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Secretion of Wnt proteins is mediated by theWnt sorting receptor Wls, which transports Wnt from the Golgi to
the cell surface for release. To maintain efficient Wnt secretion, Wls is recycled back to the trans-Golgi network
(TGN) through a retromer dependent endosome to TGN retrieval pathway. It has recently been shown that
this is mediated by an alternative retromer pathway in which the sorting nexin SNX3 interacts with the cargo-
selective subcomplex of the retromer to sort Wls into a retrieval pathway that is morphologically distinct
from the classical SNX-BAR dependent retromer pathway. Here, we investigated how sorting of Wls between
the two different retromer pathways is specified. We found that when the function of the cargo-selective sub-
complex of the retromer is partially disrupted, Wnt secretion can be restored by interfering with thematuration
of late endosomes to lysosomes. This leads to an accumulation of Wls in late endosomes and facilitates the re-
trieval of Wls through a SNX-BAR dependent retromer pathway. Our results are consistent with a model in
which spatial separation of the SNX3 and SNX-BAR retromer complexes along the endosomal maturation path-
way as well as cargo-specific mechanisms contribute to the selective retrieval ofWls through the SNX3 retromer
pathway.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

During the development of complexmulti-cellular organisms, inter-
cellular communication is critical for the growth and organization of
cells into tissues and organs. One class of signaling molecules that play
a central role during development and adult tissue homeostasis are
theWnt proteins [1]. Wnts are members of an evolutionarily conserved
family of secreted, lipid modified glycoproteins that can function as
short range signalingmolecules, but also as morphogens that form con-
centration gradients to provide positional information to cells in devel-
oping tissues [2]. Although detailed insight has been obtained in the
signaling pathways that are triggered by Wnt proteins, the mechanism
of Wnt production and secretion is still poorly understood.

The discovery of theWnt binding proteinWntless (Wls, also known
as Evi or Sprinter in Drosophila and MIG-14 in Caenorhabditis elegans)
[3–5] has provided important insight into the Wnt secretion mecha-
nism. In wls mutant clones in the Drosophila wing imaginal disc, the
Wnt protein Wg fails to be secreted and accumulates in producing
cells, consistent with an essential function of Wls in the Wnt secretion
pathway. Wls is a multi-pass transmembrane protein that localizes to
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the Golgi network, endosomes and the plasma membrane. Further-
more,Wls bindsWnt in co-immunoprecipitation experiments, support-
ing the notion that it functions as a sorting receptor that transportsWnt
from the Golgi to the cell surface for release. At the plasma membrane,
Wls is internalized through AP-2 adaptin and clathrin dependent endo-
cytosis and is recycled back to the Golgi, a process that is critical for ef-
ficient Wnt secretion [6–10].

A key step in the retrieval of Wls is mediated by the retromer com-
plex [11,12]. The retromer is a multi-protein coat complex that is
recruited to endosomes to transport transmembrane proteins such as
the yeast acid hydrolase receptor Vps10p and the mammalian cation-
independent mannose-6-phosphate receptor (CI-MPR) to the TGN
[13–15]. The retromer is also required for endosome-to-TGN transport
of Wls [6–10]. In the absence of retromer function, Wls fails to be re-
trieved from the endosomal system and is degraded in lysosomes. As
a result, Wls protein levels and Wnt secretion are reduced, leading to
various phenotypes associated with loss of Wnt signaling [11,12].

The retromer consists of a stable trimer of the subunits Vps35, Vps26
and Vps29 and amembrane bound heterodimer of the SNX-BAR sorting
nexins SNX1/SNX2 and SNX5/SNX6 [16–18]. The Vps29–26–35 trimer
and the SNX-BAR heterodimer have distinct functions in cargo recogni-
tion and transport carrier formation. The Vps26–29–35 trimer directly
binds to a loosely defined consensus sequence in the cytoplasmic tail
of the cargo protein [19,20]. At the same time, the Vps26–29–35 trimer
also interacts with the SNX-BAR heterodimer, which is recruited to the
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endosomalmembrane through phosphatidylinositol-3-phosphate (PI3P)
binding Phox-homology (PX) domains. The interaction with the cargo-
selective Vps26–29–35 sub-complex is thought to increase the effective
concentration of SNX-BARheterodimers, initiating amembrane remod-
eling process in which the membrane curvature sensing BAR domains
of the SNX-BAR heterodimers drive the generation of tubules in which
the cargo protein is segregated [18,21–24]. Scission of these retromer-
decorated tubules produces specific transport carriers that traffic the
cargo back to the TGN.

The process of retromer recruitment and cargo retrieval is closely
linked to the endosomal maturation pathway. The maturation of early
endosomes into late endosomes and the subsequent fusion of late
endosomes with lysosomes are regulated by the sequential activity of
the small GTPases Rab5 and Rab7 [25]. Recent evidence suggests that
the Rab5 to Rab7 conversionmechanism also controls retromer recruit-
ment, restricting the formation of retromer tubules to endosomes that
are at the early-to-late transition point [24,26–29]. Rab7 has a direct
role in this process by binding to a conserved region in the Vps35
subunit of the Vps26–29–35 sub-complex [30]. By recruiting the
Vps26–29–35 trimer, Rab7 may coordinate the selection of cargo with
SNX-BAR sorting nexin binding and tubule formation at early-to-late
endosomes.

In contrast to retromer cargo proteins such as Vps10p, Sortilin and
the CI-MPR [13–15], endosome-to-TGN retrieval of Wls is independent
of the SNX-BAR sorting nexins SNX1 and SNX6 [31]. We have recently
shown that Wls retrieval requires SNX3, an alternative sorting nexin
that contains a PI3P binding PX domain for association with endosomal
membranes, but lacks the membrane curvature sensing BAR domain
that is present in the SNX-BAR sorting nexins. SNX3 directly interacts
with the Vps26–29–35 trimer and sorts Wls into a retrieval pathway
that is morphologically distinct from the SNX-BAR dependent retromer
pathway, producing small transport vesicles instead of the tubular
carriers formed by the SNX-BAR pathway. In the absence of SNX3,mem-
brane association of Vps26 is reduced, indicating that SNX3 contributes
to the recruitment of the cargo-selective Vps26–29–35 trimer to
endosomal membranes.

In both the SNX3 and SNX-BAR retromer pathways, cargo binding is
mediated by the Vps29–26–35 trimer. An important question is there-
fore how cargo is differentially sorted between the two pathways. In
this study, we used a mutation in the C. elegans retromer subunit gene
vps-29 to partially disrupt retromer function.We found thatWnt secre-
tion can be restored by inhibiting late endosomal maturation and that
this rescue depends on retrieval of Wls through a SNX-BAR dependent
retromer pathway. Our results are consistent with amodel inwhich dif-
ferences in endosomal localization aswell as cargo-specificmechanisms
contribute to the selective retrieval of Wls through the SNX3 retromer
pathway.

2. Materials and methods

2.1. C. elegans strains and culturing

General methods for culture, manipulation and genetics of C. elegans
were as described [32]. Strains were cultured at 20 °C. Strains, muta-
tions and integrated arrays used in this study were Bristol N2: LGI,
snx-3(tm1595) [31]; LGII, muIs32[Pmec-7::gfp] [33], huSi2[Pmig-14::
mig-14::gfp] [34], tbc-2(tm2241) [35]; vps-35(hu68) [12]; LGIII, vps-
29(tm1320) [12]; LGIV, sand-1(ok1963) [36]; huIs60[Pegl-20::egl-20::
protA] [12]; LGV, ccz-1(ok2182) [36,37], muIs35[Pmec-7::gfp] [33]; LGX,
snx-1(tm847) [12] and unassigned huIs71[Pmig-14::mig-14::gfp] [10].

2.2. C. elegans phenotypic analysis, RNA interference and expression
constructs

To examine effects on QL.d migration, animals were grown at 20 °C
on NGM agar plates seeded with control or gene specific dsRNA
expressing bacteria as described [38,39]. The final position of the QL
descendant QL.paa (PVM) was determined in L4 larvae or young adults
using the mec-7::gfp transgenes muIs32 or muIs35 [33]. Migration
was regarded as defective when the QL.d localized anterior to the
vulva. For snx-1(tm847) and snx-3(tm1595), the positions of QL.paa
and QL.pap were scored by DIC microscopy in synchronized L1 larvae
as described [12]. To construct Pegl-20::mCherry::rab-7, rab-7 cDNA
was fused with mcherry and cloned behind a 4.4 kb egl-20 promoter
fragment into vector pPD49.26. To generate Pegl-20::mCherry::rab-
7T23N, a C at position 68 and an A at position 69 of the rab-7 cDNA
sequence were changed into an A and a T, respectively, using the
QuikChange Site-Directed Mutagenesis kit (Stratagene). To construct
Pegl-20::sand-1::gfp, sand-1 cDNA was cloned in frame with gfp behind
the egl-20 promoter fragment in pPD95.81. To construct Pegl-20::tbc-2,
tbc-2 cDNA was cloned behind the egl-20 promoter fragment in
pPD49.26. To construct Pmyo-3::mCherry::rab-5, rab-5 cDNAwas cloned
behind the myo-3 promoter fragment and in frame with mcherry into
pPD95.86. Pmyo-2::tdTomato was used as a co-injection marker for the
generation of extra-chromosomal transgenes as described [40].

2.3. C. elegans fluorescent in situ hybridization (FISH), immunostaining and
microscopy

C. elegans single molecule mRNA FISH and the design of the mig-14
probe were performed as described [41]. For confocal microscopy, ani-
mals were immobilized in 30 mM sodium azide. Staining of EGL-20::
Protein A was performed as described [12], but using a Cy5-coupled
rabbit anti-goat antibody (Jackson Immunoresearch Laboratories). Im-
ages were collected on a Leica DM6000 wide field or Leica SPE confocal
microscope. The intensity of the EGL-20::Protein A signal along the
anteroposterior axis was quantified using a semi-automated MATLAB
image processing tool. Assuming a single animal per image, we first
manually found the animal's silhouette in the image. Next, by applying
a regular skeletonization algorithm we found the animal's antero-
posterior axis. The signal intensity was computed along this axis. For
each point on the anteroposterior axis, we found the normal line, called
here a slice (for a given point, a slice is perpendicular to the tangent line
at this point). The signal intensity value g(i) at point i was taken as the
maximum pixel intensity of pixels located in the corresponding slice.
For statistical analysis, the exponential decay function curves were
fitted to the series of EGL-20 signal intensity measurements along the
anteroposterior axis. The exponential decay constants corresponding
to the decay rate of the EGL-20 signal intensity curves were used to
quantify statistical differences between the different experimental con-
ditions. Levels of MIG-14::GFP were quantified using ImageJ software.

3. Results

3.1.Mutation of the cargo-selective retromer subunit gene vps-29 induces a
partial block in EGL-20/Wnt signaling

Mutations that block the Golgi retrieval of the C. elegans Wls
ortholog MIG-14 interfere with Wnt secretion and induce defects in
severalWnt dependent processes [10]. One of themost prominent phe-
notypes is a defect in themigration of the left Q neuroblast descendants
(QL.d) [12]. During the first stage of larval development, the QL.d mi-
grate from the mid-body to well defined positions in the posterior
(Fig. 1A). One of the principal regulators of this migration is the Wnt
protein EGL-20, which activates a transcriptional program in the QL
neuroblast (the expression of the Hox gene mab-5) that directs migra-
tion of theQL.d towards the posterior [42].When EGL-20 signaling is re-
duced or absent, this program fails to be activated and as a consequence,
theQL.dmigrate in the opposite, anterior direction (here referred to as a
QL.d migration defect). The final localization of the QL.d therefore pro-
vides a sensitive assay to measure EGL-20/Wnt signaling activity.



Fig. 1. Knock-down of rab-7 restores EGL-20/Wnt signaling in vps-29mutants. (A) Schematic representation of themigration of the Q neuroblast descendants inwild type L1 larvae and in
animalswith impaired EGL-20/Wnt signaling. Dorsal view. Cells expressingmab-5 are depicted in green. The egl-20 expressing cells in the tail are indicated in blue. Gray circles indicate the
position of the seam cells V1 to V6. (B) Rescue of the QL.d. migration defect of vps-29(tm1320) by overexpression of VPS-35::GFP in EGL-20/Wnt producing cells. (C) RNAi screen for Rab
genes that enhance or suppress the vps-29 induced QL.dmigration defect. MV and JA indicate RNAi clones from the Vidal or Ahringer RNAi libraries, respectively [38,39]. Data from at least
three independent experiments are presented asmean +/− SEM (in each case, n N 100). * p b 0.05; ** p b 0.01; ***p b 0.001. (D) QL.dmigration phenotype of vps-29 singlemutants and
vps-29mutants overexpressing wild typemCherry::RAB-7 in EGL-20/Wnt producing cells. Animals were treatedwith control or vps-35 RNAi. (E) QL.dmigration phenotype of vps-29 sin-
gle mutants and vps-29mutants overexpressing dominant negative (dn) mCherry::RAB-7 in EGL-20/Wnt producing cells. Animals were treated with control or vps-35 RNAi. mCherry::
RAB-7 and mCherry::RAB-7dn were expressed under the control of the egl-20 promoter from an extra-chromosomal array. Data from at least three independent experiments are
presented as mean +/− SEM (in each case, n N 100). ** p b 0.01; *** p b 0.001.
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Of the three cargo-selective subunits of the retromer, null mutations
of vps-35 and vps-26 induce a fully penetrant defect in QL.d migration,
but a null mutation of vps-29 induces only a partially penetrant defect
(Fig. 1B) [12]. This difference is also reflected in the effect of thedifferent
cargo-selective subunitmutations on steady state levels of the C. elegans
Wls ortholog MIG-14, with a strong reduction in MIG-14/Wls protein
levels in vps-35 and vps-26mutants, but only an intermediate reduction
in vps-29 mutants [10]. These observations suggest that the retromer
dependent retrieval of MIG-14/Wls is only partially disrupted in vps-
29 mutants. Double mutant combinations of vps-29 with vps-26 or
vps-35 are synthetic lethal [12], but partial knock-down of vps-35 in
vps-29 mutants does not interfere with viability. Consistent with a
non-essential function of vps-29 in MIG-14/Wls retrieval, we found
that the vps-29 induced defect in the posterior localization of the QL.d
was strongly enhanced by knock-down of vps-35 (Fig. 1C, D, E) and
that the steady state level of a functional MIG-14::GFP fusion protein
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expressed at endogenous levels (see below) was strongly reduced by
vps-35 RNAi in vps-29 mutants (Fig. 8C). Furthermore, we found that
QL.dmigrationwas rescued by overexpression of VPS-35 (Fig. 1B), indi-
cating that in the absence of the VPS-29 subunit, retromer function can
be restored by adding an excess of the cargo-binding subunit VPS-35.
Whether VPS-29 is required for the efficient binding of the Vps26–29–
35 trimer to MIG-14/Wls or whether the stability of the retromer com-
plex is reduced in the absence of VPS-29 remains to be established.

3.2. Knock-down of rab-7 restores EGL-20/Wnt signaling in vps-29mutants

To gain further understanding of the mechanism of Wnt secretion
and in particular the retromer dependent MIG-14/Wls retrieval step,
we used the vps-29 null mutant as a sensitized genetic background to
assay how blocking specific trafficking pathways influences EGL-20/
Wnt signaling. In this analysis, we focused on the Rab proteins, a family
of small GTPases that function as key regulators of intracellular traffick-
ing [43]. Using available RNAi resources [38,39], we knocked down 19 of
the 31 predicted Rab genes of C. elegans and found a statistically signif-
icant enhancement of the vps-29 induced QL.d migration defect for rab-
8, rab-11.1, rab-14 and rab-35, while the phenotype was significantly
suppressed upon knock-down of rab-2, rab-7 and rab-39 (Fig. 1C). The
function of rab-1 and rab-5 could not be addressed, since knock-down
of these genes resulted in embryonic lethality.

Rab7 is an important regulator of endosomalmaturation, controlling
both late endosome formation and the fusion of late endosomes with
lysosomes [43]. In addition, Rab7 directly binds the cargo-selective
subunit Vps35, an interaction that facilitates recruitment of the mam-
malian Vps26–29–35 trimer to endosomes and retrograde transport of
the CI-MPR [26,27,30]. The suppression of the vps-29 induced QL.d
migration phenotype by knock-down of the C. elegans Rab7 ortholog
rab-7 prompted us to further investigate the function of RAB-7 in the
retromer dependent recycling of MIG-14/Wls.

3.3. RAB-7 acts in EGL-20/Wnt producing cells

To investigatewhether vps-29 and rab-7 act together inWnt produc-
ing cells, we expressed wild type RAB-7 and dominant negative RAB-7
(RAB-7dn) tagged with mCherry in egl-20 expressing cells and assayed
the EGL-20/Wnt dependent migration of the QL.d in vps-29mutant an-
imals. In line with the RNAi results, overexpression of RAB-7dn rescued
the vps-29 induced QL.d migration defect (Fig. 1E), whereas over-
expression of wild type RAB-7 enhanced the phenotype (Fig. 1D), con-
sistent with a cell autonomous function of RAB-7 in EGL-20/Wnt
producing cells.When retromer function in vps-29mutants was further
reduced by knock-down of vps-35, overexpression of RAB-7dn did not
restore posterior QL.d migration, indicating that inhibition of RAB-7
only rescues QL.d migration when the cargo-selective subcomplex of
the retromer is still partially functional.

Next, we investigated whether inhibition of RAB-7 rescues QL.d
migration by restoring EGL-20/Wnt secretion in vps-29mutants. To vi-
sualize EGL-20/Wnt, we used a functional fusion of EGL-20 with the
immunoglobulin-binding domain of protein A, which forms a punctate
concentration gradient that ranges from the egl-20 expressing cells
in the tail to the mid-body region [12,31] (Fig. 2A). Quantification of
EGL-20::protA staining showed a clear reduction of the gradient in
vps-35 and vps-29 mutants (Fig. 2B, C). In line with the notion that
retromer function is only partially defective in vps-29 mutants, the
reduction in EGL-20::protA staining was less severe as in vps-35 mu-
tants (as measured by exponential decay constants, see Materials and
methods). Importantly,we found that EGL-20::protA secretionwas par-
tially restored in vps-29 mutants expressing dominant negative RAB-7
(Fig. 2A, E, G), while no rescue was observed in vps-29 mutants ex-
pressing wild type RAB-7 (Fig. 2A, D, F). Taken together, these results
demonstrate that inhibition of RAB-7 rescues the EGL-20/Wnt signaling
defect of vps-29 by restoring EGL-20/Wnt secretion.
Overexpression of wild type or dominant negative RAB-7 did not in-
fluence QL.d migration in wild type animals (Fig. 1D, E). Consistently,
overexpression of wild type or dominant negative RAB-7 did not have
a significant effect on the EGL-20::ProtA gradient in a wild type back-
ground (Fig. 2A, D, E, F, G), indicating that under normal conditions
RAB-7 does not play a major role in EGL-20/Wnt secretion.

3.4. Inhibition of RAB-7 increases MIG-14/Wls protein levels in vps-29
mutants

MIG-14/Wls cycles between the Golgi complex and the plasma
membrane to mediate Wnt secretion [6–10]. To further investigate
how inhibition of RAB-7 restores EGL-20/Wnt secretion in vps-29 mu-
tants, we tested the effect of wild type or dominant negative RAB-7 on
the subcellular localization of MIG-14/Wls in EGL-20/Wnt producing
cells. To visualize MIG-14, we generated a functional fusion of MIG-14
with GFP and expressed it at endogenous levels using Mos1 mediated
single copy integration (Fig. 3). As shown in Fig. 4A, MIG-14::GFP lo-
calizes to intracellular punctae and the cell membrane [10]. Using
mCherry::RAB-5 as a marker of early endosomes (Fig. 6A) and
mCherry::RAB-7 (Fig. 4A) and LMP-1::mCherry (Fig. 5A) as markers of
late endosomes, we found that MIG-14::GFP mostly localizes to early
endosomes, as has been reported previously [3,7,9,10]. In vps-29 mu-
tants, on the other hand, MIG-14::GFP protein levels were reduced
(as measured by GFP fluorescence intensity), with most of the
remaining protein localizing to mCherry::RAB-7 and LMP-1::mCherry
positive late endosomes or lysosomes (Figs. 4A, B and 5A, B) [10]. Ex-
pression of dominant negative mCherry::RAB-7dn did not significantly
alter the localization and protein levels of MIG-14::GFP in wild type an-
imals, consistent with the observation that RAB-7dn does not affect
EGL-20/Wnt secretion and QL.d migration under normal conditions
(Fig. 4A, B). In contrast, RAB-7dn induced a punctate accumulation of
MIG-14::GFP in vps-29mutants (Fig. 4A, B). In the absence of retromer
function, MIG-14/Wls enters the lysosomal degradation pathway and
steady state protein levels are strongly reduced [7,9,10]. When RAB-7
function is inhibited, the induced block in endosomal maturation may
prevent this degradation, leading to accumulation of MIG-14/Wls in
maturing endosomes.

3.5. Inhibition of late endosomalmaturation restores EGL-20/Wnt signaling
in vps-29 mutants

To investigate whether inhibition of late endosomal maturation is
sufficient to restore Wnt signaling in vps-29 mutants, we investigated
MIG-14/Wls localization and EGL-20/Wnt signaling in tbc-2 mutants.
tbc-2 encodes a Rab GTPase activating protein (GAP) that shows high
activity towards Rab5 [35,44]. TBC-2 colocalizes with Rab7 on late
endosomes and is thought to inactivate Rab5 to complete the Rab5 to
Rab7 conversion during endosomal maturation [44]. Consistent with
these observations, we found that mutation of tbc-2 leads to the forma-
tion of enlarged punctate structures that are positive for the late
endosomal and lysosomal marker LMP-1::mCherry (Fig. 5A) [10,44].
To determine the effect of tbc-2 onMIG-14/Wls trafficking, we analyzed
the subcellular localization of MIG-14::GFP in EGL-20/Wnt producing
cells. tbc-2 did not significantly alter the subcellular distribution of
MIG-14/Wls in a wild type background, except for a slightly enhanced
colocalization with LMP-1::mCherry (Fig. 5A). In vps-29; tbc-2 double
mutants, however, MIG-14::GFP mostly localized to LMP-1::mCherry
positive vesicles. Compared to vps-29 single mutants, there was a sig-
nificant increase in MIG-14::GFP protein level (Fig. 5B), indicating
that mutation of tbc-2 induces accumulation of MIG-14/Wls in late
endosomes. Next, we investigated whether this block in endosomal
maturation restores EGL-20/Wnt signaling and secretion. As shown in
Fig. 5C, tbc-2 rescued the QL.d migration phenotype of vps-29, whereas
overexpression of tbc-2 in EGL-20/Wnt producing cells strongly en-
hanced the phenotype. Furthermore, tbc-2 restored EGL-20/Wnt



Fig. 2.Dominant negative RAB-7 restores EGL-20/Wnt secretion in vps-29mutants. (A) Staining of EGL-20::protein Awith a rabbit anti-goat-Cy5 antibody inwild type or vps-29(tm1320)
mutants expressingmCherry::RAB-7 (rab-7xs) ormCherry::RAB-7dn in EGL-20/Wnt producing cells. Expression of EGL-20/Wnt is visible in the egl-20 expressing cells (closed line) and as
a punctate posterior to anterior gradient (dotted line). In all images, anterior is to the left and dorsal is up. Images aremaximumprojections of 10 confocal sections taken at 0.5 μmz-steps.
Asterisk indicates the starting point of the quantification shown in D and E. Scale bar is 10 μm. (B, D, E) Quantification of EGL-20::protein A staining along the anteroposterior axis. Data
from two independent experiments are presented as mean and normalized to the staining intensity in EGL-20/Wnt producing cells (in each case, n N 15). (C, F, G) Statistical analysis of
EGL-20::protein A staining quantified in (B, D, E). Data are presented as mean +/− SEM. * p b 0.05, ** p b 0.01 (C); * p b 0.02, ** p b 0.005, *** p b 0.0001 (F, G).
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Fig. 3. Generation and expression of the single copy Pmig-14::mig-14::gfp transgene huSi2. (A) Insertion of the transgene at the ttTi5605Mos1 integration site [72]. Primers used to detect
the insertion are indicated in red. (B) Amplification of the correct 1.8 kb fragment is in huSi2. The asterisk indicates a background amplification product in ttTi5605. (C) SinglemRNA fluo-
rescent in situ hybridization (smFISH) ofmig-14mRNA inwild type, huSi2 and themulti-copy integrated Pmig-14::mig-14::gfp transgene huIs71. Note that the huSi2 and huIs71 containing
strains also express the endogenousmig-14 gene.
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secretion in vps-29mutants (Fig. 5D, E and F). Taken together with the
data on dominant negative RAB-7, these results indicate that inhibition
of late endosomal maturation restoresWnt signaling in vps-29mutants.
This conclusion is further supported by our observation that inhibition
of the HOPS complex, which binds to activated RAB-7 to coordinate
thematuration of late endosomes into lysosomes [45], restoresWnt sig-
naling in vps-29mutants as well (Fig. 5G).

In contrast to inhibition of late endosomal maturation, we found
that interfering with endosomal maturation at the level of early endo-
somes did not restore Wnt signaling in vps-29 mutants. SAND-1 plays
a central role in Rab5 to Rab7 conversion and endosomal maturation
[36,37,46,47]. SAND-1 is recruited to early endosomes where it binds
to and displaces the Rab5 guanine nucleotide exchange factor (GEF)
Rabex5 to inhibit Rab5 activity. In addition, it functions at a later stage
in the endosomal maturation pathway by interacting with the HOPS
complex to activate Rab7 to coordinate the exchange of Rab5 for Rab7
during the Rab5 to Rab7 conversion process. sand-1 mutants show en-
larged Rab5 positive early endosomes in which endocytosed proteins
accumulate [46]. We found that MIG-14::GFP showed a more punctate
distribution in sand-1 single and sand-1; vps-29 double mutants
(Fig. 6A). Furthermore, MIG-14::GFP strongly co-localized with the
early endosomal marker mCherry::RAB-5. This early endosomal locali-
zation was accompanied by a significant increase in MIG-14::GFP
protein level in the sand-1; vps-29 double mutant, consistent with accu-
mulation of MIG-14::GFP in early endosomes (Fig. 6A, B). In contrast to
the RAB-7dn and tbc-2 induced late endosomal accumulation of MIG-
14/Wls, accumulation ofMIG-14/Wls in early endosomes did not restore
EGL-20/Wnt signaling. Instead, we found that mutation of sand-1 en-
hanced the vps-29 induced QL.d migration defect (Fig. 6C), a phenotype
that was suppressed by expression of wild type sand-1 in EGL-20/Wnt
producing cells. Furthermore, mutation of sand-1 alone was sufficient
to cause a weak but significant defect in EGL-20/Wnt signaling.

Taken together, these results show that early endosomal maturation
is required for the normal trafficking of MIG-14/Wls and that blocking
this step interferes with the retrieval of MIG-14/Wls in vps-29 retromer
mutants. This conclusion is further supported by our observation that
knock-down of vps-8, a subunit of the CORVET complex –which togeth-
er with RAB-5 is required for the early endosomal localization of SAND-
1 [45] – enhances the vps-29 induced QL.d migration defect as well
(Fig. 5G).

SAND-1 functions together with CCZ-1 to control phagosomematu-
ration and engulfment of apoptotic cells in C. elegans [36,37]. Interest-
ingly, we found that loss of ccz-1 did not affect EGL-20/Wnt signaling
in a wild type or vps-29 mutant background (Fig. 6D), indicating that
the effect of sand-1 on MIG-14/Wls trafficking and EGL-20/Wnt signal-
ing is independent of CCZ-1.

3.6. Inhibition of ESCRT mediated intraluminal vesicle formation restores
EGL-20/Wnt signaling in vps-29 mutants

During endosomal maturation, endocytosed transmembrane pro-
teins such as MIG-14/Wls are internalized and incorporated into
intraluminal vesicles (ILVs) (reviewed in [48–50]). The formation of
ILVs is mediated by the endosomal-sorting complex required for trans-
port (ESCRT) complex. Depletion of components of the ESCRTmachinery
results in fewer ILVs and accumulation of endocytosed transmembrane
proteins on the limiting endosomal membrane. To test whether inhibi-
tion of ILV formation influences the vps-29 induced EGL-20/Wnt signal-
ing phenotype, we knocked down the ESCRT complex components vps-
28 and vps-37. As shown in Fig. 7, knock-down of vps-28 and vps-37
rescued the EGL-20/Wnt dependent migration of the QL.d. These results
show that inhibition of ILV formation restores Wnt signaling in vps-29
mutants, either by reducing MIG-14/Wls degradation or by inducing
accumulation of MIG-14/Wls on the outer endosomal membrane.

3.7. A SNX-BAR dependent retromer pathway contributes to MIG-14/Wls
retrieval in vps-29 mutants

We have previously shown that MIG-14/Wls retrieval requires a
SNX3 dependent retromer pathway that functions independent of the
SNX-BAR retromer sorting nexins SNX1/SNX2 and SNX5/SNX6 [31].
Analysis of the localization of SNX3 along the endosomal maturation

image of Fig.�3


Fig. 4.MIG-14/Wls accumulates in the endosomal system in the absence of RAB-7. (A) Localization ofMIG-14::GFP inwild type animals and in vps-29mutants expressingmCherry::RAB-7
(rab-7xs) or dominant negative mCherry::RAB-7dn (rab-7dn) in EGL-20/Wnt producing cells. MIG-14::GFP was expressed from its own promoter using the single copy transgene huSi2.
The L1 stage tail areawith the EGL-20/Wnt producing cells is shown. Images aremaximumprojections of 10 confocal sections taken at 0.25 μmz-steps. Arrow heads indicate examples of
co-localization betweenMIG-14::GFP andmCherry::RAB-7 or vesicular accumulation ofMIG-14::GFP in cells expressing dominant negativemCherry::RAB-7dn. Images are representative
of three independent experiments. Scale bar is 10 μm. (B) Quantification of the data shown in (A). The dotted oval indicates the region of EGL-20/Wnt producing cells taken for quanti-
fication. Data are presented as mean +/− SEM (in each case, n = 10). *** p b 0.0001.
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pathway has shown that SNX3 is enriched on early endosomes [31],
while the SNX-BAR sorting nexins SNX1/SNX2 and SNX5/SNX6 are
more abundant on endosomes that are at the early-to-late transition
point [28,29]. Based on these observations, we hypothesized that a re-
duction in the SNX3 retromer-mediated retrieval of MIG-14/Wls from
early endosomes in vps-29 mutants might lead to retrieval of MIG-14/
Wls from more mature endosomes through a SNX-BAR retromer de-
pendent pathway. To investigate this possibility, we removed snx-3 or
the SNX-BAR sorting nexin snx-1 from vps-29 mutants and assayed ef-
fects on the EGL-20/Wnt dependent migration of the QL.d. In line with
the essential function of the SNX-3 retromer pathway in MIG-14/Wls
recycling [31], loss of snx-3 induced a fully penetrant defect in QL.d
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migration, while knock-down or mutation of snx-1 had no effect on
EGL-20/Wnt signaling in wild type animals (Fig. 8A, B). However,
knock-down of snx-1 strongly enhanced the QL.d migration defect of
vps-29 (Fig. 8B). Furthermore, we found that the steady state level of
MIG-14::GFP in vps-29 mutants was strongly reduced by snx-1 RNAi
(Fig. 8C), indicating that in the absence of vps-29, MIG-14/Wls retrieval
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is partially dependent on the SNX-BAR retromer pathway. Next, we in-
vestigated whether snx-1 is required for the RAB-7dn dependent rescue
of EGL-20/Wnt signaling.Whereas RAB-7dn restored posterior QL.dmi-
gration in vps-29 mutants treated with control RNAi, there was no sig-
nificant reduction in the QL.d migration defect in animals treated with
snx-1 RNAi (Fig. 8B), indicating that the rescuing activity of RAB-7dn is
also dependent on SNX-BAR retromer function. Taken together, these
results are consistent with a model in which the incomplete retrieval
of MIG-14/Wls by the SNX-3 retromer pathway in vps-29 mutants can
be compensated by blocking endosomal maturation and partial retriev-
al of MIG-14/Wls from late endosomes through a SNX-BAR dependent
retromer pathway.

4. Discussion

The identification of the Wnt sorting receptor MIG-14/Wls and the
retromer complex as key regulators of Wnt secretion has demonstrated
that Wnt is released through a specialized secretion mechanism that
provides an important layer of control to the Wnt signaling pathway
[3–9,11,12]. MIG-14/Wls is a direct cargo of the retromer complex,
which functions as part of a transport route that retrieves MIG-14/Wls
from the plasma membrane to the TGN. We have recently shown that
the retromer dependent retrieval of MIG-14/Wls is mediated by an al-
ternative retromer pathway that is dependent on the sorting nexin
SNX3 instead of the classical SNX-BAR retromer sorting nexins SNX1/
SNX2 and SNX5/SNX6 [31]. In this study, we have further investigated
the retromer dependent endosome-to-TGN retrieval of MIG-14/Wls.
We demonstrate that the retrieval of MIG-14/Wls is partially disrupted
inmutants of the C. elegans retromer subunit gene vps-29 and that it can
be restored by blocking thematuration of late endosomes to lysosomes.
This results in accumulation of MIG-14/Wls in a late endosomal com-
partment from which MIG-14/Wls can be partially retrieved through a
SNX-BAR dependent retromer pathway.

4.1. Mutation of vps-29 partially disrupts the retromer dependent recycling
of MIG-14/Wls

The cargo-selective subcomplex of the retromer consists of the sub-
units Vps26, Vps29 and Vps35. Structural analysis of the cargo-selective
subcomplex has shown that Vps26 and Vps29 bind to independent sites
on Vps35, the subunit that directly interacts with cargo proteins such
as Sortilin and the CI-MPR [51–53]. As part of this complex, Vps26 has
been shown to promote membrane association of the cargo-selective
subcomplex, while Vps29 is thought to stabilize the interaction with
the SNX-BAR sorting nexins [52–55]. In C. elegans, VPS-26 and VPS-35
are essential for the retromer dependent recycling of MIG-14/Wls,
while our results show that VPS-29 plays a less important role, with
vps-29 mutants showing only a partial reduction in MIG-14/Wls levels
and EGL-20/Wnt secretion [10]. This is in contrast to the function of
Vps29 in mammalian cells, where knock-down of Vps29 destabilizes
the cargo-selective subcomplex [56]. However, in yeast, Vps35p and
Vps26p can still interact in the absence of Vps29p, albeit at reduced
levels [57]. Furthermore, the stability of Vps35p, but not Vps26p, is
Fig. 5. Inhibition of endosome maturation at the level of late endosomes restores EGL-20/Wnt
moter using the single copy transgene huSi2 in wild type, tbc-2(tm2241), vps-29(1320) and tbc
cells is shown. Images are maximum projections of 10 confocal sections taken at 0.25 μm z
localization between MIG-14::GFP and LMP-1::mCherry [10]. Images are representative of th
(E). The region taken for quantificationwas the same as in Fig. 3. Data are presented asmean +/
of vps-29 mutants by tbc-2(tm2241) and of the phenotype by egl-20 promoter directed over
mean +/− SEM (in each case, n N 150). ** p b 0.01; *** p b 0.001. (D) Staining of EGL-20::pro
and vps-29(tm1320); tbc-2(tm2241). In all images, anterior is to the left anddorsal is up. Images a
of EGL-20::protein A staining. Data from two independent experiments are presented as mea
n N 20). (F) Statistical analysis of EGL-20::protein A staining quantified in (E). Data are pres
components (vps-39 and vps-41) suppresses and knock-down of the CORVET complex compo
independent experiments are presented as mean +/− SD (in each case, n N 100).
decreased in yeast Vps29 mutants [54]. Our results demonstrate that
overexpression of the VPS-35 subunit restores Wnt signaling in vps-29
mutants. This is in line with a less stable and partially functional
cargo-selective subcomplex, a defect that can be compensated by an ex-
cess of the cargo-binding VPS-35 subunit. In the context of EGL-20/Wnt
secretion, the effect of vps-29mutation may therefore be similar as loss
of Vps29p in yeast.

4.2. A screen for Rab GTPases that suppress or enhance the Wnt signaling
phenotype of vps-29

Rab GTPases are important regulators of vesicle trafficking [43]. In
our screen, we found that knock-down of rab-8, rab-11.1, rab-14 and
rab-35 enhanced the Wnt signaling phenotype of vps-29. Interestingly,
all of these Rabs have been shown to function at the level of the
recycling endosome, indicating that retrieval from this compartment
could contribute to the trafficking of endocytosed MIG-14/Wls and the
regulation of Wnt secretion. In addition, Rab8 has been shown to be
required for basolateral secretion [58–62], while Rab35 has been impli-
cated in exosome formation [63]. This latter function is of particular in-
terest, as recent evidence suggests thatWls andWnt can be secreted on
exosomes [64,65]. Rab GTPases that suppressed theWnt signaling phe-
notype of vps-29 include rab-2, rab-7 and rab-39. These Rabs have been
implicated in early-to-late endosomematuration, the conversion of late
endosomes into lysosomes and phagosome maturation [43,66,67].

4.3. Function of RAB-7 in the retromer-dependent retrieval of MIG-14/Wls

It has recently been shown that Rab7 interacts with the cargo-
selective Vps35 subunit of the Vps26–29–35 trimer, a function that is re-
quired to facilitate recruitment of the cargo-selective subcomplex to
endosomal membranes and retrograde trafficking of the CI-MPR
[26,27,30]. We found that inhibition of the C. elegans Rab7 ortholog
RAB-7 did not interfere with MIG-14/Wls recycling or Wnt secretion,
as assayed by the effect on EGL-20/Wnt signaling and gradient forma-
tion. Moreover, inhibition of RAB-7 rescued EGL-20/Wnt secretion in
vps-29 mutants. Under these conditions, MIG-14/Wls accumulates in
late endosomes, from which it can be partially retrieved through a
SNX-BAR dependent retromer pathway. In the context of MIG-14/Wls
retrieval, the main function of RAB-7 therefore appears to be its role in
endosome maturation. Consistently, we found that overexpression of
RAB-7, which promotes endosomal maturation and lysosomal degrada-
tion, enhanced theWnt signaling defect of vps-29mutants. Is RAB-7 also
required for endosomal recruitment of the C. elegans Vps26–29–35 tri-
mer? As rab-7 null mutants are not viable, we used rab-7 RNAi and
tissue-specific overexpression of dominant negative RAB-7 to partially
interfere with RAB-7 function. It is therefore possible that under these
conditions sufficient RAB-7 activity remains to mediate its function in
retromer recruitment.

Another important aspect of Rab7 function in retromer recruitment
is the interaction of Vps29 with the Rab7 GTPase activating protein
TBC1D5 [27,68]. By recruiting TBC1D5, Vps29 is thought to inactivate
Rab7, triggering dissociation of the cargo-selective Vps26–29–35 trimer
signaling in vps-29mutants. (A) Localization of MIG-14::GFP expressed from its own pro-
-2(tm2241); vps-29(1320) animals. The L1 stage tail area with the EGL-20/Wnt producing
-steps. Arrowheads indicate vesicular localization of MIG-14::GFP and examples of co-
ree independent experiments. Scale bar, 10 μm. (B) Quantification of the data shown in
− SEM (in each case, n = 10). *** p b 0.0001. (C) Rescue of theQL.dmigration phenotype
expression of tbc-2. Data from at least three independent experiments are presented as
tein A with a rabbit anti-goat-Cy5 antibody in wild type, vps-29(tm1320), tbc-2(tm2241)
remaximumprojections of 10 confocal sections takenat 0.5 μmz-steps. (E) Quantification
n and normalized to the staining intensity in EGL-20/Wnt producing cells (in each case,
ented as mean +/− SEM. ** p b 0.03, *** p b 0.001. (G) Knock-down of HOPS complex
nent vps-8 enhances the Wnt signaling defect of vps-29 mutants. Data from at least three
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from the endosomal membrane. A possibility is therefore that in vps-29
mutants the TBC1D5 ortholog RBG-3 is not recruited to the retromer
complex, leading to excessive RAB-7 activity, premature endosome
Fig. 6.Disruption of early endosomematuration interferes with MIG-14/Wls recycling. (A) Loca
huSi2 in wild type, sand-1(tm1963), vps-29(tm1320) and vps-29(tm1320); sand-1(tm1963) an
maximum projections of 10 confocal sections taken at 0.25 μm z-steps. Arrowheads indicate
GFP and mCherry::RAB-5 (expressed from the muscle specific myo-3 promoter). Images are
in (A). The region taken for quantification was the same as in Fig. 3. Data are presented as
sand-1(ok1963), vps-29(tm1320) and the double mutant, and rescue of the QL.d migration ph
of the egl-20 promoter. Data from at least four independent experiments are presented as m
not required for EGL-20/Wnt signaling. QL.d migration phenotype of ccz-1(ok2182), vps-2
experiments are presented as mean +/− SEM (in each case, n N 100).
maturation and MIG-14/Wls degradation. This possibility can however
be excluded as rbg-3 null mutants do not show a defect in EGL-20/
Wnt signaling (Fig. 9).
lization of MIG-14::GFP expressed from its own promoter using the single copy transgene
imals. The L1 stage tail area with the EGL-20/Wnt producing cells is shown. Images are
vesicular localization of MIG-14::GFP and examples of co-localization between MIG-14::
representative of three independent experiments. (B) Quantification of the data shown
mean +/− SEM (in each case, n = 10). ** p b 0.01. (C) QL.d migration phenotype of
enotype of vps-29(1320); sand-1(ok1963) by expression of sand-1::gfp under the control
ean +/− SEM (in each case, n N 100). * p b 0.03; ** p b 0.01; *** p b 0.001. (D) ccz-1 is
9(tm1320) and ccz-1(ok2182); vps-29(tm1320). Data from at least three independent
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Fig. 7. Inhibition of ESCRT components restores EGL-20/Wnt signaling in vps-29mutants.
vps-29(tm1320) animals were treated with control, vps-28, vps-37 or vps-35 RNAi and the
final position of the QL.d was determined. Data from at least three independent experi-
ments are presented as mean +/− SEM (in each case, n N 100). * p b 0.05, ** p b 0.01.

Fig. 8. EGL-20/Wnt signaling is dependent on both SNX3 and SNX-BAR retromer pathways in vp
three independent experiments are presented as mean +/− SEM (n N 100). (B) QL.d migra
mCherry::RAB-7dn in EGL-20/Wnt producing cells. Animals were treated with control, snx-
of the egl-20 promoter from an extra-chromosomal array. Data from at least three independ
(C) Western blot of MIG-14::GFP (huSi2) from vps-29(tm1320) L1 larvae treated with control,
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4.4. Inhibition of late endosomalmaturation restores EGL-20/Wnt signaling
in vps-29 mutants

We found that inhibition of endosomal maturation by rab-7 RNAi or
overexpression of dominant negative RAB-7 rescued EGL-20/Wnt se-
cretion and signaling in vps-29 mutants. To further investigate how
endosomal maturation influences the vps-29 induced EGL-20/Wnt
signaling phenotype, we interfered with endosomal maturation using
mutations in tbc-2 and sand-1. MIG-14/Wls accumulated in LMP-1::
mCherry positive late endosomes in tbc-2mutants. Similar to inhibition
of RAB-7, the tbc-2 induced block in endosomal maturation was suffi-
cient to rescue EGL-20/Wnt secretion and signaling, supporting the
model that accumulation of MIG-14/Wls in late endosomes partially re-
stores endosome-to-TGN retrieval of MIG-14/Wls in vps-29 mutants.

Mutation of sand-1 resulted in early endosomal accumulation of
MIG-14/Wls, an effect that is in agreement with the function of SAND-
1 in early to late endosomal maturation [36,37,46,47]. In contrast to
late endosomal accumulation, we found that early endosomal accumu-
lation of MIG-14/Wls enhanced the EGL-20/Wnt signaling phenotype
of vps-29. Furthermore, sand-1 single mutants displayed a weak but
significant defect in EGL-20/Wnt signaling, indicating that loss of sand-
1 not only alters the progression of MIG-14/Wls from early to late
endosomes, but also partially interferes with the SNX-3 retromer de-
pendent retrieval of MIG-14/Wls. Taken together with the observations
on late endosomalmaturation discussed above, these results are consis-
tentwith amodel inwhich the retromer dependent retrieval ofMIG-14/
Wls can take place at both early and late endosomes in vps-29mutants.

SAND-1 has been reported to form a complex with CCZ-1. Together,
SAND-1 and CCZ-1 regulate endosome maturation by modulating the
s-29mutants. (A) QL.dmigration phenotype of snx-1 and snx-3mutants. Data from at least
tion defect of vps-29 single mutants and vps-29 mutants expressing dominant negative
1 or snx-3 RNAi. Dominant negative mCherry::RAB-7 was expressed under the control
ent experiments are presented as mean +/− SEM (in each case, n N 100). ** p b 0.01.
vps-35 or snx-1 RNAi.
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Fig. 9. rbg-3 is not required for EGL-20/Wnt signaling. QL.d migration phenotype of rbg-
3(tm1910), vps-29(tm1320) and vps-29(tm1320); rbg-3(tm1910). Data from at least
three independent experiments are presented asmean +/− SEM (in each case, n N 100).
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conversion of Rab5 to Rab7, with SAND-1 controlling the inactivation of
RAB-5 and the SAND-1/CCZ-1 complex mediating activation of RAB-7
[36,37,46,47]. The SAND-1/CCZ-1 complex also regulates phagosomal
maturation and clearance of apoptotic cells in C. elegans. We found
that in contrast to sand-1, neither ccz-1 single mutants nor vps-29; ccz-
1 doublemutants displayed defects in EGL-20/Wnt signaling, indicating
that sand-1 acts independent of ccz-1 with respect to MIG-14/Wls re-
trieval and EGL-20/Wnt secretion.

4.5. Spatial separation of SNX-3 and SNX-BAR retromer complexes and
cargo-specific mechanisms in MIG-14/Wls retrieval

The retromer dependent endosome-to-TGN retrieval of cargo pro-
teins such as Sortilin and the CI-MPR is mediated through the classical
Fig. 10.Model of MIG-14/Wls retrieval in wild typ
SNX-BAR retromer pathway, while retrieval of MIG-14/Wls requires
an alternative SNX3 dependent retromer pathway [31]. As both path-
ways utilize the Vps26–29–35 trimer for cargo binding, an important
question is how cargo specificity is achieved. One possibility is that
the SNX3 and SNX-BAR retromer complexes are differentially localized
along the endosomal maturation pathway [24]. Although there is con-
siderable overlap between the localization of SNX3 and the SNX-BAR
sorting nexin SNX1 in human cells, SNX3 predominantly localizes to
early endosomes, while SNX1 shows a more widespread distribution
that includes both early and late endosomes [28,29,31]. Despite this
wider distribution, the majority of SNX1 decorated tubules are formed
at early-to-late endosomes [29], a stage at which also the SNX-BAR
retromer dependent retrieval of Sortilin has been shown to take place
[28]. Our previous observations and the results presented in this study
demonstrate that SNX-3 is essential for MIG-14/Wls recycling [31].
However, we also show that in vps-29 mutants, EGL-20/Wnt signaling
is dependent on SNX-1, indicating that under these conditions, MIG-
14/Wls retrieval can be partially mediated through a SNX-BAR depen-
dent retromer pathway. Indeed, this pathway is required for the RAB-
7dn mediated rescue of EGL-20/Wnt signaling in vps-29 mutants,
supporting the notion that accumulation of MIG-14/Wls in late endo-
somes facilitates retrieval of MIG-14/Wls through a SNX-BAR depen-
dent retromer pathway. Although we cannot rule out a role for SNX-1
in the retrieval of MIG-14/Wls from early endosomes, the more promi-
nent localization of SNX3 on early endosomes [31,69–71] and the re-
quirement of SNX-1 for MIG-14/Wls retrograde trafficking from late
endosomes suggest that the SNX-3 and SNX-1 dependent retromer
pathways act sequentially in MIG-14/Wls retrieval in vps-29 mutants.
Our results therefore favor a model in which the inefficient recycling
of MIG-14/Wls from early endosomes by the SNX-3 retromer pathway
in vps-29 mutants leads to progression of MIG-14/Wls to late endo-
somes, from which it is retrieved through a SNX-BAR dependent
retromer pathway (Fig. 10). Blocking endosomal maturation at the
late endosomal stage by interfering with RAB-7 or TBC-2, or preventing
internalization of MIG-14/Wls on ILVs by ESCRT knock-down facilitates
e and vps-29 mutants. See text for discussion.
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retrieval ofMIG-14/Wls through this pathway, leading to a partial resto-
ration of EGL-20/Wnt secretion and signaling in vps-29 mutants.

How does this model explain the essential function of the SNX-3
retromer pathway in MIG-14/Wls retrieval? We propose that endo-
cytosed MIG-14/Wls first encounters the early endosomal SNX-3
retromer complex, which mediates TGN retrieval of the bulk of MIG-
14/Wls that enters the endosomal system. In the absence of the SNX-3
retromer pathway, MIG-14/Wls is retained in the endosomal system
and will be a target of the SNX-BAR retromer pathway once the endo-
somes have matured to the early-to-late endosomal transition point.
The entry of endocytosed MIG-14/Wls into early endosomes – as
opposed to classical retromer cargo proteins such as Sortilin and the
CI-MPR, which enter at a later stage in the endosomal maturation path-
way – may therefore be an important factor in determining retrieval
through the spatially separated SNX3 and SNX-BAR retromer pathways
(Fig. 10). The pool of MIG-14/Wls that can be retrieved through the
SNX-BAR retromer pathway is however insufficient to allow normal
EGL-20/Wnt secretion in snx-3 mutants. A major fraction of MIG-14/
Wls may already be internalized on ILVs once it reaches the early-to-
late endosomal transition point and may therefore be inaccessible to
SNX-BAR retromer dependent retrieval. Alternatively, MIG-14/Wls
may be a poor substrate of the SNX-BAR retromer pathway. In favor of
this latter possibility is our observation that inhibition of ILV formation
by knock-down of ESCRT components does not restore EGL-20/Wnt
signaling in snx-3 mutants (data not shown). We therefore propose
that in addition to spatial separation of the SNX3 and SNX-BAR retromer
complexes, also cargo-specific mechanisms contribute to the specific
retrieval ofMIG-14/Wls through the SNX3 retromer pathway. This func-
tional separation of retrieval mechanisms may ensure the tight regula-
tion of Wls stability and Wnt secretion that is essential for normal
development and adult tissue homeostasis.
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