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Summary

Embryos have evolved various strategies to confine
the action of secreted signals. Using an HRP-Wingless
fusion protein to track the fate of endocytosed Wing-
less, we show that degradation by targeting to lyso-
somes is one such strategy. Wingless protein is specif-
ically degraded at the posterior of each stripe of
wingless transcription, even under conditions of over-
expression. If lysosomal degradation is compromised
genetically or chemically, excess Wingless accumu-
lates and ectopic signaling ensues. In the wild-type,
Wingless degradation is slower at the anterior than at
the posterior. This follows in part from the segmental
activation of signaling by the epidermal growth factor
receptor, which accelerates Wingless degradation at
the posterior, thus leading to asymmetrical Wingless
signaling along the anterior-posterior axis.

Introduction

Secreted signaling molecules are at the heart of meta-
zoan pattern formation. But too much of a good thing
can be deleterious and embryos have evolved various
strategies to confine the activity of a signal both spatially
and temporally (Freeman, 2000). Of course, transcrip-
tional regulation of signal production and signal release
from expressing cells must be important. Also relevant
is the state of signal-receiving cells, such as the avail-
ability of signal transduction components or the pres-
ence of intracellular antagonists. In addition, a wide-
spread strategy used by embryos to modulate signaling
is to produce extracellular inhibitors such as Argos
(Schweitzer et al., 1995a), Noggin (Zimmerman et al., 1996),
or Frzb, a Wnt antagonist (Leyns et al., 1997; Wang et
al., 1997). In the case of Wingless, the Drosophila Wnt-1
homolog, no extracellular inhibitors are known to exist
and no Frzb homolog can be recognized in the genome.
In the absence of extracellular inhibitors, embryos could
ensure that only intended target cells activate the signal-
ing pathway by tightly regulating posttranslationally the
distribution of the signal itself. In principle, two broadly
defined parameters could affect the distribution of a
signal: transport and/or stability once it has reached
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distant cells. In both cases, ligand availability would
determine signaling intensity.

In Drosophila embryos, the distribution of Wingless
appears to be regulated because it undergoes a transi-
tion from symmetrical to asymmetrical during stage 10,
5 hr after egg deposition (Martinez Arias, 1993; Sanson
et al., 1999). Most notably, before stage 10, Wingless
spreads into the engrailed domain (at the posterior of
each stripe of wingless expression), while shortly there-
after, it becomes barely detectable in the same cells
(Figure 1). Thus, at early stages, Wingless spreads to-
ward the posterior to specify the width of the engrailed
domain (an early function of Wingless) and then recedes
to allow distant engrailed-expressing cells to acquire a
denticle fate (a decision taken after stage 11) (diagram
in Figure 1). How is this transition in Wingless distribution
regulated and does it follow from a change in transport
or stability?

Several factors could, in principle, modulate the distri-
bution of Wingless. One likely class includes heparan
sulfate proteoglycans (HSPGs), abundant cell surface
molecules known to interact with Wingless. HSPGs have
been suggested to sequester Wingless and thereby af-
fect its distribution (Lin and Perrimon, 1999; Tsuda et
al., 1999). A molecule from a different class, the seven-
pass transmembrane receptor Frizzled2, stabilizes
Wingless and thus seems to extend the Wingless gradi-
ent in Drosophila wing imaginal discs (Cadigan et al.,
1998). Therefore, identified molecules exist that can bind
to Wingless in the extracellular space. However, it is not
clear how they might contribute to the asymmetry of
Wingless action in embryos.

In the case of Decapentaplegic (Dpp), the Drosophila
TGF-B homolog, recent studies have shown that endo-
cytosis is integral to the mechanism that generates a
gradient in wing imaginal discs (Entchev et al., 2000;
Teleman and Cohen, 2000). Interestingly, endocytosis
has been known for some time as a general strategy for
signal downregulation (Ceresa and Schmid, 2000). For
example, agonist-induced internalization of G protein-
coupled receptors at nerve terminals limits the availabil-
ity of receptors at the cell surface and thus contributes
to desensitization (Tsao and Zastrow, 2000). In many
instances, following internalization, the ligand is deliv-
ered to lysosomes for degradation. Thus, endocytosis
could modulate the distribution of an extracellular ligand
like Wingless and control its ability to signal maximally.

Here, we examine the role of endocytosis and degrada-
tion in generating the asymmetric range of Wingless in
Drosophila embryos. To characterize Wingless trafficking
through the endocytic compartment of embryonic epider-
mal cells, we used a horseradish peroxidase-Wingless
(HRP-Wingless) fusion protein. The horseradish peroxi-
dase (HRP) moiety of the fusion persists in degradative
compartments, thus allowing us to track the fusion pro-
tein deep into the endocytic pathway and see Wingless
“after it has been degraded.” With this tool, we find that
cells located at the posterior of each stripe of wingless
expression degrade Wingless more readily than at the
anterior. We present functional evidence that endocyto-
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Figure 1. A Transition in the Distribution of
Wingless

Top two panels show wild-type embryos
stained with anti-Wingless (green) and anti-
Engrailed (red) at stage 9 (A) and 11 (B). Dur-
ing the intervening period, Wingless-con-
taining vesicles disappear from the domain
of engrailed expression. This is depicted in
the diagrams below (C). Until early stage 10,
Wingless spreads into the engrailed domain
and then recedes sometime during stage 10.
At stage 12, Wingless-containing vesicles are
infrequently detected in engrailed-express-
ing cells. At this stage, rhomboid begins to be
expressed at the posterior of each engrailed
stripe, leading to the activation of EGFR sig-
naling in and around its domain of expression.
The zone of Rhomboid influence corresponds
roughly to where denticles form at the end of
embryogenesis, while Wingless signaling is
associated with the absence of denticles
(bald cuticle). PS, parasegment boundary;
SB, segment boundary.
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sis and lysosomal degradation are required to restrict
the range of Wingless at the posterior. This process is
regulated in space and time by the local activation of
another signaling pathway, that of the epidermal growth
factor receptor (EGFR).

Results

Downregulation of the Wingless Ligand Posterior

to the Source

During early Drosophila embryogenesis, the Wingless
protein can be detected throughout the posterior com-
partment where it acts to sustain engrailed expression.
Later, between stages 10 and 11, around 5 hr after egg
deposition (AED), a transition occurs and Wingless be-
comes barely detectable within the engrailed domain
even though it continues to be secreted by wingless-
expressing cells (Figurel). This early drop in Wingless
staining follows from a decrease in the transcription of
frizzled and frizzled2 within engrailed-expressing cells
(Lecourtois et al., 2001). Indeed, ectopic expression of
frizzled or frizzled2 prolongs the presence of Wingless-

containing vesicles in the engrailed domain (Figures 2C
and 2E; also see Lecourtois et al., 2001). However, this
is only a reprieve. In engrailed-gal4 UAS-Frizzled2 or en-
grailed-gal4 UAS-Frizzled embryos, the Wingless protein
still decays within the engrailed domain (but at a later
stage, around stage 11-12; Figures 2D and 2F). This
could be because transport into the engrailed domain
is prevented or ineffective after this stage. However, the
effect of a dominant-negative Frizzled2 (the N-terminal
extracellular domain linked to a GPI anchor, Afrizzled2-
GPI; Cadigan et al., 1998) suggests otherwise. If Afriz-
zled2-GPI is expressed in the engrailed domain, Wing-
less continues to be detected in receiving cells, even
at late embryonic stages (Figures 2G and 2G’). This
suggests that Wingless can be transported into the en-
grailed domain after stage 11-12. Importantly, Afriz-
zled2-GPI is likely to lack an endocytic signal since it is
devoid of all intracellular residues. Since expression of
Afrizzled2-GPI prevents the drop in Wingless staining
within the engrailed domain, endocytosis of the Wing-
less/receptor complex could be responsible for down-
regulating Wingless levels (and function) there. We have
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Figure 2. Stabilization of Wingless by Frizzled and Frizzled2 within
the engrailed Domain Is Temporary

All panels show double immunofluorescence with anti-Wingless
(green) and anti-Engrailed (red).

(A and B) Wild-type embryos at stage 11 (A) and 12 (B). Use these
for comparison with subsequent panels. (C and D) engrailed-gal4
UAS-Frizzled at stage 11 (C) and 12 (D).

(E and F) engrailed-gal4 UAS-Frizzled2 at stage 11 (E) and 12 (F).
With both Frizzled and Frizzled2, Wingless is temporarily sustained
but then drops.

(G and G’) engrailed-gal4 UAS-Afrizzled2-GPI at stage 12. (G') is
the same embryo as in (G), but only the Wingless staining is shown.
The arrow indicates accumulation of Wingless protein posterior to the
source. No drop in Wingless staining occurs within the engrailed domain.

explored this possibility with an HRP-Wingless fusion
protein.

An Active HRP-Wingless Fusion Protein
There are two main benefits from using an HRP fusion
to study endocytic trafficking. One is that HRP activity
is easily detected after reaction with 3, 3’ diaminobenzi-
dine (DAB), which produces an electron-dense deposit.
Unlike many antigens, HRP activity is unaffected by fixa-
tion with gluteraldehyde and therefore, ultrastructural
details are optimally preserved for electron microscopy
(EM). A second benefit follows from the relative stability
of HRP within the destructive environment of the late
endosomal and lysosomal compartments. Importantly,
this appears to be true even if HRP is part of a fusion
protein. As shown by Sunio et al. (1999), a Boss-HRP
fusion protein is internalized by R7 cells in the fly retina
(Boss is a ligand for the Sevenless receptor tyrosine
kinase; Reinke and Zipursky, 1988). Anti-Boss detects
the fusion only in early endosomes while anti-HRP gives
staining throughout the endocytic pathway, including in
lysosomes. This suggests that, as the fusion protein
proceeds through the endocytic pathway, the Boss moi-
ety is rapidly degraded while the HRP part of the fusion
remains detectable even in lysosomes. Thus, tagging
an endocytosed protein with HRP, enables it to “be
seen,” even after it has been degraded in lysosomes.
To track the degradation of Wingless in cells receiving
the signal, we constructed transgenic flies expressing
an HRP-Wingless fusion protein. Since modifications at
the C terminus of Wingless are known to reduce signal-
ing activity drastically (Zecca et al., 1996), HRP was
inserted at the N terminus of Wingless, just downstream
of the signal peptide (Figure 3A). Several genetic tests
were performed to ask whether the fusion is secreted
and activates the Wingless pathway. In a first test, we
expressed UAS-HRP-Wingless ubiquitously using the
armadillo-Gal4 driver. This leads to the typical “naked”
or “bald” phenotype (near absence of denticles; Law-
rence et al., 1996) that characterizes an excess of Wing-
less signaling (Figure 3B). Note that the conversion of
denticle belts to bald cuticle is not as extensive as that
caused by uniform expression of UAS-Wingless (not
shown). Thus, HRP-Wingless activates the signaling
pathway but its activity is somewhat reduced compared
to that of the wild-type protein. As an aside, HRP-Wing-
less appears to be temperature-sensitive, since more
naked cuticle is induced at 18°C than at 25°C, even
though the gal4 systemis less effective at lower temper-
ature. Next, the fusion was expressed with the wingless-
gal4 driver in a wingless null mutant. The “lawn pheno-
type” (denticles everywhere; Bejsovec and Martinez
Arias, 1991) that characterizes a wingless mutant (Figure
3C) is extensively rescued (Figure 3D) and the cuticular
pattern, including the polarity and shape of individual
denticles, is completely restored in many segments. In
some segments, rescue is incomplete, as indicated by
the fusion of denticle belts. However, incomplete rescue
is also seen when UAS-Wingless is used in a control
experiment (not shown). Most likely, in both experi-
ments, the delay inherent to the gal4 system contributes
to the lack of full rescue. The above rescue experiment
suggests that HRP-Wingless can replace endogenous
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Figure 3. Activity and Localization of HRP-Wingless

(A) Schematic representation of the fusion protein. Wingless se-
quences are in red and HRP in green. “Wg sp” denotes the sig-
nal peptide. In black is the hinge of the \ repressor used as a
linker (“L”).

(B) Uniform expression of UAS-HRP-Wingless with the armadillo-
gal4 driver leads to suppression of denticle formation. Nearly all
epidermal cells make naked cuticles. The lawn phenotype of a wing-
less mutant (shown in [C]) is rescued by the expression of UAS-
HRP-Wingless with the wingless-gal4 driver (shown in [D]).

(E) Larva of the genotype engrailed-gal4 UAS-HRP-Wingless wing-
less™ show extensive rescue too.

Wingless. However, it fails to demonstrate the spread
of the fusion protein in the extracellular space. This is
because inheritance of Wingless within expressing cells
contribute to its spread; indeed, expression of mem-
brane-tethered Wingless also rescues wingless mutants
substantially (Pfeiffer et al., 2000). A rescue experiment
with the engrailed-gal4 driver (which is expressed at the
posterior of wingless) offers a more stringent test of
action at a distance (Pfeiffer et al., 2000; Sanson et al.,
1999). We found that driving UAS-HRP-Wingless with
engrailed-gal4 substantially rescues the phenotype of
a wingless null mutant (Figure 3E). We conclude that
HRP-Wingless is secreted, acts at a distance, and is
sufficiently active to replace endogenous Wingless in
the embryonic epidermis.

Targeting of Internalized Wingless

to Degradative Structures

Having established that HRP-Wingless is active, we
used it to track the fate of Wingless in cells receiving
the signal. We expressed UAS-HRP-Wingless with wing-
less-gal4 and assayed HRP activity with an in situ DAB
reaction. As mentioned above, at stage 12, the Wingless
protein is no longer detectable within the engrailed do-
main of wild-type embryos. By contrast, vesicles con-
taining HRP activity are plentiful in the same cells and
at the same stage in the transgenic embryos (Figure 3F).
Importantly, in embryos of the same genotype, vesicles
containing Wingless immunoreactivity are very rarely
detected (Figure 3G), suggesting that the high number
of HRP vesicles is not simply a consequence of overex-
pression from the wingless-gal4 driver. Thus, it appears
that, within signal-receiving cells, the Wingless moiety
of the fusion is partially degraded or denatured while
HRP remains. In principle, the relative excess of vesicles
containing HRP activity could be due to higher sensitiv-
ity of direct DAB staining compared to immunostaining.
We therefore used double immunofluorescence to de-
tect HRP and Wingless in the same preparations of em-
bryos expressing UAS-HRP-Wingless under the control
of wingless-gal4. The two antibodies label the expres-

(F-L) Localization of HRP-Wingless in posterior nonexpressing cells
of a stage 12 embryo (genotype is wingless-gal4 UAS-HRP-Wing-
less). DAB staining reveals the presence of HRP activity at the poste-
rior of expressing cells (strongly labeled in brown) (F) while no Wing-
less can be detected in nonexpressing cells of embryos of the same
genotype stained with anti-Wingless followed by an HRP-tagged
secondary (G). (H and I) Double immunostaining of a wingless-gal4
UAS-HRP-Wingless embryo reveals the HRP moiety (H) and the
Wingless moiety (I) of the HRP-Wingless chimera in single prepara-
tion. Arrows indicate vesicles containing both antigens. (J) Sagital
section of an embryo of the same genotype viewed by EM. Wingless-
expressing cells are easily recognized by virtue of DAB staining in
various organelles such as the ER (red arrowhead), and at the nu-
clear membrane (red arrows). Maybe the nuclear membrane stains
because the fusion protein could be synthesized faster than it is
secreted, resulting in transfer from the ER to the nuclear membrane.
In nonexpressing cells, staining is readily seen in MVBs (blue arrow).
High magnification of an MVB (K), and a lysosome (L), recognizable
by its lamellar structure. (M) Whole-mount DAB of a stage 12 embryo
expressing UAS-HRP-Wingless under the control of engrailed-gal4.
HRP activity is clearly seen on either side of the expression domain,
especially at the posterior. Scale bars: 1 pm (J), 0.5 um (K and L).
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sion domain with comparable intensity, suggesting that
they have similar affinity for their respective epitope.
Nevertheless, in posterior signal-receiving cells, there
is a clear difference between the two channels. While
very few vesicles contain both the Wingless and HRP
antigens, many vesicles are positive only with the anti-
HRP antibody (compare Figure 3H [HRP] with 31 [Wing-
less]). Thus, within cells receiving the signal, the Wing-
less moiety of the fusion protein disappears quickly
relative to the HRP portion. This suggests that the fusion
protein is targeted to the lysosomal compartment where
only HRP would be detectable.

To confirm that much of the HRP activity detected in
the above experiment is in degradative structure, em-
bryos expressing HRP-Wingless were analyzed by EM.
For such analysis, it is crucial to distinguish cells receiv-
ing the signal from those expressing it. Expressing cells
are easily recognizable because their Golgi apparatus
and endoplasmic reticulum and even the nuclear mem-
brane are heavily labeled with DAB deposits (Figure 3J).
Staining in all these structures was used to recognize
expressing cells. The subcellular location of HRP was
then assessed in posterior, nonexpressing cells. There,
HRP activity is mainly localized within degradative struc-
tures such as multivesicular bodies (MVBs, already ob-
served by Gonzalez et al., 1991 and van den Heuvel et
al., 1989) (Figure 3K) and lysosomes (Figure 3L). We
conclude that, at stage 12, HRP-Wingless is rapidly en-
docytosed and targeted to lysosomes in cells posterior
to the normal domain of wingless expression. Presum-
ably, in the wild-type, Wingless is barely detectable in
the same region because targeting to lysosomes is so
rapid.

As we showed previously, overexpression of Wingless
in the engrailed domain has relatively minor phenotypic
consequences (Sanson et al., 1999). In particular, no
bald cuticle is induced at the posterior of the source,
suggesting a failure of Wingless to act in this direction.
Indeed, in stage 12 engrailed-gal4 UAS-Wingless em-
bryos, very little Wingless protein is detected at the
posterior of engrailed cells, despite their massive over-
expressing of Wingless. This could be due to a block
of Wingless transport across the segment boundary at
the posterior of the engrailed domain. However, the
above results suggest an alternative, namely that Wing-
less is transported toward the posterior but is rapidly
degraded there and therefore undetectable. We tested
this possibility by expressing UAS-HRP-Wingless with
engrailed-gal4. Many HRP-containing vesicles can be
seen at the posterior even at stages 12-13 (Figure 3M).
As shown in the next section, for the most part, these
vesicles are degradative structures (recognized by EM)
and do not contain Wingless immunoreactivity. Thus the
HRP-Wingless fusion (and presumably Wingless too)
does cross the segment boundary toward the posterior
but is rapidly forwarded to lysosomes. Taken together,
the above results show that the zone of Wingless degra-
dation includes the engrailed domain and more posterior
cells.

Differential Rates of Lysosomal Targeting

along the Anterior-Posterior Axis

The range of Wingless action is asymmetric in the em-
bryonic epidermis (Sanson et al., 1999). This is best

shown in wingless mutant embryos that express Wing-
less in the engrailed domain because, after stage 11,
the engrailed domain has well-defined boundaries both
at the anterior and the posterior; hence, we can compare
the fate of endocytic Wingless on both sides of the
source. In such embryos (whose only source of Wingless
is the engrailed domain), naked cuticle is made over 3-4
cell diameters at the anterior while no naked cuticle is
made at the posterior. We now ask if this asymmetry
is correlated with differential lysosomal targeting. We
expressed UAS-HRP-Wingless with engrailed-gal4 and
used EM to identify HRP-containing vesicles in nonex-
pressing cells on both sides of the source. Labeled
(HRP-containing) degradative structures are particularly
easy to recognize because they are large. These were
counted over a range of three cells on either side of the
expression domain. Data was collected from several
sections of stage 12 embryos (Figure 4A and Experimen-
tal Procedures). As expected, more vesicles are de-
tected, on average, near the source. Superimposed on
this graded distribution, a clear difference can be seen
between anterior and posterior. Overall, we found four
times more labeled MVBs and lysosomes at the poste-
rior than at the anterior (Figure 4B). Thus, HRP-Wingless
is preferentially targeted to degradative structures at
the posterior. We cannot formally distinguish whether
increased degradation follows from increased endocy-
tosis or increased targeting of endocytic vesicles to
degradative structures.

As argued above, a vesicle that contains both HRP
and Wingless immunoreactivity is presumed to be an
early endosome while, if only HRP is detectable, it is
likely to be at a later stage of the endocytic pathway.
Using double immunofluorescence, we find many vesi-
cles containing both Wingless and HRP at the anterior
of the expression domain. By contrast, most vesicles at
the posterior are only stained with anti-HRP, confirming
that they are degradative structures. (compare Figures
4C and 4D). We suggest that, in posterior cells, Wingless
is actively targeted to the lysosomal compartment while
at the anterior, internalized Wingless lingers in early en-
dosomes or is recycled (although some degradation
takes place, too). Note that although confocal micros-
copy clearly reveals vesicles that contain HRP (and
Wingless) at the anterior, such vesicles cannot be unam-
biguously identified by EM. Maybe they are too small
or they contain too little fusion protein for the DAB reac-
tion to generate enough contrast.

Downregulation of Wingless Signaling at the Posterior
Requires Rapid Degradation

So far, we have shown a clear inverse correlation be-
tween the rate of targeting to lysosomes and the ability
of Wingless to signal. We now ask if compromising lyso-
somal targeting affects signaling output. The endocytic
pathway is affected by mutations in a variety of genes.
One is clathrin, a gene required for endocytosis (Bazinet
et al., 1993). Another is deep orange, which encodes a
homolog of the yeast vacuolar protein-sorting protein,
Vps18p. In Drosophila, the deep orange gene product
is required for normal delivery of proteins to lysosomes
(Sevrioukov et al., 1999). Unfortunately, one cannot gen-
erate embryos lacking the function of either gene be-
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Figure 4. HRP-Wingless Is Preferentially Targeted to Lysosomes at the Posterior

In all panels, HRP-Wingless is expressed under the control of the engrailed-gal4 driver.

(A) Sagital section of the epidermis at stage 12 showing expressing and nonexpressing cells. Two-headed arrow indicates the domain of
expression as identified by stained nuclear membrane (red arrows) and ER (red arrowheads). The blue arrow indicates an MVB in a nonexpressing
cell. Ant, anterior; Post, posterior.

(B) In 35 such sections, MVBs and lysosomes were counted over three cell diameters on either side of the expression domain and data was
plotted on a histogram. Like in (A) the double arrow represents the expressing domain.

(C and D) Double immunostaining with anti-Wingless (C) and anti-HRP (D). Arrows point to vesicles were both parts of the fusion protein are
detectable. These are mostly seen at the anterior (rarely at the posterior) and are presumed to represent early or recycling endosomes. Scale

bar: 1 pm.

cause both genes have a strong maternal contribution
that is required for oogenesis. Zygotic mutants of
clathrin or deep orange proceed through development
relatively normally and die only at the end of embryogen-
esis, without an obvious phenotype. In particular, the
denticle pattern is essentially normal. We reasoned that
such zygotic mutants would have reduced activity of
the corresponding gene (since they only have maternal
products) and may therefore show a phenotype in a
sensitized genetic background. As mentioned above,
overexexpression of Wingless with the engrailed-gal4
driver leads to a relatively mild phenotype (in particular,
row 2 denticles are present even though they are adja-
cent to the Wingless-misexpressing cells; Figures 5A
and 5B). Presumably, the degradation machinery acting
at the posterior is able to cope with the excess Wingless.
However, this is no longer the case when the activity of
clathrin or deep orange is reduced. In the absence of
zygotic contribution from clathrin or deep orange, Wing-
less originating from the engrailed domain produces
excess naked cuticle within areas normally occupied
by denticle belts (Figures 5C and 5D, respectively), an
indication of excess Wingless signaling at the time when
cuticular fates are specified.

The above result suggests that in clathrin or deep

orange mutants, excess Wingless is no longer degraded
fast enough to allow denticle formation. This was con-
firmed by looking directly at Wingless protein in embryos
that lack the zygotic contribution of clathrin or deep
orange and express wingless under the control of en-
grailed-gal4 (Figures 5E-5H). As controls, we used em-
bryos that express Wingless with engrailed-gal4 but are
otherwise wild-type. Controls were imaged at the same
settings as the mutants to allow a comparison between
staining intensities. In either mutant, increased Wingless
staining is seen both anterior and posterior to the source
(compare Figure 5E with 5F and Figure 5G with 5H). In
deep orange mutants, Wingless seems to accumulate
inintracellular vesicles, some of which appear enormous
(arrow in Figure 5F). These are likely to be similar to the
giant MVBs reported to accumulate in photoreceptors
of deep orange animals (Sevrioukov et al., 1999). Note
that in deep orange mutant embryos, staining is also
strongly increased within the domain of expression.
Most likely, expressing cells continue to endocytose
Wingless at a high rate but cannot forward it to late
endosomal compartments. In clathrin mutants, excess
Wingless appears to localize at the cell membrane (Fig-
ure 5H), consistent with the role of clathrin in endocy-
tosis.
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Figure 5. clathrin and deep orange Are Required for the Removal
of Excess Wingless

(A-D) Ventral cuticle of first instar larvae. (A) Wild-type. (B) engrailed-
gal4 UAS nucLacZ ;UAS-Wingless. Note that the only apparent phe-
notype is a loss of row 1 denticle. (C) Same genotype as in (B)
except also clathrin mutant (chc'/Y; engrailed-gal4 UAS nuclLacZ;
UAS-Wingless). (D) Same genotype as in (B) except also dor mutant
(dor’/Y; engrailed-gal4 UAS nucLacZ; UAS-Wingless). Note the ex-
cess naked cuticle in both (C) and (D) compared to (B). Neither
mutation on its own has a noticeable effect on the cuticle pattern.
(E) Wingless protein distribution in a stage 14 engrailed-gal4 UAS
nuclLacZ ;UAS-Wingless embryo (same genotype as in [B]).

In clathrin mutants, the spread of Wingless appears
to broaden (Figure 5H), in apparent contradiction with
the report that a mutation in shibire (which encodes
Dynamin) reduces the range of Wingless in Drosophila
embryos (Bejsovec and Wieschaus, 1995). In fact, Bejso-
vec and colleagues (e.g., Moline et al., 1999) have sug-
gested that recycling of internalized Wingless powers
transport of the signal by a mechanism of planar trans-
cytosis. However, Strigini and Cohen (2000) have shown
that, in imaginal discs, shibire is required for both endo-
cytosis and secretion. Therefore, the apparent reduction
in the spread of Wingless in shibire mutant embryos
could be due to reduced secretion. Clearly, the role of
endocytosis (and planar transcytosis) in Wingless trans-
port along the embryonic epidermis must be reex-
amined.

As can be seen in Figure 5, loss of clathrin or deep
orange function leads to the accumulation of Wingless
at the anterior (as well as the posterior) of the source.
This suggests that Wingless is also degraded at the
anterior. We propose that the difference between ante-
rior and posterior cells is quantitative. Indeed, our EM
analysis shows that Wingless is targeted to lysosomes
at the anterior but less frequently than at the posterior.

Denticles are synthesized on a template of actin pro-
trusions that form around stage 15. Therefore, the pro-
spective denticle pattern can be recognized before cuti-
cle deposition by staining with phalloidin (Dickinson and
Thatcher, 1997). The embryo shown in Figure 5H' was
fixed late enough that the actin bundles had already
formed. As can be seen, the area where Wingless accu-
mulates correlates with the absence of actin bundles
(outlined by the dotted line in Figure 5H’). This confirms
the functional link between lack of Wingless degradation
and the formation of naked cuticle.

Chloroquine Causes Excess Wingless Signaling

Clearly, clathrin and deep orange are needed to remove
excess Wingless signal. We now ask if lysosomal degra-
dation of Wingless is needed when normal quantities of

(F) Same genotype as in (E) except also dor’/Y; (E )and (F) were
stained with anti-Wingless and imaged under identical conditions.
Note the increased signal in both expressing and nonexpressing
cells. Also notable are the large intracellular vesicles that can be
seen in signal-receiving cells (red arrow).

(G) Same as in (E) but older embryo (stage 15). This is a control for
the effect of chc mutation shown in (H).

(H) chc'/Y; engrailed-gal4 UAS nucLacZ; UAS-Wingless (same geno-
type as in [C]) stained with anti-Wingless and imaged under the
same conditions as in (G). Note the increased and broader staining
that appears to outline cells.

(G’ and H’) Identical frames as in (G) and (H), respectively, but
with more channels shown ([G'] is control; [H'] is chc'/Y). Anti-B-
galactosidase and phalloidin are both shown in red and anti-Wing-
less in green. Phalloidin staining reveals prospective denticle belts
and is easily distinguished from B-galactosidase staining, which is
nuclear (and marks engrailed-expressing cells). The dotted line in
(H’) outlines a region where excess Wingless (green) could not be
disposed of. Phalloidin staining (red) is suppressed in this area.
Note that endogenous Wingless is not seen in the control embryos.
This is because expression is reduced at the late stages shown
(14-15) and also because the sensitivity of detection was intention-
ally set low to allow comparison with the mutants, which stain more
strongly.
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Figure 6. Lysosomal Function Is Needed to Downregulate Wingless
Signaling in Wild-Type Embryos

(A and B) Two examples of cuticle pattern made by larvae derived
from embryos injected at stage 9 with chloroquine into the perivitel-
line space. Note the missing denticle belt in (A). Arrows in (B) point
to missing row 1 denticles (compare with wild-type in Figure 5A).
(C and D) Double immunolabeling with anti-Wingless (green) and
anti-Engrailed (red). (C) Stage 12 embryo whose perivitelline space
was injected with buffer at stage 9 (control). (D) Stage 12 embryo
whose perivitelline space was injected with chloroquine at stage 9.
(E) and (F) show the same frames as (C) and (D), respectively, but only
Wingless staining is shown. Arrows in (F) point to large Wingless-
containing vesicles that are seen in chloroquine-injected embryos
but never in control embryos.

Wingless are produced, such as in a wild-type embryo.
As stated above, mutations in clathrin or deep orange
are either too strong to permit cell viability or too weak
to show a recognizable phenotype in embryogenesis.
Using chloroquine, an antimalarial drug, we were able
to inhibit lysosomal function in a subtler manner. Chio-
roquine is not membrane permeant and reaches late
endosomal compartments through the endocytic path-
way. There, it raises the pH and thus interferes with
normal function (Kurz et al., 2000). In order to preferen-
tially block lysosomal function in epidermal cells, we
injected chloroquine (100 mg/ml) into the perivitelline
space around stage 9-10 (n = 165). As a control, buffer
was injected in the perivitelline space (n = 104). Sixteen
percent of the chloroquine-injected embryos went on
to form large patches of ectopic naked cuticle (Figure
6A). By comparison, ectopic naked cuticle was rarely
seen in control embryos (3%) and covered much smaller
areas. In a further 27% of chloroquine-injected embryos,
row 1 denticles were lost in one or more segment (Figure
6B). This was seen in only 3% of the control, buffer-

injected, embryos. Overall then, excess naked cuticle
was seen in 43% of the chloroquine-injected embryos,
compared to 6% in the controls. This phenotype is most
likely due to excess Wingless signaling following a fail-
ure to degrade endogenously produced Wingless at the
time when Wingless is normally degraded to allow the
specification of denticle fates. Indeed, many Wingless-
containing vesicles were detected in the engrailed do-
main of chloroquine-injected embryos, even as late as
stage 12 (Figure 6D), whereas, in the controls, very few
such vesicles are seen (Figure 6C). As seen in Figure 6,
chloroquine not only affects the overall distribution of
Wingless but also its subcellular localization. Large
Wingless-containing vesicles are seen (arrow in Figure
6F), an observation that is consistent with a block of
lysosomal degradation and the accumulation of Wing-
less in an endosomal compartment. In conclusion then,
downregulation of the Wingless protein is required to
terminate signaling and ensure that no ectopic naked
cuticle forms.

Genetic Control of Wingless Degradation

The spatial and temporal regulation of Wingless degra-
dation implies the existence of one or several regulatory
genes that are activated at the posterior and not at
the anterior of each wingless stripe. As we have shown
previously (Sanson et al., 1999), the activity of hedgehog,
as well as that of its downstream effector cubitus inter-
ruptus, are needed to prevent the spread of Wingless
toward the posterior. In hedgehog (or cubitus inter-
ruptus), mutant embryos that overexpress wingless un-
der the control of engrailed-gal4, many Wingless-con-
taining vesicles are detected at the posterior and this
correlates with increased Wingless signaling there. In
light of our present results, we presume that a target of
hedgehog is needed to accelerate Wingless degradation
at the posterior. One candidate target gene is rhomboid,
because it is only expressed at the posterior of each
stripe of engrailed (and hedgehog) expression (Alexan-
dre et al., 1999). Moreover, segmental expression of
rhomboid commences around stage 11, roughly the
stage when the second phase of Wingless degradation
begins. By analogy with the experiments with hedgehog
and cubitus interruptus, we looked at rhomboid mutants
that overexpress Wingless under the control of en-
grailed-gal4 and found increased Wingless staining both
within and at the posterior of each engrailed stripe (Fig-
ures 7A and 7B). Thus, in the absence of rhomboid,
Wingless degradation is impaired. This result implicates
EGFR signaling, since rhomboid encodes a limiting fac-
tor needed for the activation of the EGFR ligand Spitz
(Schweitzer et al., 1995b). A null mutation in EGFR leads
to extensive morphological defects, thus making stag-
ing and analysis difficult (Clifford and Schupbach, 1992).
Nevertheless, in embryos that we could analyze (of the
genotype engrailed-gal4 UAS-Wingless EGFR~), excess
Wingless is detected at the posterior of the expression
domain (Figure 7C). The role of EGFR could be mediated
by a target gene of the MAP kinase pathway. Alterna-
tively, or in addition, a nontranscriptional response to
EGFR signaling could lead to Wingless degradation. We
looked at the role of Pointed, a transcription factor that
mediates many activities of the EGFR in Drosophila (Ga-
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bay et al., 1996; Wasylyk et al., 1997). In embryos of the
genotype engrailed-gal4 UAS-Wingless pointed~, ex-
cess Wingless accumulates posterior to the source (not
shown). Therefore, it appears that a transcriptional tar-
get of EGFR signaling is involved in modulating Wingless
degradation.

Next, we used rhomboid mutants to assess the role
of EGFR signaling when wild-type levels of Wingless are
produced. This cannot be done by simply looking at
rhomboid mutants because the first phase of Wingless
clearance (following transcriptional repression of friz-
zled and frizzled2) already brings Wingless below detec-
tion level. Receptor expression was therefore artificially
maintained in rhomboid mutants (engrailed-gal4 UAS-
Frizzled2 rhomboid-). The general morphology of such
embryos is again somewhat aberrant. Nevertheless, we
could clearly see that Wingless-containing vesicles lin-
ger within the engrailed domain, even as late as stage
12, thus confirming the role of rhomboid in targeting
Wingless to lysosomes (Figures 7D and 7E, and 7D’ and
7E’). Although this is hard to prove formally, Wingless
accumulation in rhomboid mutants appears to be in
intracellular vesicles (arrows in Figure 7E’). In particular,
the subcellular distribution of Wingless is clearly differ-
ent from that seen in clathrin mutants (Figure 5H) or
in embryos expressing Afrizzled2-GPI (Figure 2G’); two
situations when Wingless accumulates at the cell sur-
face. In conclusion, we suggest that Rhomboid (and
EGFR) regulates the transfer of Wingless from endo-
somes to degradative structures. However, it is unlikely
to be the sole regulator since not all engrailed-express-
ing cells accumulate Wingless in the rhomboid mutant.
Additional regulators might include a redundant homo-

Figure 7. EGFR Signaling Modulates the
Rate of Wingless Degradation

(A) Double immunostaining with anti-Wing-
less (green) and anti-B-galactosidase (red) of
engrailed-Gal4 UAS-Wingless UAS-LacZ at
stage 12. Few Wingless vesicles are detected
posterior to the engrailed domain (recognized
by B-galactosidase staining). Note that en-
dogenous Wingless expression contributes
to signal at the anterior.

(B and C) Same staining of stage 12 embryos
of the same genotype except also rhomboid
mutant (B) or egfr mutant (C). Relatively many
more Wingless-containing vesicles are seen
at the posterior.

(D) Double immunostaining with anti-Wing-
less (green) or anti-Engrailed (red) of a stage
12 embryo carrying engrailed-Gal4 UAS-Friz-
zled2. At this stage, the Wingless-containing
vesicles that previously accumulated in the
engrailed domain (shown in Figure 2E) have
been eliminated (as shown in Figure 2F).

(E) Same staining of a stage 12 embryo of the
same genotype except also rhomboid mu-
tant. Many more Wingless-containing vesi-
cles are detected within the engrailed
domain.

(D’ and E’) same as (D) and (E) but only the
Wingless staining is shown. The arrows in (E)
and (E’) point to “ectopic” Wingless-con-
taining vesicles. In all panels, the dotted line
marks the posterior edge of the engrailed
domain.

log of rhomboid (Wasserman et al., 2000) or a gene
controlling a parallel degradation pathway.

Discussion

Lysosomal Targeting Is Segmentally Modulated

and Makes the Range of Wingless Asymmetric

Starting around stage 10, the range of Wingless be-
comes asymmetric within the embryonic epidermis of
Drosophila. At this stage, Wingless protein disappears
from the cells that are located immediately posterior to
the source. Clearance of Wingless occurs in two tempo-
rally distinct phases. A first phase results from a de-
crease in the transcription of frizzled and frizzled2 (even
though residual expression remains; Lecourtois et al.,
2001). Presumably, sustained levels of either receptor
at the cell surface protects Wingless from degradation
by extracellular proteases (Cadigan et al., 1998). How-
ever, even in the presence of higher than basal receptor
expression, Wingless protein still disappears from pos-
terior cells, although with a delay. Using an HRP-Wing-
less fusion protein, we have shown that this second
mode of Wingless degradation involves the targeting of
Wingless to lysosomes. Although we have not yet
proven this formally, we suspect that endocytosis of
Wingless is receptor-mediated because a Frizzled?2 re-
ceptor lacking all intracellular residues binds Wingless
but does not cause internalization. The outcome of ei-
ther treating embryos with chloroquine (an inhibitor of
lysosomal function) or reducing the activity of clathrin
ordeep orange shows that endocytosis and subsequent
forwarding to lysosomes is needed to remove excess
Wingless and downregulate signaling. We suspect that
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if specific mutations of frizzled or frizzled2 affecting in-
ternalization, but not signaling, could be obtained (e.g.,
by mutating the endocytic dileucine motif [Kirchhausen,
1999] that we noticed in Frizzled2), they would also lead
to excess signaling.

Targeting of embryonic signals to lysosomes is likely
to be a general strategy to restrict the range of action
of morphogens and downregulate signaling. In chick
embryos, Sonic Hedgehog is internalized by its receptor
Patched-1 and subsequently transferred to lysosomes
(Incardona et al., 2000). Likewise in Drosophila imaginal
discs, the Hedgehog/Patched complex is quickly inter-
nalized, although the ultimate destination has not been
identified (Denef et al., 2000). For Decapentaplegic, it is
now clear that the right balance between recycling and
degradation is needed to generate a gradient in imaginal
discs (Entchev et al., 2000). The above examples show
the importance of endocytic trafficking in regulating the
distribution of a secreted signal (and possibly its ability
to signal) but as yet, spatial regulatory control has not
been demonstrated. As we have shown, degradation of
Wingless is specifically accelerated over a broad area
located at the posterior of each stripe of wingless ex-
pression (including the engrailed-expressing and more
posterior cells). This is specific to Wingless because
Hedgehog signaling continues on both sides of the en-
grailed domain throughout development. Our work
therefore uncovers the spatially regulated degradation
of a specific signal.

Regulation of Trafficking and Signaling

In mammalian cells, components of the EGFR signaling
machinery are internalized along with the ligand/recep-
tor complex (Bergeron et al., 1995), suggesting that sig-
naling could persist after endocytosis. Consistent with
the notion that Wingless continues to signal after inter-
nalization (but before degradation), excess signaling
correlates with the accumulation of intracellular Wing-
less-containing vesicles in deep orange, rhomboid, and
chloroquine-injected embryos. However, endocytosis is
not necessarily required for signaling since loss of
clathrin activity leads to excess Wingless signaling.
Overall, existing experimental results suggest that tar-
geting to lysosomes must follow endocytosis for down-
regulation of the signal. In the case of the mammalian
EGFR, a specific posttranslational modification of the
receptor appears to regulate endocytosis and signaling
while endosome-to-lysosome transfer may occur by de-
fault (Carpenter, 2000). Because Wingless appears to
accumulate in intracellular vesicles in rhomboid mu-
tants, we suggest that, by contrast, endocytosis of the
Frizzled/Wingless complex may occur by default while
regulation takes place at a subsequent routing step.
What is the nature of the regulatory control and where
does itimpinge on the endocytic pathway remain largely
unknown, although, as we describe below, there are
leads to follow.

In established examples of receptor desensitization
by endocytic targeting (e.g., the mammalian EGFR or
the B-adrenergic receptor), degradation is induced by
ligand binding (Bohm et al., 1997; Carpenter, 2000). In
contrast, Wingless degradation does not appear to be
self-induced. Instead, a distinct signaling pathway is

implicated. As we have shown, rhomboid, a gene in-
volved in the activation of the EGFR ligand Spitz, is
required. Moreover, degradation occurs roughly in the
cells where EGFR signaling is active (rhomboid express-
ing and flanking cells; see Figure 1). Because rhomboid
is expressed at the posterior of each engrailed stripe,
degradation is unilateral and thus leads to asymmetric
Wingless action in the embryonic epidermis. Our favored
model is that, once endocytosed, Wingless can either
be recycled to the cell surface or forwarded for degrada-
tion, and that EGFR signaling accelerates the lysosomal
transfer of vesicles fated for degradation. The require-
ment of pointed suggests that a transcriptional target
of EGFR signaling is involved, although upstream phos-
porylation events associated with the MAP kinase path-
way could also contribute. In any case, we expect that
activation of the EGFR leads to posttranslational modi-
fication (such as phosphorylation or ubiquitination;
Levkowitz et al., 1999) of intracellular residues within
Frizzled and Frizzled2.

Is Wingless trafficking similarly regulated in other
parts of the fly? In wing imaginal discs, overexpression
of frizzled2 around the prospective wing margin (a
source of Wingless) leads to the persistent stabilization
of Wingless (Cadigan et al., 1998). No subsequent clear-
ance by targeting to lysosomes seems to take place and
Wingless action is indeed symmetrical in this system.
Therefore, lysosomal targeting (or rather accelerated
lysosomal targeting) is not a default pathway. At a differ-
ent location of the wing disc, at the edge of the wing
pouch, a sharp drop in Wingless staining has been no-
ticed (Cadigan et al., 1998). Our HRP-Wingless may help
test whether this corresponds to an area of rapid degra-
dation. Note that the role of EGFR signaling may be
specific to embryos since EGFR is not activated at the
edge of the wing pouch. There, expression of our hypo-
thetical EGFR target would be activated by other means.

Pattern Formation and the Spatiotemporal

Control of Wingless Signaling

Previous work has shown that EGFR signaling activates
shavenbaby, a gene that is repressed by Wingless sig-
naling and contributes to denticle formation (Payre et
al., 1999). In this instance, antagonism between the two
signals is believed to occur at the level of DNA. Thus,
two distinct mechanisms ensure that no Wingless sig-
naling can occur within the zone of active EGFR signal-
ing. Since both mechanisms depend on rhomboid ex-
pression, the action of Wingless begins to be curbed
around stage 11, when segmental expression of rhom-
boid begins. This temporal regulation of Wingless is
necessary because signaling requirements change over
time. During early development, Wingless needs to act
posteriorly over several cell diameters to maintain en-
grailed expression. At later stages, only a subset of
engrailed cells (those nearest to the source) are destined
to make bald cuticle and therefore require the Wingless
signal. More posterior cells (including both engrailed
expressing and nonexpressing cells) are fated to secrete
denticles, a fate that is incompatible with Wingless sig-
naling. Therefore, the most posterior engrailed-express-
ing cells need Wingless early but not late when cuticular
fates are specified, hence the delayed antagonism of
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Wingless signaling. Note that engrailed expression is
not affected by Wingless downregulation because it be-
comes wingless-independent around stage11.
Interestingly, Wingless signaling represses the tran-
scription of rhomboid (Alexandre et al., 1999). Mutual
antagonism between Wingless and EGFR may contrib-
ute to the establishment of a sharp boundary of gene
expression where the segment border forms. Since Wing-
less is a positive regulator of engrailed expression and a
negative regulator of rhomboid expression, the limit of
the range of Wingless at early stage 11 marks the inter-
face between engrailed and rhomboid expression (Alex-
andre et al., 1999). Once delineated, this interface could
not become blurred because any Wingless that might
spread subsequently is degraded, and thus unable to
repress rhomboid expression. Thus, the position of a
developmental boundary is locked into place by a nega-
tive feedback loop between two signaling pathways.

Experimental Procedures

Drosophila Stocks

wg®4, dor 8, chc', rhom™4, rhomP*°, egfr’, are presumed null alleles
(see flybase at http://gin.ebi.ac.uk:7081/). The following transgenic
stocks were used: engrailed-Gal4 and UAS-LacZ (gift from A. Brand
Welcome institute, Cambridge, UK), armadillo-Gal 4 (Sanson et al.,
1996), wingless-Gal4 (J. Pradel CNRS Marseilles, France), wingless-
Gal4 (Pfeiffer et al., 2000), UAS-frizzled and UAS-Frizzled2 (Zhang
and Carthew, 1998), UAS-Afrizzled2-GPI (Cadigan et al., 1998), UAS-
Nuc-LacZ (M. Muskavitch, Indiana University), and UAS-Wingless
(Lawrence et al., 1996). To make UAS-HRP-Wingless, DNA encoding
HRP (Connolly et al., 1994) was inserted into a wingless cDNA using
standard PCR-based cloning. The insertion site was just down-
stream of the DNA encoding the signal sequence, after Met 37. The
3’ end of the HRP fragment was separated from the bulk of wingless
by 139bp encoding the hinge region of the C1 lambda repressor
(thus providing a flexible link between the two halves of the chimera;
Astromoff and Ptashne, 1995). The relevant sequence of the re-
sulting fusion protein was: MET (37) Trp Gly [GIn (2) . . . Ser (309)]
Ser Leu Trp Trp Val (90) . . . Ser (132) Leu TRP (38), where the amino
acids from HRP are bracketed, the extra amino acids created by
the fusion are in italic, the amino acids from the C1 lambda repressor
are underlined, and the amino acids from Wingless are in bold.
Numbers in parentheses indicate the position of residues within
their native protein. DNA encoding the HRP-Wingless fusion protein
was then cloned in pUAST and the construct was introduced in
w'""® hosts by P element-mediated transformation using standard
methods.

Embryo and Cuticle Preparations
Immunofluorescence was done according to standard protocols
(Vincent and O’Farrell, 1992) using Alexa™ fluorescent conjugates
(Alexa™ 488 and Alexa™ 592, Molecular Probes). Antibodies used
were: rabbit anti-Engrailed (gift from C.H. Girdham and P. O’Farrell,
UCSF), mouse anti-Wingless (4D4) from the Developmental Studies
Hybridoma Bank, goat anti-HRP (Sigma), and rabbit anti-3-galacto-
sidase (Cappel). For staining with Phalloidin Texas red (Molecular
Probes), embryos were manually devitelinized to avoid methanol
treatment, which destabilizes the cytoskeleton. Inmunofluorescent
staining of injected embryos was done as described in Vincent and
O’Farrell, (1992). Embryos expressing HRP-Wingless were incu-
bated at 18°C to maximize activity; all other experiments were done
at 25°C.

For visualization of the cuticle pattern, 24-hour-old embryos were
mounted in Hoyer’s and photographed in DIC or phase contrast
microscopy.

Electron Microscopy
To visualize the HRP-Wingless chimera by EM, embryos were fixed
10 min in heptane saturated with glutaraldehyde and then deviteli-

nized by hand in PBS. We found that glutaraldehyde fixation pre-
serves HRP activity, while standard fixatives for immunostaining,
which contain formaldehyde, strongly reduce the HRP activity of
the fusion. Fixed embryos were transferred in 0.1 M Tris-HCL (pH
7.5) and 0.15 M NaCl, for 10 min. The TSA™ Biotin system (NEN)
and the ABC kit (Vector) were used in sequence to amplify the HRP
signal. HRP activity was eventually revealed by incubation in DAB
(0.5 mg/ml) + 0.003% H,0, for 30 min. Embryos were then washed
in PBS and processed for EM.

For EM, embryos were embedded as described by Van Vactor et
al. (1991). Sections (70-80 nm) were poststained in Reynold’s lead
citrate and examined with a Jeol transmission electron microscope
(Jeol CX100). We counted MVBs and lysosomes in 35 sections taken
from a total of 4 embryos. When considering a given embryo, only
sections separated by at least 3-4 um were analyzed to ensure that
no vesicle be counted twice.

Chloroquine Injections

A solution of chloroquine (Sigma; 100 mg/ml in 10% PBS) was in-
jected in the peri-vitelline space at stage 9-10. Control embryos
were injected at the same stage with 10% PBS only. Injection was
done according to standard protocols. After injection, embryos were
incubated at 25°C until they reached the desired stage.
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