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in QL.d migration14. Similarly, we found that in 81 ± 4.7% (s.d.)
of Ce-snx-3(hu256[Y22A]) mutants (n= 202), the QL.d localised
anteriorly, consistent with an essential function of this conserved
tyrosine position in EGL-20/Wnt signalling (Fig. 1g). Together,
these data establish the essential importance of the direct binding
of SNX3 to VPS35 for the in vivo SNX3-retromer mediated
endosomal sorting of Wls.

Proteomic quantification of the SNX3 interactome. To delve
further into the mechanism of SNX3-retromer mediated sorting
of Wls, we turned to SILAC (stable isotope labelling with amino
acids in cell culture)-based proteomics to identify and quantify
the interactome of human SNX3. To ensure a low level of
transgene expression, we stably transduced retinal pigment epi-
thelial (RPE-1) cells with either GFP or GFP-SNX3, and grew
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them in medium containing unlabelled (R0K0) or medium-
labelled (R6K4) amino acids for approximately six doublings,
prior to highly efficient GFP-trap immuno-isolation39. The co-
immuno-precipitating proteins were subsequently identified
through LC-MS/MS spectrometry40–43. From 1,854 quantified
proteins (Supplementary Data 1), data was filtered based on two
criteria: a > 3-fold enrichment in the GFP-SNX3 over GFP
interactome; and protein quantification achieved from two or
more peptides (Supplementary Data 2). Gene ontology analysis of
the resulting 106 proteins revealed that the majority of these
interactors had a role in ‘transport’ (Fig. 2a). Network interaction
analysis confirmed previous work14,15,30–32, showing the asso-
ciation of SNX3 with the retromer components VPS26A, VPS29
and VPS35 (Fig. 2b, Table 1, and Supplementary Data 2).
Importantly, there was no enrichment of the retromer SNX-BARs
(SNX1, SNX2, SNX5, SNX6 or SNX32), which is consistent with
the distinct functional roles of the SNX3-retromer and SNX-
BAR-retromer14,15. Extending this, the SNX3 interactome was
not enriched in SNX27, the core component of the SNX27-
retromer41,44,45, data that we confirmed by western analysis
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a steady-state subcellular localisation defined by enrichment at
TGN46-labelled trans-Golgi network (TGN) and VPS35 deco-
rated endosomes (Supplementary Fig. 3B and 3C). Targeted
RNAi-mediated suppression, coupled with quantitative western
analysis, revealed a significant reduction in the whole-cell steady-
state levels of HA-Wls upon suppression of either SNX3 or
VPS35 (Fig. 3a). This decrease in the whole-cell level of HA-Wls
upon SNX3 or VPS35 suppression was reverted by incubation
with bafilomycin to inhibit lysosomal-mediated degradation,
consistent with the mis-sorting of internalised Wls into the
degradative pathway (Fig. 3b). A similar decrease in Wls levels
was not observed upon dual suppression of SNX1 and SNX2
(components of the SNX-BAR-retromer)23,24, or the individual

suppression of SNX27 (a component of the SNX27-retromer)41,
thereby revealing the specific nature of this sorting defect
(Fig. 3a). While this assay is limited by the need to overexpress an
engineered Wls, the use of lentivirally transduction to lower HA-
Wls expression does constitute a suitable in vitro cell-based assay
for following the SNX3-retromer-mediated endosome sorting of
Wls and its retrieval away from lysosomal-mediated degradation.

Having established the validity of this assay, we next turned to
RNAi-mediated suppression of MON2. This led to a significant
reduction in the steady-state level of HA-Wls similar to that
observed upon suppression of SNX3 or VPS35 (Fig. 3c). Entirely
consistent with a defect in the retrieval of Wls away from
lysosomal-mediated degradation, the effect of MON2 suppression
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sorting of Wntless, we first utilised the in vitro HA-Wls assay.
The RNAi-mediated suppression of ATP9A led to a decrease in
the steady-state levels of HA-Wls, a decrease that was reverted
upon treatment with bafilomycin (Fig. 5a, b). ATP9A is therefore
required for the SNX3-retromer mediated retrieval of Wls away
from lysosomal-mediated degradation. To extend this analysis,
we turned to genetic analysis in C. elegans. Systemic RNAi of the
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similar to Ce-vps-35 knock-down (Supplementary Fig. 2B-C).
This supports the notion that TAT5 functions together with
MON2 and PAD1 in SNX3-retromer-mediated Wls retrieval and
Wnt secretion.

Neither ATP9A, TAT5 or Neo1p have biochemically been
shown to possess flippase activity. However, strong genetic
evidence in C. elegans is consistent with TAT5 regulating the
asymmetry of phosphatidylethanolamine61 and, in budding yeast,
inactivation of Neo1p leads to preferential exposure of phospha-
tidylethanolamine on the outer leaflet53, again consistent with a
role in phospholipid translocation. In the related yeast flippase
Drs2p, a Drs2p(E342Q) mutation blocks the ATPase cycle at the
E2P conformation, and hence inhibits phospholipid translocation
across the bilayer62,63. To examine the importance of the ATPase
cycle, and hence putative flippase activity of TAT5 in Wnt
gradient formation, we generated the corresponding mutant
(Fig. 5d). Overexpression of the TAT5(E246Q) mutant in a vps-29
(tm1320) sensitised mutant background interfered with QL.d
migration (Fig. 5e). The TAT5 ATPase cycle, and hence its
putative flippase activity, is therefore required for Wnt signalling.
Taken together, these results are consistent with a requirement of
the MON2-PAD-1 complex and the putative flippase activity of
TAT5 in the in vivo SNX3-retromer-mediated Wls retrieval and
Wnt secretion in C. elegans.

Discussion
By defining the mechanism of SNX3 binding to the retromer
VPS35 subunit, we have established the essential role of this
interaction for the in vivo retrieval of Wls and the maintenance of
Wnt secretion in C. elegans. Through utilising unbiased and
quantitative proteomic procedures, we have defined the human
SNX3 interactome and in so doing have identified a number of
potentially important functional interactions. In the present
study, we have focused on the question of how the SNX3-
retromer couples to an evolutionary conserved membrane
remodelling complex to elicit the formation of vesicular transport
carriers enriched in the cargo protein Wls14. From a bioinfor-
matic analysis of the quantified SNX3 interactome, we identified
MON2 and DOPEY2, whose orthologues in yeast are known
components of an endosomal membrane remodelling complex
that contains the putative phospholipid flippase neo1p48. We
have shown that MON2 and DOPEY2 associate with ATP9A (an
orthologue of neo1p), to form an analogous complex in mam-
malian cells; SNX3 associates with this complex in a manner that
is distinct to the mechanism of SNX3 binding to retromer. The
development of a human cell culture system for studying the
endosomal sorting of Wls has established a functional link with

MON2 and ATP9A in this pathway; the precise role and
importance of DOPEY2 remains unclear. In extending our ana-
lysis into C. elegans, we have established the in vivo importance of
the corresponding MON2-PAD1-TAT5 complex in SNX3-
retromer-mediated Wls sorting and Wnt signalling in this
model organism. Importantly, while attempts at reconstituting

www.nature.com/naturecommunications


transport carriers are clathrin-decorated14. Testing aspects of this
model and how it has functionally evolved from yeast to humans
will provide further mechanistic details of SNX3-retromer
mediated sorting and elucidate the role of the MON2-PAD1
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In summary, our data provides molecular insight into how the
SNX3-retromer orchestrates cargo capture and enrichment with
membrane remodelling during endosomal sorting of Wls14,15,
and adds to our understanding of the molecular diversity between
SNX-BAR and SNX3-retromers17, paving the way for further
detailed mechanistic analysis of this important cargo sorting
pathway.

Methods
Cell culture. HeLa, HEK293T and RPE1 cells were maintained in DMEM (Gibco-
Invitrogen) plus 10% (v/v) foetal calf serum (Sigma-Aldrich) and penicillin/
streptomycin (PAA). The cell lines were originally sourced from ATCC and reg-
ularly tested for mycoplasma contamination.

Immunofluorescence analysis. Plasmids containing the stated constructs were
transfected using Lipofectamine LTX reagent (Invitrogen). 48 h after transfection
cells were fixed in 0.1 M phosphate buffer containing 4% (w/v) paraformaldehyde
for 10 min on ice and permeabilized with 0.1% (v/v) Triton X-100 for 5 min.
Thereafter, cells were incubated with 0.5% (w/v) BSA for 30 min followed by
incubation with the indicated primary antibodies and subsequent incubation with
secondary antibodies (Molecular Probes). For nuclear staining, DAPI was used.
Images were recorded on a Leica SPE or a Leica AOBS-SP2 confocal microscope.

Immunoprecipitation and western blotting analysis. HEK293T cells were grown
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