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Cells release extracellular vesicles (EVs) that mediate intercellular
communication and repair damaged membranes. Despite the
pleiotropic functions of EVs in vitro, their in vivo function is
debated, largely because it is unclear how to induce or inhibit their
formation. In particular, the mechanisms of EV release by plasma
membrane budding or ectocytosis are poorly understood. We
previously showed that TAT-5 phospholipid flippase activity
maintains the asymmetric localization of the lipid phosphatidyl-
ethanolamine (PE) in the plasma membrane and inhibits EV
budding by ectocytosis in Caenorhabditis elegans. However, no
proteins that inhibit ectocytosis upstream of TAT-5 were known.
Here, we identify TAT-5 regulators associated with retrograde
endosomal recycling: PI3Kinase VPS-34, Beclin1 homolog BEC-1,
Dnal protein RME-8, and the uncharacterized Dopey homolog
PAD-1. PI3Kinase, RME-8, and semiredundant sorting nexins are
required for the plasma membrane localization of TAT-5, which
is important to maintain PE asymmetry and inhibit EV release.
PAD-1 does not directly regulate TAT-5 localization, but is required
for the lipid flipping activity of TAT-5. PAD-1 also has roles in
endosomal trafficking with the GEF-like protein MON-2, which
regulates PE asymmetry and EV release redundantly with
sorting nexins independent of the core retromer. Thus, in addition
to uncovering redundant intracellular trafficking pathways, our
study identifies additional proteins that regulate EV release. This
work pinpoints TAT-5 and PE as key regulators of plasma membrane
budding, further supporting the model that PE externalization
drives ectocytosis.
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Cells release extracellular vesicles (EVs) that can mediate
intercellular communication to influence development and
disease (1, 2). EV release can also repair membranes to avoid
cell death (3, 4). However, the in vivo functions of EVs are de-
bated, because the molecules known to govern their formation
are shared with other membrane trafficking pathways. For ex-
ample, much is known about how multivesicular endosomes are
formed by the recruitment of the endosomal sorting complex
required for transport (ESCRT) to bud vesicles into the lumen of
endosomes (5). The mechanisms of multivesicular endosome
fusion with the plasma membrane to release exosomes by exo-
cytosis are also characterized (1, 2). However, neither ESCRT
nor exocytic proteins are specific to exosome release. The
ESCRT machinery is one of the few membrane-sculpting factors
known to bud vesicles away from the cytosol, and it regulates
many membrane remodeling events (6), including plasma
membrane budding away from the cytosol to release micro-
vesicles by ectocytosis (1, 2). EV release by ectocytosis is poorly
understood, even though microvesicles released from activated
platelets improve coagulation and ciliary microvesicles are im-
plicated in behavior (7, 8). Thus, to elucidate the in vivo func-
tions of EVs and to better understand how membrane budding is
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regulated, it is necessary to identify the pathways that regulate
EV release by ectocytosis.

We previously discovered that the conserved P4-ATPase TAT-5
maintains phosphatidylethanolamine (PE) asymmetry in the
Caenorhabditis elegans plasma membrane and inhibits ectocytosis
(9). When TAT-5 flippase activity is lost, the normally cytofacial
lipid PE is externalized, and the plasma membrane overproduces
EVs. EV production in fat-5 mutants depends on the plasma
membrane recruitment of ESCRT (9), and ESCRT also acts
during ectocytosis in mammalian cells and virus-infected cells
(10, 11). Thus, proteins carrying out the final steps of budding
have been identified, but it is unclear how cells regulate these
pathways to control EV release and restrict ectocytosis to dam-
aged membranes or selected cargos. In particular, no proteins
were known to regulate TAT-5 activity during EV release. Un-
like other P4-ATPases that require a f-subunit from the Cdc50
family of proteins to be chaperoned and active (12), the essential
subclass of P4-ATPases, which includes worm TAT-5, yeast
Neolp, and mammalian ATP9A and ATP9B, act independently
of Cdc50 proteins in yeast and mammals (13). Yeast Neolp
forms a complex with two large scaffolding proteins, the Dopey
domain protein Doplp and the GEF-like protein Mon2p (14).
Together, they regulate clathrin-dependent retrograde trafficking
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from endosomes in yeast (15, 16). ATP9A also regulates recycling
from endosomes (17), but it is unknown whether mammalian
ATP9, Dopey, or Mon2 have a role in EV release. As cells reg-
ulate PE asymmetry and EV release during cell division, fusion,
and death (18-20), it is important to determine how TAT-5 flip-
pase activity is regulated to inhibit the outward budding of the
plasma membrane and the release of EVs.

In this study, we identify proteins that regulate the trafficking
and activity of TAT-5. We find that redundant retrograde recy-
cling pathways traffic TAT-5 to the plasma membrane to inhibit
EV release, suggesting that maintaining PE asymmetry in the
plasma membrane is critical to maintain plasma membrane
structure. We also discovered that the Doplp ortholog PAD-1 is
essential for TAT-5 to maintain PE asymmetry and inhibit EV
release. We further reveal that TAT-5, PAD-1, and MON-2
regulate an intracellular trafficking pathway that is important for
late endosome morphology. MON-2 and PAD-1 also play a re-
dundant role in TAT-5 trafficking and EV release with proteins
typically associated with retromer recycling. Our data demon-
strate that relative increases in PE externalization consistently
correlate with increased EV release, further supporting the
model that PE exposure drives ESCRT-mediated ectocytosis.
This work provides important insights into the mechanisms of
EV release as well as intracellular trafficking.

Results

RME-8, PI3Kinase, and PAD-1 Inhibit EV Release. To understand how
TAT-5 activity is regulated to inhibit EV budding, we performed
an RNAI screen targeting 137 candidate interactors, many of
which are involved in membrane trafficking and lipid biogenesis
(Dataset S1). We screened for increased EV release using a
plasma membrane reporter (PHpp c101; Fig. 1 A-C), which labels
plasma-membrane-derived EVs. We also used a degron-tagged
plasma membrane reporter to specifically label EVs released
before the onset of ZF1-mediated proteasomal degradation
(ZF1::PHprc101; Fig. 1 D-F) (9, 21). We discovered four genes
whose disruption results in increased membrane labeling at cell
contacts (Table 1), similar to fat-5 mutants (9). These include the
Beclinl homolog BEC-1, the class III PI3Kinase VPS-34, the
Dopey domain protein PAD-1, and the DnaJ domain protein
RME-8 (Fig. 1 B, C, E, and F). We confirmed the presence of
increased EVs using electron microscopy and tomography in bec-
1, pad-1, and rme-8 mutants (Fig. 1 G-J). In bec-1 and pad-1
mutants, the EVs are larger than the intraluminal vesicles of
multivesicular endosomes (Fig. 1 K and L), consistent with
the >100-nm diameter of microvesicles formed by plasma
membrane budding (2). In contrast, rme-8 knockdown resulted in
EVs with diameters similar to both intraluminal vesicles and
microvesicles (Fig. 1M), demonstrating that loss of RME-8 cau-
ses an increase in microvesicle release, but may also alter the size
of microvesicles or result in exosome release. Thus, our screen
identified four proteins that inhibit ectocytosis.

PI3Kinase and RME-8 Are Required for TAT-5 Localization to the
Plasma Membrane. All four of the identified EV regulators are
linked to retrograde endosomal trafficking. The class III
PI3Kinase complex (PI3K), which includes the kinase VPS-34
and the Beclinl ortholog BEC-1, phosphorylates phosphatidyli-
nositol (PI) to create PI3P on autophagosomal and endosomal
membranes (22). The lipid PI3P is important for the recruitment
of trafficking factors to endosomes, including the DnalJ protein
RME-8 involved in endosomal recycling (23). PAD-1 homologs
in yeast and mammals have also been implicated in retrograde
trafficking between endosomes and Golgi (15, 24). TAT-5 is a
multipass transmembrane protein that localizes primarily to the
plasma membrane (Fig. 24). GFP:TAT-5 is also found on
endocytic vesicles, colocalizing with the clathrin adaptor AP2
(Fig. S1 A-E), which shows that TAT-5 is endocytosed. TAT-5 is
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Fig. 1. Retrograde trafficking proteins inhibit microvesicle release. (A)
PHpLc101::mCh localizes primarily to the plasma membrane in control em-
bryos at the eight-cell stage. (B and C) PH reporters localize to thickened
membranes (arrow) in bec-1 (PHp c191::mCh) and vps-34 (PHp c141::GFP) ma-
ternal zygotic mutants. (D) In a 26-cell control embryo, GFP::ZF1::PHpc141 is
degraded in most somatic cells, only persisting on the plasma membrane in a
few posterior cells. (E and F) EVs labeled with GFP::ZF1::PHp 191 (arrow)
accumulate between cells in pad-1 and rme-8 RNAi-treated embryos. (G) EVs
are infrequently observed between wild-type N2 cells in a two-cell embryo
tomogram. (H-J) Released EVs accumulate between cells in a tomogram
from a three-cell bec-1 maternal-zygotic mutant, a three-cell embryo treated
with pad-7 RNAi, and a 24-cell rme-8 RNAi embryo. Arrowheads point to
microvesicle-sized EVs; arrows point to exosome-sized EVs. (K-M) Histograms
of EV and intraluminal vesicle (ILV) diameters measured from TEM images of
bec-1 maternal-zygotic mutant embryos and pad-7 RNAi embryos demonstrate
that the majority of EVs are microvesicles, because they are larger than ILVs. In
rme-8 RNAI, EVs could be both exosomes and microvesicles, because they are
the same size as or larger than ILVs. [Scale bars: A, 10 pm (also applies to B and
Q); D, 10 pm (also applies to E and F); G-J, 200 nm.]

trafficked through various endosomes that are positive for
markers of sorting or recycling endosomes, including RME-8
(Fig. S1 A4, B, F, and G), as well as degradative endosomes or
lysosomes (Fig. S1 A, B, H, and I). Although we did not observe
significant colocalization with Golgi (Fig. S1 A4, B, and J), we
tested whether GFP::TAT-5 localization was changed in EV-
releasing retrograde trafficking mutants. GFP::TAT-5 localized
to prominent structures in the cytoplasm instead of the plasma
membrane in bec-1, vps-34, or rme-8§ mutants and after rme-8
RNAI treatment (Fig. 2 B, C, I, and J), potentially explaining the
observed increase in EV release (Fig. 1 and Table 1). The overall
levels of GFP::TAT-5 were also reduced after rme-8 knockdown
(Fig. S2), suggesting that mislocalization could alter protein
stability. In contrast, GFP::TAT-5 localized robustly to the
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Table 1. Summary of EV release and GFP::TAT-5 localization
defects
GFP::TAT-5
Increased EV not in
release (thick plasma
membranes) membrane
Genotype, RNAI % n % n
+
- 0 119 0 9%
tat-5 90 31 79 29
pad-1 89 55 0 60
mon-2 0 72 0 47
vps-26 0 73 0 41
vps-29 0 40 0 49
vps-35 0 40 0 42
snx-1 0 61 31 36
snx-3 0 60 5 73
snx-6 0 63 28 72
Ist-4 0 148 0 72
rme-8 84 50 39 89
rme-8(b1023)
- 28 101
bec-1(ok691)
- 75 32 69 26
vps-34(h510)
- 25 28 27 83
pad-1(wur02)
- 100 1 0 3
vps-26(tm1523)
- 0 41 0 52
vps-29 0 45 0 46
vps-35 0 43 0 35
snx-1(tm847)
- 0 24 37 41
pad-1 45* 40 13 40
snx-3 55% 20 26 37
snx-3(tm1595)
- 0 47 26 53
mon-2 98 61
pad-1 100 43
snx-1 87 55
snx-6 100 30 36 53
chat-1(ok1681)
F20C5.4, W03G11.2 0 18 0 18
chat-1(ok1681); W03G11.2(ok2574)
F20C5.4 0 36
mon-2(xh22)
- 0 105 0 28
mon-2 0 270 0 33
pad-1 76 78 0 a4
vps-26 0 102 0 44
vps-29 0 97 0 39
vps-35 0 79 0 34
snx-1 77 87 16 45
snx-3 51 84 25 28
snx-6 96 95 37 30

Mutant and control (+) worms expressing fluorescent reporters were
treated with RNAi or untreated (-). The percentage of embryos showing
the indicated phenotype is given. Embryos (n) from the late 4-cell to 102-
cell stage were scored for thickened membrane labeling between cells,
which is indicative of EV release. Embryos from the zygote to 15-cell stage
were scored for whether GFP::TAT-5 was visible in the plasma membrane.
*GFP::TAT-5 was used to score EV release in snx-1(tm847) pad-1 RNAi em-
bryos and snx-1(tm847) snx-3 RNAi embryos, which is likely to underestimate
EV release as GFP::TAT-5 localization to the plasma membrane was reduced.

Beer et al.

plasma membrane in pad-1 knockdowns (Fig. 2 D, I, and J). In
fact, GFP::TAT-5 was increased at the cell surface after pad-1
knockdown (Fig. S3A4), likely due to the release of TAT-5 on
EVs. To confirm that the normal localization of TAT-5 was not
due to incomplete knockdown of PAD-1, we generated a de-
letion allele removing 99.5% of the pad-1 coding sequence and
discovered that pad-1(wur02) mutants were >90% sterile, similar
to tat-5 deletion mutants (9). We examined GFP::TAT-5 in rare
maternal-zygotic pad-1 deletion mutant embryos and found that
TATS-5 still localized to the plasma membrane after the complete
loss of PAD-1 (Table 1 and Fig. S3B). Thus, PI3K and RME-
8 are required for TAT-5 localization to the plasma membrane,
while PAD-1 is not.

PI3Kinase, RME-8, and Sorting Nexins Control TAT-5 Localization
Independent of the Core Retromer. PI3K and RME-8 have been
specifically linked to retromer trafficking, which is involved in
recycling transmembrane proteins to the plasma membrane in
addition to recycling proteins from endosomes to Golgi (25). The
retromer complex consists of a trimer of core subunits (VPS-26,
-29, and -35) and lipid-binding sorting nexins (SNX). PI3K and
RME-8 are essential for the retrograde trafficking of the Wntless
homolog MIG-14 together with the core retromer and the SNX-
PX protein SNX-3 (22, 26). RME-8 also binds to the SNX-BAR
protein SNX-1 and its heterodimer partner SNX-6 to promote
endosomal tubulation (23). Furthermore, PI3K and Snx3p have
been shown to regulate endosomal trafficking of the TAT-5
ortholog Neolp in yeast (16), although the known Snx3-binding
domain is not conserved in animals (Fig. S4). Therefore, we
tested whether GFP::TAT-5 localization was changed in retro-
mer mutants. GFP::'TAT-5 still localized to the plasma mem-
brane in vps-26 deletion mutants (Fig. 2F) or after vps-26, -29, or
-35 RNAI treatment (Table 1). However, there was a measurable
drop in plasma membrane levels in vps-26 mutants, vps-29 RNAI,
and vps-35 RNAI (Fig. 2 I and J), demonstrating that the core
retromer had a mild effect on TAT-5 localization in contrast to
PI3K and rme-8 knockdown. In contrast, GFP::TAT-5 appeared
significantly more diffuse around the plasma membrane in snx-/
or -6 RNAi-treated embryos and in snx-3 deletion mutants (Fig.
2 G and H). Indeed, plasma membrane localization decreased
similar to PI3K and rme-8 knockdown (Fig. 2 I and J and Table
1). These results indicate that sorting nexins, PI3K, and RME-8
play a more important role than the core retromer complex
in TAT-5 localization.

To confirm that the core retromer proteins were not important
for TAT-5 localization or EV release, we tested whether they
could act redundantly. We performed RNAIi on a series of de-
letion strains and obtained synthetic sterility and embryonic le-
thality when we targeted vps-29 or -35 in a vps-26 deletion strain
(Table S1). However, these treatments did not significantly de-
crease GFP:TAT-5 localization to the plasma membrane or
result in increased EV release (Table 1), demonstrating that the
core retromer proteins are not acting redundantly during TAT-5
trafficking. These findings indicate that PI3K, RME-8, and
sorting nexins control TAT-5 localization independent of the
core retromer.

Given the significant role of sorting nexins on TAT-5 locali-
zation, we tested whether sorting nexins also inhibit EV release.
Using the degron reporter to label EVs, we found that EV re-
lease was not increased after RNAI targeting snx-1, -3, or -6 or in
snx-1 or -3 deletion mutants (Fig. 34 and Table 1), suggesting
that TAT-5 was still able to maintain plasma membrane asym-
metry despite its reduced levels at the plasma membrane. This
could potentially be through its localization to cortical endo-
somes, as recent studies in yeast showed that the TAT-5 ortholog
Neolp maintains lipid asymmetry in the plasma membrane in-
directly by regulating lipid asymmetry in endosomes (27). Given
that sorting nexins acted independently of the core retromer, we
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Fig. 2. TAT-5 is recycled by retromer-associated proteins. (A) GFP::TAT-5 localizes to the plasma membrane in a control four-cell embryo. (B) GFP::TAT-5 is
mislocalized to large cytoplasmic structures in bec-1 maternal zygotic mutants. (C) GFP::TAT-5 shows a more dispersed localization to cytoplasmic structures in
rme-8 RNAI. See Fig. S2 for reduced total levels of GFP::TAT-5. (D and E) GFP::TAT-5 localization is not altered after pad-7 or mon-2 RNA.. See Fig. S3 for GFP::
TAT-5 localization to EVs. (F) GFP::TAT-5 still localizes to the plasma membrane in core retromer vps-26 mutants. (G and H) In contrast, GFP::TAT-5 plasma
membrane localization is weak after snx-6 RNAI or in snx-3 deletion mutants. (/) Ratio of GFP::TAT-5 fluorescence intensity in the plasma membrane to the
intensity of the cytoplasm. Disrupting PI3K subunits and RME-8 had highly significant effects on GFP::TAT-5 plasma membrane localization, as did SNX. More
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membrane localization after pad-7 or mon-2 RNAI, but knocking down or deleting core retromer proteins resulted in mild, but significant, decreases. Stu-
dent’s t test with Bonferroni correction was used for statistical analysis. *P < 0.05; **P < 0.001 (compared with control empty vector RNAI). (J) Embryos were
categorized for the brightness of GFP::TAT-5 localization in the plasma membrane. PI3K subunits, RME-8, and sorting nexins prevented or decreased TAT-
5 plasma membrane localization, while core retromer proteins resulted in weaker plasma membrane localization. *P < 0.01; **P < 0.0001 (Fisher’s exact test

with Bonferroni correction). Number of embryos scored is indicated for each genotype. [Scale bar: A, 10 um (also applies to B-H).]

tested whether other sorting nexins also regulated TAT-5 traf-
ficking. Knocking down a SNX-BAR protein associated with
endocytosis, the SNX9 ortholog LST-4 (28), did not disrupt
GFP:: TAT-5 localization to the plasma membrane or cause in-
creased EV release (Table 1). We next tested whether retromer-
associated sorting nexins could redundantly regulate EV release.
We found significantly increased EV release in snx-I mutants
treated with snx-3 RNAI or in snx-3 mutants treated with snx-6
RNAI (Fig. 3B and Table 1). We next examined TAT-5 locali-
zation in these double mutants and saw TAT-5 vesicles dispersed
throughout the cytoplasm (Fig. 3 C and D). However, TAT-5 was
still visible at the plasma membrane, similar to single snx mutants
(Table 1), although it was difficult to distinguish between weak
GFP:: TAT-5 fluorescence in released EVs or in the plasma
membrane. Thus, the SNX-1-SNX-6 heterodimer is redundantly
required with SNX-3 to traffic TAT-5 and inhibit EV release.

Cdc50 Family Proteins Do Not Regulate TAT-5 Trafficking or EV
Release. As Cdc50 family proteins act as functional p-subunits
and chaperones for most P4-ATPases, including the PS flip-
pase TAT-1 (12), we tested whether any of the three C. elegans
Cdc50 homologs were needed for EV release or TAT-5 local-
ization, specifically chat-1, F20C5.4, and W03G11.2. We did
not observe increased EV release in triple-mutant embryos
made with a combination of deletion alleles and RNAi (Table
1). Similarly, knocking down F20C5.4 and W03G11.2 in chat-1
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deletion mutants did not disrupt GFP::TAT-5 exit from the
endoplasmic reticulum or localization to the plasma mem-
brane (Table 1). Thus, in contrast to TAT-1, which requires
CHAT-1 for its plasma membrane localization and flippase
activity (12), TAT-5 does not have a B-subunit from the Cdc50
family of proteins. This finding is similar to TAT-5 orthologs
in other species (13), leaving open which proteins regulate
TAT-5 activity.

PAD-1 and TAT-5 Have Distinct Roles in EV Release from MON-2. As
the large Dopey domain protein PAD-1 inhibited EV release
without disrupting TAT-5 localization, we characterized this
protein more closely. Based on their yeast orthologs, TAT-5 is
predicted to form a complex with PAD-1, as well as the large
GEF-like protein MON-2 (14). We generated functional re-
porter strains for PAD-1 and MON-2 to observe their localiza-
tion. GFP::PAD-1 and MON-2::GFP localize similarly to
cytoplasmic puncta, but are also found at the plasma membrane
(Fig. 4 A and D). Thus, TAT-5 localization is distinct but over-
lapping with the soluble proteins PAD-1 and MON-2, suggesting
that their interaction from yeast could be conserved in C. elegans.
However, yeast neol and dopl are essential genes, while mon2 is
not (29). Similarly, C. elegans tat-5 and pad-1 deletion mutants
are sterile (9), in contrast to fertile mon-2 nonsense mutants
(30), suggesting that TAT-5 and PAD-1 have more similar
functions than TAT-5 and MON-2. We tested whether MON-2

Beer et al.
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Fig. 3. SNX-1/SNX-6 and SNX-3 redundantly inhibit EV release. (A) EV re-
lease was not increased in a 26-cell snx-3 mutant embryo expressing the
mCherry::PHp c151::ZF1 plasma membrane reporter. (B) EVs labeled with
mCherry::PHpc151::ZF1 (arrow) accumulate between cell contacts in a 26-cell
snx-3 mutant treated with snx-6 RNAI. (C and D) GFP::TAT-5 is mislocalized to
cytoplasmic compartments in snx-17 mutants treated with snx-3 RNAi, as well
as in snx-3 mutants treated with snx-6 RNAI. [Scale bars: A, 10 um (also ap-
plies to B); C, 10 pm (also applies to D).]

also inhibits EV release using membrane reporters, but found
that mon-2 nonsense mutants do not show increased EV release
(Fig. 54), even when additionally treated with mon-2 RNAi
(Table 1). These data suggest that MON-2 does not directly in-
hibit EV release and indicate that TAT-5 and PAD-1 have
separable roles in EV release from MON-2.

TAT-5, PAD-1, and MON-2 Do Not Regulate Each Other's Plasma
Membrane Levels or Localization. As the Neolp-Doplp-Mon2p
complex maintains the levels of the individual proteins in yeast
(14), we tested whether MON-2 and PAD-1 are required for
TAT-5 levels or localization. GFP::TAT-5 localized robustly to
the plasma membrane in mon-2 knockdowns (Fig. 2E), as well as
in mon-2 mutant embryos (Fig. 5D). Additionally, overall
GFP::TAT-5 levels were not significantly decreased after mon-2
or pad-1 knockdown (Fig. S2). We then examined whether
MON-2 and PAD-1 could redundantly regulate TAT-5 localiza-
tion. GFP::TAT-5 still localized to the plasma membrane after
pad-1 was knocked down in a mon-2 mutant background (Fig.
S3C). GFP::TAT-5 was increased at the cell surface of mon-2
mutants treated with pad-1 RNAi (Fig. S3C), similar to pad-1
RNAI on control strains (Fig. 2D), indicating that TAT-5 is re-
leased in EVs. As MON-2 is not required for EV release in pad-1
mutants, this suggests that MON-2 does not directly promote or
inhibit EV release. In summary, these data demonstrate that
MON-2 and PAD-1 are not required to maintain TAT-5 levels or
to regulate TAT-5 localization to the plasma membrane.

We next tested whether TAT-5 regulates PAD-1 or MON-
2 localization. In one- or two-cell stage embryos, there was no
change in MON-2::GFP or GFP::PAD-1 localization after tat-5
knockdown (Fig. 4 B and E). In older embryos, increased lo-
calization was observed at the cell surface after tat-5 knockdown
(Fig. S3 D and E), suggesting that MON-2 and PAD-1 can also
be released in EVs. Thus, TAT-5 is not required to recruit
MON-2 or PAD-1 to the plasma membrane or into EVs. We also
tested whether MON-2 and PAD-1 are required for each other’s
localization to the plasma membrane or into EVs. PAD-1 local-
ized to the plasma membrane after mon-2 RNAI (Fig. 4C), and
MON-2 localized to the plasma membrane after pad-I RNAi
(Fig. 4F). The normally dim cytosolic fluorescence of MON-2::GFP
accumulates in EVs after tar-5 RNAI treatment (Fig. 4 G and H).
In contrast, MON-2 did not accumulate in EVs after pad-1
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knockdown (Fig. 4), despite MON-2 localization to the plasma
membrane (Fig. 4F). Together, these data suggest that MON-2,
PAD-1, and TAT-5 do not regulate each other’s levels or lo-
calization in C. elegans, except that PAD-1 is needed for MON-2
sorting into EVs.

MON-2 and PAD-1 Regulate Endosomal Trafficking. As MON-2 and
PAD-1 homologs in yeast and mammals have been implicated in
retrograde trafficking between endosomes and Golgi (15, 24), we
next tested whether they could interact genetically with the core
retromer or with sorting nexins. We performed retromer RNAi
in the mon-2 mutant background and indeed obtained synthetic
developmental phenotypes, including sterility and embryonic
lethality with both core retromers and sorting nexins (Table S1).
However, EV release was only increased when we knocked down
the SNX-BAR proteins SNX-1 and -6 or the SNX-PX protein
SNX-3 in mon-2 mutants (Fig. 5 B and C), not when we targeted
any of the core retromer proteins (Table 1), revealing that MON-
2 redundantly inhibits EV release, similar to sorting nexins. We
tested whether the increased EV release was due to changes in
TAT-5 trafficking. Although GFP::'TAT-5 was still visible in the
plasma membrane (Table 1), GFP:TAT-5 also localized to
prominent 0.5- to 2-pm cytoplasmic vesicles in mon-2 mutants
treated with snx-1, -3, or -6 RNA. (Fig. 5E). Large GFP::TAT-5
vesicles were not seen when sorting nexins were knocked down
in a wild-type background (Fig. 2 G and H), but were seen after
pad-1 knockdown in a snx-/ mutant background (Fig. 5F). These
data suggest that MON-2 and PAD-1 could redundantly regulate
TAT-5 localization with sorting nexins or that MON-2 and PAD-1
could regulate another step of endolysosomal trafficking, which
only impacts TAT-5 trafficking when sorting nexins are absent.

MON-2, PAD-1, and TAT-5 Regulate Multivesicular Endosome Size.
The large vesicles in mon-2 snx and pad-1 snx-1 double mu-
tants appeared similar to the enlarged LMP-1-positive late

GFP::PAD-1

MON-2::GFP

Fig. 4. PAD-1 and MON-2 localize to the cell cortex and cytoplasm. (A) GFP::
PAD-1 staining is found on cytoplasmic puncta as well as at the plasma
membrane in a four-cell embryo. GFP was knocked into the endogenous
pad-1 locus. (B) GFP::PAD-1 localization is not significantly altered after tat-5
RNAi treatment in a two-cell embryo. (C) GFP::PAD-1 localizes to the plasma
membrane after mon-2 RNAI treatment in a four-cell embryo. (D) MON-2::
GFP::3xFlag staining also localizes to cytoplasmic puncta as well as at the
plasma membrane in a four-cell embryo. (E) MON-2::GFP::3xFlag localization is
not significantly altered after tat-5 RNAI treatment in a two-cell embryo. (F)
MON-2::GFP::3xFlag still localizes to the plasma membrane after pad-7 RNAi
treatment in a four-cell embryo. (G) In live 26-cell embryos, MON-2::GFP::3xFlag
puncta are barely visible. (H) MON-2::GFP::3xFlag is increased at the cell surface
after tat-5 RNAI treatment, suggesting that cortical MON-2 is released outside
cells in EVs. (/) MON-2:GFP::3xFlag is not released in EVs after pad-7 RNAI
treatment, suggesting that PAD-1 is required for MON-2 localization in EVs.
[Scale bars: A, 10 pm (also applies to B-F); G, 10 um (also applies to H and /).]
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Fig. 5. MON-2 inhibits EV release in snx-mutants. (A) The plasma membrane
marker PHp c191::mCh appears normal in a 15-cell mon-2(xh22) mutant em-
bryo. (B and C) Thickened patches of PHp cq41::mCh (arrow) are observed in
mon-2(xh22) mutants treated with snx-3 or -6 RNAI, indicating increased EV
release. Similar phenotypes were also seen after snx-1 RNAi treatment (Table
1), demonstrating that sorting nexins and MON-2 redundantly inhibit EV
release. (D) GFP::TAT-5 localizes to the plasma membrane in a two-cell mon-
2(xh22) mutant embryo. (E) GFP::TAT-5 localizes to prominent cytoplasmic
vesicles after snx-6 RNAIi treatment in mon-2(xh22) mutants. Similar phe-
notypes were also seen after snx-1 or -3 RNAi treatment, suggesting that
MON-2 acts redundantly with sorting nexins to control TAT-5 localization.
(F) GFP:TAT-5 localizes to large cytoplasmic vesicles after pad-1 RNAI in snx-1
(tm847) mutants, demonstrating that PAD-1 also acts redundantly with sorting
nexins during TAT-5 trafficking. [Scale bar: A, 10 um (also applies to B-F).]

endosomes or lysosomes we had previously observed in fat-5
mutants (9). As mammalian Mon?2 has been implicated in recy-
cling proteins from a degratory fate by trafficking them back
from endosomes to the Golgi complex (24), we hypothesized that
TAT-5, MON-2, and PAD-1 could also regulate intracellular
trafficking events together. Therefore, we tested whether mon-2
and pad-1 mutants also showed enlarged LMP-1 vesicles. Indeed,
both mon-2 and pad-1 RNAi-treated embryos, as well as mon-2
mutants, have enlarged clusters of LMP-1-positive late endo-
somes or lysosomes (Fig. S5 B-D). These data confirm that mon-2
RNAI and the mon-2 nonsense mutation result in a loss of MON-2
function. In contrast to mon-2 and pad-1 mutants, LMP-1—positive
vesicles were not enlarged after snx-6 knockdown in control em-
bryos (Fig. S5F), suggesting that the enlarged vesicles in double
mutants are due to loss of MON-2 or PAD-1. To determine
whether the enlarged LMP-1-positive vesicles were late endo-
somes or lysosomes, we measured the diameter of multivesicular
endosomes and electron-dense lysosomes from electron micro-
graphs. Multivesicular endosomes were significantly larger in pad-
1 and tat-5 RNAi-treated embryos in comparison with wild-type
embryos (Fig. S5 H and I; 320 + 140 nm in control, 470 + 290 nm
in pad-1, and 410 + 170 nm in tat-5). In contrast, electron-dense
lysosomes had a similar diameter (Fig. S5/J; control, 490 + 150 nm;
pad-1, 500 + 200 nm; and tat-5, 470 + 120 nm). Intriguingly, de-
spite the increased size of multivesicular endosomes, the number
of intraluminal vesicles was not significantly changed (control, 8 +
9; pad-1, 8 + 10; and tat-5, 10 = 7), suggesting that PAD-1 and
TAT-5 are not required for the formation of intraluminal vesicles.
Given that intraluminal vesicles have the same budding topology
as microvesicles and that there is no increase in intraluminal
vesicle number, PAD-1 and TAT-5 are likely to have different
functions at the plasma membrane and on endosomal mem-
branes. Therefore, we predict that MON-2, PAD-1, and TAT-5
regulate an intracellular trafficking pathway that impacts late
endosome size.

RME-8, MON-2, and SNX Prevent the Missorting of TAT-5 into Late
Endosomes. We next asked whether TAT-5 is missorted into
late endosomes or lysosomes in mutants that cause increased EV
release. GFP::TAT-5 rarely colocalizes with LMP-1 staining in
control embryos (Fig. 6 A and D), and the Pearson’s coefficient
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showed a negative correlation (Fig. 6E). In contrast, GFP::TAT-
5 showed a significant twofold to threefold increase in colocali-
zation with LMP-1 in rme-8 RNAi-treated embryos and in mon-2
mutants treated with snx-6 RNAi (Fig. 6 B-D). Indeed, the
Pearson’s coefficient showed a positive correlation in these
mutants (Fig. 6F), indicating that more TAT-5 localized to late
endosomes or lysosomes. The large GFP::TAT-5—-containing
vesicles found in mon-2 mutants treated with snx RNAi fre-
quently have LMP-1-positive subdomains (Fig. 6 C' and K),
which in combination with the TEM data (Fig. S5 G-J), suggests
that TAT-5 is mislocalized to late endosomes in mon-2 snx-6
mutants. Thus, TAT-5 localizes to degradative endosomes in
these EV-releasing mutants.

To confirm that TAT-5 is mislocalized to late endosomes, we
tested whether TAT-5 colocalizes with the Rab2 homolog UNC-
108, which is found on the Golgi and recruited to endosomes
after early endosome markers, such as RAB-5 and PI3P, and
acts before late endosome markers, such as RAB-7 (31, 32).
GFP::TAT-5 colocalized with a subset of mCherry-tagged UNC-
108 in control embryos, showing a positive Pearson’s coefficient
(Fig. 6 F, I, and J). TAT-5 colocalization with UNC-108 in-
creased a significant twofold to threefold after rme-8 knock-
down (Fig. 6 G, I, and J). UNC-108 colocalization also
increased in mon-2 mutants treated with snx-6 RNAi (Fig. 6 H
and I), although the Pearson’s coefficient was only significantly
increased after rme-8 RNAI (Fig. 6J). In contrast to LMP-1, the
large TAT-5 vesicles were not often positive for UNC-108 (Fig.
6 H and K), suggesting that the enlarged endosomes had al-
ready progressed past the Rab2-positive stage. These data
confirm that GFP::TAT-5 is mislocalized to late endosomes in
mutants that cause increased EV release, suggesting that TAT-5
cannot function from late endosomes.

We also tested whether TAT-5 is mislocalized to early
endosomes in EV-releasing mutants. We used the PI3P binding
domain of EEA-1 (2xFYVE) to label early endosomes (33).
GFP::TAT-5 showed minor colocalization with mCherry-
tagged 2xFYVE in control embryos (Fig. S6 4 and C), which
was not increased in mon-2 mutants treated with snx-6 RNAI
(Fig. S6 B and C), confirming that TAT-5 is not mislocalized to
early endosomes. Furthermore, the large TAT-5 vesicles in
mon-2 snx-6 mutants were not often PI3P-positive (Fig. 6K and
Fig. S6B), suggesting that they are not early endosomes. To-
gether, these data suggest that TAT-5 is mislocalized to deg-
radative compartments in trafficking mutants that cause increased
EV release.

TAT-5 Localization Is Necessary to Maintain PE Asymmetry. As the
TAT-5 ortholog Neolp maintains plasma membrane asymmetry
from endosomes (27), we tested whether PE is externalized when
TAT-5 is not localized to the plasma membrane. We stained live
gonads with the PE-binding lantibiotic duramycin (34) and saw
increased duramycin staining in rme-8 knockdown animals (Fig.
7A4), indicating that PE is externalized on the surface of cells. In
contrast, PE externalization was not increased after snx-6 RNAI
(Fig. 7A4), despite the reduction in TAT-5 localization to the
plasma membrane and consistent with the observation that there
was no increase in EV release (Table 1). In fact, snx-6 knock-
downs displayed significantly less PE externalization than control
embryos. Similar to rme-8 knockdown, knocking down snx-6 in a
mon-2 mutant background significantly increased duramycin
staining in comparison with untreated mon-2 mutants (Fig. 74),
demonstrating that PE is externalized when TAT-5 is mis-
localized to late endosomes and EVs are released. PE exter-
nalization was significantly decreased in untreated mon-2
mutants, which could be through increased TAT-5 activity in-
ternalizing PE or through decreased activity of an unidentified
protein responsible for externalizing PE. Thus, TAT-5 is not able
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Fig. 6. TAT-5 localization to late endosomes increases in EV-releasing mutants. (A) GFP:TAT-5 (green) staining localizes primarily to the plasma
membrane in control four-cell embryos. TAT-5 is also found in cytoplasmic vesicles, but they do not often colocalize with LMP-1 (red) staining in late
endosomes or lysosomes, as shown in Insets. (B) Mislocalization of GFP::TAT-5 in rme-8 RNAI causes increased colocalization with LMP-1. (C) Large GFP::
TAT-5-positive cytoplasmic vesicles colocalize with LMP-1 in a mon-2(xh22) mutant embryo treated with snx-6 RNAi. (A’-C’) Line scans of GFP::TAT-5
and LMP-1 intensity next to the dotted lines or circle in Insets. (D) The percentage of TAT-5 colocalized with LMP-1 is significantly increased in 2- to 12-
cell embryos after rme-8 RNAi and in mon-2(xh22) mutants treated with snx-6 RNAi compared with control embryos. Number of embryos scored is
indicated for each genotype. (E) The Pearson’s coefficient of GFP::TAT-5 colocalization with LMP-1 increases significantly from a negative correlation in
control embryos to a positive correlation in rme-8 RNAi as well as in mon-2(xh22) mutants treated with snx-6 RNAi. (F) Cytoplasmic GFP::TAT-5 vesicles
(green) rarely colocalize with mCherry::UNC-108 staining in Golgi and endosomes (red) in two-cell embryos, as shown in Insets. (G) TAT-5 colocalization
with the Rab2 homolog UNC-108 increases after rme-8 RNAI. (H) TAT-5 colocalization with UNC-108 increased slightly in mon-2 mutants treated with
snx-6 RNAI. (F-H’) Line scans of GFP::TAT-5 and UNC-108 intensity next to the dotted lines or circle in Insets. (I) The percentage of TAT-5 colocalized
with UNC-108 is significantly increased in 2- to 12-cell embryos after rme-8 RNAi and in mon-2(xh22) mutants treated with snx-6 RNAi compared with
control embryos. Number of embryos scored is indicated for each genotype. (J) The Pearson’s coefficient of GFP:TAT-5 colocalization with LMP-1 increases sig-
nificantly in rme-8 RNAI, but not in mon-2(xh22) mutants treated with snx-6 RNA.. (K) Enlarged GFP:TAT-5 vesicles colocalize significantly more often with LMP-1
(n = 54 vesicles) than the PI3P reporter 2xFYVE (n = 85) or UNC-108 (n = 89). Percentages are expressed in relation to the total number of large vesicles.
Number of embryos scored is indicated for each genotype. Student’s t test with Bonferroni correction was used for statistical analysis. *P < 0.05; **P < 0.001.
[Scale bars: A and F, 10 pm (also apply to B and Cand G and H, respectively); Insets in A and F, 5 pm (also apply to Insets in Band C and G and H, respectively).]
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Fig. 7. PAD-1 and RME-8 are required to maintain PE asymmetry. (A) Duramycin staining is significantly increased on dissected gonads after pad-1, rme-8, or tat-5
RNAI treatment compared to control embryos (ctrl), indicating that PAD-1 and RME-8 are required for TAT-5 to maintain PE asymmetry. The increase after pad-1
RNAI is also significantly more than tat-5 knockdown, suggesting that PAD-1 may influence PE asymmetry through more than TAT-5 activity. Duramycin staining is
significantly decreased after snx-6 RNAi treatment and in untreated mon-2(xh22) mutants. Duramycin staining is increased on dissected gonads after snx-6 RNAi
treatment in mon-2(xh22) nonsense mutants, in comparison with untreated mon-2(xh22) mutants, demonstrating that MON-2 and SNX-6 are required redundantly
for PE asymmetry. (B) Annexin V staining is not increased on dissected gonads after mon-2, pad-1, or rme-8 RNAi treatment (P > 0.05), indicating that PS is not
externalized. Annexin V staining is strongly increased in tat-1(kr15) mutants, together indicating that MON-2, PAD-1, and RME-8 are not required for TAT-1 PS
flippase activity. Student’s t test with Bonferroni correction was used for statistical analysis. Asterisks indicate significantly increased values, and carets indicate

significantly decreased values. *P < 0.05; **P < 0.001; AP < 0.05.

to maintain PE asymmetry in the plasma membrane when mis-
localized to late endosomes.

We next wanted to test whether RME-8 was generally re-
quired for lipid asymmetry or whether it specifically regulated
TAT-5. Knocking down RME-8 did not result in an increase in
Annexin V staining (Fig. 7B), indicating that the lipid phos-
phatidylserine (PS) remains cytofacial and is not externalized in
rme-8 mutants. This suggests that RME-§ is not required to lo-
calize the related P4-ATPase TAT-1 that maintains PS asym-
metry in the plasma membrane (35). Thus, RME-8 is not likely
to regulate the trafficking of all P4-ATPases, but is specifically
required for TAT-5 to localize to the plasma membrane.

PAD-1 Is Necessary to Maintain PE Asymmetry. PAD-1 is not directly
required for TAT-5 localization, but does inhibit EV release. As
TAT-5 was released in EVs in pad-1 mutants similar to an
ATPase-dead tat-5 mutant (9), we tested whether PAD-1 is
specifically required for TAT-5 flippase activity to maintain PE
asymmetry. In pad-1 RNAi-treated worms, duramycin staining
was increased on the surface of cells (Fig. 74), indicating that PE
is externalized and suggesting that PAD-1 is required for TAT-
5 flippase activity. Moreover, duramycin staining was signifi-
cantly increased after pad-I RNAi in comparison with tat-5
RNAI (P < 0.001), implying that PAD-1 could also regulate PE
externalization through another protein in addition to TAT-5.
To determine whether PAD-1 is a specific cofactor for TAT-5,
we tested whether PAD-1 was needed for the flippase activity of
TAT-1 to maintain PS asymmetry. Annexin V staining was not
increased when PAD-1 was depleted, indicating that PS is not
externalized (Fig. 7B). This shows that PAD-1 does not regulate
the activity of the PS flippase TAT-1, suggesting that PAD-1 spe-
cifically controls TAT-5 flippase activity to maintain PE asymmetry
in the plasma membrane and inhibit EV release by ectocytosis.

Discussion

In summary, this study identifies proteins that regulate micro-
vesicle release through TAT-5 and lipid asymmetry, shedding
light onto the mechanisms of ectocytosis (Fig. 8). We show that
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TAT-5 is endocytosed and needs to be recycled from endosomes
to maintain PE asymmetry and prevent ESCRT-mediated micro-
vesicle budding. TAT-5 recycling depends on retrograde trafficking
by the class III PI3K, RME-8, and redundant sorting nexin path-
ways. Our data also revealed two separable roles for the com-
plex of TAT-5, PAD-1, and MON-2. TAT-5 and PAD-1 are
required at the plasma membrane to maintain PE asymmetry,
while the complex including MON-2 regulates endosomal
trafficking. Thus, our study also reveals insights into redundant
intracellular trafficking pathways.

The retromer complex and assorted sorting nexins help lo-
calize TAT-5 to the plasma membrane, but TAT-5 is primarily
trafficked independently of the core retromer subunits in C.
elegans. This is in contrast to yeast, where Neolp reporters were
mislocalized to the vacuole in core retromer mutants (36). As
snx-1, -3, or -6 knockdown led to stronger trafficking defects than
core retromer deletion mutants, these proteins act independently
of the core retromer complex. Retromer-independent roles have
been shown for SNX1 and SNX6 during GPCR and E-cadherin
trafficking (37, 38), and SNX5/6 binds directly to the mannose-6-
phosphate receptor to regulate its trafficking independent of the
core retromer (39, 40). Snx3p also binds directly to Neolp in
yeast (16), but this domain is not conserved in TAT-5. Thus,
although we predict that these sorting nexins will bind TAT-5,
how they recognize TAT-5 as cargo is unclear. The SNX-BAR
heterodimer SNX1-SNXG6 is thought to traffic distinct cargos
from the SNX-PX protein SNX3 (41), so it was unusual that we
discovered similar effects on TAT-5 localization after disrupt-
ing either SNX-1-SNX-6 or SNX-3. It will be interesting to
determine whether they recognize TAT-5 through the same
domain or distinct sequences, especially considering that EV
release was only increased when both snx-3 and -6 were dis-
rupted. Thus, studying TAT-5 trafficking has identified two
SNX-dependent, retromer-independent trafficking pathways
that redundantly inhibit EV release.

RME-8 also plays redundant roles with the core retromer
during Notch signaling (42), confirming that it also has retromer-
independent functions. Furthermore, although RME-8 is required
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Fig. 8. Model of TAT-5 trafficking to inhibit EV release. TAT-5 maintains PE
asymmetry in the plasma membrane to inhibit recruitment of the ESCRT
machinery to release EVs by plasma membrane budding. PAD-1 is required for
TAT-5 flippase activity, which inhibits the externalization of PE and EV release.
TAT-5 is endocytosed and needs to be recycled from sorting endosomes to the
plasma membrane through both SNX-1-SNX-6-mediated and SNX-3-mediated
tubulation and vesicle formation. RME-8 and PI3K mediate TAT-5 recycling
through multiple pathways. MON-2 and PAD-1 regulate an unknown step of
endosomal trafficking, here drawn as a third recycling pathway preventing
membrane cargos from being delivered to multivesicular endosomes for
degradation. When both SNX-mediated recycling and MON-2/PAD-1-mediated
trafficking are lost, TAT-5 is mislocalized to late endosomes where it can no
longer maintain plasma membrane asymmetry.

for both SNX1-SNX6- and SNX3-dependent cargos (23, 26),
RME-8 establishes endosomal microdomains independent of the
core retromer and SNX-3 to prevent cargo from being degraded
(43). This is consistent with our observation that increased TAT-5
was observed in late endosomal compartments after depleting
RME-S. Interestingly, RME-8-dependent trafficking may be spe-
cific to the TAT-5 subclass of P4-ATPases, because PS asymmetry
in the plasma membrane was not disrupted when RME-8 was
depleted. Most P4-ATPases, including the PS flippase TAT-1,
have B-subunits from the Cdc50 family of proteins that act as
chaperones important for their localization (12). Only TAT-5
orthologs localize without Cdc50 proteins (13), which our data
suggest is due to the role of PI3K, RME-8, and sorting nexins in
localizing TAT-5 to the plasma membrane.

Despite similar losses of GFP::TAT-5 from the plasma mem-
brane after disrupting PI3K, RME-8, and SNX, only PI3K and
RME-8 mutants showed increased EV release. Our data imply
that TAT-5 is able to maintain PE asymmetry and inhibit EV
release from some endosomes, but not from late endosomes.
Increased EV release disrupts gastrulation movements (9) and
may explain why 7me-8 mutants are lethal (44), while individual
snx deletions are viable (23, 45). Our data suggest that RME-8 is
likely to regulate EV release through SNX-1- and SNX-3-
dependent mechanisms, as EV release is increased in double SNX
mutants, but we cannot rule out a role for other RME-§ inter-
actors, such as Hsc70 family chaperones (44). Similarly, as part
of the PI3K complex, BEC-1 and VPS-34 are likely to regulate
EV release through SNX-, RME-8-, and retromer-independent
roles, due to their pleiotropic effects on membrane trafficking
(46). Thus, it appears that TAT-5 trafficking is essential for
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survival, and animals have developed redundant trafficking path-
ways to maintain TAT-5 localization.

MON-2 and PAD-1 represent another endosomal trafficking
pathway, whose precise role remains to be determined. MON-2
and PAD-1 are not normally required for the plasma membrane
localization of TAT-5, but MON-2 redundantly regulates EV
release with both SNX-1 and -3 with similarly enlarged TAT-5
endosomes, demonstrating that MON-2 acts in a separate
pathway from the sorting nexins. Therefore, MON-2 and PAD-1
could traffic another EV regulator, control another endosomal
trafficking step, or provide a third redundant recycling pathway
alongside SNX-1-SNX-6 and SNX-3. Similarly, the enlarged late
endosomes observed in mon-2, pad-1, and tat-5 mutants could be
caused by increased endosome-endosome fusion, decreased
intraluminal vesicle budding, or decreased endosomal tubula-
tion. As pad-1 and tat-5 mutants did not disrupt intraluminal
vesicle formation (this study and ref. 9), despite its topological
similarity to microvesicle budding and similar ESCRT de-
pendence, TAT-5, MON-2, and PAD-1 are likely to regulate
membrane trafficking into or out of endosomes. As this complex
is required for the recycling of retrograde cargos in yeast and
mammals (16, 17, 24), we favor the hypothesis that TAT-5,
MON-2, and PAD-1 regulate a third redundant endosomal
recycling pathway (Fig. 8), which normally does not traffic sig-
nificant amounts of TAT-5 as cargo.

MON-2 and PAD-1 are also likely to interact with proteins
beyond TAT-5 to regulate lipid asymmetry and inhibit EV re-
lease. PAD-1 is needed to maintain PE asymmetry, suggesting
that it could activate TAT-5 flippase activity; however, the
duramycin staining data also suggest that PAD-1 may inhibit an
unidentified PE scramblase that causes PE externalization.
Similarly, the decrease in PE externalization after disrupting
MON-2 or SNX-6 could suggest that MON-2 and SNX-6 are
required for scramblase activity. Identifying the proteins oppos-
ing TAT-5 flippase activity will be key to testing these hypoth-
eses. Furthermore, PAD-1 is required for the release of MON-2
in EVs, suggesting that PAD-1 could regulate where MON-2
localizes on the plasma membrane or act as a scaffold for sorting
EV cargo. Given that human Mon?2 is required for HIV budding
(47), which uses similar release mechanisms to EVs (11), the role
of MON-2 in regulating EV release requires further investiga-
tion. Thus, MON-2 and PAD-1 may coordinate multiple regu-
lators of PE localization and EV cargo to preserve plasma
membrane morphology.

It remains to be determined whether PAD-1 and TAT-5
orthologs in other species have a role in EV release, but it is
clear that TAT-5 needs to be recycled to maintain PE asymmetry
in the plasma membrane. Furthermore, the correlation of in-
creased EV release and PE externalization observed across
several C. elegans mutants supports the hypothesis that PE
asymmetry regulates plasma membrane budding. Whether PE
externalization directly causes EV budding through its conical
shape and effects on membrane curvature is still unclear. PE
externalization also indirectly alters the lipid content of the cy-
tosolic face of the plasma membrane and could thereby recruit
membrane-sculpting proteins such as ESCRT (Fig. 8), as pre-
viously observed (9). Provocatively, PE asymmetry is lost during
cytokinesis and needs to be reestablished for abscission (48), a
step that also requires the ESCRT machinery (6). During ab-
scission, EV release is seen at the intercellular bridge in both
C. elegans embryos and mammalian cells (49, 50). Intriguingly,
tat-5 mutant embryos occasionally have multinuclear cells due to
sporadic retraction of the cleavage furrow (9), which suggests
that successful abscission requires that EV budding is restricted
to the intercellular bridge. Thinning membrane bridges may
therefore be a crucial function of EV budding regulated by PE
asymmetry. Thus, TAT-5 localization and activity are critical to
maintain PE asymmetry in the plasma membrane and inhibit EV
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release by ectocytosis, which may have functional roles during
cell division.

Materials and Methods

C. elegans worms were maintained and crossed according to standard protocols
(51). Strains were maintained at room temperature, except that the temperature-
sensitive rme-8(b7023) mutant was maintained at 15 °C. See Table S2 for a list of
strains used. Additional methods are described in S/ Materials and Methods.
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