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Mechanism of hedgehog signaling during Drosophila eye development
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SUMMARY

Although Hedgehog (Hh) signaling is essential for (Ci™P). Furthermore, our results suggest that stabilized,
morphogenesis of theDrosophila eye, its exact link to the  full length Ci (Cia) plays little or no role in Drosophilaeye
network of tissue-specific genes that regulate retinal development. Moreover, while the effects of Hh are
determination has remained elusive. In this report, we primarily concentration dependent in other tissues,hh
demonstrate that the retinal determination geneeyes absent signaling in the eye acts as a binary switch to initiate retinal
(eyg is the crucial link between the Hedgehog signaling morphogenesis by inducing expression of the tissue-specific
pathway and photoreceptor differentiation. Specifically, we factor Eya.

show that the mechanism by which Hh signaling controls

initiation Of phOtoreceptOI’ differentiation iS to a”eViate Key Words:eyes absenhedgehogDrosoph”a Retinal

repression ofeyaand decapentaplegi¢dpp) expression by  determinationcubitus interruptusPhotoreceptor, Morphogenetic
the zinc-finger transcription factor Cubitus interruptus furrow

INTRODUCTION belongs to the transforming growth fact@ (TGH3)
superfamily of secreted signaling molecules and has multiple
Members of the Hedgehog family of secreted signalingrucial roles throughoubDrosophila development (Gelbart,
proteins play crucial roles throughout development (recentl{989; Spencer et al., 1982). We have previously demonstrated
reviewed by Ingham and McMahon, 2001). Much of ourthatdpp functions reiteratively in a network to control retinal
understanding of the Hedgehog signaling pathway comes frooell fate determination (Chen et al., 1999). Specificapp
studies on th®rosophilaorthologhedgehoghh) (Ingham and  signaling appears to synergistically feed into a regulatory
McMahon, 2001).Drosophila hh plays important roles in network that consists of four genes that encode nuclear
patterning the anteroposterior embryonic axis, wing, leg, ey@roteins:eyelesqey), eyes absenteyg), sine oculis(so), and
gut, trachea and gonads, and in the development of the optlachshunddac). Several studies suggest that these four genes
lamina (Ingham and McMahon, 2001). This rather globahct in a network to regulate retinal determination. First, each
requirement fohh signaling leads to obvious questions aboutgene is necessary for eye development and loss-of-function
how specific responses are achieved within the receptive cellsutations in these genes lead to reduced or no eye phenotypes
For example, in addition to pattern generatiomsignaling is  (Bonini et al., 1993; Cheyette et al., 1994; Mardon et al., 1994;
required for cell proliferation (Duman-Scheel et al., 2002; FarQuiring et al., 1994). Second, with the exceptiors@feach
and Khavari, 1999), cell survival (Ahlgren and Bronner-Frasermgene is sufficient to induce ectopic eye development (Bonini
1999; Miao et al., 1997) and cell fate specification (Treieet al., 1997; Halder et al., 1995; Shen and Mardon, 1997).
et al.,, 2001). Despite extensive research, few tissue-specifikinally, the proteins encoded by these genes appear to form
targets of hh signaling have been uncovered to date incomplexes to regulate the expression of each other and
Drosophila Many of the effects dfih signaling, instead, seem potential downstream targets (Chen et al., 1997; Halder et al.,
to be mediated by induction of other, widely expressed]l998; Pignoni et al., 1997a). In this study, we have revisited
secreted signaling molecules, includaecapentaplegi@pp,  the relationship betwedrh, dppand the retinal determination
wingless(wg) and the epidermal growth factor receptor ligandnetwork duringDrosophilaeye development.
vein (vn) (reviewed by Ingham and McMahon, 2001). Dpp The adultDrosophila eye contains between 750 and 800
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ommatidia organized in a precise hexagonal array. Eighhitiation of retinal morphogenesis (Freeman and Gurdon,
photoreceptors and 12 accessory cells, including four cor2002). Instead, we propose that Hh signaling acts as a binary
cells, six pigment cells and one mechanosensory bristlswitch to initiate photoreceptor differentiation during
comprise each ommatidium (Wolff and Ready, 1993). Thd®rosophilaeye development.

adult eye develops from an epithelial monolayer called the eye

imaginal disc, which is derived from a few cells set aside

during late embryogenesis (Garcia-Bellido and MerriamMATERIALS AND METHODS

1969). Photoreceptor differentiation is initiated in early third

instar larvae at the posterior margin of the eye disc anfrosophila genetics

proceeds anteriorly following a synchronous wave of cellulapll Drosophilacrosses were carried out at 25°C on standard media.
changes termed the morphogenetic furrow (MF) (Ready et alThesmd'®mutation is a genetic null and was provided by Gary Struhl
1976). Alterations in cell shape, cell cycle and patterns of ger{€hen and Struhl, 1998). TihéPline is alacZ enhancer trap in the
expression occur within the MF, and these changes ultimatejj locus (Lee et al., 1992). TH#0A-GAL4 UAS-ey UAS-eyaand
generate differentiated photoreceptors that are left in its walkéAS-soflies have been described previously (Brand and Perrimon,
(Wolff and Ready, 1991). Therefore, a crucial event during293: Pignoni et al., 1997aJJAS-eyaand UAS-sostocks were
Drosophilaeye development is the initiation of the MF. rovided by Francesca Pignoni and Larry Zipursy:GAL4flies

M i f evid { thétsi ling i ired were provided by Nancy Bonini. Flies containing tiud-GAL8O
any lines ot evidence sugges ignaling Is require insertion on chromosome 2 were obtained from Liqun Luo (Lee and

for the initiation of the morphogenetic furrow. Firsth is | ;5 1999). All other stocks were obtained from the Bloomington
expressed at the posterior margin of the eye imaginal disc prigfock center. Flies containing multiple transgenes were generated by
to photoreceptor differentiation and in all cells posterior to theneiotic recombination using eye color as an initial selection.
MF during its progression (Borod and Heberlein, 1998)Polymerase chain reaction (PCR) with gene specific primers was used
Second, loss ofih function blocks initiation of the MF and to confirm genotypes. Ectopic expression followed by antibody
impedes its progression (Borod and Heberlein, 1998). Thirdtaining (where possible) was used to confirm expression of individual
posterior margin clones of a null allele sfmoothened 9enes from recombinant chromosomes.

(s_mc), the cell-autonomous receptor bh signaling3 lack  ~ional analysis

differentiated photoreceptors (Curtiss and Mlodzik, 2000;

; To induce large clones afmd'®~ in the eye, we used the FLP-
Greenwood and Struhl, 1999). Fourth, loss-of-function CIOneﬁlediated mitotic recombination system in a Minute background (Xu

of protein kinase Apka), an intracellular negative regulator 5n4 Rubin, 1993). Mutant clones from such discs are marked by the
of hhsignaling, result in ectopic activation of thesignaling  |ack of ap-galactosidase reporter. To reintroduce single gene or multi-
pathway and precocious photoreceptor differentiation (Chanufene combinations intsmd'16-—clones, a variation of the MARCM
and Heberlein, 1995; Dominguez, 1999; Pan and Rubin, 199%&chnique was employed (Lee and Luo, 1999). Geneyaliyhs-FLP;
Strutt et al., 1995). Similarly, several studies indicate that losgné''® FRT40A/CyO; UAS-gene(s)/TM6B, Témales were crossed

of dppsignaling in the eye imaginal disc also blocks initiationto w; M(2)24F arm-lacZ tub-GAL80 FRT40A/Bc Elp; ey-GAhdles.

of photoreceptor differentiation. Firstppis also expressed in Half the nonBc, non-Tb larvae contained negatively marked (lack of
the posterior margin of the eye disc prior to initiation OfB-gaIact05|da§e expression) .clones. Additionally, within these clones,
photoreceptor differentiation (Borod and Heberlein, 1998.GAL4 repression by GALS8O is lost and the transgene(s) of interest is

. . _kbxpressed. A minimum of 10 eye discs containing largeclones
Chanut and Heberlein, 1997b). Second, IOSS'Of'fl“”wt'o(here analyzed for each genotype and yielded consistent results.

posterior margin clones ahothers against decapentaplegic | arvae containing markedi mutant clones were generated as

(mad, a nuclear effector afppsignaling, lack photoreceptor described previously (Methot and Basler, 1999). In order to induce
differentiation (Wiersdorff et al., 1996). Third, the MF fails to large mutant clones, we recombined )53 mutation onto thei

initiate from ventral regions of eye discs from flies that mutangenomic rescue chromosome described previously (Methot and
for a hypomorphic allele ofipp (Chanut and Heberlein, Basler, 1999). Additionally, we recombined arm-lacZ transgene
1997a; Chanut and Heberlein, 1997b; Treisman and Rubifnto the same genomic rescue chromosome to unambiguously mark

1995). Finally, ectopic expression dpp leads to ectopic Mmutant cells in both larval discs and adult sections. The genotype of
induction of the MF from the anterior margin of the eyech‘(az)%rglr/rl‘:""‘?'ﬁ_Ey ‘é‘Q/hSQFLP; FRT42 P{cil} hsp70-GFP arm-lacZ

i i i ; . D ; ; cP4ci®4

imaginal disc (Chanut and Heberlein, 1997b; Pignoni et al., Adult animals containing clones were identified by the yellow

1997_a). These phenotypic similariti(_as, _coupled Wit.h themutant phenotype, the mosaic eye color and the presence of wing
requirement forhh to activate and maintaidpp expression  phenotypes. Adult eyes were fixed, embedded and sectioned as
(Borod and Heberlein, 1998; Burke and Basler, 1996), suggegéscribed previously (Tomlinson and Ready, 1987).

that dpp may be the sole target dfh signaling during
Drosophilaeye development. Immunohistochemistry

Using a combination of loss- and gain-of-function geneticsThe following primary antibodies were used in this study: rat anti-
we demonstrate that the major role of Hh signaling durindFlav (1:600), rabbit anf-galactosidase (1:1000; Cappel), mouse
Drosophilaeye development is to alleviate the repression of\nti-Eya, 10H6 (1:200), guinea pig Anti-Senseless (1:800) (Frankfort
dpp and eyaby Cier. Additionally, loss-of-function analyses €t &l 2001). Conjugated goat anti-mouse, rat, rabbit and guinea pig
suggest that the full length, activated®ilays little or no role fluorescent secondary antibodies were ALEXA 488 (Molecular

in D hil d I t B d th It Probes), Cy3 (Jackson Immunochemicals) or Cy5 (Jackson
In Drosophila eye development. based on hese results, Wﬁnmunochemicals), all at 1:600 dilution. HRP-conjugated goat anti-

conclude thakeyais the critical tissue-specific target of Hh ;s antibodies were used as previously described (Chen et al.,
signaling during the initiation of normal photoreceptor1999). Discs were then processed as described previously (Frankfort
differentiation inDrosophila Furthermore, our results suggest et al., 2001). Fluorescent images were captured with a Zeiss LSM 510
that Hh does not function as a classical morphogen during thenfocal microscope. All other images were captured on a Zeiss
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Axioplan microscope with Nomarski optics. All images were asdpp In the posterior compartment, expressiogi@nddpp
processed with Adobe Photoshop software. are repressed by the homeotic selector protein Engrailed (En)
(Alexandre et al., 1996) and the Hh signal is not transduced.
We hypothesized that the inability oéy and dpp

RESULTS misexpression to activate photoreceptor differentiation in the
o o ) anterior compartment of the wing disc is due to the repression

Synergistic activation of ectopic photoreceptor of Hh target genes by ®©R In the posterior compartment,

differentiation by co-expression of ey and hh however, the absence of "®@iallows ey and dpp-mediated

The GAL4 line30Adrives expression of UAS transgenes in aretinal differentiation. This model predicts that misexpression
ring around the wing pouch, a region that will become the adutif ey andhh together in the80A-GAL4pattern would prevent
wing blade (Brand and Perrimon, 1993). Misexpressioeyof production of CPP and induce photoreceptor differentiation,
in the wing disc using the80A-GAL4 driver can induce but only in the anterior compartment. Indeey, and hh
photoreceptor differentiation only in regions wheremisexpression induces robust Eya expression and
endogenous Hh and Dpp signaling are both active (Chen et ghhotoreceptor differentiation specifically in the anterior
1999). One interpretation of this result is tegtcan activate compartment (Fig. 1B,E). In addition, we find that
photoreceptor differentiation only in regions where Hhmisexpression oy, dpp andhh together with the80A-GAL4
signaling can inducedpp expression, such as the driver leads to Eya activation and photoreceptor differentiation
anteroposterior (A/P) compartment boundary (Basler anth both compartments of the wing disc (Fig. 1C,F). These
Struhl, 1994; Methot and Basler, 1999)djfpis the sole target results demonstrate thadlpp alone cannot bypass the
of Hh signaling duringDrosophila eye development, then requirement for Hh signaling to induce Eya expression during
misexpression oflpp and ey together using th&80A-GAL4 eymediated ectopic photoreceptor differentiation in the
driver should be sufficient to induce photoreceptoranterior compartment of the wing disc. The induction of robust
differentiation in a ring around the wing pouch. Surprisingly,Eya expression in the anterior compartment of the wing disc
misexpression ofyanddpp using theB0A-GAL4line induces  upon co-expression @y andhhled us to hypothesize theya
Eya expression and photoreceptor differentiation only in thés normally repressed by '©1. Furthermore, this hypothesis
posterior compartment of the wing disc (Fig. 1A,D) (Chen epredicts that expression @f;, dpp and eyatogether should
al., 1999). This suggests that some other factor that regulategpass the requirement for Hh signaling and induce
eymediated photoreceptor differentiation must differ in itsphotoreceptors in both compartments of the wing disc.
function in the anterior and posterior compartments. One ]
obvious candidate for this factorli (Chen et al., 1999). eya and dpp can bypass the requirement for Hh

hh is expressed only in the posterior compartment of th&ignaling in the wing disc
wing disc, while targets of Hh are activated only at the ARBOA-GAL4driven expression afpp, eyandeyacan induce Dac
compartment boundary where Hh signaling stabilizes fullexpression and photoreceptor differentiation in both
length Cubitus interruptus (€, the nuclear effector of Hh compartments of the wing disc (Fig. 2A,D). This effect
signaling (reviewed by Vervoort, 2000). In the anteriorbecomes more penetrant whdpp, ey, eya and so are co-
compartment away from the AP boundary, the Hh signal is naxpressed (Fig. 2B,E). However, the effectdp, ey, eyaand
received and target gene expression is repressed by a 75 kfemisexpression are not due to inductiorhbfbecause ah-
proteolytically cleaved form of Ci (GP) (Aza-Blanc et al., lacZ reporter hOhP39 is not activated in the anterior
1997; Methot and Basler, 1999). Misexpression of Hh in theompartment (Fig. 2G-1). Finally, expressioregfhh, eyaand
anterior compartment induces expression of target genes sustican induce Dac expression and photoreceptor differentiation

A UAS-ey,-dpp | [B UAS-ey,-hit |[C UAS-ey,-dpp.-hh Fig. 1.hhfunctions synergistically witleyto induce Eya

b ' expression and photoreceptor differentiation. (A-F) All
panels show wing discs (anterior towards the left and
dorsal upwards) with different combinations of UAS-
transgenes driven by tiB®A-GAL4driver. The expansion
of the wing disc in all panels is a result of overexpression
of eitherdppor hh, and reflects the capacity of these
genes to induce growth and proliferation of imaginal disc
cells. (A,D)eyanddppco-expression in a ring around the
wing pouch induces Eya expression (A) and
photoreceptor differentiation, but only in the posterior
F  UAS-ey,-dpp,-hh compartment. Endogenous Eya expression in the wing
disc appears as vertical stripes of staining in the anterior
and posterior compartment (arrowheads in A).
(B,E) Wheneyandhh are co-expressed, Eya is expressed
(B) and photoreceptors differentiate, but only in the
anterior compartment. (C,F) Overexpressiosywfipp
andhhtogether induces Eya expression (C) and
photoreceptors in both compartments of the disc pouch.
(D-F) Photoreceptor differentiation is visualized by an
antibody to the pan-neuronal protein Elav.

Anti-Eya

D UAS-ey,-dpp

Anti-Elav
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A UAS-ey,-dpp,-eya | |B UAS-ey,-dpp,-eya,-so| |C UAS-ey,-hh,-eya;,-so
i\ e |
]

Anti-Dac

D  UAS-ey,-dpp,-eya | |E UAS-ey,«dpp,-eya,-so||F UAS-ey,-hh,-eya,-so
) 9 Fig. 2.eyaanddppcan bypass the requirement Farto
induce ectopic photoreceptor differentiation in the wing
disc. (A-I) All panels show late third instar wing discs
(anterior towards the left and dorsal upwards) with
different combinations of UAS-transgenes driven by the
30A-GAL4driver. (A,C,D,F) Misexpression &y, dpp
andeya(A,D), but notey, hh, eyaandso(C,F), in the
wing disc induces Dac expression (A,C) and
photoreceptor differentiation in the anterior and posterior
compartments. (B,E) This effect is more penetrant when
ey, dpp eyaandsoare misexpressed.
(G-I) Misexpression oéy, dpp, eyaandsotogether in the
wing disc in the presence ofacZ enhancer trap in the
hhlocus fihP39. The same wing disc stained with anti-
Dac (red, G), ant}-galactosidase (green, H) or a merge
of the two channels (I) are shown. Dac expression is
induced in a ring around the wing pouch (D) biat
expression (H) is restricted to the posterior compartment.
(D-F) Photoreceptor differentiation is visualized by an
antibody to the pan-neuronal protein Elav.

Anti-Elav

|UAS-ey,-dpp,-eya,-sd |

only in the anterior compartment of the wing disc, confirmingsuggesting that the effects of los<oére different in the wing
thatdppis essential in this process (Fig. 2C,F). Treygand and the eye durindrosophila development (Fig. 3D,G).
dpp together are sufficient to bypass the requirement for HiAdditionally, these results further support the model that the
signaling in the wing disc. Moreover, these results suggest thptimary function of Hh signaling during retinal determination
in addition todpp hhis also required foeyaexpression during is to alleviate the repression efaby Ci®P. Consistent with
normal retinal development, most probably by blockingPCi this model, ey-Gal4 driven misexpression of CP in the
Two models are consistent with the ability d@fpp and ey  eye drastically reducegya expression and photoreceptor
to induce photoreceptor differentiation in the posteriordifferentiation (data not shown). Furthermore, this model
compartment of the wing disc where Hh signaling is nopredicts that loss ohh signaling in the eye blocks Eya
normally active. First, co-expression dpp andey may lead expression.

to the misexpression af in the posterior compartment of the In the eye imaginal disc, posterior margin clones of
wing disc, thereby allowing Hh signaling to occur. Thissmd6-- a null allele of the cell autonomous receptor of the
appears unlikely because no Ci induction is detected in théh signal, do not express Eya and lack photoreceptor
posterior compartment in responseetpand dpp expression differentiation (Fig. 4A-G) (Curtiss and Mlodzik, 2000).
(data not shown). We favor an alternate model in whaydmd  Progression of the morphogenetic furrow is delayed w#itio

dpp together may be sufficient to induce Eya expression andones that do not encompass any part of the posterior margin
photoreceptor differentiation in the posterior compartment ofFig. 4D,G) (Greenwood and Struhl, 1999). In all eye discs
the wing disc in the absence of®Cilf true, this model predicts with internal smoclones, photoreceptor differentiation can
that loss ofti function in the eye should have no effect on Eyaspread into mutant tissue, recruiting up to two rows of

expression and photoreceptor differentiation. photoreceptor clusters (arrowhead in Fig. 4D). All discs with

large posterior margin mutant clones have residual Eya
Differential requirements for Hh pathway expression in internal areas that lie close to wild-type tissue
components during  Drosophila eye development (white arrow in Fig. 4D). These results suggest that although

We inducecti mutant clones in the eye ilinutebackground Hh signaling is required for Eya expression at the posterior
(see Materials and Methods). Largenull mutant clones do margin of the eye disc, Eya expression in more anterior areas
not block Eya expression, MF initiation, progression ormay be subject to different regulatory control. Furthermore,

photoreceptor differentiation in the eye disc (Fig. 3A,B).these results confirm previous findings that in the absence of
Furthermore, rhabdomere organization, and spacing appearHih signaling, photoreceptor differentiation can spreadsnto

be normal in adult sections of eyes contairdnguutant clones mutant tissue only if the process of photoreceptor

(Fig. 3C). However, wing discs and adult wings contaiing differentiation has already initiated at the posterior margin

mutant clones develop anterior compartment abnormalitie§Curtiss and Mlodzik, 2000). Finallgpp-mediated induction
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o-f-Gal

o-P-Gal

Fig. 3.ci mutant clones in the eye disc do not
block Eya expression, MF initiation, progression
or photoreceptor differentiation. (A,B) Each set of
four panels in A and B show the same eye disc
containingci mutant clones stained with (A) anti-
B-galactosidase, anti-Ci, anti-Senseless and a
merge of all three channels or (B) afti-
galactosidase, anti-Ci, anti-Eya and a merge. The
yellow arrows in A and B mark clonal areas. No
obvious disruption in Eya or Senseless staining
(A) is observed irti-null mutant clones. (C) Thin
plastic sections of adult eyes containaignutant
tissue. Mutant clones are negatively marked by the
lack of pigment granules. Photoreceptor
differentiation is normal even in very large clones
of ci mutant tissue. (D,F) Animals heterozygous
for ci% or homozygous foci®4, but rescued by one
copy of the P[ci] transgene, have normal Ci
staining in the wings disc (D) and adult wings (F).
(E,G) By contrast, induction of mutant clones in
- the anterior compartment of the wing disc leads to
% 5 loss of Ci in the wing disc (arrow, E) and
m 1X-plci+] disruption of pattern in the anterior adult wing disc
(arrow in G).

of an ectopic MF anterior to the endogenous furrow (Pignorassays for analyzing rescue of photoreceptor differentiation
and Zipursky, 1997b) is lost whemoclones encompass these within  smo mutant clones. First, we assessed which
regions (data not shown; discussed further below). Thisombinations ofdpp eyaandso expression are sufficient to
suggests thatdppinduced ectopic MFs depend on Hh rescue photoreceptor differentiation in posterior masgimo
signaling. The lack of Eya in posterior margimoclones, clones. Second, we examined rescue of delayed furrow
coupled with the observation they, dpp, andeyacan bypass progression within internadmoclones. Finally, we tested if
Hh signaling to induce photoreceptor differentiation in thethese genes could restalpp-mediated induction of ectopic
wing disc, led us to hypothesize theggtamay be the critical MFs within anteriosmomutant clones. All experiments were
target of Hh signaling during normal photoreceptorconducted without the addition efy because Ey expression

differentiation. persists insmoclones posterior to the morphogenetic furrow
(Lee and Treisman, 2001).

eya is the crucial target of  hh signaling during Restoration of eithedppor eyaexpression alone in posterior

Drosophila eye development margin smo clones does not rescue photoreceptor

We used a modified version of the mosaic analysis witldifferentiation within the clone (Fig. 5A,C). Similarly, delayed
repressible cell marker (MARCM) technique (Lee and Luoprogression of the MF in interi@moclones is not rescued by
1999) to induce clones lackirgmoin the eye disc that also the expression alpp or eyaalone (Fig. 5B,D). Furthermore,
express the UAS-transgene(s) of choice drivereyyGAL4  co-expression ofeya and so also does not rescue either
specifically in the mutant tissue (see Materials and Methodshitiation or progression of photoreceptor differentiation within
This method allows us to determine which combination ofmoclones (data not shown). By contrast, expressiodppf
genes is sufficient to restore photoreceptor differentiation in thand eya together restores photoreceptor differentiation in
absence oBmofunction in the eye. We used three distinctposterior margirsmo clones with complete penetrance (Fig.
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Fig. 4. Posterior margismomutant clones block
Eya expression and photoreceptor differentiation.
(A-G) The same eye disc stained with ghti-
z ; =2 galactosidase (red in A,D,E,G), anti-Eya (cyan in
o-B-Gal ¥ B,D), anti-Elav (green in F,G) and anti-Senseless,
' an R8 photoreceptor-specific marker (green in
C,D). The clone boundaries are marked with
broken white lines (A,D,E,G). (C,D,F,Gjno
clones are negatively marked by the absenge of
galactosidase and lack expression Senseless
(C,D) or the pan-neuronal marker Elav (F,G).
(B,D) Loss of Eya expression in posterior margin
clones (B; yellow arrow in D) and a reduction of
Eya expression internally in largenoclones
(white arrow in D). (D,G) Furrow progression is
delayed in internadmoclones, but up to two rows
of photoreceptor clusters differentiate in mutant
tissue (yellow arrowheads in D,G).

5E). Similarly, furrow progression through intersaioclones  that the retinal determination geegais a crucial eye-specific
expressing bothldpp and eya is normal (Fig. 5F). Anterior target of Hh signaling. Furthermore, our results demonstrate
margin smo clones expressing botldpp and eya also that the major role of Hh signaling during the initiation of
differentiate clusters of photoreceptors but with incompletghotoreceptor differentiation is to prevent the production of
penetrance (data not shown). These results demonstrate tizaf#P, which normally repressesyaexpression.
dppis not the sole target of Hh signaling in the eye and that )
eya is the crucial tissue-specific Hh target during retinaley, dop and eya can bypass the requirement for Hh
morphogenesis. Our analysis in the wing disc suggests th&ignaling to initiate ectopic retinal morphogenesis
overexpression of a combinationeyf dpp, eyaandsois most ~ Misexpression ofey in the wing disc causes ectopic
effective in bypassing the requirement for Hh signaling duringphotoreceptor differentiation only in regions where bdyip
ectopic photoreceptor differentiation (Fig. 2C). We testedcandhhsignaling are normally active. The simplest explanation
whether co-expression dpp, eyaandsoin smoclones was for this effect invokes a linear regulatory hierarchy whdre
also more effective in inducing photoreceptor differentiationinducesdpp, which in turn cooperates wietyto initiate retinal
Although posterior margismoclones are rescued with similar morphogenesis. While, misexpressionegfand dpp together
efficiency as the combination dppandeya ectopic anterior does indeed lead to synergistic photoreceptor differentiation,
furrows are induced with high frequency widpp, eyaandso  this occurs only in the posterior compartment of the wing disc.
are expressed irsmo clones (Fig. 5E-H). This result is Notably, Hh signaling is not transduced in the posterior
consistent with the synergistic effects efa and so co-  compartment of the wing disc due to the repressiam o En
expression during ectopic photoreceptor differentiation(Alexandre et al., 1996). Furthermodgp and ey expression
(Pignoni et al., 1997a). Finally, expressiondpip and so in does not induce Ci expression in the posterior compartment of
smo mutant clones does not rescue photoreceptathe wing disc. Thus, we conclude tltggp andey can induce
differentiation, further demonstrating theyais the specific Eya expression and photoreceptor differentiation in the
downstream target of Hh signaling during the initiation of theposterior compartment of the wing disc in the absence of Hh
MF (data not shown). signaling and C#P. Misexpression ofih andeyinduces robust
eyaexpression and photoreceptor differentiation in the wing
disc, but only in the anterior compartment. This result is
DISCUSSION consistent with a model in which Hh signaling normally blocks
the production of C%° and converts it into an activated form,
The morphogenesis of adult structures requires cellulaCiac in the anterior compartment of the wing disc3Gian
integration of signaling inputs from global growth andinducedppexpression in the anterior compartment (Alexandre
patterning factors with developmental cues provided by tissuet al., 1996) andlpp can in turn cooperate witky to induce
specific factors. Signaling by the secreted growth factor Hhobust Eya expression and photoreceptor differentiation.
plays important roles in coordinating the growth and patternin@onsistent with this model, co-expressionhdf dpp and ey
of almost all tissues iDrosophila In theDrosophilaeye, loss leads to Eya expression and photoreceptor differentiation in
of Hh signaling blocks the initiation of photoreceptor both compartments of the wing disc. Taken together, these
morphogenesis. However, the basis for this phenotypicesults suggest that, in the wing disg.anddpp can activate
outcome is poorly understood. In this study, we demonstrateyaexpression only in absence of ®Ci



eyes absent regulation by Hh signaling 3059

| Posterior Margin Clones - Initiation ||  Internal Clones - Progression |

UAS-dpp

UAS-eya

UAS-dpp,-eya,-so| | UAS-dpp,-eya ||

Fig. 5. Co-expression alppandeyarescues photoreceptor differentiation and furrow progressismamutant clones. (A-H) Each set of

three panels in A-H depicts the same disc containing Eamgelones stained for an-galactosidase (red), Anti-Elav (green) or a merge of the
two. Theey-GAL4driver was used to induce transgene expression in all cases. (A-D) Nigipi{éy;C) noreya(B,D) expression alone can
rescue the loss of photoreceptor differentiation in posterior mangaelones (A,C) or the slowing of furrow progression in intesmab

clones (arrows in B,D). (E,F) Posterior marginoclones expressing bottppandeyadifferentiate photoreceptors as visualized by Elav
immunoreactivity (arrow in E). Furrow progression is not delayed in intematlones expressindppandeya(arrow in F). (G,H) Similarly,
co-expression adpp, eyaandsoalso rescues photoreceptor differentiation and furrow progresssmdalones, often inducing ectopic

furrows from anteriosmoclonal areas (arrows in G,H).

Co_expression oﬂpp ey and eya using the 30A-Gal4 The adult Dro_sophila eye develops normally in the
driver induces photoreceptor differentiation in both wingabsence of ci
compartments, albeit with low penetrance. This effecfThe data from our ectopic expression analyses in the wing disc
becomes stronger and more penetrant wtpp ey, eya  suggest that GiP has a major role in blockingyaexpression
and so are misexpressed in a ring around the wing pouchn areas that are not exposed to Hh signaling. Howevét, Ci
These results demonstrate that providayg dpp and eya also plays an important role in patterning the anterior
from an exogenous source is sufficient to bypass theompartment of the wing disc (Methot and Basler, 1999). For
requirement for Hh signaling during initiation of ectopic example, adult wings that contadh mutant clones develop
photoreceptor differentiation. In addition, these resultwith defects in the anterior compartment (Methot and Basler,
implicate eya as a key target for Hh signaling during the 1999) (this paper). In thBrosophilaeye discci is expressed
initiation of normal retinal morphogenesis, most likely byuniformly but Ci protein expression follows a dynamic pattern.
blocking CIeP, It has been proposed that in regions anterior to the furrow Ci
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is subject to PKA-dependent phosphorylation and S§TF
dependent processing into"®i(Ou et al., 2002). Cells in the @
MF, however, receive and transduce the Hh signal and preve
the proteolytic processing of Ci, therefore blocking productior

of Ci'P, Furthermore, it has been proposed that cells that a J_

posterior to the MF do not accumulate™Ciin a PKA- 4—
dependent manner. Instead, these cells sseoaandcullin3- \

dependent proteolytic process leading to the complet

degradation of Ci (Ou et al., 2002). Therefore, the role for C l

in the eye appears to be limited only to cells that are part o
and anterior to, the MF. However, these studies do not establi
separate functional roles foraiand CféPin the developing
eye.

Surprisingly, Eya expression and photoreceptol
differentiation are not perturbed Drosophilaeye discs that
contain largeci-null mutant clones. Similarly, adult eyes
containing largeci mutant clones appear normal both
externally (data not shown) and in internal sections. Thes
results, coupled with our ectopic expression analysis in th
wing disc, suggest that Ti plays little or no role during

normal photoreceptor differentiation. Furthermore, thest
results support a model in which the major role for Hh @
signaling during the initiation of photoreceptor differentiation

is to prevent the production of "€l

Interestingly,ci-null mutant clones that span the furrow do Fig. 6. A model for the genetic network that controls retinal
not hasten furrow progression. Although ectopic activation odeétermination irbrosophila hhis required for botlippandeya
the Hh pathway is sufficient to induce precocious furroweXPression during photoreceptor differentiation (see text for
advancement and photoreceptor differentiation (Heberlein @dditional details).
al., 1993; Pan and Rubin, 1995; Strutt et al., 1995), loss of (
is not. A likely explanation for this apparent contradiction may
be found in the distinction between loss- and gain-of-functiophotoreceptor morphogenesis does not occsimoclones. As
experiments. Specifically, althougha&inormally plays little  ci null mutant clones in the eye develop normally, other Hh-
or no role in eye development, ectopic production GFICi independent mechanisms must also act to control the initiation
is sufficient to induce precocious furrow advancementof retinal morphogenesis iDrosophila
Intriguingly, vertebrate homologs obrosophila ci have Recent studies analyzing the role of the Hh signaling
evolved to carry out either activatoGI{1 and Gli2) or  pathway in organizing dorsoventral pattern in the developing
repressor Gli3 and perhapsGli2) functions independently vertebrate neural tube present a useful comparison with the
(Ingham and McMahon, 2001). Our findings demonstrate thatevelopingDrosophila eye. Specifically, Gli3, a homolog of
in the absence of gene duplication, tissue-specific separation@fosophilaCi, acts as a transcriptional repressor in patterning

these functions has also occurredimsophila the intermediate region of the developing spinal cord (Persson

et al., 2002). Normal patterning of the ventral spinal cord
Threshold effects of Hh signaling during  Drosophila requires the establishment of a gradient of Hh signaling
eye development (strongest ventrally), which acts in part by preventing the

We propose that Hh signaling acts as a binary switch duringepressive activity of Gli3 (Wijgerde et al., 2002). Furthermore,
Drosophilaeye development to control the timing of initiation this gradient specifies multiple, distinct cell fates, depending
of photoreceptor differentiation. Specifically, our data suggesin the distance from the source of Hh (Ingham and McMahon,
that during early larval development'®inormally inhibits  2001). In the absence of Hh signaling, Gli3 repression expands
retinal morphogenesis by blockiegaanddppexpression. Hh  ventrally and inappropriately blocks certain ventral spinal cord
signaling in late second instar larvae blocks production®?,Ci cell fates (Wijgerde et al., 2002). Moreoversimo Gli3double
which in turn allowsdpp and eya expression, MF initiation, mutant mice, these ventral cell fates are restored. These results
progression and photoreceptor differentiation. Rather thasuggest that blocking production of the GIi3 repressor is a key
regulating the differentiation of multiple cell types in astep in spinal cord development and closely parallels work
concentration-dependent manner, our data suggest that khesented in this study. However, in contrast tatesophila
signaling acts as a molecular switch that is sufficient to initiateye (where Hh acts as a binary switch), the actions of Hh
dppandeyaexpression and retinal morphogenesis. This modedignaling during the patterning of the vertebrate spinal cord are
also explains the seemingly contradictory phenotypes of losoncentration dependent.

of smo(blocks MF initiation) and loss dafi (no effect) during .

Drosophilaeye development. Loss of creates a permissive Co-expression of dpp and eya can rescue smo
environment foreya and dpp expression and photoreceptor mutant clones

differentiation, rendering eye development Hh independent. BRosterior margirsmomutant clones lack Eya expression and
contrast, CPFP persists in the absencesrhofunction and thus photoreceptor differentiation (Curtiss and Mlodzik, 2000) (this
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paper). We attribute the lack efaexpression in these cells to Basler, K. and Struhl, G.(1994). Compartment boundaries and the control
their inability to block the production of € Furthermore, of Drosophila limb pattern by hedgehog proteiiature 368 208-214.

our data demonstrates that co-expressionpgfand eyain ~ Bonini. N. M., Bui, Q. T., Gray-Board, G. L. and Warrick, J. M. (1997).
hese posteriorsmo mutant clones rescues photoreceptor The Drosophila eyes e_lbsent gene directs ectopic eye formation in a pathway
t p p p conserved between flies and vertebrabesielopmeni24, 4819-4826.

differentiation. In addition,dpp and eya co-expression iS Bonini, N. M., Leiserson, W. M. and Benzer, S(1993). The eyes absent
sufficient to rescue delayed furrow progression Smo gene: genetic control of cell survival and differentiation in the developing
clones. However, the precise temporal and spatial order gfProsophila eyeCell 72, 379-395.

: : rod, E. R. and Heberlein, U(1998). Mutual regulation of decapentaplegic
photoreceptor recruitment may not be rescued in these Clomj:igé)and hedgehog during the initiation of differentiation in the Drosophila retina.

Thus, the requirement for Hh signaling in the eye can be pey, Biol.197 187-197.

circumvented by the expression of the downstream tadggts Brand, A. H. and Perrimon, N.(1993). Targeted gene expression as a means
andeya These results demonstrate teghis a crucial eye- of altering cell fates and generating dominant phenotypmszlopment 18,
specific target of Hh signaling during the initiation of retinal _ 401-415.

" S o urke, R. and Basler, K. (1996). Hedgehog-dependent patterning in the
differentiation and has led to a new model for the initiation of Drosophila eye can occur in the absence of Dpp signdlieg. Biol. 179,

retinal morphogenesis (Fig. 6). In this model, Hh signaling 360-36s.
blocks the proteolytic degradation of2€iinto CiP, thus  Chanut, F. and Heberlein, U.(1995). Role of the morphogenetic furrow
allowing initiation ofdpp expression. Oncdpp expression is in establishing polarity in the Drosophila ey@evelopmentl21, 4085-

; ; ; 094.
€
established, the absence of*€allows dppto act in parallel Chanut, F. and Heberlein, U.(1997a). Retinal morphogenesis in Drosophila:

with ey to initiate eya expression, which il’! turn leads $o hints from an eye-specific decapentaplegic alB&z. Genet20, 197-207.
expression. Furthermorepp cooperates witleyaandsoto  Chanut, F. and Heberlein, U.(1997b). Role of decapentaplegic in initiation

initiate the expression dfacand extensive feedback regulation and progression of the morphogenetic furrow in the developing Drosophila
among these genes leads to consolidation of retinal cell fateg,€tina-Developmeni24, 559-567.

M t studi d trate that tebrat H hen, R., Amoui, M., Zhang, Z. and Mardon, G.(1997). Dachshund and
any recent studies demonstrate at vertebrate eyes absent proteins form a complex and function synergistically to induce

h0m0|09_5 also play impo_rtqnt roles in promoting patterning, ectopic eye development in Drosophiell 91, 893-903.
proliferation, and differentiation of many cells types within theChen, R., Halder, G., Zhang, Z. and Mardon, G(1999). Signaling by the
developing eye (Ingham and McMahon, 2001). Furthermore, TGF-beta homolog decapentaplegic functions reiteratively within the

: : ; BT : network of genes controlling retinal cell fate determination in Drosophila.
Shh patterns the zebrafish retina in a wave-like fashion Development 26, 935-943,

reminiscent of the MF iDrosophilg suggesting that certain cpen, v. and Struhl, G. (1998). In vivo evidence that Patched and
elements of insect retinal morphogenesis are conserved duringmoothened constitute distinct binding and transducing components of a
vertebrate retinal determination (Neumann and Nuesslein- Hedgehog receptor compleRevelopment 25 4943-4948.

Volhard 2000)_ Vertebrate homologs Qf eya so and dac Cheyette, B. N., Green, P. J., Martin, K., Garren, H., Hartenstein, V. and

h | b identified d f th h b Zipursky, S. L. (1994). The Drosophila sine oculis locus encodes a
ave also been ldentiied and some o ese genes have eern)meodomain—(:ontaining protein required for the development of the entire

implicated in promoting normal vertebrate eye development yisual systemNeuron12, 977-996.
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phylogeny’ integrating patterning Slgnals with tissue SpeCIfITi)ominguez, M. (1999). Dual role for Hedgehog in the regulation of the

factors to bestow unique cell fates. proneural gene atonal during ommatidia developm@atielopmentl.26,
2345-2353.

We thank Liqun Luo, Gary Struhl, Francesca Pignoni, Nancybuman-Scheel, M., Weng, L., Xin, S. and Du, W(2002). Hedgehog
Bonini, Larry Zipursky, Hugo Bellen, the Bloomington stock center, regulates cell growth and proliferation by inducing Cyclin D and Cyclin E.
and the Developmental Studies Hybridoma Bank for providing fly Nature417, 299-304. _ o
stocks and antibodies. We are grateful to Nicholas Baker, who alert&@n '|'| and }tilha?:/alrlhsl':' Iplgg?f)'? 650n|0 hedgehog opposes epithelial cell
us to the possibility that Hh functions in the eye by relieving Ci_ CYCI€ arrestJ. Lell Biol. 147, 71-76.
repression. We thank Rajendra Kumar, Paul Overbeek, George HaIdEankforlt' B. J., Nolo, R., thang, Z'r'] Bellen, H'.ar(‘jd '\f"ardgg G'(ﬁom)'
Benjamin Frankfort, Richard Davis, Edwin Ostrin and Beril Tavsanli criseiess repression of rougn s tequiec for photoreceptor

- . ’ ' . . differentiation in the developing Drosophila ey&euron32, 403-414.
for discussions and comments on the manuscript. Research in thgeman, M. and Gurdon, J. B. (2002). Regulatory principles of

laboratory of G.M. is supported by funds from the National Eye developmental signalingsnnu. Rev. Cell Dev. Biol8, 515-539.
Institute (RO1 EY11232-01), the Retina Research Foundation and @urcia-Bellido, A. and Merriam, J. R. (1969). Cell lineage of the imaginal
Ophthalmology Core Grant from the National Eye Institute discs inDrosophilagynandromorphs). Exp. Zool170 61-75.
(EY02520). Gelbart, W. M. (1989). The decapentaplegic gene: a TGF-beta homologue
controlling pattern formation in DrosophilBevelopmeni07, 65-74.
Greenwood, S. and Struhl, G.(1999). Progression of the morphogenetic
furrow in the Drosophila eye: the roles of Hedgehog, Decapentaplegic and
REFERENCES the Raf pathwayDevelopmeni26 5795-5808.
Halder, G., Callaerts, P., Flister, S., Walldorf, U., Kloter, U. and Gehring,
Ahlgren, S. C. and Bronner-Fraser, M.(1999). Inhibition of sonic hedgehog W. J. (1998). Eyeless initiates the expression of both sine oculis and eyes
signaling in vivo results in craniofacial neural crest cell de@thr. Biol. absent during Drosophila compound eye developnigenelopmentl25
9, 1304-1314. 2181-2191.
Alexandre, C., Jacinto, A. and Ingham, P. W.(1996). Transcriptional Halder, G., Callaerts, P. and Gehring, W. J(1995). Induction of ectopic
activation of hedgehog target genes in Drosophila is mediated directly by eyes by targeted expression of the eyeless gene in Dros&hidace?67,
the cubitus interruptus protein, a member of the GLI family of zinc finger 1788-1792.
DNA-binding proteinsGenes Devi0, 2003-2013. Hanson, I. M. (2001). Mammalian homologues of tHerosophila eye
Aza-Blanc, P., Ramirez-Weber, F. A., Laget, M. P., Schwartz, C. and specification genegemin. Cell Dev. Bioll2, 475-484.
Kornberg, T. B. (1997). Proteolysis that is inhibited by hedgehog targetsHeberlein, U., Wolff, T. and Rubin, G. M. (1993). The TGF beta homolog
Cubitus interruptus protein to the nucleus and converts it to a repi@sHor. dpp and the segment polarity gene hedgehog are required for propagation
89, 1043-1053. of a morphogenetic wave in the Drosophila retidell 75, 913-926.



3062 K. S. Pappu and others

Ingham, P. W. and McMahon, A. P.(2001). Hedgehog signaling in animal Quiring, R., Walldorf, U., Kloter, U. and Gehring, W. J. (1994). Homology
development: paradigms and principl&gnes Devl5, 3059-3087. of the eyeless gene of Drosophila to the Small eye gene in mice and Aniridia

Lee, J. D. and Treisman, J. E(2001). The role of Wingless signaling in in humansScience265, 785-789.
establishing the anteroposterior and dorsoventral axes of the eye difReady, D. F., Hanson, T. E. and Benzer, $1976). Development of the
Developmeni28 1519-1529. Drosophilaretina, a neurocrystalline latticBev. Biol.53, 217-240.

Lee, J. J,, von Kessler, D. P, Parks, S. and Beachy, P.(2992). Secretion = Shen, W. and Mardon, G.(1997). Ectopic eye development in Drosophila
and localized transcription suggest a role in positional signaling for products induced by directed dachshund expressizevelopmeni24, 45-52.

of the segmentation gene hedgeh@gll 71, 33-50. Spencer, F. A., Hoffmann, F. M. and Gelbart, W. M. (1982).

Lee, T. and Luo, L.(1999). Mosaic analysis with a repressible cell marker Decapentaplegic: a gene complex affecting morphogenesis in Drosophila
for studies of gene function in neuronal morphogen&gsiron22, 451- melanogasteCell 28, 451-461.
461. Strutt, D. I., Wiersdorff, V. and Mlodzik, M. (1995). Regulation of furrow

Mardon, G., Solomon, N. M. and Rubin, G. M.(1994). dachshund encodes  progression in the Drosophila eye by cAMP- dependent protein kinase A.
a nuclear protein required for normal eye and leg development in Nature373 705-709.
Drosophila.Developmenii20, 3473-3486. Tomlinson, A. and Ready, D. F.(1987). Cell fate in the Drosophila
Methot, N. and Basler, K.(1999). Hedgehog controls limb development by = ommatidium.Dev. Biol.123 264-275.
regulating the activities of distinct transcriptional activator and repressofreier, M., O’Connell, S., Gleiberman, A., Price, J., Szeto, D. P., Burgess,
forms of Cubitus interruptugell 96, 819-831. R., Chuang, P. T., McMahon, A. P. and Rosenfeld, M. G(2001).
Miao, N., Wang, M., Ott, J. A., D’Alessandro, J. S., Woolf, T. M., Bumcrot, Hedgehog signaling is required for pituitary gland development.
D. A., Mahanthappa, N. K. and Pang, K.(1997). Sonic hedgehog Developmenii28 377-386.
promotes the survival of specific CNS neuron populations and protects theSeeisman, J. E. and Rubin, G. M.(1995). wingless inhibits morphogenetic

cells from toxic insult In vitroJ. Neuroscil7, 5891-5899. furrow movement in the Drosophila eye diBevelopmeni21, 3519-3527.
Neumann, C. J. and Nuesslein-Volhard, C.(2000). Patterning of the Vervoort, M. (2000). hedgehog and wing development in Drosophila: a
zebrafish retina by a wave of sonic hedgehog acti8itience289, 2137- morphogen at workBioessay®2, 460-468.
2139. Wiersdorff, V., Lecuit, T., Cohen, S. M. and Mlodzik, M. (1996). Mad acts
Ou, C. Y., Lin, Y. F, Chen, Y. J. and Chien, C. T(2002). Distinct protein downstream of Dpp receptors, revealing a differential requirement for dpp
degradation mechanisms mediated by Cull and Cul3 controlling Ci stability signaling in initiation and propagation of morphogenesis in the Drosophila
in Drosophila eye developmerenes Devl6, 2403-2414. eye.Developmenil22 2153-2162.

Pan, D. and Rubin, G. M. (1995). cAMP-dependent protein kinase and Wijgerde, M., McMahon, J. A., Rule, M. and McMahon, A. P.(2002). A
hedgehog act antagonistically in regulating decapentaplegic transcription in direct requirement for Hedgehog signaling for normal specification of all
Drosophila imaginal disc£ell 80, 543-552. ventral progenitor domains in the presumptive mammalian spinal cord.

Persson, M., Stamataki, D., te Welscher, P., Andersson, E., Bose, J.,, Genes DeVl6, 2849-2864.

Ruther, U., Ericson, J. and Briscoe, J(2002). Dorsal-ventral patterning Wolff, T. and Ready, D. F.(1991). The beginning of pattern formation in the
of the spinal cord requires Gli3 transcriptional repressor actépes Dev. Drosophila compound eye: the morphogenetic furrow and the second
16, 2865-2878. mitotic wave.Development13 841-850.

Pignoni, F., Hu, B., Zavitz, K. H., Xiao, J., Garrity, P. A. and Zipursky, Wolff, T. and Ready, D. F.(1993). Pattern formation in tfirosophilaretina.

S. L. (1997a). The eye-specification proteins So and Eya form a complex In The Development obrosophila melanogaster (ed. M. Bate and A.
and regulate multiple steps in Drosophila eye developn@zit91, 881- Martinez-Arias), pp. 1277-1325. Cold Spring Harbor, NY: Cold Spring
891. Harbor Laboratory Press.

Pignoni, F. and Zipursky, S. L. (1997b). Induction of Drosophila eye Xu, T. and Rubin, G. M. (1993). Analysis of genetic mosaics in developing

development by decapentapledievelopmenii24, 271-278. and adult Drosophila tissueBevelopmeniil7, 1223-1237.



