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Summary

In Drosophila, a wave of differentiation progresses across signaling together provided normal differentiation. Dpp
the retinal field in response to signals from posterior cells. alone sufficed for some differentiation, but Notch was not
Hedgehog (Hh), Decapentaplegic (Dpp) and Notch (N) sufficient alone and acted only to enhance the effect of Dpp.
signaling all contribute. Clones of cells mutated for Notch acted in part through downregulation of Hairy; Hh
receptors and nuclear effectors of one, two or all three signaling downregulated Hairy independently of Notch.
pathways were studied to define systematically the One feature of this signaling network is to limit Dpp
necessary and sufficient roles of each signal. Hh signaling signaling spatially to a range coincident with Hh.

alone was sulfficient for progressive differentiation, acting

through both the transcriptional activator Cil55 and the Key words:Drosophilaeye, Morphogenetic furrow, Hedgehog,
Ci75 repressor. In the absence of Ci, Dpp and Notch Decapentaplegic, Notch, Delta

Introduction differentiation as effectively as ectopic Hh does (Baonza and

The adult eye oDrosophilais remarkable for a wave of Fréeman, 2001).

differentiation that spreads from posterior to anterior across the N this paper we sought to define the individual roles and
retina field of the eye imaginal disc. Eight hundred ornteractions of each signal through the study of loss-of-function

so ommatidia begin differentiation in about 30 columns/mutations affecting response to Hh, Dpp or N signals, both
Adjacent columns begin differentiation approximately goalone and in combination. We also sought to determine the
minutes apart, so that it takes about two days before the entff@Sis of the redundancy between Hh and Dpp, and how the two
retinal field is differentiating. The advancing anterior boundanypignals replace each other, and we investigated whether there
of the differentiating region is morphologically recognizablelS redundancy between Hh and N, and for what events , if any,
from an indentation known as the morphogenetic furrow, an§ach signal is individually sufficient in the absence of the
is associated with changes in cell cycle, adhesion and geREners. _ _
expression (Wolff and Ready, 1993; Heberlein and Moses, Although redundant functions can be studied through
1995; Lee and Treisman, 2002). A potentially similar wave ofCtopic expression experiments, a loss-of-function approach
differentiation also occurs in zebrafish retina (Neumann anthat removes components from the redundant pathways has the
Nusslein-Volhard, 2000; Stenkamp et al., 2000). advantage of addressing gene function at the normal time and
Progression of the morphogenetic furrow depends primarilplace, and at normal expression levels. As each of Hh, Dpp and
on Hedgehog, which is secreted by differentiating photoreceptdt signals are important many times durifigrosophila
neurons. Hedgehog is necessary for furrow progression (Ma @evelopment from embryogenesis onwards, it was necessary to
al., 1993). Ectopic Hh expression is sufficient to initiate ectopi¢!se€ a conditional genetic approach. We employed mosaic
furrows in the anterior undifferentiated region (Heberlein et al.analysis using the FLP/FRT system to obtain clones of retinal
1995). Despite the primary role of Hh, cells unable to receiveells lacking function of Hh, Dpp and N pathway components.
Hh signals are still able to differentiate because Hh triggers tHeach of these genes also plays roles in the initiation of the
secretion of secondary signals, and cells unable to respond to Hiorphogenetic furrow at the posterior margin of the eye field,
still respond to these other signals (Strutt and Mlodzik, 199750 that furrow initiation fails when eye margin cells are
Dpp is one important secondary signal, and acts redundantfgutated, leaving the region to the anterior undifferentiated
with Hh. Cells must be able to respond to either Hh or Dpp tfLee and Treisman, 2002). The present study is therefore
begin differentiating (Heberlein et al., 1993; Greenwood andestricted to the progressive onset of differentiation by cells
Struhl, 1999; Curtiss and Mlodzik, 2000). It has been proposedithin the retinal field.
that Notch signaling also contributes (Baker and Yu, 1997; Li Initially, we found that removing Smo did not prevent
and Baker, 2001). Ectopic Notch and Dpp together can initiataccumulation of the Ci activator Ci155. However, we found
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that differentiation of Smo-mutant cells depended not on CiSu(H) ci

but on Dpp and N signaling. Perhaps because Dpp and Htones were obtained in:

would otherwise act over different ranges, the pace of furrow y hsF; Su(H7 FRT40 Ww* I(2)35Bd/[ci*] FRT40; ci% larvae.
progression is constrained by inhibitors, such as Hairy, whicBu(HY4" is a 1.9 kb deletion that removes tSei(H) 1(2)35Bg

are themselves regulated by Dpp, Hh and N.

Materials and methods
Mosaic induction

intergenic region, including the transcriptional start site and ATG
codon of both genes, and is a null allele (Morel and Schweisguth,
2000).

Su(H)
Clones were obtained in:

Clones of cells mutant for relevant genes were obtained by FLP- y hsF; Su(HY47” FRT40 W 1(2)35Bg]/[armlacZ FRT40 larvae.
mediated mitotic recombination (Golic, 1991; Xu and Rubin, 1993).

Homozygous mutant cells were identified through lack of Cil55Mad Su(H) ci
antibody staining, or the absence of the transgene-encoded markeiignes were obtained in:

armB-gal or hsGFP (Vincent et al., 1994; Motzny and Holmgren, y hsF; Madl-2 Su(Hf7 FRT40 W* 1(2)35Bd]/[ci*] FRT40; ci%

1995; Methot and Basler, 1999).

smo
Clones were obtained in:

eyF; smé& FRT40/farmlac FRTA40,

hsF;sm@& FRT40/armlac] FRT40,

hsF;smd&16 FRT40/prmlac FRT40, and

y hsF; smd FRT42 en /smé& FRT42 gmd hs:Gfd [ci*]; ci%
/Dp(1;4)y* spalarvae with equivalent resultsmé and smd16 are
both null alleles (Chen and Struhl, 1998).

smo tkv
Clones were obtained in:

hsF; sm& tkve"l FRT40/ M farmlacZ FRT40 larvaetkw! is a
null allele (Greenwood and Struhl, 1999).

tkv

Clones were obtained in:
hsF;tkv212FRT40/ M farmlacZ FRT40 larvae as described (Burke
and Basler, 1996}kv12is a null allele (Penton et al., 1994).

smo Mad

Clones were obtained in:
hsF; smé& Madl2 FRT40/armlac] FRT40 larvae as described
(Curtiss and Mlodzik, 2000Mad-2is an insertion itMad regulatory

larvae.

Ci misexpression

Fng:Gal4 (gift of M. Mlodzik) was used to misexpress ci derivatives
from UAS transgenes. We also used the Gal4 haéryH10 to
misexpress UAS:EF! anterior to the morphogenetic furrow (Ellis et
al., 1994).

Antibody labelling

Eye discs were labelled for Atonal as described (Lee et al., 1996).
Other labelling was performed either in 0.1 M sodium phosphate (pH
7.2), 1% normal goat serum, 0.1% saponin, following a 45 minute
fixation in cold PLP (Tomlinson and Ready, 1987), or in 0.1 M sodium
phosphate (pH 7.2), 0.3% sodium deoxycholate, 0.3% Triton X-100,
after fixation at room temperature in 3.7% formaldehyde, 100 mM
PIPES (pH 6.95), 1 mM EGTA, 2 mM Mg3OPreparations were
examined using BioRad MRC600 and Radiance 2000 confocal
microscopes, and digital images were manipulated using Adobe
PhotoShop 4.0 and NIH Image 1.62 software. Antibodies against
galactosidase were obtained from Cappel and from the Developmental
Studies Hybridoma Bank (mAb40-1), polyclonal rabbit anti-GFP was
obtained from Molecular Probes, and other antibodies were obtained
from their developers: anti-ato (Jarman et al., 1994); anti-Ci155
(mAb2A1) (Motzny and Holmgren, 1995); anti-senseless (Nolo et al.,
2000); and anti-hairy antibodies (Brown et al., 1995). Preparations

sequences that prevents most Dpp signaling with little effect oqere obtained over several years. Consequently, variations in

growth (Wiersdorff et al., 1996).

ci
Clones were obtained in:
y hsF; FRT42 §i*]/FRT42; ci% larvae as described (Methot and

Basler, 1999)ci%is a null allele from which the promoter region and

procedures, antibody batches, and confocal hardware and software
make comparing signal intensity between preparations unreliable,
except where specifically noted in the text.

Results

translation (Slusarski et al., 1995; Methot and Basler, 1999).

smo ci
Clones were obtained in:

y hsF;smd FRT42en/sm@ FRT42 pmd hs:Gfg [ci*]; ci%larvae
as described (Methot and Basler, 1999). Corgrob clones were
obtained in parallel from phenotypicaly larvae:

y hsF; smd FRT42 en /smé FRT42 pmd hs:Gfd [ci*]; ci%
/Dp(1;4)y* spa

Mad ci

Clones were obtained in:
y hsF;Mad'-2 FRT40/[ci*] FRT40;ci% larvae. This ¢i*] transgene
was provided by R. Holmgren.

tkv ci
Clones were obtained in:
y hsF;tkv@12FRT40/[ci*] FRT40;ci%, and
y hsF;tkv@12FRT40/M21 Ei*] FRT40;ci% larvae.

of a founder R8 photoreceptor cell within each ommatidium.
Once specified, R8 cells initiate the recruitment of other retinal
cells in response to the receptor tyrosine kinase Egf receptor
and Sevenless, which are activated by signals emanating from
the R8 cells (Tomlinson and Ready, 1987; Freeman, 1997;
Nagaraj et al., 2002). R8 cells are specified by the proneural
geneatonal (ato) (Jarman et al., 1994). Cell specification after
R8 does not depend directly on Atonal, Hh or Dpp function,
and can occur in cells genetically null fitonal ahead of the
morphogenetic furrow, or in cells unable to respond to Hh and
Dpp, so long as R8 cells are present nearby (Jarman et al.,
1994; Dominguez et al., 1998; Curtiss and Mlodzik, 2000).

R8 specification in the morphogenetic furrow is illustrated
in Fig. 1.senselesand other target genes are expressed in
response to rising Atonal activity (Baker, 2002). Atonal
expression is transient, whereas Senseless is maintained in
differentiating R8 cells throughout the eye disc (Nolo et al.,
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Table 1. Gene expression in mosaic clones of mutant cells

Clone R8 differentiation Hairy downregulation

smo Absent at first Delayed in clone center
Later recovery

tkv smo None Delayed in clone center

smo Mad None Delayed in clone center

tkv Normal Normal

Mad Normal Normal

ci Normal Normal

smo ci Normal Not examined

Mad ci Delayed Delayed in clone center

tkv ci None Delayed in clone center

Mad Su(H) ci None No downregulation

Su(H) ci Delayed (weakly neurogenic) No downregulation

Su(H) Normal or accelerated (strongly  Brief and partial delay

neurogenic)
Mad Su(H) Normal (strongly neurogenic) Delayed

Dpp contributes to differentiation and Cil55
accumulation

Ato expression at first fails in clones mutant for the Hh
transduction protein Smo. Ato is absent cell autonomously,
consistent with Hh being the cell-cell signal that normally
regulates the onset of Ato expression at this time. Several hours
later, smemutant cells differentiate following the appearance
Fig. 1. Progressive eye differentiation. A wild-type eye imaginal ~ of weak, delayed Ato expression (Strutt and Mlodzik, 1997;
disc labeled for gene products that reveal pattern and differentiatioddominguez, 1999) (Fig. 2A).
is shown with anterior to the left. Arrowhead indicates the center of To test whether themomutations completely abolished Hh
the morphogenetic furrow that separates anterior undifferentiated sjgnaling, Ci155 accumulation was examined. As well as
and posterior differentiating portions of the eye disc. Ahead of the stimulating Ci155 transcriptional activator activity, Hh causes
morphogenetic furrow the Hairy protein accumulates in arising  i155 accumulation by preventing S#Pb from processing
gradient (blue). Hairy is downregulated just anterior to the Ci155 to the repressor form Ci75 (Ingham and McMahon,
morphogenetu.:.furrqw, just as levels of (;|155 peak (red). C|1§5  2001). Ci155 i ificallv detected b | | antibod
protein is stabilized in response to Hh signaling. As R8 specificatio )- | IS specitically detected by monocional antibody
occurs within the morphogenetic furrow, Atonal activity is reported 2A1, which does not recognize Ci75 (Motzny and Holmgren,
by expression of the target gesenselesggreen). Sens expression ~ 1995; Aza-Blanc et al., 1997). In tsemnomutant cells, Ci155
is also maintained in the differentiating R8 cells posterior to the  Stabilization was not abolished but only delayed (Dominguez,
furrow. 1999) (Fig. 2B). As themomutations have since been shown
to be null (Chen and Struhl, 1998), a slower-actismoe
independent mechanism of Cil55 stabilization was implied.
2000) (Fig. 1).hairy encodes a negative regulator of Atonal Ci155 was later lost from the most posterior marginsnoé
function, and is expressed ahead of the morphogenetic furrawutant clones (Fig. 2B).
and downregulated as differentiation begins (Fig. 1) (Brown et Since smemutant cells differentiate in response to Dpp
al., 1995). Notch activation downregulates Hairy (Baonza an{lGreenwood and Struhl, 1999; Curtiss and Mlodzik, 2000), we
Freeman, 2001). These events coincide with peak Hh signal tasted whether Cil55 was being stabilized by Dpp signaling.
the anterior of the morphogenetic furrow, as revealed bgZil55 levels were examined in clones of cells mutant for both
accumulation of the Cil55 protein (Motzny and Holmgren,ssmoandtky, or for bothsmoandMad. tkv encodes the Type |
1995; Strutt and Mlodzik, 1996) (Fig. 1). Dpp receptorMad encodes the essential transcription factor
Ectopic expression has identified roles of Dpp and Narget. Ci155 did not accumulate when both Hh and Dpp signal
downstream and parallel to Hh (Pignoni and Zipursky, 1997reception was inactivated, indicating that Dpp signal reception
Baonza and Freeman, 2001). Mutations of Dpp receptors or Was required to accumulate Cil55 proteins in the absence of
pathway genes do not affect the progression of differentiatiolh signal reception (Fig. 2C,D). A modest but reproducible
(Burke and Basler, 1996; Baker and Yu, 1997). To ascertain theduction in Ci155 levels was seen in cells mutantkfoalone,
necessary and sufficient roles of Hh, Dpp and N signals at theindicating that Dpp signaling through Tkv contributes to the
normal time and place of action, and at endogenous expressilavel of Cil55, even in the presence of the Hh pathway (Fig.
levels, we have determined the effects on differentiation o2E).
mutations ofci, Mad and Su(H) the essential transcription
factor targets of Hh, Dpp and N, respectively, in all single-Ci is dispensable
double- and triple-mutant combinations. We also assessed tbpp signaling might promote furrow progression and
affects of some other genotypes. The complete results adéfferentiation by regulating Ci155 processing to Ci75, as Hh
summarized in Table 1. Overlap and redundancy betweegpes. If so,ci-mutant cells should resemble cells that are
signals makes parallel comparison of all these results necessaiyable to respond to either Hh or Dpp, and thus would be
in order to obtain a full picture (Table 1). unable to differentiate. An alternative model was that Dpp




5232 Development 130 (21) Research article

Fig. 2. Genetics of Ci155 accumulation. In A-E, clones of cells of the indicated mutant genotypes are identified by the dasgmcarkér
gene expression (magenta). The green channel shows Atonal protein in panel A and Cil55 for panels B-E. Absolute levelb@flCi&5
be compared between panels, as these preparations were recorded on widely different occasions. (A) Cshsdfzikingurn onatonalat

the normal time anterior to the morphogenetic furrow (green; horizontal arrows). Lower Atonal levels that still sufficgplxifRétion
appear more posteriorly (vertical arrow). (B) Cells lacksngpfail to accumulate Cil55 ahead of the morphogenetic furrow (horizontal
arrows). Ci155 does accumulate more posteriorly irsthemutant cells (vertical arrow), before disappearing as differentiation begins (e.g.
asterix). (C) By contrast, Ci155 does not accumulate in cells mutant fostodndtkv. (D) Ci155 does not accumulate in cells mutant for
bothsmoandMad. (E) There is a subtle but reproducible reduction in Ci155 levels in clones muttky fehich is associated with little or no
change in the pattern or timing of differentiation.

acted independently of its effects on Ci. If siemutant clones If smosignals independently @i in the eyesmo ciclones
should exhibit delayed differentiation as do clones mutant foshould show delayed differentiation likenoclones (e.g. Fig.
sma Cells homozygous for a deletion of thegene were 3D). If smois only essential to eliminate Ci78mo ciclones
examined to distinguish between these two models. should develop normally without any delay, lieclones. Fig.
Unexpectedly, clones ofti-mutant cells differentiated 3E shows thasmo ciclones developed normally lik&, and
normally in all respects (Fig. 3A-C). The temporal and spatialvere not delayed likemoclones of the same size (Fig. 3D).
pattern ofato expression was completely normaldrmutant  Therefore, smo appeared to be essential only to prevent
cells, unlike in cells unable to respond to Hh or in cells unablprocessing of Ci to the Ci75 repressor protein.
to respond to Hh or Dpp (Fig. 3A). Normal neural We targeted ectopic expression of different forms of Ci
differentiation occurred iri-mutant cells without any delay protein to the developing eye. The Gal4 livaéryH10was used
(Fig. 3B and data not shown). Cells lackingg were to target UAS:&®! expression anterior to the morphogenetic
morphologically normal in adults, both externally and onfurrow (Ellis et al., 1994). &'l encodes a Ci protein truncated
sectioning to reveal differentiated cellular morphology (Fig.at amino acid 975 and mimics Ci75 (Methot and Basler, 1999).
3C). There were no defects in ommatidial chirality or planaAtonal expression was reduced, although eye patterning
polarity. The genotype of tle-mutant cells was unequivocally occurred normally (data not shown). Fng:Gal4 (a gift of M.
confirmed using antibodies against Ci to detéechutant cells  Mlodzik) was used to misexpress UAS® ventrally (Fig.
directly (Fig. 3A). While this paper was under review, Papp8F). When expressed under the control of Fng:Gaf®! ci
et al. also reported normal eye development by large clongsevented furrow progression and differentiation in ventral

lackingci (Pappu et al., 2003). cells, but permitted furrow progression across the dorsal region
_ _ of the eye disc (Fig. 3G). Fng:G4 and® were also used to
Ci75 plays an important role drive expression of UAS¥j which encodes a Ci protein with

One possibility suggested by these results is a novel pathway deletion of amino acids 611-760, which is defective in
of Hh signal transduction that is dependensorbut not on  processing to Ci75 and which behaves as a Hh-dependent
ci. A second possibility is that Hh signaling is essential onhactivator protein (Methot and Basler, 1999), and UAS:ZnAD
to prevent formation of the repressor protein Ci75. If Cil5%nd UAS:ZnRD transgenes, in which the DNA binding domain
was unimportant, deletion of the entcegene could mimic of Ci was coupled to transcriptional activator and repressor
Hh signaling, by eliminating Ci75. domains, respectively (Hepker et al., 1997). These were
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Fig. 3.Ci is dispensable for the patterning and progression of eye differentiation. (A) Ci155 in magenta; atonal in greenalmitiation
progression of Atonal expression occurs normally in cells deleted for geme. (B) Clones of cells lacking both eye pigmentation and Ci
function contribute to normal adult eye structures (arrows). (C) Normal ommatidia are seen in sectiongitmdugiutant clones marked by
unpigmented pigment cells. A basal plane of section is shown so that normal R8 differentiation is apparent (arrows). Mhamgduatogh
the ci-mutant region. (D) Morphogenetic furrow progression is retarded thisragimutant cells. The product of the Atonal target gesres
reveals both Atonal activity and subsequent differentiation of R8 cells (green). Cells musanolek the clone marker (magenta) and are
also mutant foengrailed(en), a gene that is not required during eye development (Strutt and Mlodzik, 1996), see panel E. (E) Senseless
expression and progression (green) occur completely normatyiarcimutant cells (also mutant fern). The clone is similar in size to the
smoclone in panel E, induced simultaneously in a sibling larva (see Materials and methods for details). (F) Fng:Gal4 dtacsrep@ter
gene expression in the ventral eye disc anterior to the morphogenetic furrow. Fng:Gal4 also drives expression more w@alsteiioth
dorsal eye disc, away from the equator, expanding to reach the equator and morphogenetic furrow in the late third imstaZ{Gih@298;
Dominguez and de Celis, 1998; Papayannopoulos et al., 1998) (M. Mlodzik, personal communication). (G) Ventral Ci75 egfaedsion r
furrow progression (arrowhead shows position of furrow dorsally, arrow indicates ventral delay).

without detectable effect (data not shown). Taken together, One possibility is that mutation dflad did not completely
these findings suggested that differentiation might depend abolish Dpp signaling. Thilad!2 allele, although similar to

blocking production of Ci75 in response to Hh or Dpp. null alleles oftkvin effects on patterning, permits more normal
. o growth than dotkv-null alleles and so retains a minimal

Ci-independent furrow progression in response to response to Dpp. Perhaps this limited activity becomes

Dpp and N significant in the absence of. Another possibility is that N

There also had to bec&independent signal required to induce signaling might contribute to differentiation Mad ci cells.
differentiation even in the absence of Ci. If differentiationTo distinguish whether N or residual Dpp signaling was
depended entirely on eliminating Ci75, deletion ofcthgene  responsible for the differentiation &ad cimutant cells, we
would remove the barrier to differentiation anywhere in the eyexaminedkv cimutant cells, as well as cells triply mutant for
field, but insteadi-mutant cells initiated differentiation in the Su(H) Mad andci.
same temporal progression as wild-type cells (Fig. &h). Differentiation was not observed kv cimutant clones.
independent differentiation could not depend on Hh, becauselones of cells mutant for botkv andci grew poorly, and only
smo cicells also initiated differentiation with precisely normal small clones were recovered (Fig. 4C,D). Such clones were
timing (Fig. 3E). rarely recovered in the posterior region of the eye disc, where
The second signal might be Dpp, acting independently of Cthey seemed to sort out. Large clonegkef cimutant cells
If this was correct, we would expect thdad ci mutant cells  were obtained using the Minute Technique. These large clones
would fail to differentiateMad cimutant cells were examined always had round shapes, indicating that there was reduced
and were found to differentiate, but such differentiation wasnixing with wild-type cells throughout the eye disc (data not
delayed (Fig. 4A,B). This result confirmed that Dpp signalingshown). No retinal differentiation was detected. These findings
throughMad contributed to differentiation in the absenceiof indicate that some Dpp signaling occurredMad cimutant
but that some signal from posterior cells was still able taells, which contributed to the slow differentiationMéd ci
progress slowly throughWad ci mutant cells. cells. Clones ofMad Su(H) cimutant cells also failed to
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Fig. 4. Genetics of differentiation and
Hairy downregulation. Panels A-H
show Senseless expression (green)
Hairy expression (blue) in various
genotypes. Clones of mutant cells al
revealed by the absence of Ci155 (r¢
panels A-F), or absence of tlaeZ
marker gene (red; panels G,H). In E:
outlines of clone boundaries have be
overlaid on the Hairy channel to helg
assess autonomy. Because of variat
in reagents and procedures over tim
(see Materials and methods), labelin
intensities can only rigorously be
compared between cells of different
genotypes within the same preparati
(A) Differentiation is delayed iMad
ci-mutant cells. (BMad cimutant
cells maintain Hairy expression long
except where they are close to wild-
type cells. If wild-type cells are neart
Hairy expression is lost close to the
normal time (e.g. arrow). (Gkv ck
mutant cells do not differentiate.

(D) tkv ckmutant cells maintain Hairy
expression longer, except where the
are close to wild-type cells. If wild-
type cells are nearby, Hairy is lost cl
to the normal time (e.g. arrow). In
addition, Hairy levels are reproducibl
lower in mutant cells than in wild typ:
(E) Mad Su(H) cimutant cells do not
differentiate. Mutant cells maintain
Hairy expression indefinitely, even
where they are neighboring wild-type
cells. (F) Differentiation oSu(H) ci T
mutant cells is slightly delayed. Ther Mad SU(‘H)‘_—C{
is an excess of Senseless-expressin_
cells, though not so extreme asSn(H}mutant clones (compare with panel G)i(H) cimutant cells maintain Hairy expression indefinitely,
even where they are neighboring wild-type cells. Note the overlap between Senseless-expressing and Hairy-expressiny 3egibpns. (G
mutant cells differentiate at or before the normal time and are strongly neurogenic (Li and Baker, 2001). Weak Hairy éxpnegsiaimed
after the normal time but it is soon lost. There is limited overlap between Senseless-expressing and Hairy-expressiit) idgiti$si(H)
mutant cells differentiate at or before the normal time and are strongly neurogenic. Hairy expression is maintainecdarftet theenbut it is
soon lost. There is limited overlap between Senseless-expressing and Hairy-expressing regions.

differentiate, indicating a role for N signaling in the delayednormal inci-mutant cells but delayed Bu(H) cimutant cells

differentiation ofMad cirmutant cells (Fig. 4E). (differentiation in ci-mutant clones must be due to Dpp
) ) signaling, becaustkv cimutant cells did not differentiate).
N augments Dpp signaling These results indicate that N signaling made Dpp signaling

Two interpretations of the role of N could be considered. Onenore effective, at least in the absence of Ci.
was that N signaling and Dpp signaling were each required for_ ) )
differentiation in the absence of The alternative was that N Ci155 augments Dpp signaling
activity enhanced sensitivity to Dpp so that the limited Dpprhe differentiation oSu(H) cimutant cells differed from that
signaling that occurs iklad-mutant cells became sufficient for of Su(H}mutant cells.Su(H}ymutant cells show a profound
delayed differentiation. neurogenic phenotype in which the majority of mutant cells
If N signaling was required for differentiation in the absencdake an R8 fate (Ligoxygakis et al., 1998) (Fig. 4G).
of ci, we would predict thaBu(H) cimutant cells would be Morphogenetic furrow progression can accelerate so that
unable to differentiate. Howevegu(H) cimutant cells did differentiation begins earlier at the anterior of |agygH)null
initiate differentiation, but such differentiation was delayedclones than it does in nearby wild-type regions (Li and Baker,
(Fig. 4F). Thus N signaling was not absolutely required fo2001) (Fig. 4G). By contrast, differentiation®di(H) cimutant
differentiation. Delayed differentiation in the absenc8wfH) cells was delayed, and R8 differentiation was increased only
and ci must depend on Dpp signaling, as it did not occur irmoderately compared with wild type (Fig. 4F). These data
Mad Su(H) cimutant cells Su(H) mutations must reduce the show that differentiation withouBu(H)was more effective in
effectiveness of Dpp, as the timing of differentiation wasthe presence dfi. This was the first data to indicate a role of
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differentiation of Mad Su(H)
depended on a positive role of Ci
that was not mimicked by deleting
the ci gene to remove Ci75. Thus
Hh, through Cil55, could drive
differentiation in the absence of
Dpp and N signaling.

N and Hh each turn off Hairy

Notch signaling contributes to
differentiation by downregulating
Hairy and Extramacrochaetae
expression at the morphogenetic
furrow (Baonza and Freeman,
2001). Hairy is a transcriptional
repressor protein that antagonizes
Atonal (Ohsako et al.,, 1994;
Brown et al., 1995). We monitored
Hairy expression to evaluate the
contributions of Hh, Dpp and N
signaling to turning off Hairy,
and to correlate this with
differentiation. The results are
summarized in Table 1. Hh, Dpp
and N signals do not appear
essential to turn Hairy on, although
Dpp does contribute because Hairy
levels appear lower in clones
mutant for tkv, Mad and their
combinations with other mutations
) - , . (Greenwood and Struhl, 1999)
i PESaPE e (Fig. 4, and data not shown).

== W i, One, or more, of Dpp, Hh or N
Mad Su(H)-- 3 " signaling is required to turn Hairy
off at the morphogenetic furrow,
because Hairy expression was
Ci155 that could not be replaced by deleting ¢thgene to  maintained cell autonomously Mad Su(H) ciclones (Fig.

eliminate Ci75. More evidence is reported below. 4E). Hairy was turned off iMad ci clones andkv ci clones,
. o . ) although downregulation was delayed in the center of the clone
Hh-dependent differentiation requiring Ci155 (Fig. 4B,D). This implies that N signaling is sufficient to

One model for the importance of Ci75 was that Ci75downregulate Hairy in response to a signal from more posterior
antagonized Dpp and N function. In this view the only normatells outside the clone.

role of Hh would be to help downregulate Ci75 at the furrow N signaling was required, and was sufficient, for Hairy
so that Dpp and N could act more promptly. Delayeddownregulation, because Hairy was not shut ofSu{(H) ci
differentiation insmoclones would be due to ci75 antagonizing clones (Fig. 4F). If N signaling was essential to shut off Hairy
the Dpp/N function that we have found is sufficient for normalunder all circumstances then we would expect Hairy
furrow progression in the absenceocdf This model does not expression to be maintained autonomousiguiH)clones. By
predict delayed differentiation iBu(H) cimutant clones (Fig. contrast, there was only a brief delay to shutting off Hairy in
4F; see above). Su(H)clones (Fig. 4G). Hairy was also shut off\fad Su(H)

To isolate the role of Hh we examined cells mutanMad  clones, although after a delay (Fig. 4H). These results show
andSu(H) If the only role of Hh was to derepress Dpp and Nthat either N or Hh signals from posterior cells is sufficient to
signaling, theiMad Su(H)mutant cells would not differentiate shut off Hairy expression, but that Hairy expression is
because of missing Dpp and N signals. By contkati Su(H)  maintained indefinitely irfMlad Su(H) ciand Su(H) ci cells
cells differentiated at the normal rate (Fig. 4H). A neurogenicinable to respond to either pathway. Downregulation of Hairy
phenotype reflected dependence of lateral inhibitioBw(iH)  in response to Hh as well as N explains why N is not required
(Ligoxygakis et al., 1998). Initiation of Atonal expression hasfor differentiation in response to Hh, even though it is required
also been reported Dl Medeamutant cells, which should for differentiation in response to Dpp.
resembleMad Su(H)cells in lacking N and Dpp signaling
(Baonza and Freeman, 2001). These results show that Dpfgiry retards differentiation
and N were dispensable for differentiation if Hh signalingDownregulating Hairy was neither necessary nor sufficient for
was intact. AsMad Su(H) cicells did not differentiate, differentiation. Whereallad Su(H) cimutant cells both failed
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to differentiate and maintained Hairy expression (Fig. &), Hh

ci cells did not differentiate even though Hairy expression wa

shut off (Fig. 4C,D). By contrast, Hairy expression was _
maintained inSu(H) cimutant clones, even thoug@u(H) ci ST 0”55\

anterior posterior

cells could differentiate. However, Hairy downregulation may
contribute to prompt differentiation because differentiation is 575 4o, Halry <—?
«

delayed inSu(H) cicompared wittci, and is less neurogenic v hedgehog
in Su(H) cithan inSu(H)(Fig. 4F,G). K j T ﬂm /
Tkv N

morphogenetic
Lrrow

As Hairy was shut off by either Hh or N signaling, Hairy

maintenance away from the boundariesviaid ci, tkv ciand T T @m
Mad Su(H)clones shows that these genotypes were defectiy “! ] /
for Hh and DI secretion. Hh is normally secreted byA Dpp Dl B

differentiating photoreceptor cells (Ma et al., 1993). Atonal an ig. 5. Positional signals and regulatory gene expression. (A) Cell
the_n ng Ir_ecezt(];)r ?\ICtIVI;y E[’))rokmote% \e(xprlegsgsgrjr of d DI, thl utonomous responses of Atonal and Hairy expression to Dpp, Hh
activating ligand for Notch (Baker and Yu, ; Tsuda et al.opq N signal reception as inferred from our results, illustrating the
2002). Both Hh and DI expression should be absent or delayggles of Ci155 and Ci75. Positive and negative interactions do not

in Mad ci, tkv ciandMad Su(H)clones. imply that direct molecular interactions between proteins or between
proteins and genes have been demonstrated, only that interactions
; ; occur within the same cell without further intercellular signals. Ci75
Discussion must repress Ato since mutationsofioimposes a delay on
Redundant, overlapping roles of Hh, N and Dpp differentiation that is released by deletirigCi155 must activate Ato

Table 1 summarizes all of our data. Initially our resultsSinceMad SU,(H)CegS d,iffsre”“fge blu" "’}dc,sg(”) C,be”us do not.
, Tkv must activate Ato independently of Ci becagiseells
suggested that Dpp and Hh might be redundant thrOngdn‘ferentiate normally butkv ciandMad cicells do not. Tkv is

common regUIat'O.n of C_ZI. When .C' was found to beshown inhibiting Ci75, because Tkv promotes Cil55 accumulation in
dispensable, the simplest interpretation was that the represdhomutant cells; this Cil55 is presumed to be inactive. Tkv also

Ci75 was more important than Ci155. Others recently arrivegomotes Ci155 accumulation in cells not mutansfan Hairy has

at a similar conclusion (Pappu et al., 2003). However, furth&seen shown previously to repress Ato function (Brown et al., 1995).
work revealed roles for Cil55, and redundancies between HI3j155 must repress Hairy as Hairy is maintained cell autonomously
Dpp and N, as the explanation for normal progression dfy Mad Su(H) cimutant cells but can be downregulatedvisd
differentiation in the absence of any one of the importanBu(H)cells. N must repress Hairy as Hairy is maintained cell
componenti, Mad or Su(H) There might be other signals autonomously bjlad Su(H) cimutant cells but can be

awaiting discovery, as Hh, Dpp and N cannot explain thgown_regulated biad cicells. N may activate Atonal independently
expression ohairy or of genes such asyes absentluring of Hairy as well, because the furrow progresses faster thi®ugH)y

. . . - utant clones where Hairy is still expressed (Li and Baker, 2001).
T\lllréoév pl:?\gLebsliSslﬁgd()C:urtISS and Mlodzik, 2000) (Fig. 4E ancmairy expression must be initiated in part by another signal, although

. . - . Dpp has an input, as revealed by the quantitative reduction of Hairy
The pathways implied by our results shown in Fig. 5. Figjevels in cells mutant fakv (Greenwood and Struhl, 1999) akiéd,
5A shows how Hh, Dpp and N signaling pathways act withirand all their combinations witBu(H)andci. The network accounts
each cell. Fig. 5B illustrates the spatial and temporafor all the mutant phenotypes. In the absence of Ci, normal
relationships of the extracellular signals during morphogenetidifferentiation occurs in response to Dpp and N. In the absence of
furrow progression. smaq differentiation is delayed because activation pathways through
The development dflad Su(H) cimutant cells is a helpful Ci155 are lost but repression by Ci75 retained. In the absence of both
starting point, as they may reflect a ‘ground state’ of ey&PP and N, differentiation occurs in response to Hh. Absence of
development that requires extracellular signals to differentiat@.'thertkvor N alone has little effect, reflecting either the dominant

. . role of Hh, or perhaps that both positive and negative inputs are lost
chZ? isnlijt(i;'t)ecclsgs ;?#;?eﬁgg{%is tggnaéggzggizlﬁj’se?gﬁ tOin each case. (B) Extracellular signaling to Atonal and Hairy. Hh, DI

; . o . and Dpp are shown at the locations of their expression. The signal
support retinal differentiation. This shows that the absence @cting most anteriorly to the morphogenetic furrow is Dpp. Dpp is
Ci75 is not sufficient for differentiation. Dpp alone can induceexpressed at the anterior of the morphogenetic furrow in response to
Ato (e.g. inSu(H) ciclones), but N and Dpp signaling together Hh. Dpp promotes Hairy expression. More posteriorly, Dpp

are required to activate Atonal with normal kinetics, as occursynergizes with the relatively indiffusible DI signal to induce Atonal.
in ci-mutant cells. N signaling alone (itikv ci clones) is Dlis expressed in response to Atonal, and later in response to
insufficient. In the presence of Ci, prompt differentiationactivation of Egfr by ligands produced by Atonal-dependent R8 cells.
required Hh to downregulate Ci75, and differentiation wa h also induces Atonal thrqu_gh the C|155/(;|75 ratio. Hh is secreted
delayed inSmoclones that lacked this input. The normal role?Y Photoreceptor cells specified by Egfr activation by ligands

of Hh is not just to remove Ci75 thus permitting Dpp and N tdoroduced by Atonal-dependent R8 cells. Both N and Hh

. . downregulate Hairy. Despite intrinsically different ranges of Dpp and
work, because Atonal is turned on normallyMad Su(H) h signals, their activation of Ato coincides because Dpp also

clones that do not respond to Dpp or N signals. SucBieyates Hairy, which must be downregulated by Hh or DI.
differentiation depends exclusively on Hh yet progresses

normally, except that a neurogenic phenotype reflects

dependence of lateral inhibition oBu(H) Hh depends inferred from the delayed differentiation ti(H) ciclones in
positively onci to drive differentiation irMad Su(H)cells and, comparison withSu(H)clones.

therefore, requires Cil55. The positive rolecbtan also be We find that Hairy is downregulated redundantly by Hh and
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N signaling. Prolonged Hairy expression is not sufficient tanput throughfusedmakes it unlikely that Ci155 is functional
block differentiation completely but it does antagonize it (e.gin smo clones (Ohlmeyer and Kalderon, 1997; Methot and
in Su(H) ciclones). Downregulation of Hairy in response toBasler, 1999), Cil55 accumulation might be associated with
Hh as well as N explains why bathandSu(H)mutant clones reduced Ci75 levels. Ci75 is shown to repress differentiation
can differentiate promptly, and why N enhances differentiatioin smoclones becausemo ciclones differentiation normally.
in response to Dpp but is not required for differentiation inCil55 stabilization cannot be due to an indirect effect of Dpp

response to Hh. signaling on Hh, Ptc or Smo expression levels because the
) o ) o effect is detected in the absenceswofg and, therefore, reflects
Hh or Dpp is sufficient for differentiation an effect on Hh signal transduction components downstream

Comparison betweerMad Su(H) ci cells that do not of Smo. One idea is that Dpp signaling (or Dpp-induced
differentiate andMad Su(H) cells that do shows that Hh differentiation) may replace SE¥ b processing of Ci (which
signaling is sufficient to initiate eye differentiation. This is cleaves Cil55 to Ci75) with Cullin3-mediated Ci degradation,
consistent with previous studies of ectopic Hh activatiorjust as normally occurs posterior to the morphogenetic furrow
(Heberlein and Moses, 1995; Li et al., 1995; Ma and MosegQu et al., 2002). In amoclone, Cil55 would accumulate
1995; Pan and Rubin, 1995; Strutt et al., 1995). Oubecause Smo is required for Cullin3 to degrade Ci (Ou et al.,
experiments confirm this conclusion at the normal time an@002) (N.E.B., unpublished). However, the SF-to-
place of Hh signaling at the anterior of the morphogeneti€ullin3 switch may not be the only effect of Dpp on
furrow, and confirm directly that Dpp and N signaling are noCi processing, because Tkv slightly enhanced Cil55
necessary for Hh signaling to be sufficient. accumulation even whesmois present (Fig. 2E).

Comparison betweead Su(H) cicells and Su(H) ci Finally, downregulation of Hairy by N requires t8ei(H)
cells shows that Dpp signaling is sufficient to initiate eyegene. N also overcomes baseline repressor activity of Su(H)
differentiation in its normal location in the absence of Hh or Norotein to promote progression of differentiation (Li and Baker,
signals, but such differentiation is delayed. The normal timin@001). This role of N must be independent of Hairy.
of differentiation is restored by combined Dpp and N signals o
(in ci clones). This is the basis for the ectopic differentiationSignal combinations control the rate of
on co-expression of Dpp and DI ahead of the furrow (Baonzéifferentiation
and Freeman, 2001). DI, Hh and Dpp are generally thought to signal over very

Superficially, our results differ from previous ectopic different distances. How can signals of such different range
expression studies that concluded that Dpp signaling alone wasbstitute for one another to permit normal eye development?
not sufficient to induce ectopic differentiation in all locationsFig. 5B shows signal sources and targets in the eye disc. Dpp
(Pignoni and Zipursky, 1997; Greenwood and Struhl, 1999s transcribed in response to Hh signaling and is produced
Baonza and Freeman, 2001). This discrepancy is probablyhere Cil55 levels are highest (Heberlein et al., 1993; Strutt
explained by the baseline repressor activity of Su(H) proteiand Mlodzik, 1996). DI is regulated by Hh indirectly through
(Hsieh and Hayward, 1995; Morel and Schweisguth, 2000Ato and Ato-dependent Egfr activity in differentiating cells
Our previous work shows that without N signaling, represso(Baker and Yu, 1998; Tsuda et al., 2002). Hh is expressed most
activity of Su(H) protein retards differentiation (Li and Baker, posteriorly of the three, in differentiating photoreceptors (Ma
2001). Dpp signaling is sufficient for differentiation in our et al., 1993).
experiments where th8u(H) gene has been deleted. In the Eye differentiation uses Hh to progress through cells unable
presence of th&u(H) gene, Dpp may be most effective atto respond to DpptKv, Mad) or N (Su(H). The range of Hh
locations where there is little Su(H) repressor activity, such adiffusion depends in part on the shape of the morphogenetic
close to the morphogenetic furrow where N signaling is activefurrow cells (Benlali et al., 2000). The Dpp that drives

Comparison betweeiMad Su(H) cicells, which do not differentiation througtti-mutant cells unable to respond to Hh
differentiate, andMad ci or tkv ci cells, which differentiate must diffuse from outside th@ clones because Dpp synthesis
slowly or not at all, shows that Notch signaling alone isis Hh dependent (Heberlein et al., 1993; Methot and Basler,
insufficient for differentiation. Premature differentiation 1999). Largeci clones develop normally so Dpp diffusion
reported when N is activated ectopically ahead of the furrowannot be limiting dpp-mutant clones offer no information
must reflect endogenous Dpp signaling at such locatiorsbout the range of Dpp because they express and differentiate

(Baonza and Freeman, 2001; Li and Baker, 2001). in response to Hh). Instead the rate of progression in response
) to Dpp is controlled by DI. DI signals over, at most, one or two
Mechanisms of redundancy cell diameters at the morphogenetic furrow (Baker and Yu,

Our experiments reveal an outline of the mechanisms of HI1,997).
Dpp and N redundancy (Fig. 5A). First, our results show The previous view of eye patterning was influenced by the
that Mad and Ci independently reinforce differentiation,morphogen function of Hh and Dpp in other discs (Nellen
presumably through the transcription of target genes because al., 1996; Strigini and Cohen, 1997). It was thought that
Mad is sufficient for differentiation in the absence of Ci,domains of Ato and Hairy expression reflected increasing
and vice versa. Our results show unequivocally that theoncentrations of Hh and Dpp (Greenwood and Struhl, 1999;
transcriptional activator Cil55 activates differentiation inLee and Treisman, 2002). Our data shows that, in the eye, the
addition to Ci75 antagonizing differentiation. combination of signals is important. Differentiation is triggered
It was surprising to find that Dpp stabilizes Cil155 in thewhere DI and/or Hh synergize with Dpp, regardless of where
absence of Smo, which suggested Dpp input into Hh signéhe source of Dpp is. The additional requirements limit Dpp to
transduction. Although the requirement femadependent initiating differentiation at the same locations that Hh does.
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