (quantified in B), Evi 

(quantified in C) and Rab35 levels in the P100 pellet were observed upon Rab11 RNAi. No 

effect on the levels of secreted Wg in the CM was seen. D-H. Rab11 RNAi was expressed in 

the posterior compartment of wing imaginal discs and caused strong reduction in Rab11 

levels (E), with minimal cell death (data not shown). Total Wg staining showed no changes 

upon Rab11 knockdown except for aberrant punctae of Wg in the most apical regions of the 

expressing cells indicating a defect in intracellular trafficking (D, F). However, no changes 

in extracellular Wg distribution were observed (G, H) indicating that Wg secretion and 

gradient formation occur normally with reduced Rab11 levels.
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Figure 7. Analysis of Evi secretion in vivo
A. Schematic of Evi protein showing site of OLLAS tag in the fourth extracellular loop. B, 

C. Wings from evi2 mutant flies, expressing the Evi-OLLAS BAC showing complete rescue 

of the evi mutant phenotype. D-M. Confocal images of wing imaginal discs from wild type 

(D-F), evi2, evi-OLLAS (G-I) and evi-OLLAS (J-M) larvae stained with antibodies against 

Evi (D, F, G, I), Wg (E, F, H, I, K, L, M) and OLLAS (J, L, M). Apical sections showing the 

Wg expressing cells are shown in panels D-L, while a more basal section of the whole disc 

is shown in panel M. Evi-OLLAS reproduced the endogenous Evi distribution and 

colocalises with Wg within Wg expressing cells (compare panel F to panels I and L). N. 

Extracellular OLLAS staining of wing imaginal disc from Evi-OLLAS larvae shows 

uniform low levels of staining across the pouch with higher levels on the cell surface of the 
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Wg expressing cells. No gradient of extracellular Evi-OLLAS was observed. O. Western 

blot of haemolymph from wild type (lane 1) and cg-GAL4 > UAS-evi-V5 expressing (lane 

2) larvae shows endogenous Evi is secreted into the larval haemolymph.
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