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Endocytosis of ligand-receptor complexes regulates signal transduction
during development. In particular, clathrin and dynamin-dependent
endocytosis has been well studied in the context of patterning of the
Drosophila wing disc, wherein apically secreted Wingless (Wg) en-
counters its receptor, DFrizzled2 (DFz2), resulting in a distinctive
dorso-ventral pattern of signaling outputs. Here, we directly track
the endocytosis of Wg and DFz2 in the wing disc and demonstrate
that Wg is endocytosed from the apical surface devoid of DFz2 via a
dynamin-independent CLIC/GEEC pathway, regulated by Arf1, Garz,
and class I PI3K. Subsequently, Wg containing CLIC/GEEC endosomes
fuse with DFz2-containing vesicles derived from the clathrin and dyna-
min-dependent endocytic pathway, which results in a low pH-depen-
dent transfer ofWg to DFz2within themerged and acidified endosome
to initiate Wg signaling. The employment of two distinct endocytic
pathways exemplifies a mechanismwherein cells in tissues leverage
multiple endocytic pathways to spatially regulate signaling.

clathrin and dynamin-independent endocytosis | Wingless signaling |
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Wnts are a class of secreted proteins necessary for patterning
and growth at multiple steps throughout development (1, 2).

Wnt-mediated signaling and morphogenesis has been well studied
in Drosophila wing discs, wherein the Wnt protein, Wingless (Wg),
interacts with a seven-pass transmembrane receptor, DFrizzled2
(DFz2), and a coreceptor, Arrow, to trigger the canonical Wg-
signaling cascade and elicit β-catenin–based transcriptional re-
sponses (3, 4).
Wg, secreted at the dorso-ventral (D/V) boundary, forms a spa-

tial gradient across the boundary and activates distinct concentra-
tion-dependent transcriptional programs ensuing coordinated tissue
growth (5, 6). This process necessitates a fine-tuning of morphogen-
mediated signaling. It has been argued that these signals depend on
cellular processes, such as secretion of the ligand, interaction of the
ligand with cognate signaling receptors, and degradation of the
ligand–receptor complex for the termination of signaling. The latter
is often mediated by the endocytosis of morphogens (7, 8). Cellular
parameters governing these processes need to be quantitatively
determined to understand the generation and the interpretation of
patterning signals, such as Wg.
Trafficking of Wg in the producing cells and the receiving cells is

important for Wg signal transduction. In the producing cells, Wg is
palmitoylated in the endoplasmic reticulum and trafficked to the
plasma membrane with the assistance of Wntless and the retromer
complex. Perturbation of any of these processes leading to Wg
secretion results in both accumulation of Wg within the producing
cells and reduction of Wg signaling in the receiving zone of the
wing disc (9, 10). Endocytosis in the signal-receiving cells may ei-
ther be important in shaping the distribution of secreted Wg across
the wing disc (11) or in a cell-autonomous fashion affect signaling
by promoting the interaction of Wg and DFz2 within an endosome
(12, 13). Endocytosis also mediates Arrow-directed degradation
necessary for the observed Wg distribution and signaling (14).
However, rescue of patterning is observed even upon replacement

of the endogenous Wg with a transmembrane-tethered Wg, thus
raising questions on the importance of a secreted Wg gradient (15).
Regardless, inhibition of endocytosis in the recipient cells, by using
the dominant-negative (DN) or the temperature-sensitive form of
shibire, demonstrates the importance of dynamin-dependent en-
docytosis in Wg-mediated signaling (11, 13). Interestingly, when
examined carefully, Wg is observed in endosomes even in null
clones of its signaling receptors Frizzled (Fz) and Arrow (14, 16–
17), suggesting that other receptors or pathways may be important
for its internalization.
Apart from its signaling receptors, a class of cell-surface molecules

that influence Wg distribution and signaling are the glyco-
sylphosphatidylinositol (GPI)-anchored heparan sulfate proteogly-
cans (HSPGs), Dally and Dlp. Whereas Dally positively contributes
to Wg signaling (18), Dlp has a biphasic effect on Wg signaling
depending on its concentration (19). GPI-anchored proteins are
predominantly endocytosed by a clathrin and dynamin-independent
CLIC (clathrin-independent carriers)/GEEC (GPI-anchored protein
enriched endosomal compartments) pathway (henceforth referred to
as the CG pathway) (20, 21). This pathway is regulated by small
GTPases, Arf1 (Arf 79F in Drosophila) and Cdc42, the guanine
nucleotide exchange factor (GEF) of Arf1 called GBF1 (garz in
Drosophila), and is sensitive to both plasma-membrane composition
and requires dynamic actin (22–24). The interaction ofWg with GPI-
anchored HSPGs, as well as its ability to be endocytosed in a Fz-
independent manner, prompted us to reexamine Wg internalization.
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Regulated interaction of secretedmorphogens with their receptors
is necessary for patterning of tissues during development. The
morphogen Wingless (Wg) is apically secreted at the dorso-ventral
boundary of Drosophila wing imaginal discs, and its receptor,
DFrizzled2 (DFz2), is localized basally in recipient cells. Here, we
show that Wg is endocytosed by a dynamin-independent endo-
cytic pathway, the CLIC/GEEC pathway, at the apical surface of the
epithelium, whereas DFz2 is internalized basally via the conven-
tional clathrin-dependent mechanism. Subsequently, Wg requires
the acidic milieu of the merged endosome derived from the fusion
of these two pathways to interact with DFz2 for subsequent sig-
naling. This study provides evidence for a mechanism wherein
cells leverage multiple endocytic pathways to coordinate signaling
during patterning.
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On studying the trafficking of Wg and DFz2 in the Drosophila
wing discs by directly labeling the endosomes of Wg and DFz2, we
observed distinct early endosomes carrying either Wg or DFz2
with Wg endosomes enriched in the apical surface, whereas DFz2
endosomes were concentrated in the basal part of the wing disc.
Although endocytosis of DFz2 is sensitive to dynamin, we found
that Wg is endocytosed in a dynamin-independent manner. Fur-
thermore, we characterized this dynamin-independent internali-
zation route of Wg as being sensitive to perturbation of Arf1,
Garz, and class I PI3K. Fusion of endosomes derived from these
two distinct endocytic pathways facilitates the interaction of Wg
and DFz2 within endosomes. Using FRET, we found that the low-
pH milieu of the early endosome promotes the interaction between
Wg and DFz2. Like the effects of perturbation of the clathrin and
dynamin-dependent (CD) pathway on Wg signaling, inhibition of
CG-mediated endocytosis of Wg reduces signaling in the wing disc
and in Drosophila cell lines. These results provide evidence for a
critical in vivo role for the dynamin-independent CG pathway. In
addition, this mechanism, wherein the ligand and receptor are
separately internalized and interact within an endosome, provides
a paradigm for signal regulation that may be exploited in other
signaling contexts.

Results
Wg Is Internalized Apically Devoid of Its Signaling Receptor, DFz2.We
first examined the endocytosis of Wg and DFz2 in wing discs from
third-instar larvae. For this purpose, we used fluorescently conju-
gated primary antibodies that enabled us to directly visualize these
molecules at the cell surface, and in endosomes without any loss as
a result of cell permeabilization (assay depicted in Fig. 1A and
described in SI Materials and Methods). A monoclonal antibody
against Wg and two primary antibodies against the extracellular
domain of DFz2 were used. SI Materials and Methods and Fig. S1 A
and B describe the specificity of the monoclonal antibody raised
against N-terminus DFz2; the polyclonal antibody is described
previously (25).
Cell-surface staining (assay depicted in Fig. 1A, step 1) shows

that extracellular Wg and DFz2 have opposing distributions in the
wing pouch, with Wg concentrated near the D/V boundary and
DFz2 at the edges of the wing pouch (Fig. S1C and Movie S1).
DFz2 is also localized primarily at the baso-lateral regions of the
wing disc (26), whereas Wg is found both apically and baso-later-
ally. We next tracked the endocytosis of cell surface-labeledWg and
DFz2 for different time points. At early times postinternalization
(5 min after endocytosis and after a quantitative removal of cell-
surface fluorescence; assay depicted in Fig. 1A, step 3), Wg and
DFz2 endosomes are also spatially segregated. Wg and DFz2
endosomal distribution mirrors the corresponding cell-surface dis-
tribution across the D/V boundary; Wg endosomes are near the D/V
boundary and DFz2 endosomes are enriched toward either edges of
the wing pouch. Furthermore, Wg endosomes are enriched in the
apical surface, whereas DFz2 endosomes are accumulated near the
basal surface (Fig. 1B, apical and basal, Fig. S1D, and Movie S2).
Strikingly, in regions where Wg and DFz2 endosomes are present in
the same region of the wing disc, these molecules appear in distinct
endosomes (colocalization index: 10 ± 7% at a single plane, n = 15–
20 fields each from three wing discs), in distinct subcellular locali-
zations (Fig. 1 B and C, away from D/V). These apically localized
Wg early endosomes colocalize extensively with the fluid-phase,
monitored by incubation with fluorescently labeled dextran (Dex), a
marker of the clathrin and dynamin-independent CG pathway of
endocytosis (Fig. 1 B and C) (colocalization index at a single con-
focal plane: 83.08 ± 13%, n = 10–15 fields each, from three wing
discs) (20). Although Dex endosomes are also found in the baso-
lateral planes where DFz2 endosomes are abundant, they are found
in distinct vesicles (colocalization index: 11.63 ± 3.37%, n = 10–15
fields each from four wing discs) (Fig. 1D). Thus, a large fraction of
Wg and DFz2 appear to be internalized independent of each other.

In contrast, after 15 min (Fig. 1E, Fig. S1E, and Movie S3; assay
depicted in Fig. 1A, step 4), Wg, DFz2, and Dex all colocalize in
large endosomal compartments along the apico-basal axis of the

A

Basal

Figure S1C
Surface labelling on 

ice with Ab*
Pulse at RT 

with Ab*

Apical

C

B
B’

B’’

D

E’
E

E’’

F

Dex, Wg, DFz2

Dex, Wg, DFz2

Dex, Wg, DFz2

Apical

Basal

Medial

5 
m

in
 P

ul
se

5 
m

in
 P

ul
se

 1
0 

m
in

 C
ha

se

a b

a b

a

b

a

b

Step

Figure 1B
Acid strip on ice to 
remove surface Ab*

C

Figure 1E
Chase at RT 

in Media without Ab*

*

*

Dex, Wg, DFz2

Dex, Wg, DFz2

Apical

Basal

*

*

Dex, Wg, DFz2

Medial*

*

1 2 43

DFz2 A647-anti-DFz2 Wg A568-anti-Wg

Fig. 1. Wg is endocytosed apically devoid of its signaling receptor, DFz2.
(A) Endocytic assay: Surface distribution of Wg and DFz2 evaluated by in-
cubating fluorescently labeled primary antibodies (Ab*) A568-anti-Wg, A647-
anti-DFz2 on ice (step 1) (Fig. S1C). Surface-labeled wing discs are incubated at
room temperature for 3–5 min with Ab* and Dex to image early endosomes
(step 2) and acid washed to remove the Ab* left at the surface (step 3; see
B–D), followed by chase in media without Ab* (step 4; see E and F). (B–F) Apical
(B, Upper) and basal (B, Lower) confocal sections of control (w1118) wing discs
shows “5-min pulse” endosomes (B) and the medial plane of w1118 wing discs
shows “5-min pulse and 10-min chase” endosomes (E) of Dex (blue), Wg (red),
and DFz2 (green). YZ (B′/E′) and XZ (B″/E″) sections (along yellow lines in B and E)
are oriented apical to basal (a → b). Regions (*) from B and E are magnified in C,
D, and F. Boxed regions (C, D, and F) are magnified (∼1.5×) and shown below
with indicated probes in the color outlines. Images have been rotated (B–D),
background-subtracted, andmedian-filteredwith intensities appropriately scaled.
Wg and Dex colocalize extensively in apical endosomes, whereas DFz2 endo-
somes are predominantly found basally, yet separate fromDex endosomes 5-min
postinternalization. With time, all three colocalize in a common endosome in
more medial planes. (Scale bars, 50 μm in B and E and 10 μm in C, D, and F.)
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wing disc. Although the distribution of Wg and DFz2 endosomes
still oppose each other along the wing pouch, DFz2 colocalizes
extensively with Wg in endosomes adjacent to the D/V boundary
(Fig. 1F) (colocalization index: 78 ± 12%, n = 15–20 fields each
from two wing discs). Typically, vesicles derived from distinct
endocytic pathways are initially observed as separate endosomes
carrying characteristic cargoes. Subsequently, the vesicles undergo
heterotypic fusion and mature into Rab5+-sorting endosomes,
from where cargoes can either be recycled or degraded (27). The
merged early endosomes containing Wg and DFz2 (10–15 min) in
the wing disc are also positive for Rab5 GFP (Fig. S1 F–H), an
early endosomal marker (28, 29). Hence, these endosomes prob-
ably act as sites of colocalization and concentration of Wg and
DFz2, even in regions where their surface concentrations are low.

Wg Internalization Does Not Require Dynamin. Perturbation of CD
endocytosis by using temperature-sensitive mutants or DN mutants
of shibire (fly homolog ofDynamin) was found to affect Wg signaling
in wing discs (11, 13). To characterize the DFz2-independent in-
ternalization route of Wg, we examined the extent of endocytosis of
DFz2 and Wg in wing discs of the temperature-sensitive mutant
shibirets1 (shits1) larvae after incubating them at restrictive tempera-
tures (31–32 °C) for a short interval of time (15 min). In addition, we
also monitored the uptake of Dex, to monitor the clathrin and
dynamin-independent CG pathway, and fluorescently labeled mal-
eyated BSA (mBSA), a ligand for scavenger receptors to monitor
CD endocytosis (30) to evaluate endocytic activity in wing discs of
shits1 larvae. Incubation at restrictive conditions inhibits both DFz2
endocytosis (Fig. 2 A, B, and E) and mBSA endocytosis (compare
Fig. S2 A′ and B′), whereas Wg endocytosis (Fig. S2F; compare with
Fig. 2 C, D, and F) and fluid-phase uptake (compare Fig. S2 A and
B) are not reduced; and in fact, it appears to be slightly enhanced at
the restrictive temperatures. Upon shifting the shits1 wing discs to
restrictive temperatures, DFz2 extracellular staining was similar to
control discs, indicating that the reduced endocytosis is because of a
block in the endocytic pathway (Fig. S2 D and E). However, it
should be noted that longer incubations of shits1 wing discs at re-
strictive temperatures (32 °C for 40 min) results in complete in-
hibition of both endocytic pathways as evaluated by monitoring Dex
and mBSA endocytosis (Fig. S2 C and C′), probably because of the
other secondary effects of dynamin inhibition (30). shits1 is a rapidly
acting temperature-sensitive allele of dynamin, characterized by its
almost instantaneous paralytic phenotype (3 min) at temperatures
above 29 °C (31). Within minutes of exposure to restrictive tem-
peratures, arrested pits accumulate at presynaptic membranes of
these flies (32). Although its rapid inactivation kinetics make it a
convenient tool, shits1 flies recovered much slower than other shibire
mutants and recovery time was correlated to the length of heat
shock, indicative of an effect on this allele on dynamin aggregation
(33) and possibly other secondary effects, with prolonged incuba-
tions at restrictive temperature. Hence, all experiments on shits1

were done at incubation time up to 15 min, wherein the markers of
CG endocytosis were internalized but CD cargo was inhibited.
Together with the observation that Wg continues to be endo-

cytosed in clones of cells in wing discs that lack Fz1 and DFz2 (Fig.
S1I) (see also refs. 14, 16, and 17), these results indicate that a
large fraction of Wg is internalized by a dynamin-independent
endocytic pathway, independent of its signaling receptor, DFz2.

Wg Is Internalized via a Garz-Mediated Endocytic Pathway in Drosophila
Wing Disc. The dynamin-independent endocytosis of Wg prompted
us to explore the roles of mediators of such an endocytic pathway
in Drosophila. It is likely that Arf79F, along with its GEF Garz,
functions in the formation of vesicles in dynamin-independent CG
endocytosis (22, 24). We expressed interference RNA (RNAi)
against Arf79F and Garz using the following specific GAL4 drivers:
C5GAL4, which is expressed in cells of the wing disc that signal
in response to Wg but not in cells that produce Wg (13), and

Hedgehog GAL4 (HhGAL4), which is expressed only in the pos-
terior compartment of the wing disc (Fig. S3 A and B).
Expression of Garz RNAi in HhGAL4 domain for 36–40 h

greatly reduces the extent of fluid-phase endocytosis in the poste-
rior compartment as visualized by monitoring the uptake of Dex
(Fig. 3A′), whereas in the same cells, the CD pathway—monitored
by the uptake of mBSA—is not reduced (Fig. 3A). We verified the
viability of wing disc cells depleted of Garz and observed no al-
terations in localization of cell polarity marker (Dlg) or aberrant
apoptosis (Fig. S3 C, D, and D′). Immunostaining against the Garz
protein confirmed the knockdown in the posterior compartment
compared with the control anterior compartment (Fig. S3E). A
similar reduction in the CG pathway, but not in the CD pathway, is
observed in C5GAL4 driven Garz RNAi wing discs (Fig. S3 F and
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Fig. 2. Shibire is not required for Wg endocytosis. (A–F) Confocal sections of
wing discs from shits1 (A, B, and D) or w1118 (C) incubated at the permissive
temperature of 23 °C (A and C) or at the restrictive temperature of 31–32 °C
(B and D) showing 5- to 8-min pulsed endosomes of Dextran (A and B; red in A″
and B″), DFz2 (A′ and B′; green in A″ and B″), or Wg (C and D). E and F show
quantification of the intensity of DFz2 and Wg endosomes, respectively, be-
tween control and shits1 wing discs. Robust endocytic uptake of fluid and
mBSA is observed in wing discs of w1118 (32 °C) and shits1 (room temperature-
permissive) and both serve as controls for Dynamin function. Error bars in-
dicate the SE calculated from three to six wing discs. P < 10−25 in E. A″ and B″
indicate YZ projection of Control and shits1 wing discs, respectively, along the
planes indicated. Red and green arrows in A″ and B″ indicate the plane of the
representative images. Boxed regions are magnified (∼2.7×) and shown below
the respective images. The image in C has been rotated; all images back-
ground-subtracted and median-filtered with intensities appropriately scaled
for representation. Although DFz2 endocytosis is affected in shits1 wing discs
shifted to restrictive temperature, both Dex and Wg endocytosis remain un-
affected. (Scale bars, 50 μm.)
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F′). In addition, consistent with our previous results (24, 34), when
Drosophila S2R+ cell lines carrying the human transferrin receptor
(CD cargo) is treated with Garz dsRNA, CG endocytosis is se-
lectively reduced without perturbing transferrin endocytosis (Fig.
S3 G and G′). Thus, Garz RNAi expression in the wing disc under
the conditions of knockdown, detailed above and in Drosophila cell
lines, inhibits endocytosis via the CG pathway.
Wg endocytosis is also reduced by ∼60% (Fig. S3H) in the

posterior half of wing discs expressing Garz RNAi, driven using
HhGAL4 in the posterior domain, compared with corresponding
uptake in cells in the anterior compartment (Fig. 3C). In contrast,
DFz2 internalization appears unaffected by the expression of Garz
RNAi, because endosomes are uniformly distributed across both
anterior and posterior domains (Fig. 3D and Fig. S3H). The fluid-
phase uptake in both these wing discs (Fig. 3 C and D) continues
to be significantly reduced (by ∼55%) (Fig. S3H) in the posterior
compartment compared with the anterior (Fig. S3 H–J).
Reduced numbers or intensities of Wg endosomes can either be

because of reduced amount of Wg available at the cell surface or
because of a deficient endocytic machinery. To distinguish these two
possibilities, we estimated the amount of extracellular Wg and
calibrated the extent of endocytosis using a surface internalization
assay (SI Materials and Methods). We observe that the extracellular
levels of Wg are not reduced upon Garz depletion in the posterior
compartment (HhGAL4) (Fig. 3 F and G) or in the wing pouch
(C5GAL4) (Fig. 3H), unlike Arf 79F depletion in similar conditions,

which affects secretion and hence the extracellular levels of Wg (Fig.
3E). Other GEFs could be compensating for Garz function under
these conditions at the Golgi. Furthermore, a quantitative surface
internalization assay that estimates the extent of Wg endocytosed
normalized to extracellular Wg (Fig. 1A, steps 1 and 2, and SI
Materials and Methods) shows that whereas control discs exhibit
robust Wg uptake, C5GAL4-driven Garz RNAi discs show signifi-
cantly reduced Wg uptake (Fig. 3 H, H′, and I). Together, these
results demonstrate that Garz depletion neither affects DFz2 en-
docytosis via the CD pathway nor reduces the extracellular levels of
Wg; however, it severely perturbs the internalization of Wg.

Class I PI3K Aids in Localization of Garz to the Plasma Membrane and
Specifically Alters Endocytosis of the Fluid Phase and Wingless. The
roles of Garz and Arf1 have also been associated with the regu-
lation of secretion (35, 36). For example, the expansion of tracheal
tubes during Drosophila embryogenesis is dependent upon Arf79F,
Garz, and the ArfGAP–Gap69C regulated retrograde trafficking of
Coatomer (COPI)-coated vesicles from the Golgi to the endo-
plasmic reticulum (37). Although the titrated knockdown of Garz
did not alter the levels of extracellular Wg (Fig. 3F) or DFz2 (see,
for example, Fig. S5B), knocking down Arf79F using the same
GAL4 system indeed reduces the extracellular levels of Wg in the
posterior half of the wing disc (Fig. 3 E and G), consistent with a
role for Arf79F in secretion of Wg in the wing disc. Localization of
Garz and Arf1 to the Golgi or plasma membrane in a dynamic
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manner can determine its role in secretion or CG endocytosis. In
neutrophils, it has been demonstrated that GBF1 (the mammalian
homolog of Garz) bears a lipid binding motif necessary for binding
to the products of PI3Kγ. The activity of PI3Kγ assists in the
translocation of GBF1 from the Golgi to the leading edge of the
cell upon G protein-coupled receptor stimulation (38). To further
understand the role of Arf1 and Garz in Wg uptake, we examined
the role of class I PI3K in Garz localization and in the CG pathway.
To test for the role of class I PI3K in Garz localization, we

expressed a GFP-tagged Garz construct (37) in the larval fat
bodies (Fig. 4 A–D and Fig. S4 A and B) and in the wing disc (Fig.
S4 C–F) and evaluated its localization upon treatment with PI3K
inhibitor (LY294002), which inhibits class I PI3K (39, 40). GFP–
Garz colocalizes with both FM dye-labeled plasma membrane
(Fig. 4A) and with the Golgi-marker GM130 (Fig. 4C). Upon
treatment with LY294002, the recruitment of Garz to the plasma
membrane is lost (Fig. 4B) and GFP–Garz is redistributed to ve-
sicular structures, which remain colocalized with GM130 (Fig.
4D). LY294002 also appears to have an effect on the distribution
of GM130-labeled Golgi structures. Despite this finding, Garz–
GFP remains strongly colocalized with GM130. This is specific
because there is no global redistribution of cytosolic GFP on
treatment with LY294002 (Fig. S4 A and B). Even in wing discs,
GFP–Garz is localized to plasma membrane and upon addition of
PI3K inhibitor, LY294002, the ratio of GFP–Garz intensities at
the cell boundary to that in the cell interior reduces (Fig. S4 C–F).
Furthermore, in S2R+ cells overexpressing GFP–Garz we evalu-
ated the changes in plasma membrane localization upon treatment
with both LY294002 or dsRNA depletion of catalytic subunit of
class I PI3K (Dp110). The measurement of total internal reflec-
tion fluorescence (TIRF)/epifluorescence intensity ratios provides
an assay for the loss or enrichment of fluorescently tagged proteins
at the plasma membrane. This ratio is drastically reduced for
GFP–Garz (Fig. 4 E and E′) in both the treatments, whereas a
control construct (myristoylated GFP, Myr-GFP) showed no dif-
ference (Fig. 4 F and F′). Thus, localization of Garz to the plasma
membrane is dynamic and requires the activity of class I PI3K.
Depletion of PI3K21B, the regulatory subunit of class I PI3K, in

the wing disc using HhGAL4, also leads to specific reduction of
fluid-phase and Wg endocytosis in the posterior region (Fig. 5 A
and A′). However, depletion of PI3K21B (using the same driver)
did not reduce DFz2 endocytosis (Fig. 5 B and B′); DFz2 endo-
somes are in fact slightly more in number in the posterior com-
partment compared with the anterior compartment. Endocytosis
of DFz2 in the posterior compartment, where PI3K 21B RNAi is
driven, is enhanced by ∼30% (Fig. 5B) [132.6 ± 8.9% endocytosis
in the posterior compartment compared with that in the anterior
compartment (set to 100%); n = 7 wing discs]. Similarly, in S2R+
cells depleted of PI3K21B, Dex uptake is greatly reduced, whereas
CD endocytosis (transferrin uptake) is somewhat enhanced (Fig. 5
C and D). These results implicate class I PI3K in regulating the
localization of Garz at the plasma membrane and its loss-of-
function inhibits CG endocytosis of Wg.

Perturbation of Garz and Class I PI3K Affects Wingless Signaling. The
results thus far show that Wg is endocytosed via the CG pathway,
independent of its signaling receptor DFz2 and, furthermore,
perturbation of regulators of the CG pathway (Garz, class I PI3K)
inhibits Wg endocytosis, but not DFz2 endocytosis. We therefore
tested the role of CG endocytosis in Wg signal transduction. Wg
signaling output in the wing disc can be monitored by assessing the
levels of two transcriptional readouts: a short-range signaling
output, Senseless, and a long-range signaling output, Distalless (5,
41). These targets of Wg are drastically reduced in wing discs
where Garz RNAi is driven with C5GAL4 (Fig. 6A and Fig. S5 F–H)
and HhGAL4 (Fig. 6B and Fig. S5 A and I). This reduction in
Wg signaling is not because of any alterations in the extracellular
levels of Wg (Fig. 3 F and G) or DFz2 measured (Fig. S5B) across

the disc, and is similar to that of depletion of Arrow (Fig. S5K).
The reduction in Wg signaling is specific, because the levels of
Cubitus interruptus, a signaling readout of another secreted
morphogen, Hedgehog, remains unaffected upon Garz depletion
(Fig. S5 C–E).
In S2R+ cell lines, treatment with Garz dsRNA, as well as ex-

pression of the Garz DN mutant E740K mutation in the GEF
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domain (37), reduces Wg signaling, as evaluated by luciferase as-
says (42) (Fig. 6C). This finding is consistent with a cell-autonomous
role for Wg endocytosis in activating β-catenin– (Armadillo) de-
pendent Wg target genes. Furthermore, the reduction of signaling
in S2R+ lines is rescued by the expression of dominant-active Ar-
madillo (DA-Arm) (Fig. 6D). The GSK3-β inhibitor, SB216763
(43), inhibits phosphorylation and degradation of Armadillo, and
therefore activates Wg signaling even in the absence of Wg. Addi-
tion of the GSK3-β inhibitor to cells treated with control or Garz
double-stranded (ds)RNA results in luciferase activity similar to
that in the control cells (Fig. 6E). Thus, Garz functions upstream of
both GSK3-β and Armadillo in Wg signaling.
Concomitant with the inhibition of Wg endocytosis, Wg signaling

is also severely reduced in the posterior domain of the wing discs
where class I PI3K activity is perturbed. Driving of DN Dp110
(UAS-Dp110D954A), RNAi against PI3K21B, and overexpression
of PTEN [which dephosphorylates PI(3,4,5)P3 (phosphatidylinositol
3,4,5-trisphosphate, PIP3) to PI(4,5)P2 (PIP2)] using the HhGAL4;
GAL80ts system for 38–44 h also causes a reduction in Senseless
(Fig. 6 G–I, and Fig. S5J). In all three perturbations, the con-
centration of PIP3 is likely to be affected and has an effect on
Wg signaling.
Class I PI3K is a key player in insulin-mediated growth signaling

(44). In mammalian cells and in certain cancers, PI3K signaling has
been known to converge on Wg signaling downstream (45, 46); this
is via the recruitment and activation of Akt, which inactivates
GSK3-β and thus prevents degradation of β-catenin. In fact, expres-

sion of Akt enhances Wg-induced luciferase activity in response to
Wg (Fig. 6F). To confirm that the loss of Wg signaling upon the
reduction of class I PI3K activity is not the result of a general loss
of Akt activity, we overexpressed Akt in the background of this
perturbation. In cell lines, Wg signaling is significantly reduced by
Dp110 RNAi and cannot be rescued by overexpression of Akt, but
can be rescued by DA-Arm expression (Fig. 6F). In wing discs,
overexpression of Akt with HhGAL4 for 40 h leads to expansion of
the posterior domain with an increase in the levels of Senseless and
Distalless near the margins and in the wing pouch (Fig. 6J).
However, overexpression of Akt in conjunction with Dp110 DN,
does not rescue the loss of Senseless by Dp110 perturbation, de-
spite preserving the overgrowth phenotype of Akt overexpression
in the posterior domain (Fig. 6K). This finding suggests a delicate
balance between growth rates and signaling in generating a normal
wing because gross up-regulation or down-regulation of the PI3K
pathway simply increases/decreases the size of the wing (47).
However, we cannot exclude the possibility that PI3K also affects
Wg signaling via Akt repression.
Thus, the role of class I PI3K in Wg signaling is upstream of the

action of Akt, and is likely to act via the ability of its product PIP3
in recruiting Garz to the plasma membrane. Together, these re-
sults indicate that alteration of endocytosis via the CG pathway is
sufficient to reduce Wg signaling.

Endocytosis and Endosomal Acidification Is Necessary for Wingless
and DFz2 Interaction. We reasoned that endocytosis via the CG
pathway is necessary for enhancing the interaction of Wg and
DFz2 in colocalized endosomes (Fig. 1E). We measured the extent
of interaction between Wg and DFz2 at the cell surface and within
endosomes by using a FRET methodology that relies on donor
dequenching upon acceptor photobleaching (48). The increase in
fluorescence of the pH-insensitive donor (Alexa 568, labeled anti-
Wg) upon photobleaching of the pH-insensitive acceptor fluo-
rophore (Alexa 647, labeled anti-DFz2) serves as a measure of
FRET efficiency (48). We find that FRET efficiency between Wg
and DFz2 is significantly higher in endosomes compared with that
at the cell surface, as measured in clusters from subapical and
lateral regions of wing disc cells wherein the colocalization of Wg
and DFz2 (Fig. 1E) at the cell surface is the highest (Fig. 7 A, B,
and D). We further reasoned that the acidic milieu of the endo-
some may promote this interaction. Indeed, when measured, the
pH of the early endosome in the wing discs is about 6.2 (Fig. S6A),
and inhibition of vacuolar ATPases with Bafilomycin (Baf) (49)
increases the pH of these endosomes to that of the extracellular
buffer (7.2) (Fig. S6A). Baf-treated endosomes show a marked
reduction in FRET, registering a value similar to that obtained at
the cell surface (Fig. 7 C andD). This result also nullifies the trivial
hypothesis that the higher FRET efficiency observed between Wg
and DFz2 in an endosome is a result of enhanced concentration of
Wg and DFz2 in the endosome, because Baf-treated endosomes
are comparable in both size and intensities to that of untreated
endosome, and yet registers a lower FRET efficiency. Interestingly,
interfering with the acidification of the endosomes has also been
reported to affect Wg signaling (50).
To ascertain if the acidic environment is sufficient to allow in-

teractions between Wg and DFz2, we incubated wing discs in a
low-pH buffer on ice (pH 6.0) immediately after labeling the
surface Wg and DFz2 with their respective antibodies (SI Materials
and Methods). Surface-labeled DFz2 and Wg (at pH 6.0) formed
large clusters especially in the baso-lateral regions where DFz2
abounds (Fig. S6 B and C), and this is accompanied by an increase
in average FRET efficiencies (Fig. 7 E and F).
Given that perturbations of both CG and CD endocytic path-

ways affect Wg signaling, we verified if endosomes are platforms
for Wg signal transduction. We have previously shown that the
fusion of the CG and CD pathway endosomes depend on Rab5 and
a Wortmanin-sensitive class III PI3K (27). Knockdown of Class III
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PI3K–Vps34 using C5GAL4 leads to defects in fusion of Wg and
DFz2 endosomes (Fig. S7 A and B) and reduction in Wg signaling
(Fig. 6 L and L′). However, as Vps34 also affects CD endocytosis
(51), the effect on signaling could be because of a combination of
endocytosis and merging defects.
If Wg signaling proceeds from endosomes, the downstream

components of Wg signaling are expected to be localized to
endosomes. Axin (using anti-Axin in Fig. S7C) and Dishevelled,
two such Wg signaling components (Dsh; Dsh-GFP under its na-
tive promoter in Fig. S7D), were found in large vesicles colabeled
by endosomal markers Hrs [29.3 ± 3.0% of Axin punctae colo-
calizes with Hrs in wing discs (Fig. S7C) and 57.93 ± 10.39% of Dsh
GFP colocalizes with Hrs in S2R+ cells (Fig. S7D)]; Rab7 [20.91 ±
1.82% of Axin punctae colocalizes with Rab7 in wing discs (Fig.
S7C) and 11.55 ± 8.24% of Dsh GFP colocalizes with Rab7 in
S2R+ (Fig. S7D)]. Dsh-GFP also colocalized with early endosomes
(∼5-min pulse) containing Wg (Fig. S7E) in S2R+ cells [45 ± 8.5%

of Wg endosomes (5 min) strongly colocalizes with Dsh-GFP],
whereas 10-min Dex endosomes in the wing disc, which are com-
pletely colocalized with Wg and DFz2 (Fig. 1E), are also decorated
with Dsh-GFP [50.0 ± 3.1% of early endosomes containing tetra-
methylrhodamine (TMR)-Dex colocalizes with Dsh-GFP punctae]
(Fig. S7 F and F′).
Conversely, to assess if DFz2 productively interacts with Wg at

acidic pH, we determined if Dsh is recruited to the cell surface of
wing discs upon changing pH. In the apical and subapical planes of
control wing discs, where punctae of Dsh-GFP are clearly visible,
the intensities appear to decrease across the D/V boundary (sim-
ilar to the observed distribution of Wg). On the other hand, in
acidic conditions, Dsh-GFP is uniformly distributed across the D/V
boundary and higher levels of Dsh-GFP are observed as distinct
punctae (Fig. 7 G–I). This finding indicates that if Wg–DFz2 in-
teraction is fully enabled at the cell surface, there would be a
productive engagement across the wing pouch and the loss of any
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Garz and PI3K21B in Wg signal transduction. (C and D) Histograms show normalized Wg signaling in S2R+ cells treated with the indicated dsRNA or over-
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absence of exogenous Wg (D). Wg signaling in Arrow depleted cells is reduced to ∼5% of control, demonstrating the efficacy and dynamic range of the assay
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spatially graded signaling. Thus, the acidic pH within an endosome
plays an important role in promoting Wg–DFz2 interaction to
recruit Dsh and sustain Wg signaling within the endosome. To-
gether, these results suggest that Wg and DFz2 interact in a pH-
dependent manner within an endosome, and this interaction is
necessary for Wg signaling.

Discussion
Multiple pathways of endocytosis ply at the plasma membrane and
functional roles for clathrin and dynamin-independent endocytic
processes are just beginning to emerge (21). Perturbations of
shibire and clathrin have often been used as tools to evaluate
specific roles of endocytosis in either activating signaling [Dpp
signaling in wing disc (52)] or attenuating signaling [EGFR sig-
naling in eye discs (53)] during tissue development (8, 54). Here,
we have uncovered an in vivo role for the CG endocytic pathway
in the regulation of Wg signal transduction in the Drosophila wing
disc. Our data suggest that a large fraction of Wg is internalized
independent of its signaling receptor DFz2 via a Garz, Arf1, and
class I PI3K-mediated CG endocytic pathway, and this is necessary
for Wg signaling in the wing disc. The fusion of endosomes car-
rying Wg (apically internalized via the CG pathway) and DFz2
(baso-laterally internalized via the CD pathway), and endosomal
acidification, facilitates the interaction of Wg and DFz2, and
hence mediates the signaling of Wg (see model in Fig. 8).
A recent study suggests that Wg is internalized from the apical

surface via dynamin-dependent endocytosis (55). Here we directly
label the endosomes of Wg and DFz2 and track their progression
through the endocytic pathway. We find that under conditions
wherein dynamin perturbations affects CD cargo (mBSA, TfR)
internalization (24, 30), CG-mediated fluid-phase endocytosis is
unaffected, Wg continues to be endocytosed, but DFz2 endocy-
tosis is strongly inhibited. On the other hand, Wg endocytosis

depends on Garz, Arf1, and class I PI3K, and DFz2 uptake does
not. Thus, we conclude that Wg uptake is, to a large extent,
dynamin-independent and that both CG and CD endocytosis is
used to facilitate Wg–DFz2 interaction within an endosome. To
determine the extent of signaling fromWg in endosomes and from
the recycled fraction at the baso-lateral surface possibly regulated
by Godzilla, as recently proposed (55), more sophisticated assays
and minimal signaling systems with fast response times consistent
with the time scales of trafficking have to be developed. In addi-
tion, because global perturbation of any molecule in the trafficking
pathway causes broad-spectrum effects on the kinetics of the en-
tire process, correlating key trafficking molecules with signal trans-
duction remains a challenge.
An important question is how Wg is routed through the CG

pathway from the apical surface. The most obvious candidates for a
receptor for Wg in the CG pathway are HSPG-containing GPI-
anchored proteins or glypicans, which also have a role in Wg sig-
naling (18, 19, 56). In our preliminary experiments, when we mea-
sured Wg endocytosis in wing discs that were treated with PI-PLC
(phosphatidylinositol-phospholipase C) to remove GPI-anchored
proteins, consistent with the loss of receptors/binding sites, the sur-
face levels of Wg are drastically reduced and almost no Wg is
endocytosed, whereas DFz2 surface levels and endocytosis are un-
affected. This finding argues for a very prominent role of GPI-
anchored HSPGs in recruitingWg to the cell surface, as well as for its
endocytosis. Some clathrin and dynamin-independent pathway car-
goes drive their own endocytosis when concentrated on the plasma
membrane by different binders (57, 58). A similar mechanism can be
envisioned for Wg endocytosis via CG pathway, with HSPGs aiding
in clustering of Wg at the plasma membrane. However, the identity
of the glypican and their role needs further experimentation.
The site of Wnt signaling has been hotly debated. In HeLa cells,

Wnts are proposed to form signaling platforms that recruit downstream
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Fig. 7. Endosomal acidification is necessary for Wg–DFz2 interaction and signaling. (A–C) Confocal images of wing discs, surface labeled on ice with A568
anti-Wg and A647 anti-DFz2 (A), or surface labeled and pulsed for 3–5 min followed by an 8-min chase either without (B) or with Baf (C) followed by acid
wash to strip off the surface-bound antibodies and visualize endosomes (as detailed in Fig. 1A, step 3). Images were obtained from subapical and medial
planes where both Wg and DFz2 are found. The Insets (magnified ∼2–3×) show the region taken for FRET measurements by donor (A568) dequenching after
acceptor photobleaching method. Within the outlined boxes, the acceptor (A647 anti-DFz2) was bleached, and both donor and acceptor intensities, pre- and
postbleaching is shown in the panels below. See LUT bar in E to compare differences in donor intensities. Endosomes with both Wg and DFz2 (described in Fig.
1 E and F and step 4 of Fig. 1A) were only used for the assay. (D) Graph shows FRET efficiencies obtained from outlined images, as in A–C, and calculated as
described in SI Materials and Methods. Note FRET efficiency is much higher in endosomes compared with that at the cell surface (P < 10−12), and decreases
upon neutralization of the pH of endosomes with Baf (P < 10−10). Control used here are punctae labeled with only the donor fluorophore. (E and F) Confocal
images (E) of surface-labeled wing discs maintained on ice for 2 h at pH 6.0, and corresponding graph (F) shows FRET efficiencies between Wg and DFz2 on
surface at pH 6.0 or 7.2. The data indicate that the efficiency is enhanced upon incubation in acidic environment (P < 10−15). Data represented is average
(±SEM) of FRET efficiencies taken from 60 to 100 structures (endosomes or surface clusters) from four to five discs from two separate experiments. (G–I)
Confocal images of wing discs depicting the distribution of Wg signal transduction cascade downstream player, Dsh-GFP (expressed under its native pro-
moter), upon incubating wing discs at different pH on ice. Z projection of subapical planes is shown in G and graphs show the distribution (H) and the average
intensities from planes enriched in the Dsh-GFP spots (I) in response to the incubation at different pH. Significantly more Dsh-GFP is recruited to enriched
clusters at lower pH (P < 10−3), and their distribution is uniform at pH 6.3 (D, dorsal; V, ventral). All images are background-subtracted and intensities are
appropriately scaled for representation. (Scale bars, 10 μm in A–C and E and 50 μm in G.)
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players (Dsh, Axin) to the plasma membrane and initiate canonical
Wnt signaling (59). However, endocytosis of Wnt3A in L cells (60) and
Wg in Drosophila wing discs (13, 14, 61) has been shown to be nec-
essary for canonical Wnt signaling as the downstream players are
recruited to endosomes (13, 62). In our experiments, Wg interacts
productively with DFz2 in the acidified endosome (or when the cell
surface is exposed to acidic pH). Hence, it is likely that site ofWg signal
is the acidified endosomal membrane. This finding is also consistent
with the recruitment of downstream signaling mediators (Dsh and
Axin) to these sites of Wg–DFz2 engagement.
Our study, describing the merging of endosomes derived from

two distinct surfaces of the wing disc, is reminiscent of trafficking of
a number of proteins in other polarized epithelial model systems to
a common recycling endosome, which is necessary for their trans-
cytosis. As in the case of a transcytotic cargo, polymeric IgA re-
ceptor (63), it is likely that the DFz2 receptor and Wg meet in such
a common recycling endosome where signaling may be initiated.
The pleiotropic functions of proteins involved in membrane

transport and fission has been noted for many, including clathrin
and dynamin (64–66). The functions of the CG pathway have been
studied using specific molecular perturbations of Arf1 and its GEF
(GBF1/Garz), as well as class I PI3K. It should be noted that al-
though Arf1 and Garz are also important in the early secretory
pathway in the formation of COPI-coated vesicles (67), there is
mounting evidence of their importance at the plasma membrane.
Apart from their role in CG endocytosis (22, 24), Arf1 was shown
to be important in generating cortical ventral actin structures (68),
and GBF1 was recruited to the leading edge of neutrophils upon

activation of PI3Kγ (38). Regulated localization of GBF1 at the
Golgi or at the plasma membrane is necessary for its function in
either the secretory route or the CG endocytic pathway, re-
spectively. Class I PI3K, which makes PIP3, affects CG endocytosis
by regulating the recruitment of Garz to the plasma membrane, and
is hence a possible modulator of this switch. PI4,5P2 and PIP3 have
been known previously to act as recruiters for various endocytic
regulators in CD (69) and bulk endocytosis (70), and here we show
a possible mechanism by which PIP3 could affect bulk endocytosis.
Class I PI3K could also serve as a link between two signaling

cascades: insulin-mediated growth factor signaling and Wg signaling.
Insulin signaling leads to activation of class I PI3K that results in the
activation of a cascade of signaling via Akt, which in turn can
phosphorylate and deactivate GSK3β and hence affect downstream
targets of Wg signaling (46, 71, 72). Given that the effect of class I
PI3K on Wg endocytosis is upstream of the role of Akt, the recruit-
ment of Garz is another point of convergence between PI3K andWg
signaling. Such a link between growth, signaling, and endocytic reg-
ulation has been previously observed in target of rapamycin signaling
where modulation of bulk endocytosis (monitored using dextran) is a
mechanism by which cell growth is regulated in fat body cells (73).
Finally, during tissue patterning both cell autonomous and

nonautonomous processes are involved in constructing concen-
tration gradients of morphogens. By tuning morphogen–receptor
interactions, cells can convert this gradient-based information into
differential transcriptional readouts, thus using the same signaling
cues for diverse pattern formation (74). The mechanism that we
have uncovered coordinates different endocytic pathways to bring
together a ligand–receptor pair and facilitate their interaction in
the low pH environment of the endosome. Although the existence
of different modes of endocytosis have been known (21, 75), this
study provides a step toward understanding their interplay in vivo.
This could be a general principle, applicable in many contexts
where fine-tuning the signal is important.

Materials and Methods
Endocytic assays were conducted on live wing discs preincubated with flu-
orescently tagged probes and incubated at indicated temperatures for
specified times followed by a chase in the absence of the probes, to mark
endocytosed Wg and DFz2. FRET studies to study the interaction of Wg and
DFz2 at the surface of the epithelium or in endosomes were conducted on
discs incubated with fluorescently tagged antibody as indicated. FRET effi-
ciencies were determined using the formula E = (Ipost – Ipre)/Ipost, where Ipre
and Ipost are the donor intensities, pre- and postbleaching of acceptor from
the indicated regions of interest (ROIs). Each assay is described in detail in
the figure legends. All reagents, detailed experimental procedures, quanti-
tation, and statistical analysis are provided in SI Materials and Methods.
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