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Introduction

Most cells secrete extracellular vesicles (EVs), which are re-
leased outside of the organism or within internal fluids. When 
EVs are taken up by a distant cell, their content (proteins, 
mRNAs, and microRNAs) can induce a cellular response (Ra-
poso and Stoorvogel, 2013). Over the last decade, EVs have 
been implicated in a growing number of processes, such as 
signal transduction during development, extracellular matrix 
generation, host–pathogen communication, and tumor–stroma 
communication (Raposo and Stoorvogel, 2013).

Different types of EVs have been described, including 
exosomes (50–100 nm diameter), which originate from mul-
tivesicular bodies (MVBs), and microvesicles (50–1,000 nm 
diameter), which directly bud from the plasma membrane. 
MVBs are well-characterized endosomal precursors of the 
lysosomal degradation pathway, which can also fuse with the 
plasma membrane (Klumperman and Raposo, 2014). In this 
case, their intraluminal vesicle (ILV) content is released in the 
extracellular space and they are then called exosomes. Although 
the protein and RNA content of exosomes has been extensively 
characterized (Kalra et al., 2012; Kim et al., 2013), the molec-

ular mechanisms leading to exosome biogenesis and secretion 
are only emerging (Kowal et al., 2014).

Two broad types of mechanisms have been involved in 
exosome biogenesis. The first comprises mechanisms related to 
the endosomal sorting complex required for transport (ESC​RT) 
machinery (Tamai et al., 2010; Baietti et al., 2012; Gross et al., 
2012; Abrami et al., 2013; Colombo et al., 2013; Hoshino et al., 
2013), including the PLD2–syntenin–ALIX axis (Ghossoub et 
al., 2014), whereby four complexes control the inward budding 
of the MVB limiting membrane, leading to ILV formation. The 
second type consists of mechanisms unrelated to the ESC​RT ma-
chinery, such as the ceramide pathway (Trajkovic et al., 2008).

Thus far, eight different RAB GTPases have been linked 
to exosome secretion (RAB-2B, RAB-5A, RAB-7, RAB-9A, 
RAB-11, RAB-27A, RAB-27B, and RAB-35). Among them, 
RAB-27 is the best characterized (Savina et al., 2005; Hsu et 
al., 2010; Ostrowski et al., 2010; Baietti et al., 2012), although 
the precise mechanism of action of these GTPases remains 
elusive (Kowal et al., 2014). In addition, the SNA​RE proteins 
VAMP-7 and YKT-6 are required for exosome release (Fader 
et al., 2009; Gross et al., 2012; Hong and Lev, 2014) and act 
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at a step that remains to be defined. Finally, we found that 
the V0 complex of the H+-vacuolar ATPase promotes exosome 
secretion by epithelial cells in the nematode Caenorhabditis 
elegans independently of its role as a proton pump (Liégeois 
et al., 2006). Indeed, mutations in VHA-5, the largest subunit 
of the V0 complex, induce abnormally enlarged MVBs to ac-
cumulate, suggesting that this complex controls the final steps 
of MVB docking and fusion with the plasma membrane.

Here, we first identify C. elegans RAL-1 as a new regu-
lator of MVB formation and exosome secretion. We show that 
RAL-1 acts independently of its common effector, the exocyst, 
but through the t-SNA​RE SYX-5 at the plasma membrane. 
Furthermore, we demonstrate the conservation of RAL GT-
Pase function in mammals.

Results and discussion

RAL-1 and the exocyst are required for 
alae formation
The C.  elegans cuticle is a highly organized extra-cellular 
matrix mainly composed of cross-linked collagens, insoluble 
glycoproteins, and lipids, which is renewed at the end of each 
larval stage (Page and Johnstone, 2007). Two types of epithelial 
cells located below the cuticle, the Hyp and seam cells, secrete 
cuticular components. We previously showed that exosomes are 
secreted by epidermal Hyp cells and contribute to the formation 
of a specific cuticular structure, the alae (Fig. 1 A; Liégeois et 
al., 2006). The epithelial seam cells located under the alae also 
contribute to alae formation. To identify new genes required for 
exosome secretion, we conducted an RNAi-based screen for 
alae defects. We screened over a thousand genes predicted or 
previously linked to vesicular trafficking in C. elegans (Frand et 
al., 2005; Balklava et al., 2007; Kinchen et al., 2008), as well as 
all kinases and phosphatases for which a RNAi-inducing clone 
was available. We identified 73 genes affecting alae formation 
(Fig. 1 B and Table S1). Although some of them might indi-
rectly affect alae formation (e.g., by impairing seam cell divi-
sion), several others encode homologues of proteins found to 
affect exosome biogenesis in mammalian cultured cells (ESC​
RT components; RAB GTPases RAB-2, RAB-11, RAB-27, and 
RAB-35; Savina et al., 2005; Hsu et al., 2010; Ostrowski et al., 
2010; Colombo et al., 2013).

Interestingly, we found that loss of the GTPase RAL-1, 
which plays key roles in secretion in various models (Kawato 
et al., 2008; Lopez et al., 2008), induces alae defects (Fig. 1 C). 
We confirmed the RNAi results using a previously characterized 
null ral-1 mutant, ral-1(tm5205) (Armenti et al., 2014), which 
displayed severe alae defects in 94% of the animals (Fig. 1 C, 
Fig. S1, and Table S2). To determine whether the GTPase ac-
tivity of RAL-1 is involved in alae formation, we expressed 
constitutively active (CA; G23V) and dominant negative (DN, 
S28N) forms of RAL-1, specifically in epidermal cells. We 
found that both mutants led to alae defects when overexpressed 
in wild-type (WT) animals (Fig. S1 and Table S2). When ex-
pressed at a lower level (1 ng instead of 10 ng), RAL-1(CA), 
but not RAL-1(DN), partially rescued ral-1(tm5205) mutants 
at levels comparable to RAL-1(WT) (Fig. S1 and Table S2). 
The partial rescue is consistent with the observation that YF-
P::RAL-1 could not fully rescue the sterility of ral-1(tm5205) 
mutants (Armenti et al., 2014), which might reflect a require-
ment for a tight regulation of RAL-1 expression. These data 

suggest that RAL-1 functions in alae formation and that its GT-
Pase activity is required.

In addition to RAL-1, we found four members of the exo-
cyst complex in our screen (Fig. 1, B, D, and E; and Table S1). 
The exocyst has been shown to control the secretion of different 
types of vesicles downstream of RAL in many species, includ-
ing C. elegans (Brymora et al., 2001; Moskalenko et al., 2002; 
Sugihara et al., 2002; Armenti et al., 2014). We confirmed the 
screen results, using previously characterized mutants for five 
of the eight exocyst subunits: sec-3, sec-5, sec-8, exoc-7, and 
exoc-8 (Jiu et al., 2012; Armenti et al., 2014). Indeed, all of 
them displayed alae defects, suggesting that they could affect 
exosome secretion (Fig. 1 E, Fig. S1, and Table S2).

RAL-1 directly controls MVB formation 
and exosome secretion
We first analyzed RAL-1 localization in C.  elegans, showing 
that it has a punctate distribution in the epidermis (Fig. 2 A). 
Because no purely specific marker of the exosomal pathway 
has been identified thus far in any system, we used VHA-5, 
a V-ATPase component found on MVBs and at apical plasma 
membrane foldings called membrane stacks (Liégeois et al., 
2006), as a nonexclusive marker of the exosomal pathway. We 
found that almost 100% of RAL-1 apical puncta colocalize with 
VHA-5 in the epidermis (Fig. 2, A and D), suggesting that it 
could localize at the surface of MVBs.

To assess whether the GTPase activity of RAL-1 influ-
ences its localization, we analyzed the localization of RAL-1 
mutants within the epidermis. We observed that the GTP-bound 
form RAL-1(CA) did not colocalize with VHA-5 as well as the 
WT form RAL-1(WT) or the GDP-bound form RAL-1(DN) 
(Fig.  2, A–D). This suggests that RAL-1 needs to cycle be-
tween GTP- and GDP-bound forms to properly localize in the 
epidermis. To establish that RAL-1 localizes to MVBs in the 
epidermis, we used the recently developed APEX tag, which 
catalyzes the local oxidation of DAB into an electron dense de-
posit visible by electron microscopy (Martell et al., 2012). After 
chemical fixation and DAB treatment, electron microscopy re-
vealed a specific staining of animals expressing APEX-tagged 
RAL-1 (Fig.  2  E) at the external surface of MVBs (Fig.  2, 
G–G″) as well as on apical membrane stacks (Fig. 2 F). Collec-
tively, our results clearly demonstrate that RAL-1 can localize 
at the surface of MVBs.

To determine how RAL-1 could affect MVBs and exo-
some secretion, we used a systematic quantitative analysis of 
MVBs by electron microscopy after high-pressure freezing 
(HPF; Fig. 3 A). We considered three types of compartments: 
light MVBs from which exosomes are likely to originate (Lié-
geois et al., 2006), dark MVBs (putative intermediate toward 
the lysosomes), and endolysosomes (Fig. S2). We quantified the 
density of each of these organelles (number per epidermal cell 
surface), their distance to the apical plasma membrane, their 
diameter, and the number and diameter of ILVs (Fig.  3  A). 
Strikingly, in ral-1(tm5205) null mutants, light MVBs were 
severely affected: (a) their density was drastically reduced 
(Fig. 3 B), (b) their mean size was increased (Fig. 3, D and E), 
and (c) the number of ILVs per MVB was decreased (Fig. 3, 
D and F). Consistent with a decrease in MVB density, that of 
VHA-5 fluorescent puncta also decreased in transgenic animals 
homozygous for ral-1(tm5205) compared with heterozygotes 
(Fig. 3 C). These results suggest that RAL-1 could either pro-
mote MVB formation or inhibit MVB degradation through the 
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lysosomal pathway. We favor the first possibility, because the 
density of dark MVBs and endolysosomes also decreased in 
ral-1(tm5205) mutants compared with controls (Fig. S2). Thus, 
we suggest that the entire pathway from MVBs to lysosomes 
was affected, and that RAL-1 functions early in the process of 
MVB formation and generally in ILV biogenesis.

To examine whether RAL-1 can also control later steps of 
MVB fate, we used RNAi to induce a mild depletion of ral-1, 
which induced lighter alae defects (Fig. 1 C) and reduced ral-1 
transcripts by almost 60% based on quantitative RT-PCR assays 
(Fig. S1C). We found that, in this case, the density of MVBs 
was increased compared with either WT or control(RNAi) 
animals (Fig. 3 B and Fig. S2). The discrepancy between the 
null mutant and the RNAi phenotype was confirmed using a  
VHA-5::RFP integrated line. In the total absence of ral-1, the 
density of VHA-5 puncta decreased by 30%, whereas after 
depletion by RNAi, it remained comparable to the control 
(Fig. 3 C). Furthermore, electron microscopy analysis showed 

that MVBs were closer to the apical plasma membrane in 
ral-1(RNAi) animals compared with both controls (Fig. 3 G and 
Fig. S2N). A careful analysis of the MVBs revealed that 45% 
of them have a direct connection with the apical plasma mem-
brane (ranging from a single link to a hemifusion diaphragm; 
Fig. 3 I), compared with 9% in WT and 11% in control(RNAi) 
animals (Fig. 3 H and Fig. S2 O). Therefore, we suggest that 
when RAL-1 becomes limiting, MVB fusion with the apical 
plasma membrane is hampered, likely because additional fu-
sion factors are not recruited, but membrane attachment re-
mains possible. Altogether, our data show that RAL-1 affects 
MVBs at different steps: in their formation and in the last steps 
before exosome secretion.

To directly assess the effect of RAL on exosome secretion 
(which is not possible in our system, because the cuticle prevents 
their collection), and to determine whether RAL function is con-
served throughout evolution, we analyzed the role of the two 
ral-1 homologues in mammals, RalA and RalB. We first purified 

Figure 1.  RAL-1 GTPase or exocyst deficiency induces alae defects. (A) C. elegans epidermal cells contain MVBs, which can fuse with the apical plasma 
membrane and liberate exosomes. These exosomes are integrated in the cuticle and contribute to the formation of the alae. (B) An RNAi-based screen 
identified 73 genes required for alae formation. (C) Disruption of ral-1 by RNAi, or by the null allele ral-1(tm5205), leads to alae defects. The number of 
animals is shown at the top of the graph. **, P < 0.05; ***, P < 0.01. (D) Schematic representation of the exocyst complex involved in plasma membrane 
attachment of secretory vesicles. Subunits found in the screen are in black. (E) Alae defects observed after disruption of several members of the exocyst 
complex in mutants or by RNAi.
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the EVs secreted by 4T1 mammary tumor cells by differential 
centrifugation. Combining electron microscopy and Western blot 
analysis, we observed that they display an exosomal size (mean 
diameter 84 ± 0.8 nm, n = 2,386 vesicles; Fig. 3, J and J″) and are 
enriched in four exosomal markers (Fig. 3 L). 4T1 cells knocked 
down with shRNA for either RalA or RalB (Fig. S1 D) secreted 
significantly fewer exosome-like vesicles than cells expressing a 
control shRNA (Fig. 3, K–M). This directly demonstrates that, 
like in C. elegans, the Ral GTPase is required for secretion of 
exosome-like vesicles in mammals. The precise mechanism of 
action of RalA and RalB remains to be determined in mammals.

RAL-1 controls exosome secretion 
independently of the exocyst
To assay whether RAL-1 and the exocyst act together, we an-
alyzed the properties of MVBs present in null mutants of two 
exocyst subunits, sec-5(pk2358) and sec-8(ok2187). In contrast 
with the situation observed in ral-1(tm5205) null mutants, we 
found that the density of MVBs in these mutants was similar 
to that in control animals (Fig. 4 A). Occasionally, we observed 
some MVBs attached to the plasma membrane, indicating that 
this attachment occurred independently of the exocyst tether-
ing complex (Fig. 4 B and Fig. S2 O). In addition, we found an  

Figure 2.  RAL-1 localizes at the surface of MVBs. (A–D) WT (RAL-1(WT); A) and dominant negative (RAL-1(DN); C) versions of RAL-1, but not the constitutively 
active version (RAL-1(CA); B), colocalize fully with VHA-5 in the epidermis at the time of alae formation, as shown in the quantification (D). In D, the numbers 
inside the bars indicate the number of puncta (number of animals). (E–H) APEX::RAL-1(DN) shows DAB staining both at apical membrane stacks (E and F, 
arrowheads) and at the external surface of MVBs (E and G–G’’, arrows). Animals expressing no APEX tag treated with DAB show no staining (H). The star 
indicates a MVB. APM, apical plasma membrane.
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Figure 3.  RAL-1 affects different steps of exosome secretion. (A) Quantitative electron microscopy analysis of MVBs in epidermal cells: (1 and 2) density 
(1) and diameter (2) of MVBs, (3) number of ILVs per MVB, (4) ILV diameter, and (5) distance between MVB and the APM. (B) MVB density is decreased in 
ral-1(tm5205) compared with the WT and is increased in ral-1(RNAi) compared with control(RNAi). (C) The density of VHA-5::RFP puncta is decreased in 
ral-1(tm5205) compared with the WT but is unaffected in ral-1(RNAi). (D–F) In ral-1(tm5205) mutants, MVBs have an abnormal size (E) and ILV content (F). 
(G) In ral-1(RNAi) animals, 57% of MVBs are within 50 nm of the apical plasma membrane, compared with 20% in control animals. (H and I) Two MVBs 
in proximity of the apical plasma membrane from control (H) and ral-1(RNAi) (I) animals. MVBs from ral-1(RNAi) animals can form a hemifusion diaphragm 
(I) with the apical plasma membrane. (J and J’) EVs purified from 4T1 mammalian cells and observed by electron microscopy. (K) Depletion of either RalA or 
RalB by shRNA leads to a decrease in the number of EVs observed by electron microscopy compared with control shRNA (P < 0.0001 between sh control 
and either sh RalA or sh RalB; pool of four independent purifications, Mann-Whitney test). (L and M) Western blot of cell lysates and secreted EVs. One 
representative experiment (L) and pooled quantification (M) of four independent purifications (P < 0.03 between sh control and either sh RalA or sh RalB 
for each marker, Mann-Whitney test). Numbers in or above the bars indicate the number of animals (C), MVBs (E, F, and M) or fields (K) analyzed. APM, 
apical plasma membrane; CL, cell lysate; Cu, cuticle; Cy, cytoplasm; MVBm, MVB outer membrane. Errors bars, SEM.
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accumulation of small vesicles (<100 nm diameter) under the 
plasma membrane of sec-5 and sec-8 mutants (Fig. 4 C), which 
are likely to be exocytic vesicles unable to attach to the plasma 
membrane, according to the known functions of the exocyst.

To determine whether a complete lack of the exocyst would 
mask its requirement at other steps in MVB biogenesis, we used 
a mild depletion of two exocyst subunits. We found that depletion 
of sec-8, but not sec-15, by RNAi leads to a significant increase 
in MVB density compared with either WT or control(RNAi) ani-
mals, in an extent similar to that observed in ral-1(RNAi) animals 
(Fig.  3  A and Fig. S2). However, after RNAi against sec-8 or 
sec-15, the MVBs were not enriched in the vicinity of the api-
cal plasma membrane, in contrast with what we observed after 
ral-1(RNAi) (Fig. S2 N).

Finally, we investigated the localization of two exocyst 
members, one on the target membrane side (SEC-8) and the 
other on the vesicle side (SEC-15), using integrated transgenic 
lines, which were previously shown to rescue mutant pheno-
types and thus be functional (Armenti et al., 2014). Interest-
ingly, although both proteins are expressed in the epidermis 
with a punctate localization (Fig. 4, D and E), neither SEC-8 
nor SEC-15 significantly colocalized with VHA-5, whether in 
larval or adult animals (2%–5% colocalization in >50 animals, 
two independent strains in each case).

Altogether, the fact that exocyst depletion leads to MVB 
phenotypes different from RAL-1 depletion, added to the absence 
of colocalization between the exocyst and VHA-5, argues that 
RAL-1 and the exocyst function independently in alae formation.  

Figure 4.  The exocyst regulates alae formation independently of RAL-1. (A) Quantitative electron microscopy analysis reveals that the MVB density is 
similar in sec-5(pk2358) and sec-8(ok2187) null mutants and WT controls. MVB density is increased after sec-8(RNAi) but not sec-15(RNAi) compared 
with control(RNAi) (P values, Mann-Whitney test). (B) Example of an MVB attached to the apical plasma membrane in sec-5(pk2358) (enlarged in B’).  
(C) Small vesicles (<100 nm diameter; black arrows) accumulating under the plasma membrane in sec-8(ok2187) mutants. (D and E) The exocyst subunits 
SEC-8 (D) and SEC-15 (E) do not colocalize with VHA-5 in the epidermis. The scale bars in D apply to E. APM, apical plasma membrane; Cu, cuticle; Cy, 
cytoplasm; MVBm, MVB outer membrane.
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We propose that the exocyst is not directly involved in teth-
ering MVBs at the plasma membrane. Thus, the alae defects 
observed in exocyst mutants reflect either an indirect effect on 
exosome secretion or a different secretory function, indepen-
dent of exosome secretion.

Syntaxin-5 is involved in the fusion 
between the MVB membrane and the 
plasma membrane, downstream of RAL-1
We next wanted to elucidate the molecular mechanisms acting 
downstream of RAL-1 to allow MVB fusion with the apical  
plasma membrane and exosome secretion. In our screen, 
we identified syx-5, a gene belonging to the syntaxin family 
(Table S1), whose closest mammalian homologue, syntaxin-5 
(41% identity with SYX-5), is a t-SNA​RE mediating vesicle 
fusion in anterograde ER-Golgi trafficking (Hardwick and 
Pelham, 1992; Malsam and Söllner, 2011). Accordingly, we 
found that SYX-5 localizes in large round structures poten-
tially corresponding to the epidermal Golgi apparatus. In 
addition, we observed more discrete puncta localizing at the 
most apical side of the epidermis (Fig.  5  A). These puncta 
occasionally colocalized with VHA-5 (Fig.  5  B). To deter-
mine whether SYX-5 could function downstream of RAL-1, 
we assessed its localization with RAL-1(CA) and RAL-1(DN) 
mutant forms. We found that SYX-5 small apical puncta par-
tially colocalize with RAL-1(CA), but not with RAL-1(DN) 
(Fig. 5, C–E). Thus, an active form of RAL-1 could activate 
or recruit SYX-5 at the level of the apical plasma membrane 
to promote MVB fusion.

To further address the function of SYX-5, we generated 
two syx-5 mutants using CRI​SPR-Cas9 technology (Dickin-
son et al., 2013). We targeted the SNA​RE domain of SYX-5, 
the characteristic coiled-coil motif responsible for bringing 
opposing membranes together and catalyzing their fusion 
(Hong and Lev, 2014). We recovered two alleles, syx-5(mc50) 
(in-frame deletion of two amino acids, including a methionine 
conserved throughout evolution) and syx-5(mc51) (frameshift 
adding 17 ectopic amino acids and a premature stop codon; 
Fig. 5 F). Both mutant alleles induced a premature larval ar-
rest, likely because of an absence of molting, precluding a 
study of the role of SYX-5 in alae formation in adults. How-
ever, because L1 stage larvae also have alae, we tested whether 
syx-5 alleles could affect their formation. We found that 100% 
of syx-5 L1 mutants have absent or defective alae (Fig. 5 G 
and Fig. S1). This defect was partially rescued by the expres-
sion of a WT version of SYX-5 fused to GFP (Fig. S1 and 
Table S2). In addition, overexpression in WT animals of WT 
or mutant SYX-5 forms induced alae defects at the adult stage 
(Fig. S1 and Table S2). Finally, electron microscopy analy-
sis on L1 syx-5(mc51) larvae showed that 62% of the MVBs 
present in the epidermis are within 50 nm of the apical plasma 
membrane (77 MVBs in three animals), compared with 24% 
in WT larvae (67 MVBs in four animals; Fig. 5 H). Accord-
ingly, the mean distance between MVBs outer membrane and 
the apical plasma membrane is reduced in syx-5(mc51) mu-
tants (68 ± 14 nm) compared with WT animals (152 ± 30 nm; 
P < 0.01, Student’s t test).This result suggests that in the ab-
sence of syx-5, the MVB outer membrane can no longer fuse 
with the plasma membrane.

Our work demonstrates a new role for the Ral GTPase in 
exosome secretion in mammals and nematodes. It further es-
tablishes this GTPase as an important player in cell–cell com-

munication, because RalA was previously shown to promote 
the formation of tunneling nanotubes (Hase et al., 2009). Our 
data collectively suggest a model (Fig. 5 I) whereby C. elegans 
RAL-1 acts both at the initial step of MVB formation and at 
the late stage of fusion between the MVB membrane and the 
plasma membrane. One possibility could be that RAL-1 recruits 
different effectors involved in ILV budding or membrane fusion 
(Gentry et al., 2014). In particular, Arf6 and PLD are known 
RalA targets (Luo et al., 1998; Bhattacharya et al., 2004; Vitale 
et al., 2005; Corrotte et al., 2010) that were recently shown to 
modulate ILV budding through Alix–syntenin and, as a conse-
quence, exosome secretion (Laulagnier et al., 2004; Trajkovic et 
al., 2008; Strauss et al., 2010; Ghossoub et al., 2014). Whether 
RAL-1 functions with the Alix–syntenin pathway to gener-
ate MVBs remains to be determined; an RAL-1–independent 
mechanism is likely to exist because MVBs still contain ILVs 
in its absence. One important finding of this study is that RAL-1 
functions independently of the exocyst complex in MVB teth-
ering and fusion at the plasma membrane. Instead, we suggest 
that it recruits a yet-to-be-identified tethering factor or complex, 
as well as the syntaxin SYX-5 at the site of fusion. How the 
V0-ATPase (including VHA-5) contributes to membrane fusion 
together with syntaxins remains to be investigated. Another im-
portant finding of this study is that the partial loss of RAL-1 
tends to block MVBs attached to the plasma membrane and is 
sometimes locked in a state resembling hemifusion. We specu-
late that RAL-1 might respond to the local concentration of SNA​
RE complexes required to promote fusion (Xu et al., 2005) or 
orchestrate their action (Hernandez et al., 2014). Alternatively, 
RAL-1 could be more directly involved in pore fusion resolu-
tion by recruiting important fusion partners acting downstream 
of SNA​RE complexes, such as VHA-5. Because MVBs are large 
flat structures compared with small vesicles, which are likely to 
oppose a higher energy barrier to fusion (Hernandez et al., 2014;  
Risselada et al., 2014), and because their ILV content presum-
ably requires a larger fusion pore to be released compared with 
simple peptides, the final step of MVB fusion could require a 
tight regulation involving several proteins.

Materials and methods

Strains and CRI​SPR/Cas9
Strains were propagated and handled as described previously (Brenner, 
1974). A complete list of mutants and fluorescent reagents is presented 
in Table S3. All mutants were characterized previously (Jiu et al., 2012; 
Armenti et al., 2014), except syx-5(mc50) and syx-5(mc51) mutants, 
which were obtained using CRI​SPR/Cas9 technology, based on the pro-
tocol described by Dickinson et al. (2013). The SNA​RE coding domain of 
syx-5 was targeted using the single guide RNA (sgRNA; 5′-GGA​TCCTT​
CAATT​GTCGC​CATGG-3′) site present on the reverse DNA strand and 
covering a restriction site for the NcoI enzyme. The syx-5 sgRNA se-
quence was introduced into the pDD162 plasmid by PCR (Dickinson et al., 
2013). A DNA mix containing the following plasmids was injected in adult 
animals: pDD162 (Cas9-sgRNA, 50 ng/µl), PGH8 (prab-8::mCherry, 10 
ng/µl), PcFJ104 (pmyo-3::mCherry, 5ng/µl), PCFJ90 (pmyo-2::mCherry, 
2.5 ng/µl), and pBLuescript (80 ng/µl; Dickinson et al., 2013). 384 F1 
animals carrying the injection markers were screened by PCR followed 
by NcoI digestion, leading to the identification of two syx-5 mutant  
alleles. Both alleles displayed similar phenotypes of larval arrest and were 
balanced to be maintained as heterozygous. We eliminated the coinjection 
markers by selecting nonfluorescent animals.

http://www.jcb.org/cgi/content/full/jcb.201504136/DC1
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Cloning and transgenesis
All plasmids were generated by PCR, with digestion by restriction en-
zymes or Gibson cloning (NEB), using a Phusion High-Fidelity DNA 
polymerase (Thermoscientific). RAL-1(CA) (G23V) and RAL-1(DN) 
(S28N) forms were generated based on previously reported single 
amino-acid mutations in the GTPase pocket of RAL in diverse species 
(Jiang et al., 1995; Ohta et al., 1999; Goi et al., 2000; Moskalenko et 
al., 2002). Specific expression in the epidermal cells of transgenic an-
imals was obtained using the dpy-7 promoter (Gilleard et al., 1997). 
The APEX2 tag (Martell et al., 2012) was adapted for C. elegans codon 

usage (in vitro synthesis by Sigma-Aldrich). For transgenesis, DNA 
microinjection was performed with 5 ng/μl of coinjection markers  
(pmyo-2::gfp or pmyo-2::mcherry) and 10 ng/µl for constructs of interest 
(except for the rescue of ral-1(tm5205) by pdpy-7::gfp::ral-1(CA) and  
pdpy-7::gfp::ral-1(DN), which was performed at 1 ng/µl), and completed 
to 150 ng/µl with pBLuescript.

RNAi and alae defects screen
RNAi by feeding was performed using standard procedures, with 
100 µg/ml ampicillin/1 mM IPTG (Sigma-Aldrich) using clones from 

Figure 5.  SYX-5 controls MVB fusion with the apical plasma membrane. (A) In the epidermis, SYX-5 localizes in both large cytoplasmic puncta and smaller 
apical puncta. (B) SYX-5 displays some colocalization with VHA-5 in the epidermis at the time of alae formation. (C–E) SYX-5 colocalizes with RAL-1(CA) (C),  
but not with RAL-1(DN) (D), as revealed by quantification (E). The scale bars in B apply to C and D. The numbers inside the bars indicate the number of 
puncta (number of animals). (F) Generation of two mutant alleles for syx-5 using CRI​SPR/Cas9 technology. (G) Homozygote mutants for syx-5(mc51) show 
alae defects at the L1 stage. (H) Electron micrographs of two MVBs showing attachment to the apical plasma membrane in syx-5(mc51) mutant larva.  
(I) Model for the role of RAL-1 and SYX-5 in exosome biogenesis (see text). Errors bars, SEM.
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the Ahringer-MRC library (Kamath et al., 2003); plasmids were se-
quenced and retransformed into HT115 (DE3). Bacteria containing an 
empty L4440 RNAi vector were used as a control. The selection of 
genes for the screen was based on positive hits from previous screens 
for endocytic genes performed in C. elegans (Frand et al., 2005; Balk-
lava et al., 2007; Kinchen et al., 2008). In addition, all putative kinases 
and phosphatases, as well as all available rab and escrt genes, were 
screened. Mothers were bleached on feeding plates; animals were 
scored and analyzed the following days. Adult animals were scored 
for alae defects (see following paragraph). The screening was repeated 
twice. Genes positive in both rounds of screening were considered as 
positive hits (Table S1). The efficiency of ral-1(RNAi) was measured by 
performing quantitative RT-PCR (in triplicate) on RNA extracted from 
young adult animals treated with ral-1(RNAi) or control(RNAi) since 
hatching. Three reference genes (eif-3f, act-1, and Y45F10D.4) were 
used to normalize ral-1 mRNA levels.

Light microscopy and quantification
Live young adult animals were immobilized with 0.1% tricaine/0.01% 
tetramisole and mounted on 2% agarose pads at 20°C. Alae defects 
phenotypes were observed by differential interference contrast using a 
Leica DMR​XA2 6000 equipped with a Coolsnap HQ (Roper Scientific) 
camera with a 100× objective (oil; NA 1.4). To follow the localization 
of fluorescent proteins, Z-stacks (0.3-µm spacing) were acquired using 
a DMI6000 (Leica) spinning disk (Yokogawa CSU22 with an Andor 
iXonEM+ 897 camera) with a 63× objective (oil; NA 1.4). Leica Type F 
immersion medium was used. Young adults were observed (right after 
alae formation and before formation of the first embryos). Identical 
settings were used for control and mutant animals. Image analysis was 
performed using ImageJ software (National Institutes of Health). Co- 
localization (Fig. 1, Fig. 2, and Fig. 4) was quantified using a semi-
automated method (comparison of local intensity maxima obtained 
in each channel) and a manual method based on scan line analysis 
(comparison of fluorescence intensity profile along a line crossing 
a fluorescent punctum in a given channel with the profile obtained 
from the same line in the other channel), which was previously de-
scribed (Hyenne et al., 2012).

Transmission electron microscopy and APEX tag
Animals were processed for HPF, freeze substitution, and flat embed-
ding as previously described (Kolotuev et al., 2010). In brief, animals 
were transferred to 200-µm-deep flat carriers and processed in the EMP​
ACT-2 HPF apparatus (Leica). Freeze substitution was performed in 
the Leica electron microscopy AFS in 2% osmium tetroxide, 0.25% 
uranyl acetate, 0.5% glutaraldehyde, and 1% water in pure acetone; 
the temperature was then increased and the samples were embed-
ded in epon resin (Sigma-Aldrich). Samples were flat embedded in 
epon resin between two aclar sheets, and laser carving (10× objective; 
LMD 6000; Leica) was used to precisely localize the region of inter-
est. Young adults were sectioned transversally, at the same position  
(∼80 µm anterior to the vulva). Thin sections were stained with uranyl ac-
etate (4% for 10 min) and lead citrate (for 4 min). Images were acquired 
with an Orius 1000 charge-coupled device camera (Gatan) mounted on a 
Philips CM12 microscope operated at 80 kV. For systematic quantitative 
analysis of MVBs, three to eight animals were analyzed for each geno-
type (except for control(RNAi), in which only one animal was recovered 
and analyzed; however, control(RNAi) and WT animals were statistically 
identical for each and every parameter measured [P > 0.3, Mann-Whitney 
test]), using three to five thin sections (nonconsecutive sections, spaced 
by 600 nm) for each animal. For each thin section, the total surface of the 
epidermal cell was measured and a picture of each MVB (dark and light) 

and endolysosome was taken at high magnification. Measurements of 
surfaces and lengths were performed using ImageJ software.

For photooxidation of the APEX tag, animals were fixed in 2.5% 
glutaraldehyde, cut in two pieces, and fixed on ice for at least 2 h. After 
they were rinsed five times in cold cacodylate buffer (0.1 M, pH 7.4), 
they were incubated for 30 min in blocking solution (10 mM KCN, 
5 mM aminotriazole, and 50 mM glycine in cacodylate buffer) on ice. 
Photooxidation was performed with freshly prepared DAB (1 mg/ml) 
combined with 10 mM H2O2 in blocking buffer on ice. Animals were 
rinsed five times in cacodylate buffer, embedded in epon resin, and 
processed for thin sectioning and observation. Control animals were 
processed similarly, but without the DAB treatment.

Mammalian cells and EV purification
4T1 mammary tumor cells were chosen for their ability to secrete 
exosomes in a rab-27 dependent manner (Bobrie et al., 2012). For 
stable inhibition of RalA or RalB expression, cells infected with 
shRNA expressing lentiviruses were selected and maintained in me-
dium containing 1 µg/ml puromycin. Sequences for shRNA (mRalA: 
5′-CCG​GGTGC​AGATC​GACAT​CTTAG​ATCTC​GAGAT​CTAAG​
ATGTC​GATCT​GCACT​TTTTG-3′; mRalB: 5′-CCG​GCCTG​GTACT​
TCACA​AGGTC​ATCTC​GAGAT​GACCT​TGTGA​AGTAC​CAGGT​
TTTTG-3′; and control scramble: 5′-CCG​GCAAC​AAGAT​GAAGA​
GCACC​AACTC​GAGTT​GGTGC​TCTTC​ATCTT​GTTGT​TTTTG-3′) 
were inserted into the AgeI to EcoRI sites of pLKO.1 vector (a gift 
from D. Root, Broad Institute of MIT and Harvard, Cambridge, MA; 
plasmid 10878; Addgene). Cells were cultured in exosome-depleted 
medium (by overnight ultracentrifugation at 100,000 g) for 24 h be-
fore supernatant collection. Extracellular medium was concentrated 
using a Centricon Plus-70 centrifugal filter (10k; Millipore) and EVs 
were purified by successive centrifugation at 4°C as follows: 5 min at 
300 g, 10 min at 2,000 g, 30 min at 10,000 g, and 70 min at 100,000 g 
(using a XL-70 and a SW28 rotor; Beckman Coulter). Pellets were 
washed in PBS, centrifuged again at 100,000 g for 70 min, taken up in 
PBS and stored at −80°C.

For electron microscopy analysis, 3 µl of EV extracts secreted 
from similar cell number were allowed to dry on grids for 20 min 
and were fixed in 3% PFA for 10 min, rinsed in water, and contrasted 
in a uranyl acetate (0.4%)/methylcellulose (2%) mix for 10 min on 
ice. For quantification, images were acquired as described above 
at 53,000× magnification and EVs were counted and measured in 
15–20 fields per condition.

For Western blotting analysis, extracts corresponding to similar 
cell numbers were loaded on 4%–20% polyacrylamide gels (Bio-Rad 
Laboratories, Inc.). All extracts were run under denaturing conditions, 
except for CD63. The following antibodies were used: Alix (mouse, 
611621; BD), Hsc70 (rat, ADI-SPA-815D; Enzo Life Sciences), CD63 
(mouse D623-3; MBL), TSG101 (mouse GTX70255; GeneTex), RalA 
(mouse, 610221; BD), RalB (mouse, 04037; Millipore), α-tubulin 
(mouse, CP06; Millipore), gapdh (goat, AB006720; Sicgen). Acquisi-
tions were done using a PXi system (Syngene). Intensities were nor-
malized over cellular tubulin or gapdh levels.

Statistical analysis
Statistical significance of the results was analyzed using GraphPad 
Prism software. For data following a Gaussian distribution, the statisti-
cal difference of the mean was analyzed using the unpaired two-tailed 
Student’s t test. For data not following a Gaussian distribution, the 
nonparametric Mann-Whitney test was used. In the graphs, error bars 
represent SEMs, except for Fig. S1, where they represent SDs. P values 
are indicated directly in the graphs or in the figure legends.
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Online supplemental material
Fig. S1 shows the classification of alae defects in various genetic back-
grounds. It also displays the efficiency of ral-1 partial depletion by 
RNAi in C. elegans and the efficiency of RalA and RalB knock-downs 
by shRNA in mammalian cells. Fig. S2 shows the quantitative electron 
microscopy analysis of MVBs and endolysosomes in different nema-
tode strains. Table S1 is a list of the genes identified in the RNAi screen 
for alae defects. Table S2 is a quantification of alae defects in various 
backgrounds. Table S3 is a list of the nematode strains used in this 
study. Online supplemental material is available at http://www.jcb.org/
cgi/content/full/jcb.201504136/DC1.
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