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Summary

The evolutionarily conserved apical determinant Crumbs
(Crb) is essential for maintaining apicobasal polarity and
integrity of many epithelial tissues [1]. Crb levels are crucial
for cell polarity and homeostasis, yet strikingly little is
known about its trafficking or the mechanism of its apical
localization. Using a newly established, liposome-based
system described here, we determined Crb to be an interac-
tion partner and cargo of the retromer complex. Retromer is
essential for the retrograde transport of nhumerous trans-
membrane proteins from endosomes to the trans-Golgi
network (TGN) and is conserved between plants, fungi, and
animals [2]. We show that loss of retromer function results
in a substantial reduction of Crb in Drosophila larvae, wing
discs, and the follicle epithelium. Moreover, loss of retromer
phenocopies loss of crb by preventing apical localization of
key polarity molecules, such as atypical protein kinase C
(aPKC) and Par6 in the follicular epithelium, an effect that
can be rescued by overexpression of Crb. Additionally,
loss of retromer results in multilayering of the follicular
epithelium, indicating that epithelial integrity is severely
compromised. Our data reveal a mechanism for Crb traf-
ficking by retromer that is vital for maintaining Crb levels
and localization. We also show a novel function for retromer
in maintaining epithelial cell polarity.

Results

We aimed to identify factors that interact with the cytoplasmic
domain of the type | transmembrane protein Crumbs (Crb) and
are involved in its trafficking. We devised a strategy to present
the Crb cytoplasmic tail on liposomes, a method uniquely
suited to recruit and identify coats, because it mimics the
native configuration of a receptor tail at the membrane/cytosol
interface [3, 4].

The Crb Intracellular Domain Interacts with Vps35

Proteoliposomes have been used successfully to identify coat
complexes and their accessory proteins [3, 4]; however, these
studies were restricted to short, chemically synthesized
peptides, which severely limited the length of the cytoplasmic
tail. To overcome this, we redesigned the recruitment assay
enabling the use of tails expressed and purified from E. coli.
We designed a bacterial expression plasmid containing an
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N-terminal tandem affinity tag followed by a tobacco etch virus
(TEV) protease cleavage site and a single cysteine for the
chemical coupling to liposomes, to which we fused the cyto-
plasmic tail of mouse Crb2 (amino acids R1246 to 11282)
(Figures 1A-1C; see also Supplemental Experimental Proce-
dures available online).

Because the levels of many transmembrane proteins are
regulated by sorting decisions in the early (sorting) endosome,
we incorporated phosphatidylinositol 3-phosphate, the
predominant inositol phospholipid of early endosomes [5],
into proteoliposomes to selectively enrich endosomal traf-
ficking proteins. These proteoliposomes were used for recruit-
ing cytosolic coat components and other interactors from
brain extract [3, 6], followed by protein identification by
tandem mass spectrometry (MS/MS). We chose Crb2,
because it is the predominant Crb gene expressed in the verte-
brate brain [7]. Importantly, the tails of all Crb proteins are
highly conserved (Figure S1A), suggesting that their trafficking
mechanisms may also be conserved. Mass spectroscopic
analysis confirmed that large amounts of Crb2 (~600 MS?2
spectra) were coupled onto the liposomes. The most abundant
protein isolated (as determined by MS? spectra) with an estab-
lished role in the recognition and trafficking of transmembrane
cargoes was the retromer subunit Vps35 (41 MS? spectra,
23.9% sequence coverage). In addition, we identified
Vps26B (6 MS? spectra, 17.6% coverage). Western blotting
confirmed the presence of Vps35 in our Crb2 recruitment reac-
tions and showed it to be highly enriched relative to two inde-
pendent controls (described in the Supplemental Experi-
mental Procedures) (Figure 1D).

The mammalian retromer is composed of a cargo recogni-
tion subcomplex containing Vps35, Vps26, and Vps29 and
a membrane interacting subcomplex consisting of SNX1/
SNX2 and SNX5/SNX6 heterodimers [2]. Because both
Vps35 and Vps26 are crucial for cargo recognition and binding,
the recruitment data suggest that Crb2 is a retromer cargo.

To probe the hypothesis that Crb is a retromer cargo, we
performed internalization assays by overexpressing Flag-
hCrb2 in Hela cells and analyzing the uptake of anti-Flag anti-
bodies, visualizing compartments through which Crb2 traffics.
Previous studies using the classical retromer cargo, the
cation-independent mannose-6-phosphate receptor (ciMPR),
have shown that retromer subunits and cargo decorate
tubules that emanate from endosomes and travel toward the
trans-Golgi network (TGN) [8-10]. We observed colocalization
of Crb2 with Vps35 on intracellular vesicles and tubules as well
as an overlap with ciMPR- and galactosyltransferase (GalT)
label (Figures S1B-S1F). These data suggest that in HelLa
cells, Crb2 travels in retromer-decorated tubules and can
traffic via the TGN. However, it should be noted that it does
not accumulate there like other retromer cargoes (e.g.,
ciMPR). Instead, Crb2 appears to undergo rapid transport
back to the plasma membrane. RNA interference (RNAI)
suppression of Vps35 in HelLa cells displays enhanced locali-
zation of Crb2 in lysosomal structures positive for Lamp-I
(Figures S1F-S1H), a phenotype described previously for
other retromer cargoes [11]. These data are all in line with
Crb being a potential retromer cargo.
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Figure 1. The Crb Intracellular Domain Recruits Vps35
(A) Scheme of the Crumbs (Crb) tail expression construct.

Crb2 tail-
coupled
Crb2 tail

elF-4a

(B) Chemical coupling reaction of the cysteine sulfhydryl introduced into the Crb2 tail with the maleimide-activated lipid anchor, resulting in Crb tail coupling
to liposomes.

(C) Coomassie-stained protein gel of the purified tandem-tagged Crb tail, cleavage of the tag, and coupling to liposomes that can be pelleted by centrifu-
gation. The tandem tag was designed to not contain any cysteines and therefore is not coupled to liposomes. The Crb peptide displays modified gel migra-
tion behavior after coupling, presumably caused by the covalently attached lipid.

(D) Western blot of two independent Crb recruitment assays probed with anti-Vps35 antibody (top) showing a strong recruitment of Vps35 in Crb samples
while being undetectable in two independent, negative controls (described in the Supplemental Experimental Procedures), despite relative underloading as
shown by Coomassie staining of the recruitments (bottom).

(E) Western blots from third-instar wild-type (WT) and Vps35™*"2% hetero- and homozygote Drosophila larvae probed for Crb and tubulin as a loading control
demonstrating a dose-dependent loss of Crb (longer blot exposure times confirm that some Crb protein is still present in the Vps35™72% homozygote lane;
data not shown).

(F) PCR of Crb and elF-4a using mRNA extracted from third-instar WT and Vps35™"2% hetero- and homozygote Drosophila larvae, showing that Crb mRNA
levels are largely unaffected by loss of Vps35, suggesting that the dramatic reduction of Crb protein in Vps35 mutant tissue occurs posttranscriptionally. In

the negative (neg.) control, cDNA was replaced with water.

Loss of Retromer Function Leads to Loss of Crb

To study the functional interaction between Crb and retromer
in Drosophila, we used a previously generated null allele of
Vps35, Vps35™MH297 [12]. As a result of strong maternal contri-
bution, animals homozygous for this allele reach the third
larval instar [12], allowing us to analyze Crb in homozygous
mutants. Because retromer is required for the retrieval of
receptors from endosomes and thus the prevention of their
lysosomal degradation [11, 13], we analyzed total Crb levels
and found them to be reduced in Vps35™2% heterozygote

third-instar larvae compared to stage-matched wild-type
(WT) larvae and dramatically reduced in Vps35™"2% homozy-
gotes (Figure 1E). Analysis of the mRNA levels of Crb showed
that loss of Vps35 has very little effect on crb transcripts (Fig-
ure 1F), suggesting that the dramatic reduction in Crb protein
we see is due to posttranscriptional regulation of Crb by
Vps35.

This led us to investigate Crb at a cellular level. For this, we
chose two different epithelia, wing discs of third-instar larvae
and the follicle epithelium. Clones of Vps35™2% mutant cells
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in wing disc epithelia, labeled with GFP using the mosaic anal-
ysis with a repressible cell marker (MARCM) system [14], were
induced by heat shock-Flp at early larval stages (confirmed in
Figures S2A and S2B). Crb localizes to the subapical region of
wing disc epithelial cells. In agreement with results from
western blot analysis, Crb staining is decreased in
Vps35MH29 glones (Figure 2A). Quantification of the fluores-
cence intensity in the clone and in surrounding tissues re-
vealed that there is an ~50% reduction in Crb signal within
Vps35MH20 clones (Figures 2B and 2C). The wing discs of
Vps35MH201 homozygous animals are small and show variable
morphological defects, presumably as a result of defective
Wingless secretion [15]. Analysis of Crb localization (by immu-
nofluorescence) and protein levels (by western blotting) in
Vps35™MH29 hetero- and homozygous wing discs corroborated
the data that we obtained using Vps35™"2% clones and larval
lysate, respectively (Figures S2C-S2E).

The stability of the cargo-selective retromer subcomplex is
dependent on the presence of all of its components [8, 16].
To show that the loss of Crb we see is due to loss of retromer
function rather than just the loss of Vps35, we compared the
effect of Vps26 and Vps35 knockdown in the posterior
compartment of the wing disc using engrailed-Gal4 [17] to
drive UAS-Vps267N4 and UAS-Vps357°V4, Hedgehog expres-
sion, which is unperturbed by loss of retromer [12], served to
label the posterior compartment [18] (Figure 2D). Expression
of either RNAIi construct resulted in a clear reduction of Crb
staining in the posterior compartment (~50% reduction in
fluorescence; Figures 2D and 2E). Expression of engrailed-
Gal4 alone had no effect on Crb (Figures 2D and 2E). From
these data, we conclude that the retromer cargo recognition
subcomplex is required for the maintenance of Crb levels.

Retromer Mutants Phenocopy crb Mutants in the Follicle
Epithelium
To further analyze the relation between Crb and retromer, we
turned to the follicular epithelium, which surrounds the germ-
line cysts of the Drosophila ovary. Previous work has identified
key roles for Crb in polarization of the follicular epithelium [19,
20]. Crb localizes to the entire apical membrane of the follicle
epithelial cells, with very little detectable in the cytoplasm
[19, 20] (Figure 3A). Vps35MH12% clones show strong reduction
in Crb staining (Figure 3A) and protein loss from the apical
membrane. Interestingly, although Crb staining at the apical
membrane is strongly reduced, it is not detected at increased
levels within the cytoplasm, suggesting that Crb is not merely
mislocalized but reduced at the protein level, as shown in
larvae (Figure 1E). The cytoplasmic domain of Crb organizes
an apical, membrane-associated protein complex by recruit-
ing the scaffolding proteins Stardust (Sdt), DPATJ, and
DLin-7 [1]. Therefore, we assessed the apical localization of
Sdt in the follicular epithelium and found that it is heavily
reduced in Vps35M72% clones (Figure 3B). Probing whole
larval lysates from third-instar WT and Vps35MH2% hetero-
and homozygotes for Sdt confirmed that at the protein level,
like Crb (Figure 1E), Sdt shows a dose dependence on Vps35
(Figure S3A). Thus, retromer function in maintaining Crb levels
and function is conserved between wing and follicle epithelia.
Interestingly, in some Vps35MH2% clones, the strict mono-
layer structure of the epithelium is disrupted and the tissue
appears multilayered (Figure 3B), an indication of polarity
defects [21] and characteristic of loss of Crb at early stages
of follicle development [20], whereas loss at later stages
results only in the mislocalization of other polarity proteins,

without affecting tissue integrity [19]. Multilayering was
observed in 19% of Vps35™M"2% clones in follicles between
stages 7 and 10 and did not appear to be dependent on clone
size or position. Given that various links between Crb and
Notch have been reported [22-25], we tested whether the mul-
tilayering phenotype observed in the follicle epithelium upon
loss of Vps35MH2% could be the result of defective Notch
signaling. We analyzed the expression of Notch and Hindsight,
a transcription factor downstream of Notch signaling that
represses proliferation in the follicle epithelium [26], in
Vps35™MH20 mutant clones. Both showed wild-type expression
(Figures S3B and S3C), suggesting that Notch signaling is not
affected by loss of retromer, similar to previous findings in the
wing disc [12, 13, 27].

To test whether the loss of Crb in retromer mutants is due to
missorting of Crb to the lysosome, we incubated follicles
harboring Vps35™72% clones in leupeptin, a potent inhibitor
of lysosomal proteases [8]. After a 3 hr incubation, we
observed a dramatic accumulation of Crb in punctae within
the cytoplasm of Vps35MH2% cells (Figure 3C), a phenomenon
that was not seen in WT tissue (Figure 3C) or in follicles con-
taining Vps35™M2% clones that were incubated in control
medium lacking leupeptin (data not shown). Additionally,
colocalization of these intracellular Crb punctae with Lyso-
Tracker was observed (Figure S3D). Together with the reduc-
tion of Crb protein levels and constant crb mRNA levels in
Vps35™MH20 |arvae and tissue, these data strongly suggest
that retromer ablation leads to lysosomal degradation of Crb,
as observed for other retromer cargoes [11, 13].

To test whether retromer functions after endocytosis of Crb,
we blocked internalization of Crb from the plasma membrane
by expression of a dominant-negative construct of shibire (dy-
namin) or by incubating follicles in dynasore, a dynamin inhib-
itor. In Vjps35M™H2% clones, this resulted in the accumulation of
Crb at the plasma membrane (Figures S4A and S4B), confirm-
ing that retromer is indeed transporting Crb after internaliza-
tion from the plasma membrane.

Crb is required, together with atypical protein kinase C
(aPKC), to restrict Bazooka/Par3 to the zonula adherens, an
adhesion belt at the apex of epithelial cells, in the follicle epithe-
lium, and in photoreceptor cells, thus excluding it from the apical
membrane and specifying the border between apical and lateral
domains [19, 28]. In previous studies, it was shown that the
localization of aPKC and Par6 was dependent on Crb [19]. To
test whether loss of retromer phenocopies the loss of Crb, we
analyzed aPKC and Par6 localization in follicles containing
Vps35™MH29 clones. Indeed, the level of both proteins is reduced
at the apical surface in Vps35™"2% clones (Figures 4A-4D).
Interestingly, unlike Crb and the Crb complex member Sdt,
Par6 and aPKC protein levels are not reduced in Vps35™MH2%
mutant larvae (Figure S3A). Therefore, it is likely that the loss
of Par6 and aPKC from the apical membrane of Vps35MH2%
clones in the follicle epithelium is due to loss of cell polarity in
the absence of Crb rather than loss of the proteins themselves.

To test this, we overexpressed Crb in Vps35™"2% clones.
Because overexpression of Crb causes defects in epithelial
cell polarity [29], we induced Crb overexpression using
GABFc204 Gal4, a follicle epithelium-specific driver that starts
expression late in follicle development (stage 8). Thereby, we
were able to rescue the apical localization of Par6 (Figures
4E and 4F) and Sdt (Figure S4C). This rescue did not appear
to be dependent on clone size or location. From these data,
we conclude that the loss of polarity observed in retromer
mutant clones is the direct result of loss of Crb.
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Figure 2. Crb Is Reduced in Vps35/™"2% Mutant Clones and upon RNAi-Mediated Knockdown of Vps26 and Vps35

(A) Third-instar wing disc pouch stained for GFP (marking Vps35™"2% tissue) and Crb. White outlining depicts mutant clones only within the wing pouch to differ-
entiate between those and clones within the peripodial membrane (the squamous cells above the pouch marked with an asterisk). Scale bar represents 50 um.
(B) High-magnification image of third-instar wing discs stained for GFP (denotes Vps35™"2 tissue) and Crb. Scale bar represents 5 ym.

(C) Profile plot of fluorescence intensity from the boxed region in (B).

(D) Third-instar wing discs of engrailed-Gal4>Vps35RNAi and engrailed-Gal4>Vps26RNAi animals stained for Hedgehog (marking the posterior compartment
where engrailed is expressed) and Crb. engrailed control refers to engrailed-Gal4 alone. White outlined sections are quantified in (E). Scale bars represent 5 um.
(E) Quantification of the fluorescence intensity within the white outlined sections in (D), plotted along the A/P axis.
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Figure 3. Loss of Vps35 in the Follicle Epithelium Leads to Loss of Crb from Apical Membranes and Results in Multilayering
(A and B) Follicles containing Vjps35™2% clones (labeled with GFP) stained for Crb (stage 7) (A) and Sdt (stage 9) (B). Multilayering in the mutant clone is

marked by an asterisk.

(C) Follicles containing Vps35™+2% clones (labeled with GFP) incubated with the lysosomal protease inhibitor leupeptin for 3 hr and stained for Crb, showing
accumulation of Crb in punctae within the cytoplasm of mutant cells when lysosomal function is compromised (stage 10). Increased Crb staining marked
with an asterisk is likely due to increased Crb at the oocyte corners rather than at the apical pole of the follicular epithelium, often observed at this stage of

follicle development. Scale bar represents 5 pm.

Discussion

The identification of Crb as a retromer cargo confirms our
hypothesis that one crucial step in the regulation of Crb
occurs at the early (sorting) endosome and, importantly, fills
a gap in the current understanding of Crb trafficking. Previous
reports showed that transport of Crb to the plasma
membrane is reliant on Rab11 [30], the exocyst [31, 32], and
Cdc42 [33] in Drosophila embryonic epithelia. Internalization
of Crb from the plasma membrane into endosomes is medi-
ated by the syntaxin Avalanche and Rab5 [34]. Here we
show that retromer is responsible for sorting Crb away from
the degradative pathway and into a recycling one, thus allow-
ing a high level of control over the amount of cellular Crb,
previously shown to be vital for maintaining epithelial polarity
and integrity, as demonstrated by numerous loss- and gain-
of-function studies [29, 34-36]. Interestingly, retromer was
previously shown to play a role in the apical delivery of the
polymeric immunoglobulin receptor (plgR) in Madin-Darby
canine kidney cells [16]. However, as for Crb, it remains
unclear whether this transport occurs via the TGN, via recy-
cling endosomes, or through alternative pathways. The exact
trafficking itinerary of Crb following recycling by retromer
remains unclear and may depend upon the purpose of Crb
recycling.

Which function of Crb is the prime target of retromer-driven
retrieval? Is this a Crb level-sensing mechanism, in which ret-
romer regulates the amount of protein at the plasma
membrane, which is crucial for cell homeostasis? To date, all
known functions of Crb require an intact Crb complex. By
controlling the recycling of Crb and thereby its level at the
plasma membrane, retromer could define the amount of Crb
available for complex formation. Alternatively, it is tempting
to speculate that Crb, much like Wntless (WIs), acts as a trans-
port receptor and that apical delivery of its (yet to be identified)
ligand or many ligands is the main purpose of its recycling to
the TGN. These are fascinating hypotheses that will be the
focus of future research.

Supplemental Information

Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.
1016/j.cub.2011.05.007.
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Figure 4. Loss of Vps35 in the Follicle Epithelium Phenocopies Loss of Crb by Reducing the Apical Localization of aPKC and Par6

(A and C) Follicles containing Vps35MH2% clones (labeled with GFP) stained for aPKC (stage 7) (A) and Par6 (stage 10) (C). All scale bars represent 5 um.
(B and D) Quantification of fluorescence intensity at the apical membrane (red line) in (A) and (C).

(E and F) Follicle containing Vps35™"2% clones (note: identified by absence of GFP) and overexpressing Crb with GABFc204 Gal4 in the mutant clone (stage
10), stained for Crb and Par6. Crb overexpression is sufficient to restore Par6 apical localization. Scale bar represents 50 um in (E) and 5 um in (F).
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Figure S1, Related to Figure 1.

(A) The cytoplasmic domains of Crb proteins from Drosophila, zebrafish, mouse and humans
were aligned using the ClustalW algorithm. Note the high degree of sequence identity between
drosophila Crb and mouse or human Crb2 (73% identity). Accession numbers utilised are:
Crb_D.melanogaster: NP_524480; Crbl_H.sapiens: NP_957705; Crb2_H.sapiens: NP_775960;
Crb3A_H.sapiens: NP_631900; Crb1l_M.musculus: NP_573502; Crb2_M.musculus:
NP_001157038; Crb3_M.musculus: NP_808306; Crb1l_D.rerio: NP_001038408; Crb2a_D.rerio:
NP_001038764; Crb3a_D.rerio: NP_001038787

(B-D) Flag-Crb2 transfected HelLa cells were incubated with Flag antibody to label
compartments through which Crb2 traffics and co-stained for Vps35. Note the numerous
vesicular structures in which Crb2 and Vps35 co-localize indicating that Crb2 traffics through
retromer positive compartments.

(D) In this enlargement from (C) arrowheads indicate two Vps35 positive tubules that are co-
stained for Crb2, suggesting that Crb2 traffics using retromer positive carriers described in [1,
2]. Scale bar 20 pum.

(E) Flag-Crb2 transfected HelLa cells were incubated with Flag antibody to label compartments
through which Crb2 traffics and co-stained for the cation-independent mannose-6-phosphate
receptor (CiMPR), which localizes at steady state to the trans-Golgi (TGN) network [3]. Co-
localization with the Crb2 label indicates that Crb2 is sorted intracellularly via the TGN as
observed for other retromer cargoes. Scale bar 20 um.

(F) HeLa cells were cotransfected with Flag-Crb2 and YFP-Galactosyltransferase (GalT), an
established TGN marker. Flag antibody uptake revealed colocalization in the TGN area,
suggesting that Crb2 can traffic through the TGN. However, only little of the cellular Crb2 is
concentrated in the TGN which is consistent with rapid exit of Crb from the TGN followed by
trafficking to the plasma membrane.

(G) RNAIi mediated suppression of Vps35 using two different siRNAs results in enhanced
localization of Flag-Crb2 in lysosomes in HelLa cells. Flag-Crb2 was allowed to accumulate for 4
h in lysosomes in the presence of lysosomal inhibitors in the medium to limit potential
degradation of Flag-Crb2. Arrowheads indicate lysosomal structures that display Crb2 labeling.
Note that while in control cells little Crb2 can be detected in lysosomes there is considerable
overlap between LAMP-| and Crb staining in Vps35 suppressed cells, as illustrated by the line
scans for LAMP-I (green) and Crb2 (red).

(H) Western blotting for Vps35 demonstrates high knock-down efficiency relative to the loading
control elongation factor 1A (eEF1A).



Figure S2, Related to Figure 2.

(A) 3 instar wing discs stained for GFP (denotes Vps35™M*2% tissue) and Wg. Scale bar 50 pm.
(B) Zoom in on boxed region of (A) showing accumulation of Wg in Wg-expressing cells in the
Vps35M29 tissue, and a reduction in the amount of secreted Wg seen in either side of the
Vps35MH29 clone.

(C and D) Wing discs from heterozygous (C) and homozygous (D) Vps35™M*2% stage-matched
wandering 3" instar larvae, respectively, stained for Crb and aPKC. Zoom panels show Crb and
aPKC staining retains a honeycomb pattern despite reduced overall staining levels when
comparing heterozygous and homozygous tissue. Scale bar 50 um.

(E) Western blots from wing discs of heterozygous and homozygous Vps3 stage-matched
wandering 3" instar larvae probed for Crb and tubulin as a loading control. The reduction in Crb
levels reflects results obtained with whole larval lysates.

5[MH20]



Figure S3, Related to Figure 3.

(A) Western blots from 3™ instar WT, Vps35™M*2% hetero- and homozygote Drosophila larvae
probed for Stardust (Sdt), Par6, aPKC and tubulin as a loading control, showing that while Crb
complex member Sdt is, like Crb, also reduced at a protein level, Par6 and aPKC are not
affected by loss of Vps35.

(B and C) Follicles containing Vps35™*2% clones (labeled with GFP) stained for Notch extra-
cellular domain (B, stage 10) and Hindsight (Hnt, C, stage 9), both of which appear unaffected
by loss of Vps35. Scale bar 5 Pm.

(D) Follicles containing Vps35™™2% clones (note: marked by absence of GFP) incubated with
leupeptin for 3 hrs and Lysotracker (Lyso) for the last 1 hr then stained for Crb. Colocalisation of
intracellular Crb punctae with Lysotracker is marked with arrowheads. Scale bar 5 um.



GFP (WT)

Figure S4, Related to Figure 4.

(A) Follicles containing Vps35™M"2°! clones (note: marked by absence of GFP) and expressing
dominant negative Shibire (ShiK44A) with GABFc204 Gal4 (Stage 10), stained for Crb and
GFP. Inhibition of shibire (dynamin) activity prevents internalization of Crb from the plasma
membrane and therefore negates the loss of Crb staining seen in control Vps35 mutant clones
(not shown; compare with Fig. 3A), confirming that retromer acts after endocytic events at the
plasma membrane. Scale bar 5 um.

(B) Follicles containing Vps35™M"?°! clones (note: marked by absence of GFP) incubated with 60
uM Dynasore for 1 hr (Stage 9), stained for Crb and GFP. Inhibition of shibire (dynamin) activity
prevents internalization of Crb from the plasma membrane and therefore negates the loss of
Crb staining seen in control Vps35 mutant clones (not shown; compare with Fig. 3A), confirming
that retromer acts after endocytic events at the plasma membrane. Scale bar 5 um.

(C) Follicles containing Vps35™*% clones (note: marked by absence of GFP) and
overexpressing Crb with GABFc204 Gal4 in the mutant clone (late stage 9), stained for Crb and
Sdt. Crb overexpression is sufficient to restore Sdt apical localization. Note that some Sdt also
localises to intracellular puncta that interestingly do not co-stain for Crb. Scale bar 5 um.



Supplemental Experimental Procedures

Construction of the Expression Plasmid

We cloned the ORF fragment encoding K27 to K396 of the E. coli malE protein together with a
TEV protease cleavage site (ENLYFQGS) using the Nhel and BamHI restriction sites of the
PET28 bacterial expression plasmid (Novagen) with standard PCR and cloning techniques
(construct name: pET28-MBP-TEV). The mouse Crb2 tail (R1246 to 11282; Accession. No.:
NM_001163566.1) was PCR amplified from a cDNA kindly provided by P. Rashbass and cloned
into pET28-MBP-TEV using the BamHI and Xhol restriction sites, thereby introducing an
additional cystein for coupling followed by a glycine for flexibility of the Crb2 tail.

Protein Expression, Purification, and Coupling

Recombinant protein expression using the BL21DE3 expression strain (Novagen) and
purification by metal affinity chromatography was performed using IMAC affinity resin (GE
Healthcare) according to the manufacturer’s instructions. Under standard expression conditions
(100 uM IPTG, 37°C, 3 h) followed by affinity chromatography this construct yielded typically
more than 25 mg of soluble, highly pure protein. Purified protein was dialysed into 20 mM
Hepes KOH pH 7.2, 125 mM K-Acetate, 1 mM EDTA. For TEV-digest, ~300 pg of His-MBP-
tagged protein was incubated at room temperature overnight with 2 mM Tris (2-carboxyethyl)
phosphine (Pierce) and 2.5 ug recombinant TEV protease kindly provided by the protein
purification facility of the Max Planck Institute for Molecular Cell Biology and Genetics, Dresden.

Proteoliposome Preparation

Liposomes were prepared similar to [4]. Briefly, a mixture of phosphatidylcholine/
phosphatidylethanolamine/ phosphatidylserine/ cholesterol/ maleimide anchor (18:1 PE MCC,
catalogue number 780201P, Avanti Polar Lipids) and phosphatidylinositole-3-phosphate
(40:30:10:10:10:1 molar ratio) in chloroform/methanol were mixed and dried. Lipids were
resuspended in Recruitment Buffer (RB) and liposomes were formed by repeated freeze-thaw
cycles. Liposomes were then incubated for 1 hour at room temperature with either the TEV-
released Crb2 tail, or as controls, either a non-related cysteine containing peptide or 1 mM
cysteine. The liposomes were pelleted by centrifugation at 25,000 g for 15 min at room
temperature, the supernatant discarded and the pellet washed once with RB to eliminate not
incorporated peptide. Reactive maleimide groups were quenched with 5 mM 2-Mercaptoethanol
for 30 min at RT. Recruitment reactions were performed as established in [4, 5].

Sample Preparation for MS

Following recruitment the pellet was dissolved in 40uL 2x Laemmli sample buffer and 20uL
were loaded onto a Tris-glycine PAGE gel. Following electrophoresis the gel was stained with
Coomassie G-250. The whole lane was manually cut into 18 slices and embedded proteins
were reduced with dithiothreitol (DTT), alkylated with iodoacetamide, digested over night with
trypsin in a 1:50 ratio and subjected to LC-MS analysis as described previously [6].

Mass Spectrometric Analysis

Peptides were separated on an EASY-nLC HPLC system (Proxeon, Odense, Denmark)
equipped with a fused silica microcapillary C18 column (Proxeon, length 10 cm; inner diameter
75 um; particle size 3 um, 100 A pore size). The gradient used was: A, 0.1% formic acid; B,
acetonitrile, 0.1% formic acid with a final concentration of 80% B.

Mass spectrometric measurement was accomplished on a LTQ Orbitrap XL mass spectrometer
(Thermo Fisher Scientific). The Xcalibur raw-files of all 18 gel slices corresponding to one
sample were merged to one analysis using the Proteome Discoverer 1.1 software (Thermo



Fisher Scientific) and Scaffold 3.0 (Proteome Software Inc., Portland, OR, USA). The
algorithms applied for the interpretation of tandem mass spectra were Mascot (without Identity
Score) (Matrix Science, London, UK; version 1.1.0.263), Sequest (Thermo Fisher Scientific;
version 1.1.0.263) and X! Tandem (The GPM, thegpm.org; version 2007.01.01.1) using the
SwissProt database (SwissProt_56.9.fasta) for interpretation of spectra with the following
settings: the taxonomy was set to mammalian for Mascot, a restricted database with pig, human
mouse and rat entries only was used for Sequest. X!Tandem used only proteins identified by the
two other algorithms. Trypsin was set as the enzyme allowing up to two missed cleavages.
Precursor mass tolerance was set to 10 ppm, fragment mass tolerance to 0.8 Da. As a static
modification carbamidomethylation (of cysteine) was chosen and as dynamic modifications
deamidation (of asparagine and glutamine) and oxidation (of methionine). The Spectral Count
method [7] was used for the detection of abundance changes of proteins in samples vs.
control. Briefly, spectra leading to a high confident peptide identification and belonging to a
certain protein on the receptor tail containing proteoliposomes where counted and compared to
the counts for the same protein on liposomes without a coupled receptor tail.

Genetics

The Vps35 null allele Vps35M72% was generated and characterized previously [8] and was a
kind gift from J.P. Vincent. RNAi lines were obtained from the Vienna Drosophila RNAi Centre
(http://www.vdrc.at), UAS-Vps26~""' (18396) and UAS-Vps35~""' (18396). These were driven
exclusively in posterior compartments using engrailed'®-Gal4 obtained from S. Eaton [9]. All
flies were raised at 25°C. MARCM clones were generated by crossing virgin yw-hsFLP,UAS-
GFP; tubP-Gal80 FRT42D; tubPGal4/TM6B flies (T. Widmann [10]) to FRT42D-Vps35MH2!
/CyO males. For rescue experiments, UAS-Crb-Full length (line Crb"?® previously described in
[11]) was recombined with FRT42D-Vps35™M"2% and driven with GABFc204-Gal4 (E. Morais-de-
S4). UAS-ShiK44A [12] was obtained from Bloomington Stock Centre. For wing disc or follicle
clones, 37°C heat shock was performed for 1.5 h on 1% instar larvae or 2 h on 3 instar larvae,
respectively.

Antibodies

The following antibodies were used in this study at the given dilutions for Western blotting (WB)
or immunofluorescence (IF): Goat anti-Vps35 (BD-Biosciences), 1:500 (WB). Rabbit anti-Vps35
(Millipore) 1:200 (IF), 1:1000 (WB). Mouse anti-eEF1A (Millipore), 1:1000 (WB). Rat anti-Crb 2.8
[13], 1:1000 (WB and IF). Rat anti-alpha-Tubulin (Serotec), 1:5000 (WB). Mouse anti-Hedgehog
and anti-Wingless, 1:500 (IF) were both gifts from S. Eaton. Rabbit anti-GFP (Invitrogen),
1:1000 (IF). Rabbit anti-aPKC (C-20 Santa Cruz), 1:500 (IF) 1:2000 (WB). Guinea pig anti-Par6,
1:250 (IF) 1:500 (WB) (A. Wodarz). Mouse anti-Notch-Extra (DSHB), 1:500 (IF). Mouse anti-
Hindsight (DSHB), 1:100 (IF). Secondary antibodies labelled with Alexa dyes (Invitrogen),
1:1000 (IF). Secondary antibodies labelled with HRP (Santa Cruz), 1:3000 (WB), secondary
antibodies labeled with alkaline phosphatase (Sigma) 1:2500.

Western Blotting

3" instar larvae or wing discs were prepared for SDS page by washing in PBS, drying (larvae
only) and then mashing in 50ul 2xSDS loading buffer (L00mM Tris pH6.8, 4% SDS, 0.2%
Bromophenol Blue, 20% glycerol, 2% beta-mercaptoethanol) using a 1.5ml Eppendorf tube and
pestle. Samples were boiled, clarified by centrifugation and run on 8% SDS PAGE gels.
Proteins were transferred to PVDF (Millipore), then probed using the antibodies described
above.


http://www.vdrc.at/�

Immunofluorescence and Microscopy

Wing discs were prepared for IF according to standard protocols [14]. Discs were fixed in 4%
PFA for 20 min. Primary antibodies were incubated overnight at 4°C. Secondary antibodies
were incubated for 2 hr. Adult ovaries were dissected in ice cold PBS then fixed in 4% PFA for
20 min. Ovaries were then washed in PBT (PBS + 0.5% Triton-X 100), blocked in PBT + 5%
BSA and incubated with primary antibodies overnight at 4°C in block. Ovaries were washed with
PBT, incubated in secondary antibodies (in block) for 2 hr at room temperature then washed
with PBT and mounted in ProLong Gold (Invitrogen). Images were acquired using a Zeiss LSM
510 or a Zeiss LSM 710 NLO and processed using Fiji and Adobe Photoshop. All images shown
are representative of the results obtained from several independent experiments (between 6
and 8 individual wing discs/ovary collections and stainings per genotype or chemical treatment).

Leupeptin Experiment

Ovaries were dissected in Schneider's medium containing 2.5% FCS and 5ug/ml Insulin and
then incubated in the same supplemented with 100ug/ml leupeptin or the equivalent volume of
water as a negative control rotating at room temperature for 3 hrs. To visualize lysosomal
compartments, 1ul/ml Lysotracker was added to the rotating ovaries for the last 1 hr and the
ovaries fixed as described previously. Images shown are representative of results obtained from
4 independent experiments.

Immunostaining of HeLa Cells

HelLa cells were seeded on collagen | coated coverslips and transfected with pcDNA-Flag-Crb2
(gift from Dr. Nishimura) [15] using JetPEI (Polyplus) according to the manufacturer’s
instructions. Cells were used for experiments 24 h after transfection, or, alternatively, cells were
selected using 200ug/ml Zeocin (Melford) for stable expression of Flag-Crb2. Cells expressing
Flag-Crb2 were labeled using anti Flag antibody clone M2 (Sigma) diluted 1:400 in culture
medium and incubated at 37°C, 5% CO, for 90 min. Cells were chilled on ice, washed twice with
ice-cold PBS followed by acid-stripping of surface bound antibody [16] for 4 min on ice and
three washes with ice-cold PBS. Cells were fixed using 4% paraformaldehyde in PBS for 5 min
on ice then 15 min at room temperature and processed as described previously [17]. Cells were
stained using rabbit polyclonal Vps35 antibody (Millipore) or the previously described rabbit anti
MPR antibody [18]. For studying Crb2 trafficking to lysosomes stably transfected, Flag-Crb2
expressing cells were incubated for 4 h at 37°C in normal growth medium containing protease
inhibitor cocktail Il (Fisher) as well as Flag antibody (1:400). Instead of formaldehyde fixation
cells were fixed using Methanol for 5 min at -20°C followed by the standard procedure [17].
Imaging was performed using either a Leica AF6000 epifluorescence or a Leica SP5 confocal
microscope with a 63x oil immersion objective. Images shown are representative of results
obtained from at least three different experiments.

RNAI Suppression of Vps35

Vps35 was suppressed using Vps35-1: 5’-UUACAAGUCUCUCUGAUUA-3’ or Vps35-1l: 5'-
GAACAUAUUGCUACCAGUA-3' (Dharmacon). Control siRNA targeting luciferase was
obtained from Ambion. RNA duplexes were transfected using Interferin (Polyplus) at 10 nM final
concentration according to the manufacturer’s protocol. Cells were analyzed 3 days after
transfection.
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