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Patched controls the Hedgehog gradient by endocytosis in a
dynamin-dependent manner, but this internalization does not play a
major role in signal transduction
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Summary

The Hedgehog (Hh) morphogenetic gradient controls to control the expression of Hh target genes as the wild-type
multiple developmental patterning events inDrosophila  protein, indicating that the internalization mediated by Ptc
and vertebrates. Patched (Ptc), the Hh receptor, restrains is not required for signal transduction. In addition, we
both Hh spreading and Hh signaling. We report how noted that both in this mutant and in those not producing
endocytosis regulates the concentration and activity of Hh Ptc protein, Hh still occurred in the endocytic vesicles of
in the wing imaginal disc. Our studies show that Ptc limits Hh-receiving cells, suggesting the existence of a second, Ptc-
the Hh gradient by internalizing Hh through endosomes in  independent, mechanism of Hh internalization.

a dynamin-dependent manner, and that both Hh and Ptc

are targeted to lysosomal degradation. We also found that

the ptc'4 mutant does not block Hh spreading, as it has a Key words: Hedgehog signaling, Patched, Morphogenetic gradients,
failure in endocytosis. However, this mutant protein is able Dynamin, Deep Orange

Introduction The wing imaginal disc consists of a single-layered sac of

The formation of morphogenetic gradients is a recurring everolarized epithelial cells With. their api_cal surfaces origntated
during development. IDrosophila the morphogens Wingless towards the disc lumen. In this epithelium, two populations of
(Wg), Decapentaplegic (Dpp) and Hedgehog (Hh) are secret&glls v_V|th different adhegon affinities d|V|d,e the_fleld into
from localized sources and determine, in a dose-dependgpSterior (P) and anterior (A) cells (Garcia-Bellido et al.,
manner, the fate of cells several cell diameters away (reviewedd’3)- The Hh protein synthesized by the P cells is released
by Vincent and Dubois, 2002). Three processes can affect t§d reaches the cells in the A compartment (Ingham and
extension and slope of a morphogen gradient: the rate §fcMahon, 2001). However, just how Hh reaches cells distant
production at the source, the rate of transport, and the rate #@m its site of synthesis, and how its concentration gradient is
degradation. The mechanism by which these gradients forf§gulated, is not known. Hh signaling requires the activity of
remains controversial. Yet despite theoretical and experimenti¥0 transmembrane proteins: Patched (Ptc), the Hh-receptor
studies supporting the idea that morphogen gradients can foidd Smoothened (Smo), the activator of the Hh pathinakie

by diffusion through the extracellular matrix (reviewed byabsence of Hh, Ptc downregulates the activity of Smo. It has
Lander et al., 2002), it has been proposed that morphogeRgen suggested that Ptc increases Smo turnover when they
spread through repeated cycles of endocytosis and exocytodieet in the same subcellular compartment (Denef et al., 2000;
a process called transcytosis (Entchev et al., 2000; Greco et &n¢ardona et al., 2002). In addition, it has been proposed that
2001). Furthermore, there is increasing evidence thdfternalization of Hh by Ptc changes the subcellular
endocytosis regulates the concentration and therefore thecalization of Ptc, preventing Smo degradation and activating
extension of morphogen activity (reviewed by Seto et al., 2002}1h signaling (Denef et al., 2000). This Hh pathway activation
It has been also recently proposed that self-enhanced ligaf@fds to further expression pfc, which in turn restricts the
degradation underlies robustness of morphogen gradients (Eldange of Hh transport. So, Ptc has two roles: to activate Hh
et al., 2003). Thus, Wg internalization and degradatiosignaling and to sequester Hh as genetic studiBsosophila
modulate its asymmetric gradient in embryonic segmentsave shown (Chen and Struhl, 1996). Ptc is a membrane
(Dubois et al., 2001) and also regulate the Wg gradient in wingrotein with 12 transmembrane domains homologous to sterol-
imaginal discs (Strigini and Cohen, 2000). It is known thasensing-domain (SSD)-containing proteins (reviewed by
receptors play a central role in regulating endocytic traffickingKuwabara and Labouesse, 2002). The sterol-sensing domain of
Hence, the morphogen receptor must also have a role in shapiftg is involved in Hh signaling but not in Hh sequestration, and
the morphogen gradient. There are reports that altering thie has been proposed to modulate Smo activity through
levels of the Dpp receptor, Thickvein, affects Dpp distributiorvesicular trafficking (Martin et al., 2001; Strutt et al., 2001).
(Lecuit and Cohen, 1998; Entchev et al., 2000). The second function of Ptc, Hh sequestration, appears to
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regulate the Hh morphogenetic gradient (Tabata and Kornberg,shis1 FRT18A / arm-lacZ FRT18A; FLP; hh-Gal4 / HhGFP
1994; Chen and Struhl, 1996; Martin et al., 2001; Strutt et al., shi*} FRT42D pté®/ FRT42D ubi-GFP; FLP/+

2001). Hitherto, it was believed that Hh effectively promoted shis%; FRT42D pté4/ FRT42D ubi-GFP; FLP/+

its own sequestration (reviewed by Ingham and McMahon, goz EEHSQ; a[)mg?:cngggll:ﬁ?d':ml/* P
2001) by upregulatingtctranscription. This negative feedback  9° ub!- » dpp-lacz/+,
mechanism restrains the range of Hh signaling. However, the dor® FRT18A / ubi-GFP FRT18A; ptc-lacZ/+; FLP/+

. . ’ FLP122/+; FRT42D pt&*/FRT42D arm-Lac-Z
cellular mechanisms by which Ptc controls the Hh gradient FLP122/+ FRT42D pt& / dppt938FRT42D ubi-GFP

remain unclear. _ o FLP122/+; FRT42D pt¢*/ FRT42D arm-lacZ; hii

We investigated the role of Ptc-mediated endocytosis in the p| p122/+; FRT42D pt#/ FRT42D arm-lacZ; hh-Gal4 / HhGFP
control of Hh gradient formation and signaling in the A FLP122/+; FRT42D pt¢8/ FRT42D arm-lacZ; hh-Gal4 / HhGFP
compartment of the wing imaginal disc. Our data show that Ptc_
limits the Hh gradient by internalizing Hh through endosome§ip-Out clones
in a dynamin-dependent manner and that this Hh-Ptc complé® generate random clones of wild-typeW'GFP, ptc'“GFP and
is targeted to degradation by lysosomes. We have geneticallfGFP the actin>CD2>Gal4 (Pignoni and Zipursky, 1997) or
uncoupled the two proposed functions of Ptc, through thePX>f">Gald, UASfgal (de Celis and Bray, 1997) transgene was

. . sed. Larvae of the corresponding genotypes were incubated at 37°C
analysis of thqatc“ mutant that is unable to sequester Hh ancfor 15 minutes to inducblS-pFLngd%atedyrpecombinant clones.

yet retains a normal capacity to mediate Hh signaling. OUr \ cpo>GAL4 / HS-FLP122: PWTGFP
analysis leads to the suggestion that Hh signaling can occur inaci>cp2>GAL4 / HS-FLP122- pléGFP

the absence of Ptc-mediated Hh internalization. y, W, HS-FLP122; ubx*tGal4, UASBgall UAS-HhGFP

Transgenes
Hh transgene
For the HhGFP fusion protein, the GFP-coding sequence was

Materials and methods

Fly stocks amplified by PCR from a pEGFP-N1 vector (Clontech, catalog
Description of mutations, insertions and transgenes in FlyBase areimber 6085-1) and tagged in frame before cleavage site of Hh by
available at http:/gin.ebi.ac.uk:7081. auto-proteolysis (...SH254-GFP-V255HGCF...) (Fig. 1A).
Chromosomes used were as follows.
Ptc transgenes
FRT42D To obtain the P& mutation (L83Q), the QuickChanfé Site-
P {ry[+t7.2]=neoFRT}42D arm-lacZ Directed Mutagenesis Kit (Stratagene) was used to introduce a point
P {ry[+t7.2]=neocFRT}42D P{Ubi-GFP(S65T)nls} mutation into theptc cDNA (T242A). This was confirmed by
sequence analysis. The GFP-tagged proteipsce? ptcVT andptcl4
FRT18A were cDNA fusions cloned in frame by PCR intpEEGFP-N1vector
w[1118] P{Ubi-GFP(S65T)nlIs} P{neoFRT}18A (Clontech, catalog number 6085-1). The GFP sequences were tagged
w[1118] arm-lacZ P{neoFRT}18A in frame to the C-terminal regions of both ‘Btcand Pté4. The stop
) codon was substituted by a glycine (codon 1287), followed by a valine
Flipase (codon 1288) and the first methionine of the GFP sequence (Fig. 2A).
Hsp70-flipasechromosomes were provided by G.Struhl. ptcGFP fusions were transferred to thpUAS vector. Several

The amorphi@tc! (also known aptc'W199) allele, the embryonic  transgenic lines were obtained. Experiments involving the three Ptc
lethal allelesptcS2 and ptct# (also known asptc'R87) were from  protein forms (wild-type and mutant forms) were conducted using the
Tibingen (Nuslein-Volhard and Wieschaus, 1980). transgenic fly lines that showed similar levels of Ptc expression after

In addition, the nullidor® allele (Shestopal et al., 1997) and the induction with the same Gal4 line.
temperature-sensitivehis! (Grigliatti et al., 1973) anths2 (Ma et
al., 1993) alleles were used. The restrictive temperatures fehifle ~ Other transgenic flies
andhhs2 alleles are 32°C and 29°C, respectively. UAS-Rab7GFREnNtchev et al., 2000).

The reporter genes used watpp-LacZS 30 expressed as the UAS-pt§2(Martin et al., 2001).
endogenous RNA in the imaginal disc (Blackman et al., 1991);
dpp'9638(a dppmutant with dacZ insertion) (Zecca et al., 1995); and Functional characterization of HhGFP fusion protein
ptc-lacZ (alacZ insertion in theptc gene), which was a gift from C. It was expected that the fusion of the GFP sequence to Hh cDNA at
Goodman. position between codons 254 (H) and 255 (V) did not interfere neither

The Gal4 drivers for ectopic expression experiments using thewith the processing, secretion and diffusion process of Hh nor with
Gal4/UASsystem (Brand and Perrimon, 1993) were the following:the Hh binding to Ptc (Burke et al., 1999; Pepinsky et al., 2000). To
c765-Gal4[ubiquitously expressed in the wing disc (Nellen et al., determine whether the auto-proteolysis of HhGFP occurs normally,
1996)],ptc-Gal4(a gift from J. Campos-Ortegdiir-Gal4 (a gift from  we analyzed the presence of the distinct species of Hh by western blot

T. Tabata) and\B1-Gal4(Munro and Freeman, 2000). using either anti-Hh (Tabata and Kornberg, 1994) or anti-GFP
. . antibodies (Fig. 1B). In the salivary gland extracts frévB1-

Genotypes of larvae for generating mosaic clones Gal4UAS-Hhflies, three bands of ~45 kDa (U in Fig. 1B, row 1;

Mutant clones uncleaved Hh), 25 kDa (C in Fig. 1B, row 1; C-terminal half of Hh)

Clones were generated WyLP-mediated mitotic recombination. and 20 kDa (N in Fig. 1B, row 1; N-terminal active form) were
Larvae of the corresponding genotypes were incubated at 37°C forabserved using anti-Hh antibody as it was previously reported (Lee et
hour at 24-48 hours after egg laying (AEL), or for 45 minutes at 48al., 1994; Tabata and Kornberg, 1994, Porter et al., 1995). Three major
72 hours AEL. The genotypes of the flies for clone induction were:bands were also observed in salivary glands extracts ABir
y, w, FLP/+; en-Gal4 / UAS-HhGFP; FRT82 arm-lacZ / FRT82B Gal4/UAS-HhGFP flies using either anti-Hh or anti-GFP antibodies.
disps037707 The molecular weight of these bands corresponded to the ones
shisl FRT18A / arm-lacZ FRT18A; FLP/+ expected for the un-cleaved HhGFP chimera (70 kDa, U in Fig. 1B,
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Fig. 1. The HhGFP chimera behaves as tht A W S—— — B

wild-type Hh protein. (A) Scheme of the 35-:55(‘.— S (~80KD) oih |o-GFP
predicted HhGFP fusion protein processin sord [ izzil;mtyc . (~B0KLC EE'GFP T El
HhGFP-F, full-length protein; HhGFP-U, th pep!idej’ ; — 80
unprocessed protein without the signal . HhGFP-U (~70kD) U
peptide; HhC, the C-terminal region of the ; N - — 0
processed protein; HhGFP-Np, the N-term 5 cholesterol V- —40
region of the processed protein with the Gl |

fragment and the palmitic acid and cholest § /'\ ==
modifications. (B) Western blot of protein 2 _ ¥ o 8" HhC (~23kD) Coam o= -
extracts fromAB1-Gal4/UAS-HrandAB1- -{CaPRG. AV C) N —20

Gal4/UAS-HhGFPRsalivary glands stained HhGFP-Np (~46,%
with anti-Hh or anti-GFP. U, unprocessed
protein (HhU); N, processed protein (HhNg
C, catalytic fragment (HhC). (C) Ectopic
clones of HhGFP (green) in A cells (labele
by B-Gal staining, blue) of a wing imaginal
disc stained with anti-En (red). Ectopic
expression of HhGFP in A wing pouch cell
is able to induce En expression inside the
clone and non-autonomously in a region o
three to four cell diameters around the clor
(arrowheads in red panel) as wild-type Hh.
Note that HhGFP vesicles are detected in
cells far from the source (arrows in green
panel). (D)hh-Gal4/UAS-HhGFRving
imaginal disc stained with anti-Ptc (red).
(d) Magnification of the boxed area in D.
HhGFP signal is observed in A cells co-
localizing with Ptc protein in vesicles -
(arrowheads). (Elisp- clones (labeled by th Egﬁ%g}gﬁﬁ}
lack of B-gal staining, red) in an-Gal4/UAS- Y e
HhGFP (green) wing imaginal disc. There i S
an accumulation of Hh-GFP in tlésp-
mutant cells (arrowheads) with respect to
wild-type region (asterisk). (En-Gal4/UAS-
HhGFP; hHsZpharate raised at restrictive
temperature during larvae development. A
the structures were rescued except for sor
head structures (arrow) where the expressi@ndepends on Hh expression. In this and all other figures, the A compartment of the wing disc
is towards the left and the P is towards the right. A broken line indicates the AP compartment border. ScalprbansCld§ 50um in D,E.

HhGFP z HhGFP

rows 2 and 3), for the HhGFP-Np (46 kDa, N in Fig. 1B, rows 2 andestricted temperature (29°C) for the same developmental period were
3) and for the HhC (25 kDa, C in Fig. 1B, row 2), indicating that therescued to pharates showing normalized notum, legs, abdomen and
Hh-GFP processing occurs normally. genitalia (Fig. 1F). The wings were present but not extended. In the
To assay if HhGFP is secreted and spread normally we analyzé@ad, some structures were rescued but the dorsal head, the ocelli and
the effect of ectopic HhGFP expressing clones in the wing imagindhe eyes were not rescued probably becans&pression begins after
disc. In the A compartment of the wing pouch, these clones were ablee on set ofhh expression (Royet and Finkelstein, 1997). These
to induce En expression autonomously and non-autonomously (Fig.résults indicate that HhGFP is able to substitute the wild-type Hh
C) as does the wild type Hh protein (Basler and Struhl, 1994; Zecdanction.
et al., 1995). Co-localization of Ptc and HhGFP in vesicles was ) o . )
observed in the A cells close to the AP border ihlmGal4UAS-Hh ~ Functional characterization of PtcGFP fusion proteins
wing disc (Fig. 1D,d). To characterize the PtcGFP fusion proteins first, we analyzed the
To test if HhGFP was modified by cholesterol we inducedintegrity of the fusion proteins by western blot. We detected the
dispatched (disp mutant clones in aen-Gal4/UAS-HhGFRwing presence of a protein band of 180 to 200 kDa approximately in
disc. It has been reported a membrane accumulation of Hh-Np in tlextracts of AB1-Gal4/UAS-PYTGFP or UAS-Pté4GFP salivary
absence of Disp that is dependent on its cholesterol modificatioglands using the anti-GFP antibody (Fig. 2B). This band has a
(Burke et al., 1999). As it was expecteisp clones induced in the molecular weight higher than the expected 16,964 kDa based on DNA
P compartment showed an autonomous accumulation of Hh-GFfequence, probably because Ptc has six potential glycosylation sites.
compared with the wild-type territory (Fig. 1E). This result indicates Then, we assayed the ability of the W{GFP fusion protein to
that HhGFP-Np is cholesterol modified. sequester Hh when it was expressed in the P compartment. Ectopic
Finally, to determine if HhGFP can substitute the endogenousxpression of the wild-type Ptc in the P compartment reduces the
function of Hh, we performed rescue experiments ofrthenutant  range of Hh signaling (Johnson et al.,, 1995) and induces the
phenotype.hhis2 flies raised at the restricted temperature (29°C)accumulation of Hh (Martin et al., 2001). The expression of Collier,
during the larvae period to the end of development are lethabne of the Hh targets, was reduced whenWPGFP was
However, en-Gal4/UAS-HhGFP; HF? mutant flies raised at the overexpressed in the P compartment (Fig. 2D). In addition, ectopic
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2 ) : .
A B & ﬁq Fig. 2. The Pt®¥TGFP chimera behaves as the wild-type Ptc
© ¢® protein. (A) Scheme of the PtcGFP fusion protein. The GFP is

4 o) T tagged to the C-terminal cytoplasmic tail of Ptc. (B) Western blot
Laravell o o 176,5— (-GFP) of protein extracts frorAB1-Gal4/UAS-P¢/TGFP or AB1-
l ] ‘ ] ] I I l l | l T ' Gal4/UAS-Pt#4GFP salivary glands stained with anti-GFP and
Aot he bt op N ' anti-Tubulin. Both Pt¢TGFP and P&GFP proteins migrate
N SSDZR) (= 80,9— with an apparent molecular weight of 180-200 kDa. (C) Collier
N "(; F 63,8— ':_' '_'+Tub (Col) expression pattern in a wild-type wing imaginal disc.

cytoplasmic (D) A large ectopic P¥TGFP clone in the P compartment
causes a reduction of Col expression (arrowhead) at the AP
compartment border because of the sequestration of Hh by the
ectopic Ptc (see also Fig. 7A). (E) An ectopicPBFP clone in
the P compartment of a wing imaginal disc stained with anti-
Smo (red). Note the autonomous downregulation of Smo
because of the repressive activity of Ptc (arrowheads).

49.5— (ce-Tub)

medium. The discs were then incubated for a chase period at 25°C
in M3 medium prior to fixation in 4% paraformaldehyde. To
visualize the early endosomes of the endocytic compartments, the
E ectopicPIc" GFP discs were pulsed for 5 minutes without a chase period. For late
endosomes, a 5 minutes pulse and 60 minutes chase were used.
This was followed by fixing in PBS 4% paraformaldehyde (PF) for
40 minutes at 4°C and in 4% paraformaldehyde in PBS 0.05% Triton
X-100 for 20 minutes at room temperature. The discs were then
washed and incubated with antibodies in PBS 0.05% Triton X-100.

I
I
I
I
I
1
I

Extracellular labeling of HhGFP in  shi®s1 mutant clones

This protocol was modified from that described by Strigini and Cohen
(Strigini and Cohen, 2000). Larvae containgmgmutant clones where
maintained at restrictive temperature (32°C) for 3 hours, dissected at
PtcVTGFP clones in the P compartment induced an autonomougstrictive temperature and transferred immediately to ice-cold M3
accumulation of Hh (see Fig. 7A). Finally, we observed amedium containing anti-GFP antibody. They were then incubated at
downregulation of Smo in PGFP ectopic clones in the P 4°C for 30 minutes, washed in ice-cold PBS and fixed in PBS 4% PF
compartment (Fig. 2E) as it has been reported for the wild type P&t 4°C. By transferring the discs from 32°C to ice-cold medium, the
(Denef et al.,, 2000; Martin et al., 2001). Collectively, these dataells stop their vesicular trafficking and the proteins remain at their

indicate that P¥TGFP behaves as the wild-type protein. subcellular locations at the moment of cooling. Incubating with the

. ) ) ) anti-GFP antibody under these ‘in vivo’ conditions, without detergents
Immunostaining of imaginal discs and western blot and prior to fixation, rendered the antibody incapable of penetrating
analysis the cells. Thus, only extracellular antigen was labeled. The antibody

Immunostaining was performed following standard protocolsdoes not label intra-cellular HhGFP. The lack of staining of the
Antibodies were used at the following dilutions: rabbit polyclonalintracellular HhGFP vesicles in the P compartment of the same disc
anti-Hh 1/400 (raised for the present study), rat polyclonal anti-Hifsee Fig. 3b, arrows) was used as a control for this specific extracellular
1/100 (Sanchez-Herrero et al., 1996), mouse monoclonal anti-P&mti-GFP antibody staining method.
(Apa 1.3) (Capdevila et al., 1994b) 1/100, rabbit polyclonal @nti-
gal (Jackson Laboratories) 1/1000, rabbit polyclonal anti-GFFEXtracellular labeling of Ptc in ectopic Ptc ~ WTGFP and
(Molecular Probes, catalog number A-6455) 1/100, rabbit polyclonaPtc1*GFP clones
anti-Col antibody (Vervoort et al., 1999) 1/200, mouse monoclonalarvae containing ectopic PYCGFP and P#GFP clones were
anti-En (Patel et al., 1989) 1/10, mouse monoclonal anti-Wg (Brookissected and incubated in ice-cold medium with anti-Ptc antibody at
and Cohen, 1996) 1/50, rat polyclonal anti-Smo (Denef et al., 200Q)/10 dilution in M3 medium for 30 minutes, washed with ice-cold
1/200, rat monoclonal anti-Ci (Motzny and Holmgren, 1995) 1/10 andPBS and fixed with 4% paraformaldehyde for 20 minutes at 4°C and
rat polyclonal anti-Caupolican (Diez del Corral et al., 1999) 1/100020 minutes at 25°C. After fixation, discs were incubated with the
Stained imaginal discs were examined using a BioRad confocal lasererresponding secondary antibody.
scanning microscope. )

For western blot analysis, protein extracts from salivary glands dRuantification analysis
AB1-Gal4/UAS-HhUAS-HhGFPR UAS-Pt®VIGFP or UAS-Pté4GFP  To quantify the rate of endocytosis of Wicand Pté* proteins,
flies were prepared in Laemmli buffer and resolved by SDS-PAGEgctopic Pt¥WTGFP and P#GFP clones in the A compartment were
immunoblotted and then analyzed using anti-Hh (1/500) (Tabata aridduced and the endocytic compartment was labeled by incubation
Kornberg, 1994) and anti-GFP (1/1000) (Molecular Probes, catalogith Red-dextran (10 minute pulse). Using Metamorphic software, the
number A-6455) antibodies. Horseradish peroxidase-conjugatelitcGFP fluorescence in the Red-dextran vesicles was measured and
secondary antibodies were used to develop the signal using the ECbmpared with the total PtcGFP signal in the clone. The resulting ratio

Western Blotting Analysis System (Amersham Pharmacia). was normalized to the Red-dextran vesicles in the clone cells. For this
) ) analysis, six confocal sections of seven different clones were
Labeling the endocytic compartment measured and a total of 1459 vesicles fot4aad 1650 for PWT

Third instar larval discs were incubated in 3.7 mM Red-dextrarwere analyzed.
(lysine fixable, MW3000; Molecular Probes) in M3 medium at 25°C  The content of HhGFP in the dotted pattern in wild-type ot
(pulse) and then washed five times for 2 minutes in ice-cold M3nutant clones was also measured with Metamorph analysis software.
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Fig. 3.Ptc is required for dynamin-
dependent internalization of Hh. (&hist
A clone (labeled by the absencea6al
staining, blue) after 3 hours at the
restrictive temperature that accumulate:
high levels of Hh (green) and Ptc (red)
(arrowheads). (B3his1A clone after 3
hours at the restrictive temperature inha
Gal4/UAS-HhGFRwing disc. (b)
Magnification of boxed area in B. The
accumulation of Hh (green) Bhislclone
cells is extracellular, as shown by ‘in viv
incubation of the wing imaginal disc in ¢
cold medium with anti-GFP antibody (re
(arrowheads, red panel in B and b). Not
that the intracellular HhGFP (green and
not red in the P compartment) is not
labeled by this method (arrows in b). ] R
(C) ptctb clone (labeled by absence of pic”
GFP, green) at the AP border islas! Cin &=’ background
wing disc after 3 hours at the restrictive
temperature. Hh protein (red panel) doe
not accumulate in shibackground when
Ptc protein is not present (blue panel)
(arrow). Note that Hh crosses thePtc
territory and accumulates when it reach
the PtVT area, just anterior to the clone
(arrowheads). (D3his1 clones (absence «
GFP, green) in a wing imaginal disc afte
10 hours at restrictive temperatureshis? A
clones there is not increase or decreast .. |
Col expression after 10 hours at restrict 8
temperature (asterisk) compared with
wild-type territory (arrow). There is not
extension of signaling either (arrowheac
Scale bars: 50m in A-D; and 15um in b.

3h let 34°C

shilclones

A

Each clone analyzed was compared with an equivalent region in tlembryos. Inshis! mutant embryos, a punctuate accumulation
wild type territory of the same wing disc. The result from five differentof Ptc at the plasma membrane was observed (Capdevila et al.,
clones from independent experiments shows a ratio between 4 andj§94b), probably as a consequence of the accumulation of
times more Hh in the wild-type cells. ‘coated pits’ at the plasma membrane (Kosaka and Ikeda, 1983).
Here, we also observed a punctuate accumulation of both Ptc
and Hh at cell surface ishis! clones, close to the AP

Results ) ) compartment border of the wing imaginal disc (Fig. 3A).
Patched controls the endocytosis of Hedgehog in a To test if the Hh accumulation was extracellular we used
dynamin-dependent manner HhGFP fusion proteinHh-Gal4/HhGFP third instar larvae

In the wing imaginal disc epithelium, the A cells adjacent tocontainingshis! clones were maintained at 32°C for 3 hours,
the AP border express high levels of Ptc protein, the onlg temperature that blocks Shi-dependent trafficking. Discs
known Hh receptor that mediates Hh endocytosis imwere then dissected and incubated with anti-GFP antibody in
Drosophila(Martin et al., 2001). To better analyze the Hh andce-cold medium prior to fixation. Under these experimental
Ptc interaction, we have used both HhGFP and PtcGFP taggednditions, all trafficking processes were blocked and the
proteins in some of the experiments presented in this worlantibody only labeled extracellular HhGFP molecules, while
These fusion proteins behave as wild-type ones (for details, s&+P fluorescence labeled both the intracellular and
Materials and methods, Figs 1, 2). extracellular Hh. We noted that in tkhi clone, all the green
Here, we asked whether Hh internalization was required fqiHhGFP) fluorescence colocalized with the red (antibody-
the formation of the Hh gradient. In other signalingconjugated) fluorescence, indicating that all the retained Hh
mechanisms, such as that of Dpp, the internalization of theas extracellular (Fig. 3B,b, arrowheads).
morphogen is required for gradient formation (Entchev et al., Next, we addressed the question of whether Ptc might be
2000; Teleman and Cohen, 2000). To test this hypothesis, wesponsible for the accumulation of Hh at the cell surface
used a thermo-sensitivghibire (shi mutation. Shibire, the when endocytosis was blocked. To achieve this we pede
DrosophilaDynamin homologis needed for fission of clathrin- clones (an amorphic allele, which does not produce Ptc
coated vesicles and the internalization of caveolae (van derotein, also known astc!'W109) (Capdevila et al., 1994a) in
Bliek, 1999). Shi mediates Ptc internalizationDmosophila  a shis! background. We found no build-up of Hh when Ptc
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Fig. 4.Hh signaling is unaffected in A 3 076’1—ga1'4_. :
uas-hab7GFP |

dor mutant cells. (A) A confocal
section of &Rab-7GFRPc765-Gal4 X

wing imaginal disc, stained with anti- : '
Ptc (blue) and anti-Hh (red) antibodi
(a) Magnification of boxed area in A. Ptc ]

The staining shows co-localization o
Hh, Ptc and Rab-7 at the AP
compartment border (circles in a).
There are also spots of Ptc and Hh
colocalization that do not colocalize
with Rab7 (arrowheads in a); these ¢
probably early endosomes. The inse
a shows detail of the co-localization
the three proteins at some of these
spots. Rab-7 shows doughnut-shape
GFP emission (arrow) surrounding tl
Ptc and Hh spots (arrowheads).

(B) dor® mutant clones (labeled by th
lack of -gal staining, blue) at the AP
compartment border showing high
accumulation of Hh (green) and Ptc
(red) proteins because of the inhibiti
of lysosomal degradation. (C) Plot
showing the green color pixel intensi | .
of the cells in clone 1 (blue line) and ST INUGIINESERURIRNGS
clone 2 (red line) [corresponding to Distance (um) from the A/P border
boxed areas in B (green panel)] with

respect to the distance of the cells to the AP border. The same intensity (Hh accumulation) is seen in the A cellsHectetbatistance

from the AP compartment border (arrowhead in B and C), whether Hh crosses (from the P compartment) a wild type (clorenf jciomeut

2) area. (Dyor® mutant clones (labeled by the lack of GFP staining, blue) close to the AP boundary showing no alteration in activation of the
Hh targets [as shown by the expression of dpp-lacZ (red) (arrowhead) compared with its expression in the wild-type drescaebajs:

50 pum in A,B,D; 15um in a.

R7GFP

e Pixel Intensi

Y
A N
PPy SL ATde R ¥ e

Averas

L PR

protein was absent (Fig. 3C, red and blue panel, arrowipternalization, Ptc and Hh go to late endosomes and
indicating that Shi-mediated Hh internalization was severeljysosomes. Next, we examined whether the targeting of Hh to
diminished in the absence of Ptc. We can therefore concludbe degradative lysosomal pathway had any effect on Hh
that Ptc controls the endocytosis of Hh in a dynaminspreading and signaling. To block the degradative pathway, we
dependent manner. useddeep oranggdor) mutants, one of the mutations that
The accumulation of both Ptc and Hh at cell surfachift ~ affects eye pigmentation iBrosophila and is required for

clones, however, did not affect the activation of the Hh targetsormal delivery of proteins to lysosomes (Sevrioukov et al.,
inside the clone (Fig. 3D, asterisk). Moreover, we did nofl999).dor encodes the homolog of the yeast vacuole sorting
observe an increase in the distance that Hh moves or signalsprotein Vps18p, a protein that as part of a complex regulates
the anterior side of thehis1clone (Fig. 3D, arrowhead). These the function of Ypt7p, the paralog of Rab-7 in yeast (Rieder
observations suggest that although internalization of Hh iand Emr, 1997; Price et al., 2000). Blockage of the degradative
blocked in theshis! mutants, Ptc has already sequestered Hrpathway indor- mutant clones resulted in the accumulation of
This interpretation is in agreement with the blockage irboth Hh and Ptc (Fig. 4Bjlor- clones showed an Hh protein
Dynamin function at a stage where commitment to endocytigradient in the A compartment of the wing imaginal disc (Fig.
sequestration has already occurred (Kosaka and Ikeda, 198®), which was not observed when wild-type discs were

Ramaswami et al., 1994; Guha et al., 2003). stained with anti-Hh antibodies. As we have observesthi#,

. o despite the large accumulation of Hh and Ptdorr clones,
After internalization, Hh and Ptc are targeted to the activation of Hh target genes remains unchanged, as shown
degradation by the normabpp-lacZ(compare mutant territory in Fig. 4D,

We previously reported that Ptc moves Hh to the endocytiarrowhead, with wild-type territory, arrow) optc-lacZ
compartment in the wing imaginal disc (Martin et al., 2001)expression (data not shown). These results indicate that both
after which degradation of Hh and Ptc would be expectedpreading and signaling are normal when Hh degradation is
Rab-7 GTPase controls both protein trafficking to lateblocked in dor- cells. Furthermore, the intensity of Hh
endosomes and their subsequent fusion with lysosomésmunofluorescence in the A cells located at the same
(reviewed by Zerial and McBride, 2001). A Rab-7GFPdistance from the AP border remains the same (Fig. 4B,C
(Entchev et al., 2000) was used for labeling late endosomestrowheads), regardless of whether Hh had crossed wild-type
Ptc-Hh vesicles were found to colocalize with Rab-7GFRclone 1) or mutant (clone 2) territory. These data indicate that
when this marker was expressed in all wing imaginal disc cellBtc levels control the Hh gradient by sequestering Hh, and
(Fig. 4A,a, circles). These results suggest that aftethen both Hh and Ptc are targeted to degradation. They also



Fig. 5.Hh spreading is not impede
in ptc4 mutant clones but signalin
is normal. (A,C,E) Wild-type
expression of the Hh targets En
(red) and Ci (green) (A), Col (red)
(C) and Dpp (red) (E) in the third
instar wing imaginal disc.

(B,D,F) Activation of En, Col and
Dpp (red) inptc4 mutant clones
abutting the AP compartment bor
(labeled by the lack of green GFP
staining) (clones 2, 4 and 6) but n
in clones outside the AP border
(clones 1, 3 and 5). Note that Hh
target gene activation occurs not
only inside the clone touching the
AP compartment border but also i
cells located more anterior to the
clone (arrowheads). The plots
(right) show the fluorescence
intensity for each target gene witt
respect to the distance of the cell:
the AP border. The activation of tt
target genes occurs inside and
anterior to the clone (arrowheads’
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—frame in panel A (WT)
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frame a in panel D (WT)
frame b in panel D (ptc™)
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of Cal signal
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Of 62 clones in the A compartmet
with A sister clones, 39 were
located outside of the AP
compartment border and did not
show ectopic expression of En, C
and Dpp, and 23 were touching thc
compartment border showing activation of the targets inside and also in cells located anterior to the clone. (b) GFPGigtaihémgl of the
disc in B. The clone touching the AP border has its twin in the A compartment (red arrow). The presence of the Ci stéieiqppsiitn of
the AP border (red arrowhead). Scale bams0

Average Plesl Intensity
of dpp-lac signal

ptc*iptc' celis pic™ cell

suggest that Hh signaling is independent of Hh degradatidmorder activated En (Fig. 5B, clone 2), Col (Fig. 5D, clone 4)
by lysosomes. and dpp (Fig. 5F, clone 6) outside their normal expression
] ) . domains. In addition to this activation, short-range, non-

Genetic uncoupling of the two Ptc functions autonomous activation of En, Col adpextended a few cells
The analysis of Hh signaling ishi and dor mutant clones outside the clone boundary (arrowheads in Fig. 5B, pe}*
suggested that Hh sequestration and Hh signaling aells therefore respond to maximum (En), medium (Col) and
independent. It has been proposed that Ptc regulates bdthw [dpp(Fig. 5F) and Iro (data not shown)] levels of Hh, and
signaling and sequestration (Chen and Struhl, 1996). Thidh spreads throughout the clone and non-cautiously activates
hypothesis was based on the analysis optb#allele, which  target genes a few cells outside the clone. To determine
affects Hh signaling, but the sequestration of Hh is normalhether this effect was due to the presence ofpktf? clones
(Chen and Struhl, 1996; Martin et al., 2001; Strutt et al., 2001)vere induced in ahhiS2mutant background. After 30 hours at
The Pt&2 mutant protein has a point mutation in the sterolthe restrictive temperaturptcl4 clones located neither outside
sensing domain (D584N) (Martin et al., 2001; Strutt et al.nor close to the AP border activated Hh targets genes (Fig.
2001) showing a preferential accumulation in endosome8B,D). These results indicate that Ptactivates the Hh
(Martin et al., 2001). pathway only in the presence of Hh, similar to wild-type Ptc.

As Pté2is defective only in its signaling function, we used Furthermore, the broadened activation of target genes outside
the ptcS2 allele to test for complementing alleles @it that  their normal expression domains in clones abutting the AP
might be defective for sequestration but not signaling. In thisorder indicates thautc!4 cells do not sequester Hh efficiently.
way, we identified the embryonic lethmtl4allele (also known As ptcl4 mutant clones extended the Hh gradient in the
as ptd!R87. Homozygous somatiptc-null mutant clones imaginal disc, we tested whether the embryonic phenotype
induced in the A compartment produce the descriped  depend on the presence of Hh. As in the imaginal disptthe
mutant phenotype caused by the full activation of Hh targetsmbryonic phenotype is caused by a constitutive activation of
(Phillips et al., 1990; Capdevila et al.,, 1994a; Tabata anthe Hh pathway in cells that normally express Ptc (reviewed
Kornberg, 1994). By contrasptc* mutant clones did not by Ingham and McMahon, 2001). It has been determined that
activate Hh signaling in the A compartment outside the ARtc function is epistatic tchh function, becausetc; hh-
border, as shown by the expression of Hh target genes suchdusible mutant embryos show tipc- phenotype with the
en, col, dpp, iro or ptcitself (Fig. 5B-F clones 1, 3, 5; data not subsequent ectopic expression of Wg, as one of the Hh targets
shown). Large clones (24-48 hours AEL) abutting the ARn the embryo (Ingham et al., 199Ijtc!* was originally
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described as a null allele based on its embryonic phenotyj
(Nusslein-Volhard and Wieschaus, 1980) (Fig. 6E,F, middI(
panels). Nevertheless, the embryonic phenotype of the douk
mutantptcl4, hhis2 at the restrictive temperature (Fig. 6E, right
panel) resembled that bfir embryos, with no Wg expression
(Fig. 6F, right panel). This indicates that the extended Wi
expression observed ptc!4 mutant embryos was due to the [
presence of Hh, and not to the constitutive activation of the H§
pathway caused by the losspi€ function.

Endocytosis defect in the Ptc 14 mutant

The extended gradient of Hh acrgés!4 mutant cells could be
due to a defect in Ptc-Hh sequestration. The sequence of tf
allele confirmed a leucine to glutamic acid change (L83Q) ¢

et al., 2001). To compare the ability of Ptto sequester Hh
with that of wild-type Ptc, both mutant and wild-type proteins E,- 11
were C-terminally tagged with GFP. Using these GFP tagge L
Ptc proteins we observed that the accumulation of Hh we
much lower in PGFP ectopic clones than in BPftGFP 30h at 29°
ectopic clones in the P compartment (compare Fig. 7A,a wit
7B,b). This implies that P sequesters Hh quite inefficiently.
Next, we analyzed the internalization of Hh and Piatad* ptc'; hh's2
clones abutting at the AP compartment border. Fig. 7C show.
a wing disc containing atc'“ clone and its wild-type twin Fig. 6. Ptcl activates the Hh pathway only in the absence of Hh.
clone. The wild type AP border cells show the normal patter(A-D) The upregulation of Ptc (A) and Col (C) expression (green) at
of Hh and Ptc accumulation in endocytic vesicles (circles ithe AP compartment border observed in a wild-type wing disc is not
Fig. 7c). In theptc!4 mutant clone, Ptc staining showed the produced irptc*4 clones (shown by the lack Bfgal staining, red) in
same protein levels as in the wild-type territory (Fig. 7C, greeAnhh®?disc after 30 hours at the restrictive temperature (B,D;
panel). However, P¥ was not confined to punctuate arrowheads). Of 20 clones in the A compartment with A sister

: ) : : ; clones, eight were touching the AP compartment border and did not
itructtér(;s, ?I'nhq thd'd no'g co .Iopallze with IP(«:o'n;]pa;]re lFIgl.( ,rshowed activation of Ptc or Col at the restrictive temperature. (E)
¢ and 79. This observation is in agreement with the lack ofcicie preparation of wild-typgtcl4 andptc'4; hhis2embryos at

Hh sequestration observed in the ectopic‘Rtautant clones  ine restrictive temperature. Note that the double miptatt; hhis2
induced in the P compartment (Fig. 7B). To analyze thigmbryo is like amh-embryo, and not like ptc embryo, which
sequestration defect further, we made clongg@f in ashis  would normally be the case witic-; hh- double mutant embryos.
background and found that Hh was not accumulated at th€) Wg expression pattern in wild-typetcl4 andptcl4; hhis2
plasma membrane inside the clone (Fig. 7D, asterisk) whilembryos at the restrictive temperature. Ingte* embryo, Wg
in the Ptc wild-type cells anterior to the clone Hh wasstripes are broadened compared with the wild-type embryo, but Wg
accumulated (Fig. 7D, arrowhead). This accumulatior not expressed iptcl4 hhsZembryos at the restrictive temperature.
indicates that Hh can spread further through &%ptwtant  Scale bars: 5am.
territory than a wild-type territory. The behavior of Hh in these
shis ptcl4 double mutant cells was similar to that observed
in ptctéclones (without Ptc protein) inshislbackground (Fig.
3C). This result indicates that Ptcdoes not sequester Hh  Having demonstrated that Pfcreaches the plasma
properly. membrane, we tested if the reduced ability oflPto

To explore a most likely failure in Pfemediated internalize Hh was due to a defect of Pticself to enter the
endocytosis of Hh, we examined the presence of“4Ptcendocytic compartment. Thus, we examined the competence
compared with wild-type Ptc protein in endosomes. In wild-of ectopic PtVTGFP and P#GFP to produce endocytic
type cells, Ptc accumulates in early endocytic vesicles (Figiesicles either in the presence or in the absence of Hh. In the
8A,a, circles), while iptcl4 cells Pté4 does not accumulate absence of Hh, wild-type Ptc protein also accumulated in
in these structures (Fig. 8B,b, arrowheads). This lack oéndosomes, as shown in Wi&GFP ectopic clones located
colocalization of Pf#with the endosomal marker could be duein areas of the A compartment that did not receive Hh (Fig.
to the absence of Pfcat the plasma membrane. To test this8E,e, circles). This indicates that Ptc protein moves from
possibility, discs expressing PAGFP ectopic clones were the plasma membrane to the endocytic compartment in a
incubated ‘in vivo’ with an anti-Ptc antibody raised against thdigand-independent manner, as has been shown in vertebrate
first extracellular loop of the Ptc protein (Capdevila et al.cells (Incardona et al., 2002). However, 1P&FP ectopic
1994b), in conditions of blocked trafficking processes (seelones showed reduced amount of Ptc in endosomes, either
Materials and methods). The extracellular labeling of Ptc iin the presence (Fig. 8B,b, arrowheads) or absence of Hh
both Pt®TGFP (Fig. 8C) and P¥GFP (Fig. 8D) ectopic (Fig. 8F.f, arrowheads). Therefore, we can conclude thét Ptc
clones indicates the presence of the mutant protein at tliannot internalize Hh because of defective endocytosis by
plasma membrane. Ptct4.
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Fig. 7.Ptc* does not internalize Hedgehog.
(A,B) Ectopic wild type PTGFP (A) and
Ptcl“GFP (B) clones in the wing imaginal
disc stained with anti-Hh antibody (red).
(a,b) Detail of the clones shown in A and B.
Only a few vesicles of Hh are observed in the
. clones expressing the Ptenutant protein
{ Ptc'*GFP — | Pic“GFP.. (Ptc'*GFP) (b) compared with those that

' express the wild-type Ptc protein (PIGFP,
arrows) (a). (C) Ptc (green) and Hh (red)
expression in a wing imaginal disc containing
aptct clone (labeled by the absenceBedal
staining, blue). Ptc staining inside the clone
(outlined in pale blue) has the same intensity
levels than in the wild-type area (arrow, green
panel). (c,§ Magnification of the boxed areas
in C. Ptc and Hh colocalize in spots in the
wild-type area (circles) (c). Ptc does not
accumulate in spots (green) in thtel* clone.
However, Hh vesicles are still present in the
pic¥iclones in ptct4 clone (red, arrowheads) Y c(D) ptcl4 clone at the AP border (shown by the
shibackground absence of green, GFP) istisl wing disc after 3 hours at the restrictive
temperature. In the absence of dynamin-dependent internalization, Hh (red)
accumulates in the P¥¢ territories at the AP border and also in thé'Ptcells
anterior to the mutant clone (arrowhead). However, Hh protein is not
accumulated in thptcl4 mutant cells (asterisk). Note that the accumulation of Hh
anterior to theptcl4 clone (arrowhead) is higher than the accumulation in wild-
type territory at the same distance from the AP border (arrow). This indicates that
Hh diffuses further through thgcl4 mutant cells than through wild-type cells.
Scale bars: 5am.

The two functions of Ptc take place in different that Hh signaling and sequestration take place in different
subcellular compartments subcellular compartments.

The complementation gitct“andptcS2alleles clearly indicates . o

that Ptc has separate functions (one involved in signalintg Hh still internalized in the absence of Ptc?

through an interaction with Smo and the other in HhAs Hh even signals normally ptc4 mutant cells without Ptc
sequestration). But how Ptc performs both functions remainsiediated internalization, we went on to explore whether the
controversial. One can envision that if both proteins arenutant cells still internalized some Hh. So, we compared the
localized in different subcellular compartments, indirectinternalization of Hh in eitheptcl4 clones or in clones of the
complementation might occur. Thus, while¥is sequestering null alleleptc!®induced at the AP compartment bordeHim-

Hh in endosomes, Pttcould be interacting with Smo to Gal4/HhGFP imaginal discs. In both cases, the same low
control Hh signaling. Alternatively, both proteins ¥t@and amount of Hh was found in vesicles that did not co-localize
Ptc4 might form a complex as part of the Ptc receptor, asvith Ptc (Fig. 10A,a,C,c, arrowheads), but colocalize with
previous studies have suggested (Johnson et al., 2000; Marifernalized Red-dextran (Fig. 10B,b,D,d, circles). If Ptc were
et al., 2001). To discriminate between these two possibilitieshe only receptor for Hh, we would not expect to find
we used tagged versions of WIGFP, Pt€2GFP and PE/GFP  Hh inside ptcl® cells, suggesting the presence of a Ptc-
to analyze the subcellular distribution of these mutant proteinsdependent Hh internalization mechanism in the A
in imaginal disc (data not shown) and salivary glands cellcompartment.

Salivary glands cells are convenient for this experiments
because are large and express endogenous Ptc protein at v rg .
low levels when Hh is not present (Zhu et al., 2003). In bot ISCussion

systems, both PAFGFP and P&GFP proteins were localized We report genetic studies on Ptc function and its role in
in large vesicles (Fig. 9A,B). However, PAGFP was found at endocytosis during Hh signaling Drosophila We are able to

the plasma membrane, consistent with the observations madesimow through the analysis @tcl4, a mutant that does not
ptct* mutant clones, and also in the membrane of the secretianternalize Hh but is able to perform Hh signal transduction,
vacuoles (Fig. 9C). Next, we examined the sub-cellulathat both proposed Ptc functions are genetically uncoupled. We
distribution of Pt&4GFP protein when co-expressed with®tc also show that Ptc limits the Hh gradient by internalizing Hh
(without GFP). Under these conditions,/P&FP was localized in a dynamin-dependent manner, and that this Hh-Ptc complex
in vesicles resembling to P{¢GFP localization (Fig. 9D). This is targeted to the degradation pathway. These findings strongly
change in the subcellular distribution of P@FP strongly suggest that internalization mediated by Ptc shapes the Hh
suggests that Piéand Pté4form a complex that re-establishes gradient and also lead to the challenging suggestion that Hh
the wild-type function. Furthermore, these observations indicateignaling can occur in the absence of Ptc-mediated Hh
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Fig. 8. Ptc!4 does not accumulate in
endosomes. (A,B) Internalized Red-dextra
(5 minutes pulse) at the AP border of a wil
type wing imaginal disc (A) and ingcl4
clone (B). (a) Details of the colocalization ¢
Red-dextran positive vesicles and Ptc (gre
(b) There is no colocalization of the
internalized Red-dextran vesicles with Ptc
protein inptcl4 clone cells. There is reduce
Ptc staining in vesicles labeled with Red-
dextran (green, arrowheads). Very few Rei
dextran vesicles contain appreciable
accumulation of Ptc (B, circles) compared
with wild-type Ptc (A, circles).

(C,D) Extracellular staining of Ptc in a wing
disc containing ectopic P¥¢GFP (C) and
Ptcl“GFP (D) clones using the anti-Ptc
antibody, which recognizes one of the
extracellular domains of Ptc. Staining is
observed in both clones (arrowheads),
indicating that a certain amount of PAGFP
and Pté‘GFP reaches the plasma membrz
(E,F) PtVTGFP (E) and P#GFP (F)
ectopic clones in the A compartment far fri
the AP border in wing discs incubated witt
Red-dextran for 10 minutes. (e) :
Magnification of E showing the extensive ¢ : . ectopic Ptc"'GFP |
localization between PAGFP and PR e
internalized Red-dextran (circles), indicatir
that Pt®TGFP is endocytosed independen
of the presence of Hh. (f) Magnification of
showing very little colocalization between
Ptcl“GFP and internalized Red-dextran
(arrowheads), indicating that M#GFP is not &
efficiently endocytosed. Circles indicate soine
Red-dextran vesicles with PdGFP accumulation. The analysis of the"PiGFP protein content in endocytic vesicles compared with the
Ptcl“GFP mutant protein (E,F, columns) shows at least eight times more wild-type Ptc protein in endosomes than Ptc mutaeé protein (s
Materials and methods). Scale barsubin A,B; 50um in C-F.

internalization. We will now discuss the two functions of PtcPtcl4is unable to sequester Hh efficiently in either the embryo

in Hh signal transduction in the light of our results. or imaginal discs and that thatcl4 embryonic phenotype
] . ] would be the result of greater spreading of Hh and not to the
Role of Ptc in Hh gradient formation constitutive activation of the Hh pathway.

We have shown here that Hh and Ptc sorting to the endocytic Ptc4responds to Hh as the wild-type Ptc protein and activates
membrane-bound compartment plays a crucial role ithe signaling pathway indicating that the interaction o¥4tad
modulating Hh levels during development. A strong support oHh is probably normal. However, this Hh-Ptc interaction does
the conclusions in this work comes from the analysis of thaot necessarily imply sequestration. AlthougHftccurs at the
ptcl4allele. Althoughptcl4 mutants are lethal with a stropte~  plasma membrane, we do not observe internalization of Hh or
embryonic phenotypetct4 mutant cells in the imaginal discs extracellular Hh accumulation iptcl4 mutant clones. These
showed an effect only when the clone touched the APesults, therefore, suggest that Hh-Ptc interaction is not sufficient
compartment border but not in any other part of the disc. Thi® sequester Hh and that an active internalization process of Hh
result indicates that the presence of Hh is required to revealnaediated by Ptc to control Hh gradient is required. This Hh
defect in Pt&*function. This Hh requirement has been probednternalization mediated by Ptc is Dynamin-dependent, based on
by the no activation of the Hh targets pic!# cells in the the membrane accumulation of Hh and Ptshirmutant clones
absence of Hh either in the embryos or in the imaginal discand the lack of accumulation of HhshisL; ptcl6double mutant
The complementation optct* with ptcS2 allele, which is  clones. However, the initiation of the internalization process is
considered as null for blocking Hh signal transduction and actsot blocked inshi mutants because Dynamin is required for
as dominant negative (Martin et al., 2001; Strutt et al., 2001jission of clathrin-coated vesicles after the internalization
indicates that P# does not have a greater sensibility to Hhprocess has already started (Kosaka and Ikeda, 1983;
than the Ptc wild-type protein. Conversely, it is shown here thdamaswami et al., 1994; Guha et al., 2003). This fact would
there is a decrease of internalization of Hhptol4 mutant  explain why Hh gradient and signaling is not extended when
clones compared with wild-type Ptc territory and an extensioendocytosis is blocked ishi mutant cells. As P#é¢ seems to

of the range of Hh gradient. Therefore, we can conclude th&tve a problem in entering the endocytic compartment and we
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Fig. 9. Co-expression of P#8and Pté4 recovers the normal
subcellular distribution of P¥ protein. (A-C) The distinct staining
patterns of PWTGFP (A), Pt€?GFP (B) and P#GFP (C) in

salivary glands cells (using tAB1-Gal4driver). (D) The

subcellular distribution of P¥GFP protein in salivary gland cells
changes to the wild-type pattern when it is co-expressed with non-
labeled Pte2 Scale bar: 3gm.

AB1-Gal4/uas,ptc¥T

described for controlling the asymmetric gradient of Wg in
embryonic segments (Dubois et al., 2001). It is possible that
additional factors may contribute to shaping the Hh gradient,
because in largptc clones close to the AP border, which lack
Ptc protein to sequester Hh, an Hh gradient in endocytic
% vesicles was also observed, although the range of this gradient
| AB1-Galdluas-ptc*GFP; was more extended than in wild-type cells (data not shown).
AB1-Gal4/uas-pleGFR=Juas-ptes? : This is consistent with two mechanisms of Hh internalization
in Hh receiving cells as we have observed, one mediated by
Ptc and another not mediated by Ptc.

have not found Hh accumulation $his%; ptcl4 double mutant _ _ _

clones we conclude that the initiation of the internalizatiorRRole of Ptc in Hh signal transduction

process does not occur in PtcTaken together, these data From studies in both vertebrates @rdsophila it was thought

indicate that only when Ptc forces Hh to the endocytic pathwathat Hh protein binds to Ptc (Stone et al., 1996; Fuse et al.,

Hh is sequestered in the receiving cells. 1999). Ptc is then internalized and traffics Hh to endosomal
The behavior of Hh and Ptc dor cells indicates that after compartments where both are degraded (Denef et al., 2000;

sequestration, Ptc internalizes Hh, and both Hh and Ptc ahecardona et al., 2002), the entire process triggering activation

degraded. Thus, controlling both endocytosis and degradatiai the Hh pathway. It is shown here thatPtesponds to Hh

of Hh modulates its gradient. Similar mechanisms have bees would the wild-type Ptc protein in activating the pathway.

pic'? clones
Fig. 10.Hh internalization in Hh-receiving
cells in the absence of Ptc. (Bicl4 clone
(labeled by the lack d3-gal staining, blue)
abutting the AP compartment border in an
hh-Gal4/UAS-HhGFmackground stained
with anti-Ptc antibody (red). -
(a) Magnification of the samgtc!4 clone in HhGFP
A. There is no colocalization between '
HhGFP punctuate structures and'Ptc
(arrowheads). Only a few of the Hh-GFP
vesicles show colocalization with Ptc
staining, though not as spots (circles).
Compare with HhGFP staining in a wild-type
background (Fig. 1D). (B)tct clone in an
hh-Gal4/UAS-HhGFRving disc with
internalized Red-dextran. (b) Magnification
of theptcl4 clone in B. HhGFP vesicles do
not colocalize with Ptc but most of them
colocalize with internalized Red-dextran
(circles). (C)ptct® clone (indicated by the
lack of B-gal staining, blue) abutting the AP
compartment border in drh-Gal4/UAS- B-gal
HhGFP background stained with anti-Ptc
antibody (red). (c) Magnification of thecl®  [Eifel=t=]
clone in C. (D)ptc® clone in arhh-
Gal4/UAS-HhGFRwving disc showing the
internalized Red-dextran. (d) Magnification
of theptc® clone in D. Observe the HhGFP
punctuate structures (green, arrowheads) in
cells close to the AP border with no Ptc
protein (c). These structures colocalize with B-gal
Red-dextran (circles; d). Scale bars: 50 in
A-D; 15pum in a-d.

B-gal "
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However, Pt&* does not internalize Hh to the endocytic Dally-like could act as co-receptor for Hh and it would be
compartment because is defective in endocytosis. We therefargeresting to know if Dally-like is required for Hh endocytosis.
suggest that the massive Hh internalization by Ptc to contrdh addition, the large glycoprotein ‘Megalin’ has recently been
the gradient is not a requirement for Hh pathway signaidentified as Shh-binding protein (McCarthy et al., 2002).
transduction. Megalin is a multi-ligand-binding protein of the low-density
In Hh signal transduction, the cellular mechanisms thalipoprotein (LDL) receptor family whose function is to mediate
regulate Smo function remain unclear, although the distributiothe endocytosis of ligands (Argraves, 2001) (reviewed by
of Ptc/Smo suggests that Ptc destabilizes Smo levels (Alcedthristensen and Birn, 2002). The finding that megalin-
et al., 2000; Denef et al., 2000; Ingham et al., 2000). It has alsnediated endocytosed N-Shh was not efficiently targeted to
been proposed that Ptc-mediated Hh internalization changgsosomes for degradation suggests that N-Shh may also traffic
the subcellular localization of Ptc preventing Smoin complexes with Megalin and thus be recycled and/or
downregulation (Denef et al., 2000). Furthermore, in culturedranscytosed (Argraves, 2001). In the Wg pathway, specific
cells, Shh induces the segregation of Ptc and Smo iDL receptor-related proteins are essential co-receptors for
endosomes, allowing Smo signaling, independently of Pt@vnt ligands (Wehrli et al., 2000). Further investigation will
(Incardona et al., 2002). It is known, however, that binding ofletermine whether LDL receptor-related proteins could
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