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SUMMARY

Hedgehog (Hh) proteins play diverse organizing roles in undergone maximal activation of the Hh transduction
animal development by regulating gene expression in pathway due to the removal of Patched (Ptc). The analysis
responding cells. Several components of the Hh signal of target gene expression and morphogenetic read-outs of
transduction pathway have been identified, yet their precise Hh in embryonic, larval and adult stages indicates that Ci
role in mediating the various outputs of the pathway is still is absolutely required for all examined aspects of Hh
poorly understood. The Gli homolog Cubitus interruptus  outputs. We interpret this as evidence against the existence
(Ci) is involved in controling the transcription of  of Ci-independent branches in the Hh signal transduction
Drosophila Hh target genes and thus represents the most pathway and propose that most cases of apparent
downstream component known in this pathway. We Ci/Gli-independent Hh output can be attributed to the
address the question of whether the Hh pathway is distally derepression of target gene expression in the absence of
branched or, in other words, whether the regulation of Ci  Ci/Gli repressor function.

activity is the sole output of Hh signaling. Putative Ci-

independent branches of Hh signaling are explored by Key words: Hedgehog, signal transduction, Gli proteins, Cubitus
analyzing the behavior of cells that lack Ci but have interruptusDrosophila

INTRODUCTION briefly outline the mechanics of Hh transduction and
summarize the experimental findings that have been taken as
The development of multicellular organisms is governed byvidence for a distal bifurcation in this pathway. We then
cell-cell communication. During all stages of animaldescribe our strategy to scrutinize this conception.
development, cells influence each others fate and behavior byThe most upstream events in Hh signal transduction are
sending and receiving extracellular signals. Despite thenediated by two multi-transmembrane-domain proteins,
countless and diverse instances of cell signaling, animals ugatched (Ptc) and Smoothened (Smo). In the absence of Hh,
a surprisingly small repertoire of signaling molecules. One oPtc inhibits the latent signaling activity of Smo. The binding
the most remarkable discoveries of the past decade is tloéHh to Ptc reduces this inhibition and allows Smo to be active
finding that members of the EGF, FGF, Wnt, Hedgehodreviewed by Alcedo and Noll, 1997). In a poorly understood
(Hh) and TGRB families of secreted peptides account formanner, Smo activity is transduced intracellularly by several
innumerable cases of embryonic cell communication eventsomponents, among them Cos2, Protein kinase A, Fused,
(reviewed by Kingsley, 1994; Mason, 1994; HammerschmidBu(fu) and Slimb (reviewed by Ingham, 1998). The distal most
et al., 1997; Schweitzer and Shilo, 1997; Wodarz and Nusselement known in the Hh pathway is the zinc-finger protein
1998). Hh signaling, for example, has been shown to patte@ubitus interruptus (Ci), thérosophila homolog of the
Drosophilasegments, wing, leg, eye, and regions of the brainvertebrate Gli proteins. Ci appears to mediate most of the Hh
In vertebrates, Hh is involved in the specification of left-rightsignal from the cytoplasm to the nucleus where it directly
asymmetry, and it patterns the ventral neural tube, adjacerggulates the transcription of target genes (reviewed by Aza-
somites, limbs, eyes, hair and lungs (reviewed by LawrendBlanc and Kornberg, 1999). In the absence of Hh signal, Ci is
and Struhl, 1996; Neumann and Cohen, 1997; Ingham, 1998roteolytically cleaved to a 75 kD repressor form (here referred
Ruiz i Altaba, 1999; McMahon, 2000). to as Ci[rep]). In the presence of Hh signal this cleavage is
An intriguing question raised by these findings is how grevented and Ci instead functions as a transcriptional activator
handful of signals can elicit such a large repertoire of cellulaCi[act]; Aza-Blanc et al., 1997; Méthot and Basler, 1999).
responses. Among many conceivable explanations, we analy#®wever, five reports suggest that there are Ci/Gli-independent
the possibility that the pathways transducing these signals aneechanisms of Hh signaling:
bifurcated and hence contain multiple cytoplasmic and nuclear (1) Proper response of chick embryonic tissue to Sonic
endpoints. We focus on the Hh pathway for which thishedgehog (Shh) requires the activity of thipid3 gene (Lewis
possibility has been proposed in several instances. Below vet al., 1999). Inalpid® mutant limb cells, expression of the Shh
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target genegtc andglil is reduced, mimicking a ‘loss of Hh downstream of Smo must converge at Ci. While our results
signaling’ situation. The polydactily and ectopic expression ofhow that Hh does not have any effect on target gene
other Hh target genes associated with tdipid® genotype, expression in the absence of Ci, they also indicate that the
however, resemble a ‘gain of Hh signaling’. These oppositepposite is not the case. Ci can exert effects in the absence of
phenotypes have been interpreted as evidence for a bifurcatibin signaling and we attribute this activity of Ci to its default
in the Shh signaling pathway, in which Tafpidould function  function as a transcriptional repressor. The presence and
in one of two branches (Lewis et al., 1999). absence of this repressor functiorhimversusci null mutant

(2) A Shh-response element was identified in the COUPanimals, respectively, may be the main source for the numerous
TFII promoter (Krishnan et al., 1997a). This element is Shineports claiming Ci-independent Hh outputs.
responsive, even in the presence of protein synthesis inhibitors
(Krishnan et al., 1997b). No DNA-binding site, however, was
present for Gli proteins. Hence it was concluded that thMATERIALS AND METHODS
response to Shh is channeled through a protein with DNAA
binding activity unrelated to that of the Ci/Gli family of
transcription factors (Krishnan et al., 1997b).

lleles
Alleles used in this study were as follows%4, a null allele ofci
(Slusarski et al., 1995; Méthot and Basler, 1999)!'VV, a null allele

(3) Slmllatrly, a f115(f)1 bp r(]a_lerr:rent was |dednft|f|ectim|;\shaglﬁlss of ptcthat does not produce detectable protein (Capdevila et al., 1994;
(wg) promoter, which is highly conserved in o sophila  chen and Struhl, 1996tcS2 which genetically behaves as a null

species (Lessing and Nusse, 1998). The activity of this elemefje|e byt can still make Ptc protein (Phillips et al., 1990; Chen and
depends on Ptc activity, but it contains no consensus Catruhl, 1996)hC, a null allele (Lee et al., 1992); abd(2R)erF, a
binding sites. Likewise, it was concluded therefore that Cieficiency that removemngrailed(en) and the closely relatédvected
cannot be the sole endpoint of the Hh pathway. gene (Tabata et al., 1995).

(4) The formation of the larval light-sensing organ in
Drosophila (Bolwig’s organ) and the expression abnalin ~ 17ansgenes and reporters _ o
its precursor cells are dependent on the Hh signal and on Sniéansgenes and reporters wereif][ a 16 kb genomici fragment

but apparently not on Ci (Suzuki and Saigo, 2000). Thesfat rescuesi®* animals (Méthot and Basler, 1999)hBp70-GFRP
findings Werg taken as (evidence of Cigndepengent H&Aethot and Basler, 1999); #ji-nIsGFH, GFP under the control of

iatiti i 10638
signaling and it was concluded that a considerable diversité(sedupbgﬂgg&r:ggti (;9Sigg§’).e;ﬁ$;p§8°$%ﬁed t;)rzfg{f_?fctzo

must exist in the downstream pathway of Hh signaling in ee et al., 1992).
Drosophila(Suzuki and Saigo, 2000).
(5) A very recent study by Gallet et al. suggests that alsAntibodies
some aspects of the embryonic transcriptionwaf and  Clones of mutant alleles were generated by Flp-mediated mitotic
rhomboid are regulated by Hh in a Ci-independent mannerecombination (Xu and Rubin, 1993). For analysis in wing imaginal
(Gallet et al., 2000). discs, larvae were heat-shoqud in I_ate first instar for 30 minutes at
(6) Finally, embryos mutant foci have a much milder 35°C,and heat-shocked again in lateirgstar phase to induce marker
segment polarity phenotype than embryos mutant Hior gene(hsp70-GEP)expreSS|o_n. FoIIowmg.a 1 hour recovery pgrlod,
(Nisslein-Volhard et al., 1984; Slusarski et al., 1995; our ow rvae were dissected, discs were fixed and stained with the

. . ppropriate antibodies. The following antibodies were used: mouse
observations, see Results and Fig. 6B,C). The weak phenmyﬁ’]%pnoclonal anti-Ptc (gift from I. Guerrero); mouse monoclonal and

of ci mutant embryos can be taken as evidence that a gepgpit polyclonal anti-GFP (Clontech); mouse monoclonal (Promega)
product other than Ci is able to transduce part of the embryonigd rabbit polyclonal (Cappel) artigal; mouse monoclonal anti-En
Hh signal. 4D9; and Alexa 488 and 594 secondary antibodies (Molecular
Evidently, a number of findings argue for a branching in thérobes).
Hh pathway and the existence of Ci/Gli-independent outputs
of Hh signaling. Moreover, some responses to Hh may requif@&noypres
no transcriptional output at all, and may have cytoplasmié¢he genotypes of larvae were as follows.
endptl)ints inshtead. Quegtions about branchi?g ahnd c;osstglkém clones. anti-Ptc or anti-En
signaling pathways are by no means unique for the Hh pathwa ‘ oa
(s?ae forg éoxamplg Denhgrdt, 1996:; Schimel and Diclf, 199@3;/W hsp70-flpFRT42 Plcf] hsp70-GFP/FRT4Zcici>
Selbie and Hill, 1998; Zhang and Derynck, 1999; Zwick et al.enf ¢i% clones, dpp-lacZ
1999). We have chosen the following genetic approach tp \ hsp70-flp dppP10638 FRT42 P[ct] hsp70-GFP/FRT42 én
address them for thBrosophilaHh pathway. We wanted to ¢i94/ci%
maximally activate the pathway, while at the same time closing _
its main outlet valve. To activate the Hh pathway, Ptc i@tc®clones, anti-Ptc
removed by genetic means. This is, to our knowledge, the mogt W hsp70-fip FRT42 pt€9FRT42 Pci+] hsp70-GFP
powerful and most upstream means by which to activate tHé>/Dp(1:4)1021[y]
Hh pathway. If at the same time Ci is also removed, we ca W clones, anti-En
ask vv_hat, if any, aspect of the Hh signal can still be detect W hsp70-flp FRT42 pW/FRT42 P[ci+] hsp70-GFP
at various stages of development. Ci%Dp(1:4)1021[y]
Surprisingly, but unambiguously, we find that Hh acts '
obligatorily through Ci, in each situation analyzed. WeenFE ptc'"V clones, dpp-lacZ
interpret this as strong evidence against a distal branchingw hsp70-flpFRT42 ptéW erf/dpp°10638FRT42 P[ct] hsp70-GFP
in the pathway and conclude that any parallel pathwagi®¥/Dp(1;4)1021[y]
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¢i%4 ptcS? clones, anti-Ptc, anti-En generation of cell clones that lack any functional copies of the

y w hsp70-fIpFRT42 pt€JFRT42 P[ct] hsp70-GFP ci%/ci®* ptcandci genes (Fig. 1). Moreover, these mutant cells also lack
] functional copies of the marker gersggmvenoidsha affecting

en* ptc!™ ci?? clones, dpp-lacZ trichomes) ohsp70-GFP which allows the detection of these

y W hsp70-fpFRT42 ptéW erFldpp1938FRT42 P[cf] hsp70-GFR  cells in adult or larval tissues, respectively (Fig. 1).

ci*ei>t Below, we analyze thetc ci double mutant genotype in

Germline clones three different situations. First Hh target gene expression is
examined in imaginal discs. We then assess the phenotype of

g;rg;htr;etﬁ:% cienss\t/;?rlgrgggeé? iﬁg ?gllg\?v?r%mggeso?;;éss. hock (1 houréa ult clones, and finally we look at pattern formation in the

embryo.
¢i** germline clones . .
y w hsp70-fpFRT42 P[ct] P[ubi-nisGFP]/FRTA42 ci9¥/ci% Induction of engrailed and ptc
. ) Hh induces the expression efigrailed(en at late stages of
ci? ptc' germline clones wing disc development (Blair, 1992; Sanchez-Herrero et al.,

y w hsp70-fpFRT42 P[ct] P[ubi-nlsGFP/FRT42 pteW; ci®¥ci®*  1996; Strigini and Cohen 1997; Alves et al., 1998). This
induction takes place ectopically itc mutant cells located in

94 C i
ci°? hi'° germline clones the anterior compartment (Fig. 2B). By contrast, the induction

y w hsp70-flpFRT 82 P[cf] P[hsp70-GFP] P[ubi-nIsGFP]/FRT82

hHAC: cio4/ciod of enexpression is completely revertedpitt cidouble mutant
' cells (Fig. 2C).
Embryos Another target gene of Hh signalingigitself. In all animal

Adult females were recovered and crossed (0 w; systems examined so fatc expression is highly upregulated
ci®¥Dp(1;4)1021[y] males. Eggs were collected for 3 hour periodsin Hh-transducing cells (Forbes et al., 1993; Goodrich et al.,
before examination under UV light for GFP fluorescence. Embryo4996; Marigo et al., 1996). To monitptc transcription inptc

that lacked GFP fluorescence were selected, aged for 24 hours amditant cells, we used thptc82 allele, which generates a
processed for cuticle preparatiori®¥/ci®* embryos could be signaling-inactive Ptc protein that can be visualized with an
coloration of their denticles. cells strongly upregulate the expression of Ptc (Fig. 3B). This

Zygotic mutant embryos foci%, ci% ptdW, c¢i% hhC and ci% - 54 .
WA were obtained frony w; ci9/Dp(1:4)1021[¢], y w hsp70-flp is in contrast toci”* cells located near the anteroposterior

FRT42 ptéW/CyO[y*]; ci*¥Dp(1:4)1021[y], y w hsp70-fpFRT82 compartment boundary, in which Ptc upregu]anon does not

hPACITM6b[y*]:  ci%¥Dp(1:4)1021[y], and y w hsp70-flp  OCCUr in response to Hh secreted from posterior compartment

wgeYCyO[y*];  ci%4Dp(1;4)1021[y] parents, respectively. Cells (Fig. 3A). Clones doubly mutant forandptc were also

Embryos of the correct genotype could unambiguously be identifietncapable of upregulating Piprotein (Fig. 3C). We conclude

by selecting againstt marked balancer chomosomes. that Ci is absolutely required for the Hh-induced upregulation
of ptc andentranscription in the wing imaginal disc.

RESULTS Regulation of dpp transcription
) The third case of a Hh target gene examindgp, is
Genetic set up complicated by three circumstances. Fidgip expression is

To achieve our goal of activating the Hh pathway proximallyregulated by two different transcriptional activities of Ci
while simultaneously closing it distally, we set out to generate
ptc ci double mutant cells by somatic recombination (Fig. 1)
We introduced a genomia* transgene on the right arm of Lo
chromosome 2. This transgene contains all regulatory ar
coding elements for Ci and fully rescues the it mutation
homozygously present on the fourth chromosome (Méthot ar
Basler, 1999; Slusarski et al., 1995). In trans to tifs
transgene we placed a null alleleptd, ptc'W, which is unable ptc~  sha~
to generate any Ptc protein (Chen and Struhl, 1996). Fly
mediated recombination at cytological position 42 of i .

FLP: somatic

recombination

/ at FRT (») \
i S

Plgfp*] ptct ci* cells
(heterozygous for markers)

Q.
Yy ]

heterozygous animals (Xu and Rubin, 1993) causes tf

Fig. 1. Genetic set-up to test the role of Ci in the

output of the Hh signal. The genotype of a somatic ci— ci—

cell (top) that undergoes Flp-mediated ptc— sha— Plgfp*]
recombination in G2 phase to give rise to two > >

genetically different daughter cells (bottom), one S )

of which is doubly mutant fari andptc, and is ptc™ sha~ Plgfp*]
genetically labeled by th&havenoidshg

mutation or the lack of green fluorescent protein double mutant for ptc and ci wild-type for ptc and ci

(GFP) expression. See text for details. (lacking marker genes) (2 copies of marker genes)
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Fig. 2.Ci is required for the Hh-mediated induction of En
expression. In this and the subsequent two figures, anterior is
leftwards and dorsal is upwards. Clones lackin@\), ptc

(B) andci ptc(C) are marked by the absence of GFP staining
(green). En protein (red) is expressed in all posterior cells an(
a few anterior cells abutting the compartment boundary of lat
3 instar wing imaginal discs (Blair, 1992). (A) En is not
expressed in anterior cells lacking Ci. The anterior origin of
this ci% clone is determined by the anterior location of the
twin spot (bright green). Posterioi®4 clones do not have
altered En expression. (B)c'W clones ectopically express

En. Note the round, smooth border of these clone (arrow). E
expression in posterior clones is unaffected. (C) Anterior cells
lacking simultaneouslptc andci do not express En. Note the
‘wiggly’ shape of the clone (arrowhead).

(Méthot and Basler, 1999; Muller and Basler, 2000).
repressor form of Ci prevents basal levels dup
expression in anterior cells that do not receive th
signal. ci null mutant cells express low levels dpp,
irrespective of their position within the ante
compartment. In Hh-transducing cells, the generatir
Ci[rep] is prevented and Ci[act] is formed instead, w
upregulates the basal transcriptional activity dpfp.
Hence Hh-receiving and non-Hh-receiving anterior
react differently to the loss af activity by reduction ¢
gain of dpp transcription, respectively. The sect
complication is thatlpp is negatively regulated by |
(Sanicola et al., 1995; Méthot et al., 1999). As described aboven citriple mutant clones, the levels @jppexpression reverted
ptc mutant cells express En during late wing disc developmentp those found irci en double mutant orci single mutant
which results in the downregulation dpp expression. To anterior clones (Fig. 4C). We noted one difference between
circumvent this problem we generated clones of cells tha&n andci ptc enclones. Non-autonomoudpp expression is
lackedentogether withptc or ci. Finally, ci mutant cells cause detected only in a few wild-type cells surroundangnclones.
dpp expression also in neighboring wild-type cells, becausé contrast, widespread non-autonomaipp transcription is
anteriorci~ cells secrete low levels of Hh (Dominguez et al.,often associated witti ptc, or ci ptc enclones (Fig. 4 and data
1996; Méthot and Basler, 1999). Moreover, the eytent

of this non-autonomouslpp induction appears -
depend on the levels of Ptc present in Hh-rece
cells (see below).

Anterior clones doubly mutant foci®4 and erF
behave in all respects likei®4 single mutant clone
(Méthot and Basler, 1999) and express low leve
dpp (Fig. 4A). Clones lackingtd™ and erF exhibit
very high levels ofipp expression, regardless of th

position within the wing imaginal disc (Fig. 4B). ptc anti-Pte

Fig. 3.Ci is required for the Hh-induced upregulation of Ptc
expression. High levels of Ptc protein (red) are found in a
stripe of three to five anterior cells abutting the compartment
boundary, in response to Hh signaling. Elsewhere in the A
compartment, Ptc is expressed at low levels that do not
depend on the Hh signal. (A) Cells lacking Ci do not
upregulate Ptc protein levels when located within the
endogenous Ptc stripe. No ectopic Ptc upregulation is seen §
ci~ clones and the low, Hh-independett transcription is
unaffected. (B) Cells that lack functional Ptc protein (in
ptcS2clones) ectopically express Ptc to levels similar to
those found in the endogenous Ptc stripe. Note the round,
smooth borders of these clones (arrows). (C) Simultaneous
removal of Ptc and Ci function does not cause the induction
of ectopic Pt€2protein. Ptc also fails to be upregulated in
cells located near the compartment boundary. Note the
‘wiggly’ shape of the clones (arrowheads).
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Fig. 4.Ci is absolutely required for the proper expressiotppf A
dppexpressiondpp-lacZin red) is controled by at least three

transcriptional regulators. En represgppexpression in posterior
cells (Méthot and Basler, 1999; Sanicola et al., 1995). Ci[rep]
preventdppexpression in far anterior cells, and Ci[act] stimulate
the basatipptranscription in cells receiving the Hh signal (Métho
and Basler, 1999). The combined action of these regulators res
in adppexpression stripe of seven to ten anterior cells abutting {
compartment boundary (Méthot and Basler, 1999). (A) Absenc
of ci andenleads to weak ectopappexpression in far anterior
(asterisk) and posterior (arrowhead) cells, and a reductidyppof
expression in anterior cells exposed to Hh (arrow). (B) Removal
ptcandenresults in strong ectop@ppexpression, irrespective of
the clone position. (C) Simultaneous removabtaf enandci
recapitulates the effects of removing oafyandci. In this case
however, non-autonomodppexpression is enhanced (see text).
Expression levels in A cannot be compared with those in B and
because different PMT settings were used to record the image s 1
these two experiments.

not shown). This difference is due to the redupéct
dosage as these clones were generatedptohV/+
heterozygous animals. A twofold difference in levels
cause a discernible effect on the ability of Ptc to seqt
Hh or inhibit the signaling activity of Smo (Chen et

1996; data not shown). No differences, however, KIS

observed withirptc en civersusen cimutant clones. Fro

this we conclude that maximal activation of the Hh pathwayet been identified iDrosophilg a situation that challenges our

by removal ofptc has no effect owlpp transcription if Ci is intention to assess the existence of a Ci-independent branch in

lacking. the Hh pathway. A close approximation to examine all Hh target
. genes, however, is to examine the complex phenotypes of adult
Cell-adhesion states differentiated clones. If the Hh pathway accommodates one or

An important function of Hh signaling durinBrosophila  several Ci-independent branches, and if these can have an effect
development is the establishment of different cell adhesioan the morphology or behavior of adult cells, they should be
states. Hh-transducing cells sort out from cells that do natvealed imptc cidouble mutant clones.

transduce the Hh signal, a phenomenon underlying the Several characteristic defects are associated avithutant
formation and maintenance of the anteroposteriowing clones (summarized in Table 1). These include
compartment boundaries (Blair and Ralston, 1997; Rodrigugzerturbations of veins L2, L3 and L4, as well as wing
and Basler, 1997; Lawrence et al., 1999; Dahmann and Basléyplications (Fig. 5A,B). Vein L4, which is located in the
2000). This behavior is faithfully reproducedpitg mutant cell  posterior compartment, is affected onlydiynutant clones of
clones. Anterioptc cells minimize contact with neighboring anterior origin that migrate posteriorly, owing to a change in
ptct cells, causing mutant clones to be round with smootltheir cell sorting behavior (N. M. and K. B., unpublished
borders (arrows in Figs 2, 3). The target genes for this behaviobservations; Dahmann and Basler, 2000). Vein L4, disrupted
are unknown. However, we find thatt cidouble mutant cells by the presence of ai clone, will often bear an ectopic
mix well with surrounding cells, causing mutant clones tocampaniform sensilla (Fig. 5D), a neuronal organ that is
exhibit ‘wiggly’ boundaries (arrowheads in Figs 2, 3), in-normally found in association with vein L3 (Cole and Palka,
distinguishable from those of wild-type control clones (notl1982).ci mutant tissue that comprises wing margin territory in
shown). Hence the Hh-induced establishment of different cethe region of disrupted vein L4 can form socketed bristles (Fig.

adhesion states can not bypass Ci. 5C). These structures are normally only found in the anterior
) compartment, and their formation is repressed by the action of
Adult morphogenesis anterioren activity (Hidalgo, 1994). This activity depends on

For all Hh targets examined so far, Ci was absolutely require@i (see Fig. 2A) and is therefore not presermi mutant clones
for their Ptc-mediated regulation. We are aware that we canntitat then form ectopic socketed bristles.
score all Hh target genes individually. Many Hh targets have not Clones mutant foptc, on the other hand, behave differently.

Table 1. ptd'W ¢i% clones have properties similar tai® clones in adult wings

Structure affected (number of clones)

Clone type examined Survival in region 1 Vein 2 bifurcation Vein 3 duplication Vein 4 defects Number of wings
ci% 19 10 15 16 36
ptc!W 1 1 18 0 44

ci% ptdW 12 8 17 19 67
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Fig. 5.ptc cidouble mutant clones
affect wing morphogenesis in the same
manner asi single mutant clones. Vein
identities are indicated in A. Clones
were identified via thehaphenotype.
(A-D) Features of wings bearirgj
clones. Lack of Ci results in forking of
L3 (A,B, asterisks), defects in L4 (A,B,
arrows) and the formation of ectopic
wing tissue (B). (C) High magnification
of the tip of L4 in A, showing a
socketed bristle. (D) High magnification
of L4 in A reveals the presence of a
campaniform sensilla. (Btc'V clones

in adult wings often lead to the
duplication of L3. (F,Gptd!W ci%

double mutant clones in adult wings
behave likeci® clones. Wing

duplication (F, asterisk), L4 disruption
with campaniform sensilla (F,G,
arrowhead), socketed bristles at tip of
L4 (G, arrow), and L3 forking (not 94 nw
shown) ci**ptc""sha

Very few clones survive in the region between L1 and Ldtself is a Hh target gene, and is expressed in one row of cells
(‘region 1'), as opposed toi clones (Table 1; Phillips et al., anterior to theen and hh-expressing cells (Baker, 1988;
1990). Duplications of L3 are often observed (Fig. 5E), buDiNardo et al., 1988; Hidalgo and Ingham, 1990; Ingham,
never disruption of L4 (Table 1). Clones doubly mutanptor  1993; Ingham et al., 1988). Lack of Hh results in absence of
and ci exhibit the same features assingle mutant clones. Wg, and hence absence of naked ventral cuticle (Hidalgo and
They survive in region 1, give rise to wing duplications, L3Ingham, 1990; Ingham et al., 1991; Bejsovec and Wieschaus,
duplication and forking, and cause L4 disruptions with1993; Fig. 6A,B). Ectopitih signaling results in an expansion
campaniform sensillae and socketed bristles (Fig. 5F,G; Table#f the wg expression domain and thus an expansion of naked
1). Among the numerous clones analyzed, we failed to detectiticle (Ingham, 1993; Tabata and Kornberg, 1994).
a property ofptc ci double mutant clones that could not be If the Hh pathway obligatorily acts through Ci, as concluded
observed witlti single mutant clones. above, it is puzzling thai mutant embryos differ so obviously
Taken together, the molecular and morphological dat&rom hhmutant embryos. While cuticles bh mutant embryos
presented here indicate that Ci is absolutely necessary for alle short and show a severe ‘lawn of denticle’-phenotype
aspects of Hh signaling during wing development. We coul@Niisslein-Volhard et al., 1984; Fig. 6R)?4 mutant embryos
not uncover evidence for any output of Hh signaling thatre almost of wild-type size and exhibit a considerable amount
bypasses Ci. If parallel pathways exist downstream of Ptc, theyf naked cuticle between denticle belts (Slusarski et al., 1995;

must converge on Ci. Fig. 6C). There are at least four possible explanations for the
] o ] mild segmentation phenotype of mutant embryos. (1) The
Embryonic segmentation in the absence of Ci ci%allele could not be null in the embryo. (2) Some of the Hh

Much of what is known about the Hh signaling pathway derivesignal may be transduced by maternally providedroduct.

from studies of th®drosophilaembryo where Hh plays a key (3) Ci[rep] may repress some Hh target gendshibut notci®4

role in the establishment of the segmented body pattemmutant animals. (4) Embryonic cells may be able to transduce
(Nusslein-Volhard and Wieschaus, 1980). In particular, Hlsome of the Hh signal by an alternative pathway which
signaling is critically involved in the subdivision of the ventral bypasses Ci. Below, we address these points individually.
larval cuticle into alternating bands of naked and denticle- We have carefully characterized ttié* allele (Slusarski et
covered cuticle (Bejsovec and Wieschaus, 1993; Forbes et al,, 1995) and found it to contain a 5 kb deletion withindhe
1993). Naked cuticle is specified Wy activity in three to four locus. This deletion removes the promoter and the first exon of
cell rows anterior to the Wg source, and in one cell rowci including the sites for transcriptional and translational
posteriorly (Bejsovec and Martinez Arias, 1991; Bejsovec anditiation (Méthot and Basler, 1999). No Ci protein derived
Wieschaus, 1993; Gritzan et al., 1999; Sanson et al., 18§9). from this allele can be detected immunologically (Méthot and
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Fig. 6. Hh-mediated patterning of the embryonic epidermis is absolutely dependent on Ci activity. In all panels anterior is upwéypesGe
are indicated at the bottom of each panel. Embryos derived from mutant germ line clones are labeled with ‘glc’ (1,J). gAt&hdtien of
naked and denticle-covered cuticle observed in wild-type embryos (A) is severely disrugtecuitant animals (B), which are short and
exhibit a ‘lawn-of denticle’ phenotype, but it is only mildly affectediimutant embryos (C). ()h cidouble mutant embryos look
indistinguishable fronai, rather tharh single mutant embryos. (E) Cuticles fraif®! homozygous animals resemble those flinembryos.
(H,I) No maternal contribution of Ci is required for epidermal patterning. However, in the abseigesome maternal Ci product can
transduce the abnormally early activation of the Hh pathway. (H, K) This causes the phenotype of zypfotatiytant embryos (K) to be
different from that oti single mutants (H). In contrast, embryos derived fptoci mutant germ line clones (J) look likemutants. The main
difference betweeni mutant anchh mutant phenotypes must stem from a derepressiag ekpression in thei versus thénh mutant
backgroundci wg double mutants (G) are short and exhibit a ‘lawn-of-denticle phenotype’, similar to titatoftants. Finally, the absence
of a functionahh gene does not aggravate tite mutant phenotype (F,L).

Basler, 1999; Slusarski et al, 1995). We also investigated thremoval ofci. Such double mutant embryos resemble those that

possibility that maternally contributel product weakens the lack onlyci (Fig. 6C,D). This argument can be turned around

zygotic null phenotype by generating mutant germline to deduce that if an embryo lacks it makes no difference

clones. The location of tha& locus on the fourth chromosome whether it expressds or not. This result is a strong indication

precluded the use of classical mitotic recombination tdhat there is no Hh output bypassing Ci.

generate germline clones. To circumvent this problem, we As a further confirmation thdth— embryos have a stronger

made use of a genetic constellation similar to that depicted phenotype thanci- embryos because they continuously

Fig. 1, except that we used as a marker a transgene giving rgenerate Ci[rep] we analyzed the cuticles aifell/ciCel

to maternally contributed GFP (R{i-nIsGFR; Luschnig et embryos.ciCe!l is an allele that can give rise only to the

al., 2000).ci~~ embryos derived fronti® mutant germline repressor form of Ci due to an 8 bp deletion that results in a

clones (Fig. 6l) are indistinguishable froni’~ embryos truncation of the Ci protein at amino acid 975 (Méthot and

derived from heterozygous mothers (Fig. 6H). Thus, the HBasler, 1999)ciCe! embryos indeed show a segment polarity

signal is not transduced by maternally providedroduct. phenotype that is stronger than that @ embryos and
We next addressed the possibility that, as in the wing, theresembles more closely thatdi mutant embryos (Fig. 6E).

are Hh target genes that are repressed as well as activated by ) )

Ci. In support of this view, we find that tHeh mutant Wg as atarget of Ci[rep] in hh mutant embryos

phenotype becomes considerably weaker by the additionBfom the above experiments we conclude thlatmutant
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embryos are more severely affected tt@nnull mutants, alleles, forci (ci®¥), hh (hhA%) and ptc (ptd!W). A critical
because some Hh target genes may — in the absence of &fsumption that has been validated by the recent completion of
signaling — also be a target of Ci[rep]. Iciaull background the genome sequence (Adams et al., 2000; Rubin et al, 2000)
no Ci[rep] is made, a situation that may lead to a de-repressiathe existence of a single Gli germd) @nd a singlénh gene

of such genes. As Wg specifies naked cuticle fegés a prime  in Drosophila a condition that is not met by any other
candidate target gene of Ci[rep] ltn mutant embryos. Late genetically amenable model organism. Finally, our analysis is
embryonic expression ofg may be repressed by Ci[rep] in a based on the assumption that the sole effect of the Hh signal
hh mutant background, but de-repressed ici aull context. is the inhibition of Ptc activity. This assumption is legitimated
To test this hypothesis, we sought to prevent a potential déy the observation that the phenotypgmfmutant animals is
repression ofvg expression in thei null mutant background. not affected by the status of theh gene, i.e.ptc mutant

The most effective way to achieve this by genetic means, is #mbryos die with identical patterning defectpptshhdouble
generatei wg double mutant embryos. Indeed, whilesingle  mutants (Fig. 6F,L; Ramirez-Weber et al., 2000). Hence
mutant anati hhdouble mutant embryos are close to wild-typemaximal activation of the pathway can be achieved by
size and show considerable naked cuticle ventrailywg  genetically removing Ptc.

double mutants are small and exhibit a ‘lawn-of-denticle’ ) ) ) )

phenotype (Fig. 6G). From this we conclude that the delNo Ci protein, no Hh signaling

repression of Ci target genesdnnull animals must occur at The key result of our study is the observation that maximal
the level ofwg transcription and not further downstream in theactivation of the Hh pathway (i.e. complete loss of Ptc) has no

specification of naked cuticle. discernible effect in the absence of Ci. In our opinion, this can

) o be taken as evidence against a distal branching in the Hh signal
ptc ci double mutant versus  c¢i single mutant transduction pathway. Our results do not exclude the existence
embryos of alternative pathways between Smo and Ci (Thérond et al.,

If indeed no aspect of the Hh signal is able to bypass Ci, tHE999; Méthot and Basler, 2000), yet all these putative branches
prediction can be made thatc cidouble mutant andi single  must converge at Ci.
mutant embryos exhibit identical phenotypes, a condition that We note that the indispensability of Ci for Hh signaling also
we have shown to be met by wing cells. Surprisingly howeveexplains how developmental compartments are formed and
ptc ciembryos show a higher degree of naked cuticle comparedaintained. The essential difference between cells on opposite
with ci mutants (Fig. 6K). The double mutant phenotypesides of the anteroposterior compartment boundary is the
clearly differs from that optc single mutants that retain only responsiveness to Hh. Posterior compartment cells do not
two isolated denticle rows per segment (Fig. 6F). Theseespond to the Hh signal, even though they are amply exposed
observations suggest that some Hh-transducing activity is stib Hh and appear to possess all but one of the components to
present inptc ci mutant embryos and could be taken astransduce Smo activity. The lack of Ci, however, precludes any
evidence of a Ci-independent output of the Hh signatesponse to Hh and is thus sufficient to create a population of
transduction pathway. Alternatively, a small amount ofcells that behaves opposite to that of the anterior, Ci-expressing
maternally provided Ci protein might account for the residuatompartment.
Hh-transducing activity irptc ci mutant animals. As shown _ )
above, this maternal Ci protein is apparently inconsequentidine default function of Ci
when Hh is secreted normally lenexpressing cells, but it Although we conclude here that Hh signaling has no effect in
may be relevant when the pathway is prematurely activated the absence of Ci, we also conclude that the converse is not the
ptc mutant animals. To test this possibility, we generatedase: Cidoeshave a function in the absence of Hh signaling.
embryos that lack materneilin addition to zygotici andptc.  This can be illustrated most effectively by comparinghaci
Such embryos have indeed a phenotype indistinguishable frodouble mutant embryo withhdh single mutant one (Fig. 6B,D).
that of embryos lacking onlgi (Fig. 6H-J). Hence, in the Although both animals completely lack the Hh signal, the
complete absence of Ci, the losspt€ activity has no effect presence of a functionai gene considerably increases the
on embryonic segmentation. This result strengthens owsegment polarity phenotype bl mutants. This effect of Ci is
conclusion that the regulation of Ci is the sole output of the Hbrought about by the default state of Ci, which is the repressor
signal. function Ci possesses in the absence of Hh input. We have
shown previously that this function is critical for limb
development but not essential for embryogenesis (Méthot and
DISCUSSION Basler, 1999). This is because an uncleavable form of &j, Ci
can substitute for embryonic Ci in spite of the fact that it cannot
Complex branching schemes with multiple end points havéorm detectable amounts of Ci[rep]. The severe phenotype of
been suggested to account for the multitude of cellulahh mutant embryos indicates that — although not essential in a
responses elicited by individual signal transduction pathwaysvild-type background — Ci[rep] activity can be detrimental in
We have analyzed whether the pathway transducing the Hiircumstances where Hh signaling is abolished. This situation
signal has more than a single end point and come to thg reminiscent of the Wg signal transduction pathway, where
unambiguous conclusion that this is not the case. The mote nuclear mediator, dTCF/Pangolin, represses Wg target
stringent tool with which questions of pathway linearity can begenes in the absence of Wg input (Cavallo et al., 1998; Waltzer
addressed is genetics. Yet, the precision of any genetand Bienz, 1998). These target genes are partially de-repressed
approach depends greatly on the quality of alleles used. Ourrthe absence of dTCF/Pangolin, resulting in a milder segment
current analysis is solidly based on well characterized nupolarity phenotype compared with that wfj null mutants
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(Cavallo et al., 1998). An analogous case was recentlgiversity is the developmental state of the cell transducing Hh.
described for the Notch pathway, where the DNA-bindingThis ‘developmental state’ depends on the history of the cell
factor Suppressor of Hairless (Su(H)) has a repressive effect and can be viewed as the repertoire of transcriptional regulators
single-minded(sim) transcription in the absence of Notch that affect the interaction of Ci with target genes.

activity, yet mediatessim activation upon Notch signaling

(Morel and Schweisguth, 2000). It may be a general principle We thank I. Guerrero for anti-Ptc antibody, S. Luschnig and C.
that the transcriptional targets of a signaling pathway arBusslein-Volhard for providing.RT42 ubi-nlsGFPand FRT82 ubi-
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induction, therefore, requires both the abolition of this® wg=X4mutant embryos. We also thank C. Dahmann, R. Mann and
B. Muller for critically reading the manuscript, and A. Bejsovec for

repression and the concomitant activation of transcription. discussions. This work was supported by the Human Frontier Science

. Program, the Swiss National Science Foundation and the Kanton of
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