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Endosome-to-Golgi transport is required for the function of many
key membrane proteins and lipids, including signaling receptors,
small-molecule transporters, and adhesion proteins. The retromer
complex is well-known for its role in cargo sorting and vesicle
budding from early endosomes, in most cases leading to cargo
fusion with the trans-Golgi network (TGN). Transport from recycling
endosomes to the TGN has also been reported, but much less is
understood about the molecules that mediate this transport step.
Here we provide evidence that the F-BAR domain proteins TOCA-1
and TOCA-2 (Transducer of Cdc42 dependent actin assembly), the
small GTPase CDC-42 (Cell division control protein 42), associated
polarity proteins PAR-6 (Partitioning defective 6) and PKC-3/atypical
protein kinase C, and the WAVE actin nucleation complex mediate
the transport of MIG-14/WIs and TGN-38/TGN38 cargo proteins from
the recycling endosome to the TGN in Caenorhabditis elegans. Our
results indicate that CDC-42, the TOCA proteins, and the WAVE
component WVE-1 are enriched on RME-1-positive recycling endo-
somes in the intestine, unlike retromer components that act on
early endosomes. Furthermore, we find that retrograde cargo
TGN-38 is trapped in early endosomes after depletion of SNX-3
(a retromer component) but is mainly trapped in recycling endo-
somes after depletion of CDC-42, indicating that the CDC-42-asso-
ciated complex functions after retromer in a distinct organelle.
Thus, we identify a group of interacting proteins that mediate
retrograde recycling, and link these proteins to a poorly under-
stood trafficking step, recycling endosome-to-Golgi transport.
We also provide evidence for the physiological importance of this
pathway in WNT signaling.

retromer | endocytic recycling | endosome | toca | wave

Endocytosis mediates the internalization of cell-surface pro-
teins and lipids in small vesicles that bud from the plasma
membrane and deliver their cargo to endosomes (1). Once cargo
proteins reach the endosomes, one important pathway they may
follow is retrograde recycling, in which cargos are delivered from
endosomes to the trans-Golgi network (TGN) (2). Many im-
portant membrane proteins, including signaling receptors and
small molecular transporters, require retrograde recycling (2).
Some well-studied examples include the cation-independent man-
nose 6-phosphate receptor, insulin-stimulated glucose transpor-
ter Glut4, and WIs/MIG-14, a protein that ferries Wnt ligands to
the cell surface during their secretion (2, 3). Certain toxins and
viruses co-opt such retrograde transport pathways during their toxic/
infectious cycles. These include the bacterial toxins Shiga and
cholera, plant exotoxins ricin and abrin, as well as adeno-associated
virus type 5 (AAV5) and HIV-1 (2, 3).

Relatively few studies have focused on how such recycling
pathways function in polarized epithelial cells, although polar-
ized epithelia are a very abundant and important cell type in the
human body. The intestine of the nematode Caenorhabditis ele-
gans is a powerful model system for the study of endocytic recy-
cling in the context of polarized epithelial cells, and can be studied
within their normal context of the intact living animal (4, 5). The
C. elegans intestine is a simple epithelial tube composed of 20 cells
arranged mostly in pairs (6). Like mammalian intestinal epithelial
cells, those of the C. elegans intestine display readily apparent
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apicobasal polarity, with basolateral and apical domains separated
by apical junctions (6). The intestinal luminal (apical) membranes
display a dense microvillar brush border with an overlying glyco-
calyx and subapical terminal web (6). The basolateral membrane
faces the body cavity, exchanging molecules between the intestine
and peripheral tissues.

We previously established several model transmembrane cargo
markers for the analysis of basolateral endocytosis and recycling in
the C. elegans intestine (5, 7-10). These include MIG-14-GFP,
hTfR-GFP, and hTAC-GFP (5). MIG-14 (Wntless) and hTfR
(human transferrin receptor) enter cells via clathrin-dependent
endocytosis (5, 7, 11). hTAC (human IL-2 receptor a-chain) enters
cells via clathrin-independent endocytosis (4, 5). hTfR and hTAC
recycle to the plasma membrane via recycling endosomes, also
known as the endocytic recycling compartment (4, 7). MIG-14
recycles to the TGN, but previous work had not tested whether
MIG-14 transits the recycling endosome en route to the Golgi
(12-14).

Many studies in cultured cell lines indicate that there are
multiple routes to the Golgi from endosomes, including pro-
posed routes from the recycling endosome, in addition to the
more commonly discussed early endosome and late endosome
routes (15-19). For instance, CHO cell pulse—chase analysis of
fusion proteins bearing the transmembrane and intracellular
domains of retrograde recycling proteins, TGN38 and Furin,
showed that TGN38 trafficked from the early endosome to
recycling endosome to the Golgi, whereas Furin recycling involved
transit from the early endosome to the late endosome to the Golgi
(20, 21). TGN38 and Shiga toxin have been shown to require
distinct sets of SNARE proteins to complete transport to the
Golgi, also indicating that different cargos recycle to the Golgi in
different types of vesicles (22). In addition, TGN38 requires
recycling endosome regulator Rab11 and its effector FIP1/RCP
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for retrograde recycling, further indicating that the recycling endo-
some pathway is important in TGN38 retrieval to the Golgi (23).
The recycling endosome regulator and dynamin superfamily-like
ATPase EHD1/mRme-1 is also required for transport of several
cargos from recycling endosomes to the Golgi (24-26). The cation-
independent mannose 6-phosphate receptor has also been reported
to require transport through the recycling endosome to reach the
TGN (24, 25).

Previous whole-genome analysis of genes required for yolk pro-
tein endocytosis in the C. elegans oocyte, a process that requires
yolk receptor recycling, identified the Rho-family GTPase CDC-
42 and its associated proteins PAR-3 and PAR-6 (PDZ domain
proteins), as well as the C. elegans homolog of atypical protein
kinase C, PKC-3 (27). Together, these proteins are often referred
to as the anterior PAR complex, because they function together
to establish and maintain anterior-posterior polarity in the early
C. elegans embryo (28). This work showed that CDC-42 is enriched
on RME-1-positive recycling endosomes in nonpolarized C. elegans
coelomocytes and cultured mammalian fibroblasts (27). These and
other data implicated the CDC-42/PAR complex in recycling
endosome function, but further mechanistic insight was lacking (27,
29, 30). Other work showed that CDC-42-associated Bar-domain
proteins TOCA-1 and TOCA-2 function redundantly in yolk en-
docytosis, also probably functioning at a postendocytic transport
step (31).

To better understand the function of the TOCA proteins, and
potentially the anterior PAR complex, in membrane transport,
we set out to analyze their function in the C. elegans intestine
using the molecular tools that we had established in this tissue.
Unlike the general recycling regulator RME-1, which affects all
recycling cargo that we have tested in the C. elegans intestine, we
found that toca-1; toca-2 double mutants strongly affected MIG-
14 but not hTAC or hTfR. Further analysis connected TOCA-1
and TOCA-2 to the CDC-42/PAR complex in this process, and
further indicated that these proteins function with WVE-1,
a core subunit of the actin nucleation complex WAVE. These
results indicated a requirement for TOCA/CDC-42/PAR/WAVE
in retrograde recycling, in addition to the well-known retromer
complex, which contains a similar complement of molecules
implicated in membrane binding, membrane bending, and actin
nucleation. Finally, we established the C. elegans homolog of
retrograde recycling cargo TGN38 (TGN-38) as a retrograde
recycling cargo in the intestine. Experiments with GFP-tagged
TGN-38 allowed us to compare the cargo transport blocks imposed
by depletion of a subunit of the retromer complex (SNX-3) with
the block imposed by depletion of CDC-42, as a representative of
the TOCA/CDC-42/PAR/WAVE group (32). These experiments
indicated a specific block at the early endosome after retromer
depletion, whereas CDC-42 depletion blocked TGN-38 retrograde
recycling most strongly at the recycling endosome. Taken together,
these results demonstrate an important role for TOCA/CDC-42/
PAR/WAVE acting at the recycling endosome after retromer
function at the early endosome. We also provide evidence for the
physiological importance of this pathway in WNT signaling, fo-
cusing on the polarity of the ALM mechanosensory neurons.

Results

Sorting of Recycling Cargo Proteins in C. elegans Intestinal Epithelia
by TOCA Proteins. To elucidate the step in endocytic transport
requiring C. elegans TOCA proteins, we tested the effects of the
toca-1(tm2056); toca-2(ngll) double mutant on the steady-state
localization of recycling cargo proteins MIG-14-GFP, hTAC-
GFP, and hTfR-GFP. We found that in foca-1; toca-2 double
mutants, but not foca-1 or toca-2 single mutants, MIG-14-GFP
fluorescence is reduced by about two-thirds, an effect similar to
known recycling mutants (Fig. 1 A, B, and F and SI Appendix, Fig.
S1A4, B, E, F, I, J, and M). Anti-GFP Western blots confirmed
reduction in MIG-14-GFP steady-state level in foca double mutants
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(Fig. 1H). hTfR-GFP and hTAC-GFP localization and fluorescence
intensity were not reduced in foca-1; toca-2 double mutants, sug-
gesting a specific requirement for the TOCA proteins in retrograde
recycling (S Appendix, Fig. S1 F and J). Furthermore, none of the
cargo markers appeared to increase in intensity on the plasma
membrane in foca-1; toca-2 double mutants, suggesting that the
TOCA proteins are not important for cargo removal from the cell
surface (Fig. 1B and SI Appendix, Fig. S1B).

To better understand which step in membrane traffic is de-
fective in foca double mutant animals, leading to the loss of
MIG-14 protein levels, we used RNAi-mediated depletion of
APM-2 (DPY-23), the medium (mu) subunit of clathrin adapter
AP-2. We found that blocking AP-2—-dependent endocytosis in
animals lacking TOCA-1 and TOCA-2 restored MIG-14 levels,
trapping as much MIG-14-GFP at the plasma membrane as in
wild-type animals depleted of APM-2 (Fig. 1B’). This result
indicates that the defect in MIG-14 sorting in foca double
mutants is postendocytic, likely resulting from defective sorting
of MIG-14 within endosomes.

In retromer mutants, MIG-14 recycling to the TGN is blocked,
and MIG-14 is missorted to the lysosome. This leads to increased
MIG-14 degradation and reduced steady-state levels of the MIG-
14 protein (12-14). Consistent with the idea that loss of the
TOCA proteins also leads to missorting of MIG-14 into the deg-
radative pathway, we found that more MIG-14-GFP colocalized
with late endosome and lysosome marker tag RFP-RAB-7 in
toca double mutant animals than in WT animals (SI Appendix,
Fig. S2 B-B""). Furthermore, we found that loss of MIG-14-GFP
in toca double mutants depends upon lysosome function. In cup-5/
mucolipinl mutants, in which lysosome function is severely im-
paired, MIG-14-GFP protein level was restored, equivalent to the
levels found in cup-5 mutants with normal TOCA function (Fig. 1
A", B"”, and G and SI Appendix, Fig. S2) (12, 33). We conclude
that the TOCA proteins are required for retrograde recycling of
MIG-14, and that in the absence of TOCA proteins MIG-14 is
missorted to the lysosome after endocytosis.

TOCA Protein HR1 and SH3 Domains Are Required for Recycling
Function. To better understand the role of the TOCA proteins
in MIG-14 recycling, we sought to test the importance of pre-
dicted protein interaction domains in TOCA-2 and to identify
TOCA-binding proteins relevant to TOCA-mediated MIG-14
trafficking. TOCA proteins include three important domains.
The N-terminal BAR domain forms a curved membrane-binding
surface and is essential for TOCA-mediated membrane remod-
eling (34). The central HR1 domain links TOCA-family proteins
to the Rho-family GTPase Cdc42 (31, 35). In fact, the mam-
malian TOCA proteins were originally identified as effectors of
Cdc42 (35). The C-terminal SH3 domain is likely to link the
TOCA proteins to additional effectors.

To test the importance of the HR1 and SH3 domains in TOCA-
mediated MIG-14 recycling, we introduced point mutations into
each of these domains of TOCA-2 and assayed their ability to
rescue MIG-14 localization and abundance in foca-1; toca-2 double
mutants. For the TOCA-2 HR1 domain, we introduced mutation
1413S, equivalent to a mammalian Tocal mutation that disrupts
binding to CDC-42 (35). For the TOCA-2 SH3 domain, we in-
troduced mutation W585K, equivalent to a mammalian Tocal
mutation that disrupts SH3 binding to downstream effectors (35).
Intestine-specific expression of wild-type TOCA-2-tagRFP, but not
TOCA-2-tagRFP bearing HR1(I413S) or SH3(W585K) muta-
tions, rescued MIG-14-GFP levels, indicating that both domains,
and likely some of their binding partners, are required for the
MIG-14 recycling process (Fig. 2 A-F). Although they lacked
rescuing activity, TOCA-2-tagRFP bearing HR1(I413S) or SH3
(W585K) mutations appeared to be expressed and localized in
a manner similar to wild-type TOCA-2-tagRFP (Fig. 21).
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CDC-42 and Anterior PAR Complex Proteins Are Required for MIG-14
Recycling. Because mammalian TOCA proteins are known to act
as Cdc42 effectors in forming cell-surface protrusions, and our
analysis indicated that the HR1 domain of TOCA-2 is required
for TOCA-mediated recycling of MIG-14, we tested the physical
and functional requirements for CDC-42 in MIG-14 recycling. In
addition, because CDC-42/Cdc42 often functions with the ante-
rior PAR complex [PAR-3, PAR-6, PKC-3/atypical (a)PKC] in
mediating embryonic and cellular polarity, we also tested for
PAR complex function in retrograde recycling (27, 36).

We found that the HR1 domains of C. elegans TOCA-1 and
TOCA-2 bound to C. elegans CDC-42, and that the 1413S mutation
in the TOCA-2 HR1 domain abrogated this binding, as judged by
GST-pull-down analysis (Fig. 2G and SI Appendix, Fig. S3). Fur-
thermore, we found that after RNAi-mediated depletion of CDC-
42 or PAR-6, MIG-14-GFP fluorescence as measured by confocal
microscopy and MIG-14-GFP protein levels as measured by anti-
GFP Western blot were strongly reduced (Fig. 1 C, D, F, and H).
Consistent with defective endosomal sorting of MIG-14 in animals
lacking CDC-42 and the PAR proteins, we found that more MIG-
14-GFP colocalized with late endosome and lysosome marker
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the loss of MIG-14-GFP after cdc-42(RNAi) or par-6(RNAi) could
be blocked by disrupting AP-2-mediated endocytosis or lysosomal
degradation, further indicating that the requirement for CDC-42
and PAR-6 is postendocytic and that CDC-42 and PAR-6 are re-
quired to prevent loss of MIG-14 to the lysosome, similar to the
effect observed upon loss of TOCA-1 and TOCA-2 (Fig. 1 C-D”
and G) (13, 14). Thus, we conclude that the CDC-42, PAR-6, and
PKC-3 proteins are also required for MIG-14 recycling.

The TOCA Proteins Link CDC-42 to the WAVE Complex. The SH3
domains of mammalian TOCA proteins, and the GTP-bound
conformation of Cdc42, have been shown to interact with actin
regulator N-Wasp (4). Actin regulation on endosomes is thought
to be important for cargo sorting processes (35). We did not find
any change in MIG-14-GFP fluorescence intensity or localization
in C. elegans wsp-1/Wasp mutants, suggesting that WSP-1 is not
required for MIG-14 recycling (SI Appendix, Fig. S4 A-C).
Previous work showed binding of the C. elegans TOCA-2 SH3
domain, but not the C. elegans TOCA-1 SH3 domain, to C. elegans
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Fig. 1. MIG-14-GFP is missorted into the degradative pathway after endocytosis in the intestinal epithelia of toca-1,; toca-2 double mutants or after RNAi-
mediated knockdown of cdc-42, par-6, or wve-1. (A-E"’) Confocal images were acquired in intact living animals expressing GFP-tagged MIG-14/W!Is specifically
in the intestinal epithelial cells. (A-E) MIG-14-GFP fluorescence is shown in wild-type, toca-1(tm2056); toca-2(ng11) double mutant, cdc-42(RNAI), par-6(RNAI),
or wve-1(RNAi) animals. (A’-E’) dpy-23(e840)/lapm-2 mutants, lacking the mu subunit of clathrin adapter AP-2, treated as in A-E. MIG-14-GFP, trapped at the
basolateral plasma membrane due to an endocytosis block, was unaffected in a toca-1(tm2056); toca-2(ng11) double mutant, cdc-42(RNAi), par-6(RNAi), or
wve-1(RNAI). (A"-E") cup-5(ar465) mutants, strongly impaired in lysosomal degradation, treated as in A-E, retained high levels of MIG-14-GFP in toca-1
(tm2056); toca-2(ng11) double mutant, cdc-42(RNAI), par-6(RNAJ), or wve-1(RNAJ). Large arrowheads mark the intestinal lumen (enclosed by the apical
membrane). Small arrowheads mark lateral membranes where cells meet side to side or end to end. Thin arrows indicate basal membranes. About one cell
length of the intestine is shown in each panel. (Scale bar, 10 um.) (F and G) Quantification of MIG-14-GFP integrated intensity for the indicated genotypes.
Error bars in F and G represent SEM. (H) Anti-GFP and anti-actin Western blot analysis for animals of the indicated genotype and RNAi treatments. Control
indicates empty vector RNA..
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Fig. 2. TOCA-2 requires both SH3 and HR1 domains for its function in retrograde transport. (A-E) Confocal images of intestine-specific expression of GFP-
tagged MIG-14/Wis acquired in intact living animals. Wild-type control, or toca-1; toca-2 double mutants, are shown, with or without intestine-specific re-
expression of GFP-tagged TOCA-2(+), TOCA-2(1413S) HR1 domain mutant, or TOCA-2(W585K) SH3 domain mutant. Note the loss of MIG-14-GFP in toca-1
(tm2056); toca-2(ng11) double mutants (B) and the restoration of MIG-14-GFP levels upon intestine-specific expression of wild-type TOCA-2 (C). MIG-14-GFP
levels were not restored upon expression of TOCA-2(1413S) or TOCA-2(W585K) mutants (D and E). (Scale bar, 10 pm.) (F) Quantification of average integrated
puncta intensity is shown. Error bars in F represent SEM. A.U., arbitrary units. *P < 0.001. (G and H) In vitro translated HA-tagged proteins, CDC-42(G12V) or
WVE-1, were incubated with immobilized recombinant proteins, GST-only, GST-HR1 domain of TOCA-1 or TOCA-2 (G), or GST-SH3 domain of TOCA-1 or
TOCA-2 (H). After washing, bound proteins were eluted by boiling and analyzed by Western blot with anti-HA antibody. Input lanes represent 20% of the
original HA-tagged proteins. (Lower) Total GST-fusion bait proteins visualized by Ponceau S staining before antibody probing. (/) Micrographs of TOCA-2-
tagRFP wild-type and mutant forms expressed in the C. elegans intestine. (Scale bar: 10 pm.)

ABI-1, a component of another actin regulatory complex called
WAVE (31). It was also shown that mammalian TOCA-1 coim-
munoprecipitates with mammalian ABI-1 in HeLa cells (31). In-
terestingly, recently published yeast two-hybrid and phage display
analysis of the C. elegans SH3-ome identified another component
of the WAVE complex, WVE-1/Wavel, as a high-probability
TOCA-1-binding protein (37). Using a GST-pull-down assay, we
found that the SH3 domains of TOCA-1 and TOCA-2 bound to
WVE-1, whereas the W585K mutation in the TOCA-2 SH3 do-
main abrogated such binding (Fig. 2H and SI Appendix, Fig. S3).
Consistent with WVE-1 as an in vivo binding partner of the
TOCA proteins relevant to MIG-14 recycling, we found that after
RNAi-mediated depletion of WVE-1, MIG-14-GFP fluorescence
as measured by confocal microscopy and MIG-14-GFP protein
levels in wve-1 mutant animals as measured by anti-GFP Western
blot were strongly reduced (Fig. 1 E, F, and H). MIG-14-GFP
fluorescence was also strongly reduced after RNAi of another
WAVE complex component, GEX-3, suggesting a requirement
for the entire WAVE core complex in MIG-14 retrograde recy-
cling (SI Appendix, Fig. S4). Furthermore, we found increased
MIG-14-GFP colocalization with late endosome and lysosome
marker tagRFP-RAB-7 in wve-1(RNAi) animals (SI Appendix, Fig.
S2 E-E'"). In addition, the loss of MIG-14-GFP after wve-1(RNAi)
could be blocked by disrupting AP-2-mediated endocytosis or
lysosomal degradation, again indicating that the requirement for
WVE-1 in MIG-14 trafficking is postendocytic (Fig. 1 E-E", G,
and H). Thus, we conclude that the WAVE complex is an im-
portant binding partner for TOCA-mediated MIG-14 recycling.
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TOCA/CDC-42/WAVE Proteins Are Enriched on Recycling Endosomes.
There are several possible steps in transport that might contribute
to MIG-14 recycling to the Golgi. To help us understand where
within the cell the TOCA proteins and their interactors function
to direct MIG-14 recycling, we analyzed the subcellular localiza-
tion of tagged fusion proteins expressed specifically in the in-
testinal epithelia from low-copy number transgenes. Tagged forms
of TOCA-1 and TOCA-2 localized to intracellular puncta enriched
in the basolateral cytoplasm and on the basolateral and apical
plasma membrane (Fig. 3 A and B and SI Appendix, Fig. S5 A
and B). TOCA-1 and TOCA-2 colocalized with one another,
consistent with the genetic evidence that they are redundant (Fig.
3 B-B’"). Among the compartment markers that we analyzed,
TOCA-1-GFP colocalized with basolateral recycling endosome
marker RME-1, indicating significant residence on recycling
endosomes (Fig. 3 A-A""). Confirming this localization, we found
that endosomes labeled with tagged TOCA-1 and TOCA-2 were
grossly enlarged in rme-1 mutants (SI Appendix, Fig. S5 A, A’, B, B/,
C, and D). Our previous work established that only basolateral
recycling endosomes, and not other endosome types, are enlarged in
the intestine of rme-1 mutants (7). In addition, TOCA-1-GFP failed
to colocalize with early endosome marker RFP-RAB-5 or with Golgi
marker RFP-RAB-6.2 (SI Appendix, Fig. S5 E-E"" and G-G").
Consistent with a role for CDC-42 in regulation of TOCA-
mediated trafficking, cdc-42 RNAI resulted in an expansion of
TOCA-1- and TOCA-2-labeled recycling endosomes similar to
that produced by loss of RME-1 (SI Appendix, Fig. SSA"',B", C,
and D). Furthermore, tagged CDC-42 and WVE-1 colocalized
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RFP-RME-1

GFP-CDCe42 *

Fig. 3. TOCA proteins are enriched on recycling endosomes in the intestinal
epithelia. Single planes from deconvolved wide-field image stacks are shown
for A-E”. Confocal images are shown for F~-G". In A-A", intestines from
animals expressing TOCA-1-GFP were hand-dissected and stained with rabbit
anti—-RME-1 antibodies (81) and Alexa-568-conjugated anti-rabbit secondary
antibodies. Note the colocalization of TOCA-1-GFP- and RME-1-labeled
basolateral recycling endosomes. In B-E"’, images were acquired in intact
living animals expressing GFP- and/or RFP-tagged proteins in the intestinal
epithelial cells. Note the colocalization to punctate endosomal structures
(arrowheads). In each set of images, autofluorescent lysosome-like organ-
elles can be seen in blue. GFP appears only in the green channel, and RFP
appears only in the red channel. Signals observed in the green or red
channels that do not overlap with signals in the blue channel are considered
bona fide GFP or RFP signals, respectively. Insets are magnified 3x. (Scale
bar, 10 pm.)

with TOCA-1 on recycling endosomes (Fig. 3 C-D"’). The lo-
calization of CDC-42 to basolateral recycling endosomes in the
intestinal epithelia is consistent with our previous work showing
localization of CDC-42 to recycling endosomes in the C. elegans
coelomocyte cells and mammalian CHO cells and work by others
showing a requirement for mammalian Cdc42 in basolateral
trafficking in Madin-Darby canine kidney cells (27, 38, 39).
Taken together, these results suggest that the TOCA proteins,
along with CDC-42/PARs and the WAVE complex, function
together at the recycling endosome to promote return of endo-
cytosed MIG-14 to the Golgi.
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Loss of Retromer Affects Early Endosome Morphology but Not That of
TOCA-Positive Endosomes. The retromer complex is most com-
monly reported to initiate retrograde cargo recycling from the
early endosome (3). Consistent with this idea, we found that
retromer marker SNX-3-RFP colocalized well with early endo-
some marker GFP-RAB-5 but not recycling endosome markers
GFP-RME-1 or GFP-RAB-11 (SI Appendix, Fig. S6 A-C").
Furthermore, we found that in the C. elegans intestine, mutants
lacking retromer components SNX-3, VPS-35, VPS-26, or VPS-
29 showed gross accumulation of early endosomes positive for
GFP-RAB-5 (Fig. 4 A-E and K and SI Appendix, Fig. S7). The
same retromer mutants displayed a normal distribution of baso-
lateral recycling endosome marker GFP-RME-1, further indicating
a specific function for retromer in early endosome function (Fig. 4
F-J and L). Like GFP-RME-1, TOCA-1-GFP and TOCA-2-GFP
were unperturbed by loss of retromer component VPS-35, further
supporting the localization of the TOCA proteins to recycling
endosomes and not early endosomes (SI Appendix, Fig. S8). Sim-
ilarly, we did not find any effect of the toca-1; toca-2 double mutant
or RNAIi knockdown of cdc-42, par-6, pkc-3, or wve-1 on the lo-
calization of GFP-tagged retromer component VPS-35, supporting
the idea that TOCA/CDC-42/PAR/WAVE functions independent
of retromer (SI Appendix, Fig. S9). Taken together, our results
suggest that a TOCA/CDC-42/PAR/WAVE module could func-
tion after retromer in retrograde recycling at the level of recycling
endosome-to-Golgi transport.

Retromer and TOCA/CDC-42/PAR/WAVE Are Required for TGN-38
Recycling at Distinct Steps. As an additional assay to better de-
termine whether TOCA/CDC-42/PAR/WAVE proteins are re-
quired for transport of cargo from recycling endosomes to the
TGN, we focused a set of experiments on TGN-38, the C. elegans
homolog of mammalian TGN38/TGN46 (40-42). We focused on
TGN-38 because previous work in mammalian cells showed that
when its recycling is blocked, TGN38 accumulates in the com-
partment from which its budding is impaired, and because
TGN38 is transported from the plasma membrane to the TGN
via recycling endosomes (endocytic recycling compartment) in
the well-studied CHO cell model (20, 22-24, 43, 44).

Transmembrane proteins of the TGN38 family display highly
conserved intracellular domains that contain known trafficking
signals (SI Appendix, Fig. S10). C. elegans TGN-38 also displays
extracellular sequence motifs rich in prolines and charged resi-
dues, as are found in TGN38 homologs in other species (SI
Appendix, Fig. S10) (42). Expression of GFP-tagged C. elegans
TGN-38 in the C. elegans intestine labeled intracellular puncta
that we identified as typical Golgi ministacks positive for RFP-
RAB-6.2 (Figs. 5 A-A"" and 6B). Mutation of a conserved tyro-
sine (Y314) to alanine in the intracellular domain of C. elegans
TGN-38 trapped the protein at the basolateral cell surface, similar
to results obtained in mammalian cells expressing TGN38 with the
equivalent tyrosine mutation (Fig. 6 A and H) (45, 46). These
results indicated that TGN-38-GFP can serve as cargo marker for
retrograde transport from the basolateral plasma membrane to
the TGN in the C. elegans intestine.

Consistent with retrieval of C. elegans TGN-38 from endo-
somes to the TGN after endocytosis, as has been shown in
mammalian cells, we found that TGN-38-GFP accumulated in
numerous large intracellular structures outside of the Golgi
after snx-3 RNAI and in similar aberrant structures in retromer
mutants vps-35, snx-3, and vps-29 (Figs. 5 B-B’' and 6 B-E). Loss
of these retromer components did not affect TGN-38(Y314A)-
GFP, which is trapped at the basolateral surface, indicating that
the effect of retromer on TGN-38 trafficking is postendocytic and
does not reflect a defect in TGN-38 secretion (Fig. 6 H-K). Fur-
thermore, upon RNAi-mediated depletion of retromer compo-
nent snx-3, TGN-38-GFP accumulated in tagRFP-RAB-5-labeled
early endosomes and not tagRFP-RME-1-labeled recycling
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Fig. 4. Retromer mutants strongly affect early endosome morphology but not the morphology of RME-1- or TOCA protein-labeled recycling endosomes.
Confocal images of C. elegans intestinal cells expressing early endosome marker GFP-RAB-5 (A-C) and basolateral recycling endosome marker GFP-RME-1 (F-J)
in WT, vps-35, vps-26, vps-29, or snx-3 mutant animals. (Scale bar, 10 pm.) (K and L) Quantification of endosome marker intensity in the noted genotypes.
Error bars represent SEM. *P < 0.001. Note that early endosome marker GFP-RAB-5, rather than recycling endosome marker GFP-RME-1, is abnormal in

retromer mutants.

endosomes (Fig. 74-B"’, D-E"’, and G). These results indicate
a requirement for retromer in TGN-38 recycling at the level of
the early endosome.

We also found accumulation of TGN-38-GFP in numerous
large intracellular structures in rme-1 mutants, foca-1; toca-2
double mutants, and animals depleted of cdc-42, pkc-3, par-6, or
wve-1 by RNAI (Fig. 6 F, G, and O-R, and SI Appendix, Fig. S10C).
Furthermore, loss of these recycling endosome-associated pro-
teins did not affect TGN-38(Y314A)-GFP, indicating that the
effect of these mutants or RNAI treatments on TGN-38 traf-
ficking is postendocytic and does not reflect a delay in TGN-38
secretion (Fig. 6 L, M, and T-W). Importantly, we found that
RNAi-mediated depletion of cdc-42, serving as a representative
of the TOCA/CDC-42/PAR/WAVE group, resulted in high
levels of TGN-38-GFP accumulation in tagRFP-RME-1-labeled
recycling endosomes and, to a lesser extent, accumulation in
tagRFP-RAB-5-labeled early endosomes, and reduced locali-
zation of TGN-38-GFP with the TGN, as marked by tagRFP-
RAB-6.2 (Figs. 5 C-C"" and 7 C-C”, F-F"’, and G). This retro-
grade transport defect was quite distinct from that caused by loss
of retromer. Taken together, these results indicate a requirement
for TOCA/CDC-42/PAR/WAVE and RME-1 in a distinct ret-
rograde recycling step, from recycling endosomes to the TGN.

Neuronal Polarity Defects Are Observed upon Loss of TOCA/CDC-42/
PARs/WAVE. To test the physiological significance of recycling
endosome-to-Golgi transport via the TOCA/CDC-42/PAR/WAVE
pathway, we assayed its effect on WNT signaling, which depends
upon the proper recycling of MIG-14/WIs in WNT ligand-secreting
cells (12-14). WNT signaling strongly influences diverse polarized
cell processes including the polarized growth of the C. elegans
mechanosensory neuron ALM (47). In retromer mutants, where
the retrograde recycling of MIG-14/Wntless is defective, WNT
ligands such as EGL-20 are poorly secreted and WNT-mediated
cell polarity is impaired (13, 14). Because we found reduced levels
of MIG-14 in animals lacking the TOCA proteins, CDC-42/PARs,
or WAVE complex components, we sought to determine whether
WNT signaling is impaired upon loss or knockdown of these pro-

E1448 | www.pnas.org/cgi/doi/10.1073/pnas.1418651112

teins. A defect in ALM neuronal polarity under such conditions
would support a physiological role for these proteins in MIG-14
retrograde transport.

RFP-RAB-6.2

TGN-38-GFP

control

snx-3 RNAP

cde-42 RNAP

Fig. 5. Loss of CDC-42 or SNX-3 traps TGN-38-GFP outside the Golgi. Images
were acquired in intact living animals coexpressing GFP-tagged TGN-38 and
RFP-tagged Golgi marker RAB-6.2 in RNAi empty vector control (A-A") or
after snx-3 (B-B"’) or cdc-42 RNAi (C-C"’). Note that in control animals, most
TGN-38 colocalizes with Golgi marker RAB-6.2, whereas large accumulations
of TGN-38-GFP appear outside of the RAB-6.2-labeled Golgi after snx-3 or
cdc-42 RNA.. In each set of images, autofluorescent lysosome-like organelles
can be seen in blue. GFP appears only in the green channel, and RFP appears
only in the red channel. Signals observed in the green or red channels that
do not overlap with signals in the blue channel are considered bona fide GFP
or RFP signals, respectively. Insets are magnified 3x. Arrowheads indicate the
position of TGN-38 positive structures. (Scale bar, 10 pm.)
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Fig. 6. C. elegans TGN-38-GFP localization depends upon retromer, RME-1, CDC-42, TOCA-1/TOCA-2, PAR-6, PKC-3, and WVE-1/WAVE. (A) An alignment of
intracellular domains of rat TGN38 and C. elegans TGN-38 is shown. Conserved endocytosis signal Y314 is marked with an arrowhead. (B-G and N-R) Confocal
images of C. elegans intestinal cells expressing GFP-tagged TGN-38 in the marked genotypes. (H-M and S-W) Endocytosis-defective Y314A mutant version of
TGN-38-GFP in the indicated genetic backgrounds. Note the increase in TGN-38-GFP intensity upon loss of retromer, RME-1, CDC-42, TOCA-1/TOCA-2, PAR-6,
PKC-3, or WVE-1. The endocytosis-defective Y314A version of TGN-38-GFP was unaffected, indicating the requirement for these trafficking factors in post-

endocytic trafficking of TGN-38. (Scale bars, 10 pm.)

We analyzed the polarity of GFP-labeled ALM neurons in
toca-1(tm2056); toca-2(ngll) double mutants and in animals
depleted of cdc-42, par-6, or wve-1 by RNAI. In each of these
mutant or RNAi backgrounds, we observed a small but re-
producible ALM polarity defect (5-15%) that was not present in
control animals (S Appendix, Fig. S11 and Table S1). Further-
more, we sought to determine whether foca-1(tm2056); toca-2
(ngl1) double mutant, or RNAi-mediated depletion of cdc-42 or
par-6 by RNAI, effects on ALM polarity are enhanced by ret-
romer mutant vps-29(tml1320). Previous work showed that the
Wnt phenotype of vps-29(tm1320) is much weaker than that of
vps-26 or vps-35 mutants but shows enhanced phenotypes when
combined with mutations in known Wnt-pathway components or
retrograde recycling regulators (13, 48-50). Consistent with
published work, we observed only normal ALM polarity in vps-29
(tm1320) single mutants (47). However, the penetrance of ALM
polarity defects in toca-1; toca-2 double mutants increased by
fourfold when combined with vps-29(tm1320) (SI Appendix,
Table S1). We also observed a significant increase in the pen-
etrance of ALM polarity defects after cdc-42(RNAi), par-6
(RNAi), or wve-1(RNAi) comparing control and vps-29(tm1320)
mutants (SI Appendix, Table S1). Finally, we tested whether
disruption of CDC-42 function specifically in WNT-secreting
cells impairs WNT signaling. To do this, we drove expression of
GTPase-defective CDC-42(G12V) using the egl-20 promoter,
which directs expression to a group of WNT-secreting epidermal
and muscle cells in the tail. Another C. elegans WNT ligand,
CWN-1, which is broadly expressed in body-wall muscle cells, is
redundant with EGL-20 in regulating ALM polarity (51). Con-
sistent with the idea that CDC-42 is important for EGL-20
secretion, we found that egl-20 promoter-driven expression of
CDC-42(G12V), in a cwn-1 (0k546) mutant background, produced
significant ALM polarity defects, whereas cwn-I mutants alone
showed no defects in ALM polarity (SI Appendix, Table S2).

Bai and Grant

Taken together, these results strongly support a physiologically
important role for the TOCA proteins, CDC-42, PAR-6, and
WVE-1 in MIG-14-mediated WNT signaling.

Discussion

Over the past 20 y, a number of regulators of retrograde recy-
cling have been identified, the most prominent of which include
the retromer and WASH complexes (52). These complexes are
thought to work together on early and late endosomes to pro-
mote the budding of retrograde recycling vesicles. Our data
presented here indicate an important role for a distinct group of
proteins in retrograde recycling. The TOCA proteins, with CDC-
42, PAR-6, PKC-3, and WVE-1/WAVE, together present a
similar complement of functional molecular modules as retromer/
WASH, with the potential to bind and bend membranes, nucleate
actin, and perhaps recruit cargo. Our data, presented in this re-
port, clearly indicate that the TOCA/CDC-42/PAR/WAVE group
of interacting proteins is enriched on recycling endosomes, and
all function in retrograde transport from the recycling endosome
to the Golgi. Analysis of neuronal polarity indicates that this
function is important for normal cellular signaling processes
during development.

Although controversial, there is growing evidence that the
recycling endosome (endocytic recycling compartment) plays an
important role in the retrograde transport of some cargos to the
TGN (15-19, 53). For instance, in mammalian cell pulse-chase
experiments, TGN38 and Shiga toxin have been shown to be ret-
rograde cargos that traverse the recycling endosome en route to
the TGN (20, 21, 25). Canonical recycling endosome regulators
Rabl1, FIP1/RCP, and mRme-1/EHD1 have been shown to be
important regulators of recycling endosome-to-TGN transport of
retrograde cargo (23, 25, 54). However, the overall molecular
mechanisms mediating this transport step have remained elusive.
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Fig. 7.  SNX-3 and CDC-42 regulate TGN-38 retrograde transport at different transport steps. Images were acquired in intact living animals coexpressing GFP-
tagged TGN-38 and RFP-tagged early (RAB-5) or recycling (RME-1) endosome markers. (A-A”" and D-D"’) In wild-type animals, very little TGN-38-GFP
colocalizes with early endosome marker GFP-RAB-5 or recycling endosome marker GFP-RME-1. (B-B”" and E-E”’) In snx-3 RNAi animals, TGN-38-GFP coloc-
alization with early endosome marker RAB-5 increased strongly. ((—C" and F-F"’) In cdc-42 RNAi animals, TGN-38-GFP colocalization with recycling endosome
marker RME-1 increased strongly. In each set of images, autofluorescent lysosome-like organelles can be seen in blue. GFP appears only in the green channel,
and RFP appears only in the red channel. Signals observed in the green or red channels that do not overlap with signals in the blue channel are considered bona
fide GFP or RFP signals, respectively. Arrowheads indicate the position of TGN-38 positive structures. Insets are magnified 3x. (Scale bar, 10 um.) (G) Quantification

of colocalization between TGN-38-GFP and RFP endosome markers. Error bars represent SEM.

Because the TOCAs/CDC-42/PAR/WAVE proteins bear func-
tional domains that appear at least partly redundant with those in
retromer/WASH but both sets of protein complexes are required
for the recycling of MIG-14/WIls and TGN-38, we favor a model
where retromer/WASH and TOCAs/CDC-42/PAR/WAVE protein
complexes function sequentially, rather than at the same step. The
apparent lack of colocalization of retromer with TOCAs/CDC-42
supports the idea of sequential function on different endosomal
organelles along the recycling pathway. Our localization data in the
worm intestinal epithelia indicate enrichment of retromer on early
endosomes, as is commonly reported in other organisms and cell
types, whereas we found that the TOCAs/CDC-42/PAR/WAVE
proteins are enriched with RME-1 on basolateral recycling endo-
somes in these cells. In addition, our analysis of TGN-38 recycling
fits a model in which TOCAs/CDC-42/PAR/WAVE function at the
recycling endosome. We found that the loss of retromer component
SNX-3 led to TGN-38 accumulation in early endosomes, whereas
loss of CDC-42 caused the greatest accumulation of TGN-38 in the
basolateral recycling endosome. Thus, we favor a model where
some retrograde recycling vesicles formed at the early endosome,
via retromer, traffic directly to the Golgi, whereas other retromer-
derived vesicles fuse with the recycling endosome and require
additional cargo sorting and cargo budding to reach the TGN.
Although we do not know of an interaction between TOCAs/CDC-
42/PAR/WAVE and retromer, it remains possible that such
interactions exist, as many interactions are thought to occur be-
tween protein complexes acting in sequential transport steps,
acting to hand off cargo and coordinate sequential activities (55).
It also remains to be determined whether the TOCAs/CDC-42/
PAR/WAVE proteins function in retrograde recycling in all cells,
or whether their function in this pathway may be specific to
certain cell types, such as polarized epithelia, which have more
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complex sorting needs because of their unique functions and
architecture (56).

Work in Drosophila indicates that a role for Cdc42 and PAR
proteins in retrograde recycling may be evolutionarily conserved.
In the developing Drosophila melanogaster neuroectodermal
epithelium, Cdc42, Par6, and aPKC are required to maintain the
stability of dynamic apical junctions, because they regulate the
subcellular localization of the transmembrane polarity regulator
Crumbs (30). Upon loss of Cdc42, Par6, or aPKC, Crumbs is
missorted to endosomes bearing degradative pathway markers,
and Crumbs steady-state levels are strongly reduced (30). Analysis
of Crumbs trafficking by other groups showed that Crumbs
requires retromer-mediated retrograde recycling to maintain its
plasma membrane localization and to avoid degradation in lyso-
somes (57, 58). Although not proposed in the published work,
these studies suggest that Cdc42, Par6, and aPKC are likely to be
required for retrograde recycling in Drosophila, as we have pro-
posed here in C. elegans. In addition, work in fission yeast and
polarized mammalian cells also suggests a requirement for Cdc42
in endocytic recycling (38, 59, 60). Thus, CDC-42 and associated
protein function in retrograde recycling likely have an ancient
origin and a widely conserved function.

Some proteins of the TOCA/CDC-42/PAR/WAVE group may
also function separately at other transport steps. Although we
did not find any colocalization between TOCA-1/TOCA-2 and
early endosomes, previous work in cultured mammalian cells has
indicated that CIP4, a TOCA-family protein, can be recruited to
early endosomes by the activity of the EGF receptor, and
somehow promotes the degradation of the EGF receptor in this
context (61). One possible mechanism to explain this observation
would be that recruiting TOCAs to the early endosome inhibits
recycling via the recycling endosome, leading to EGF-receptor
degradation. Previous work has also suggested a requirement for
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the activity of the Arp2/3 and WAVE complexes in basolateral
uptake of the human transferrin receptor expressed in the C. elegans
intestine (62). We did not observe plasma membrane accumulation
of MIG-14 or TGN-38 upon depletion of WVE-1, although
depletion of ARP-2 did trap MIG-14-GFP on the basolateral
plasma membrane, similar to the effect of depleting Dynamin (S/
Appendix, Fig. S12). These results indicate that WAVE is not
required for all clathrin/AP-2-dependent cargo uptake from the
basolateral intestine, but Arp2/3 may be generally required for
clathrin-dependent endocytosis in this context.

The retromer complex includes components that bind to trans-
membrane cargo and components proposed to bend membranes
and/or sense membrane curvature, whereas the WASH complex
nucleates the formation of branched actin networks (52). The
TOCA, CDC-42, PAR, and WAVE proteins, along with RME-1/
EHD, may also function in an endosomal vesicle-budding process
important for retrograde recycling. The TOCA F-BAR domains
are capable of membrane bending and potentially capable of
membrane curvature sensing, activities that are essential for ves-
icle budding (63-65). We found that the SH3 domain of the
TOCA proteins can interact with the VCA-containing WVE-1
protein, a component of the WAVE complex. VCA domains bind
and activate ARP2/3 to promote local branched actin polymer-
ization (66). The WAVE complex is well-known for its roles in
promoting actin-based plasma membrane protrusion and cell
motility (66, 67). Our data indicate that WAVE also functions in
endocytic recycling. In mammals, the ARP2/3-stimulating VCA
domain of WAVE2 is thought to be autoinhibited within the
WAVE complex, and interaction with a variety of upstream
regulators relieves this inhibition (66, 67). Thus, interaction of
the TOCA SH3 domains with the WVE-1 proline-rich domain
could promote recruitment and activation of WAVE on endo-
somal membranes. Importantly, the WAVE complex was also
recently shown to interact directly with the intracellular domains
of a large number of transmembrane proteins, and thus WAVE
could also act to recruit cargo proteins during vesicle budding
(68). Such an interaction could also help to activate WAVE, co-
ordinating local ARP2/3-dependent actin polymerization with
cargo loading.

Local actin polymerization is associated with many membrane-
budding processes (69-72). Such actin polymerization has been
proposed to increase local membrane tension and/or strain at
lipid domain boundary regions (line tension), processes thought
to promote membrane fission (69-71). Alternatively, actin poly-
merization has also been proposed to stabilize membrane buds or
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tubules, allowing time for cargo loading (73). CDC-42 is a
known regulator of TOCA proteins in other processes, and
could function, along with the CDC-42-interacting PAR pro-
teins, to control the activity of the TOCA proteins during vesicle
budding. Our data also suggest that the dynamin superfamily-
related RME-1 ATPase functions in the TOCA retrograde
recycling pathway. Further work will focus on understanding the
functional relationships between these proteins in regulating
endosomal function.

Materials and Methods

RNAi Analysis. RNAi was performed by the feeding method (74). Feeding
constructs including apm-2/dpy-23, cdc-42, par-6, pkc-3, snx-3, and dyn-1
were from the Ahringer library (75). wve-1 and arp-2 feeding constructs were
a generous gift from Martha Soto (Robert Wood Johnson Medical School,
Piscataway, NJ) (62). For most experiments, synchronized first larval (L1) stage
worms were used for RNAI assays. Phenotypes were scored in young adults.
For colocalization studies, L4-stage worms applied to RNAi feeding plates
and phenotypes were scored in L3- or L4-stage Filial 1 (F1) animals in the
next generation.

Microscopy and Image Analysis. Transgenic worm lines were made using the
microparticle bombardment method into unc-179(ed3) mutant animals to
establish low-copy integrated transgenic lines (76, 77). Live worms were
mounted on 2% (mass/vol) agarose pads with 10 mM levamisol as described
previously (78). Multiwavelength fluorescence images were obtained using
an Axiovert 200M (Carl Zeiss Microlmaging) microscope equipped with
a digital CCD camera (QImaging; Rolera EM-C?), captured using MetaMorph
7.7 software (Universal Imaging) and then deconvolved using AutoDeblur
X3 software (AutoQuant Imaging). Images taken in the DAPI channel were
used to identify broad-spectrum intestinal autofluorescence caused by lip-
ofuscin-positive lysosome-related organelles (79, 80). Most GFP/RFP colocal-
ization analysis was performed on L3 or L4 larvae. Some colocalization analysis
was done using a spinning disk confocal microscope equipped with a confocal
imager (CARV II; BD Biosciences) and a 63x oil objective lens. To obtain images
of GFP fluorescence without interference from autofluorescence, we used the
spectral fingerprinting function of a Zeiss LSM510 Meta confocal microscope
system focusing on the 510-nm emission wavelength (Carl Zeiss Microlmaging).
Quantification of images was performed with MetaMorph software (Universal
Imaging) or ImageJ (National Institutes of Health). ALM neuron polarity was
scored as in ref. 12. SDs and t test analysis were performed in Microsoft Excel.
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