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SUMMARY

EGF receptor signalling plays diverse inductive roles by groups of two or three cells. This mutant phenotype
during development. To achieve this, its activity must be resembles the normal inductive function of Egfr in
carefully regulated in a variety of ways to control the time, other developmental contexts, particularly during atonak
pattern, intensity and duration of signalling. We show that  controlled neural recruitment of chordotonal sense organ
the cell surface protein Echinoid is required to moderate precursors. We suggest thatechinoid acts to prevent a
Egfr signalling during R8 photoreceptor selection by the similar inductive outcome of Egfr signalling during R8
proneural geneatonal during Drosophilaeye development. selection.

In echinoidmutants, Egfr signalling is increased during R8

formation, and this causes isolated R8 cells to be replaced Key words: EGF receptoBrosophila Photoreceptor, R8

INTRODUCTION resolved to a solitary R8 precursor before being completely
downregulated (Dokucu et al., 1996).
The control of widely deployed signalling pathways is a central Complex cellular interactions regulatato during 1G
issue of developmental cell biology. This is true of Epidermapatterning and R8 selection. The regular interruptioratof
Growth Factor Receptor (Egfr) signalling, which plays diverseexpression that gives rise to a nascent row of IGs depends on
roles duringDrosophila melanogasteeye development (e.g. inhibitory signalling from the previous row of spaced IGs.
Freeman, 1996; Dominguez et al., 1998; Chen and ChieMutations in genes involved in this process result in irregular
1999; Baonza et al., 2001). Often these different roles seeamd denser IG spacing, as is seen for the secreted molecule
spatially and temporally to be overlapping, raising questions décabrous (Sca) (Ellis et al., 1994). A number of studies have
how distinct cellular responses are regulated. This repoimplicated Egfr/Raf/Ras signalling in IG spacing, possibly in
concerns the regulation of Egfr signalling during the selectiomooperation with Notch (Dominguez et al., 1998; Spencer et
of R8 photoreceptors. al., 1998; Chen and Chien, 1999; Baonza et al., 2001), although
The patterning of theDrosophila compound eye as a this conclusion is not universally accepted (Kumar et al.,
hexagonal array of ommatidia depends on precise spacing 998).
the ommatidia, which in turn relies on selection and patterning R8 selection within the IGs is a separate event from IG
of founding R8 photoreceptor cells in a regular grid within thepatterning, although the two are often confused because some
undifferentiated retinal ectoderm. This requires complex celjenes are required in both processes, incluNiotighandsca
interactions that are incompletely understood, but involve afBaker et al., 1996). In principle, R8 selection is akin to sense
interplay between cell signalling and the proneural geoeal  organ precursor (SOP) formation (e.g. for sensory bristles) in
(ato). ato encodes a bHLH transcription factor that endowshat it involves Notch-mediated lateral inhibition within groups
cells with R8 competence. R8 patterning is a progressivef competent cells defined kato expression (the IGs being
process and this is reflected in the evolution of the At@quivalent to SOP proneural clusters). Nevertheless, there is
expression pattern. In the eye imaginal disc, Ato is initiallyevidence for at least two discrete steps in the refinement
expressed in a stripe of cells just anterior to the morphogeneticocess that reveals unexpected (and unaccounted for)
furrow as it traverses the unpatterned ectoderm (Jarman et algmplexity. The first step is the refinement of Ato expression
1994). As the wave of expression moves on, the stripe becomasd R8 competence to a group of three cells distinguished
broken into evenly spaced clusters of cells, with Ato expressiainitially by virtue of their raised nuclei (Dokucu et al., 1996)
inhibited between them. Each of these ‘intermediate groupsind then by low level expression of the R8 marker encoded
(IGs) is analogous to the proneural clusters of bristle SORsy senselesgsen$ (Frankfort et al., 2001). Dokucu and
(Jarman et al., 1995). Within each IG, Ato expression is theoolleagues named this the R8 equivalence group (Dokucu et
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al., 1996). The second step is the restriction of R8 fate to orubin, 1991)scaP2 (Mlodzik et al., 1990)spiFC2(Tio et al., 1994).

of these three cells, coinciding with restrictionatd andsens ~ N°5¢1 and Egfrk35 have been described by Lindsley and Zimm
expression. The equivalence group represents a group of celliéhdsley and Zimm, 1992). The R7 enhancer trap was 70-9 (obtained
that are uniquely primed to take on an R8 fate. This is apparefiem M. Mlodzik). The Gal4 and UAS lines used wef9-68-Gal4,

in a number of gene mutations that result in extra R8 cellg~S-ato(White and Jarman, 2000ca-Gald(Baker et al., 1996),

. . MR-Gal4(Freeman, 1996)JAS-sSp{Freeman, 1996)JAS-pntP1
specifically from the equivalence group rather than the IG as laes et al., 1994) anWAS-rafCT (Scholz et al.. 1997). The
whole, as observed isca (Ellis Qt al., 1994) ambth (ro) aberrations used webBd(2L)ed-dp Df(2L)ed1 Dp(2:1)B19(Lindsley
mutants, and also after experimental overexpressioat®f a4 zimm, 1992). Fly stocks were maintained on standard cornmeal-
(Dokucu et al., 1996; White and Jarman, 2000). In thesg@east-agar medium. CrossesUaS-edwere performed at 29°C to
mutations, the normally isolated R8 cells are frequentlyncrease Gal4-activity. All other crosses were performed at 25°C.
replaced by twins and triplets — the so-called ‘R8 twinning’ _
phenotype. Mutagenesis

The role of Egfr signalling in R8 selection has beenTo obtain genetic modifiers @098 maleOrR flies were fed 25
contentious because of contradictory evidence. Most studiéé 30 MM EMS and then mated &t0'%%-%9CyO females. The eyes
have concluded that while Egfr/Raf/Ras signalling may b&' the F1 progeny were examined under a dissecting microscope for
required for correct IG spacing, such signalling is notenhancement or suppression of the rough eye phenotype. Potential

bolutel red f I'o tak RS fate (Domi modifiers were backcrossed @to'%9-6§CyO and the eyes of the F2
absolutely required for a cell 1o fake on an ate (Domingu ogeny rescored. Further crosses were then performed to determine

etal., 1998; Kumar et al., 1998). For example, R8 selection caanetic linkage and establish a balanced stock. Similarly, to obtain
occur within Egfr mutant clones, albeit aberrantly (DomingueZyrther ed alleles, maleOrR flies were fed 25 or 30 mM EMS and

et al., 1998). Nevertheless, Egfr signalling appears to be activigen mated ted*1JCyO females.

during R8 selection (Kumar et al., 1998; Wasserman et al., ) o

2000) and other evidence has been presented that suggéaggeration of mitotic clones

Egfr/Raf/Ras signalling is required for R8 fate (Spencer et alMutant clones were induced using the FLP/FRT method (Xu and
1998). Thus, R8 selection within the equivalence group i§ubin. 1993).ed and spi clones were marked by the absence of
poorly understood. nisGFP 2xnIlsGFP, FRT40Alies obtained from A. Gonzalez-Reyes)

: . and induced byeyelessFLAINewsome et al., 2000). Flies had the
We recently described the effect of overexpresatogn the following genotypesy w eyFLP: el22 FRTA0A/2xnIsGFP FRT40A

developing R8 precursors using an R8 specHai4 driver W eVELP: eftd FRT40A/2xnISGFP FRT40A W evELP: efil
(109-68Gal3 to drive UASato (atot0%69 (White and Jarman, FRTa0a/zxnIsGFP FRTA0A W eyFLP: sp‘icgélRT4OX/2xn,IsGFP
2000). Although such overexpression does not alter therT40Aor y w eyFLP; e#12 spiSC2 FRT40A/ed12 2xnIsGFP
expression pattern adto beyond boosting and extending it FRT40A Egfr clones were induced inMinute background, marked
within R8 cells, atol09-68 exhibited several defects in eye by the absence @tgalactosidase immunoreactivity and created using
development. One of these defects was R8 twinning, indicating heatshock induciblELP (first instar larvae were heat-shocked for
failure of R8 resolution within the equivalence group. This isl hour at 37°C)Egfr clones were induced in flies of the following
unexpected because overexpressitmin R8 should increase 9enotypesty w hsp70-FLP; FRT42D EQ'F'BS/FRT“Z?Z arm-lacz
Notch-mediated lateral inhibition, not reduce it. This non_M(??ESS/(Ddgermguez 2et al, 19:98)" w hzspgo'FLP; eﬁh FROT42D.
autonomous effect therefore suggests that undefined signallir%{ oD E ng3E§I:BP9/FIngn;-zécgrml\{llggg ,322)3’53‘” Sp7O-FLP;
mechanisms that impinge on R8 resolution are being affecte
by ato misexpression. Histology

To investigate the process of R8 selection further, we usestanning electron microscopy (SEM) was performed according to
ato'09-68as the basis of a screen for genetic modifiers to isolat@andard procedures and all scanning electron micrographs were
mutations that affect R8 resolution. We isolated a mutation abken at 158 magnification on a Cambridge Stereoscan 250. For
echinoid(ed), recently described as encoding an L1-like cellimmunohistochemistry staining, eye-antennal imaginal discs were
adhesion molecule (Bai et al., 2001). Tlke mutation dissected from wandering third instar larvae and fixed in 3.7%

contrary to a previous report, also exhibits severe R8 twinningfcondary ~antibodies were performed according to standard
rocedures. Primary antibodies used were affinity purified rabbit anti-

as a homozygote. Unexpeptedly, our Investigation o_f t.h' to (1:2000), mouse anti-Boss (1:200; provided by S. L. Zipursky),
phenotype revealed str.ong |nd|cat|or_1$ th‘f"t the. R.8 tW'nn'nguinea-pig anti-Sens (1:5000; provided by H. Bellen), mouse anti-Sca
results from derepression of Egfr signalling within the R8.500: Developmental Biology Hybridoma Bank (DBHB), lowa,
equivalence group causing inappropriate inductive interactiongsa], mouse anti-Ro (1:200; DBHB), mouse anti E(spl) 323-2-G
between these cells. We suggest #thacts as a novel Egfr (1:2; provided by Sarah Bray), rabbit afitgalactosidase (1:10000;
antagonist in this context to downregulate Egfr signalling, an€appel) and mouse anti-dpErk (1:500; Sigma). Secondary antibodies
thereby modulate the outcome of signalling. (1:1000) were obtained from Jackson Laboratories or Molecular

Probes. Confocal fluorescence images were taken on a Leica TCS SP

microscope.

For mRNA in situ hybridisation eye-antennal imaginal discs were

MATERIALS AND METHODS dissected from wandering third instar larvae, fixed in 3.7%

formaldehyde (1 hour) and then dehydrated in ethanol and stored at
Fly stocks —20°C until use. DIG-labelled mRNA probes were in vitro
ed*12 ed*4anded®! were created by EMS mutagenesis (this work).transcribed using a DIG RNA labelling kit (Roche). The DIG label
The following alleles have been described previouslygos® was detected using a sheep anti-DIG alkaline phosphatase coupled
(Freeman et al., 199230123 (de Belle et al., 1993)(2)k01102(Bai antibody. Light microscope images were taken on an Olympus AX70
et al., 2001);ato? (White and Jarman, 20000p%¢3 (Heberlein and  microscope.



RESULTS

Isolation of a mutation in  echinoid that enhances an
activated ato phenotype

E(ato'09-694,12 was isolated as a second site mutation tha
dominantly enhanceato!99-68when present in one copy (Fig.
1B,C). E(at0'09-694.12 itself was found to be homozygous
viable with a strong rough eye phenotype (Fig. 1D). A letha
allele of ed (edH23) failed to complemeng(atol09-684.12
transheterozygous flies were viable, with rough eyes
suggesting thaE(ato!99-684.12is an allele oked ed encodes
an L1-like cell adhesion molecule with a novel intracellular
domain (Bai et al., 2001). Sequencing th@ gene from
E(ato'l09634,12 homozygotes revealed in the predicted
extracellular domain a single amino acid substitution compare
with the published Ed protein sequence and with that of th
parent line used for the mutagenesis. On the basis of this a
other evidence, we therefore renamed this mutatibi2

R8 photoreceptors are frequently twinned in ~ ed412
Examination oed*19ed*12eye imaginal discs revealed a very
specific defect in the expression pattern of Ato (Fig. 2A-D). Ir
ed*12 homozygotes Ato expression appeared normal in it
initial activation and refinement to IGs, and then RS
equivalence groups. However, there was a severe defect
subsequent refinement of Ato expression within the
equivalence groups to single R8 precursors. In a hig
proportion of equivalence groups, Ato expression remained i
two or three cells. To see whether the extra Ato-expressir
cells go on to become extra R8 cells, we looked at expressit
of R8 markers. Sens is activated in R8 precursors as a targ
of Ato (Frankfort et al., 2001) (Fig. 2A). kdmutants Sens is
activated at a similar time to wild type but then remain

h

I‘
i

Fig. 1.E(atol09-684 12enhances the rough eye phenotype of
atol09-68and also displays a rough eye as a homozygote.

(A-D) Scanning electron microscopy of the adult compound eye.
(A) Wild type. (B) atol09-68 (C) ato!99-69E (atcl09-684.12

(D) E(atcl09-684.12/E (atd09-684.12
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ig. 2.R8 photoreceptors are frequently twinne@démutants.

A-E) Confocal microscopy for immunohistochemical detection of
Ato (green) and Sens (red) (A,C,E), and Ato (green) and Boss (red)
(B,D) in third larval instar eye discs. (A,B) Wild type. (C,D)
ed*1Zed12 (E) edH23/Df(2L)ed-dp A twinned R8 precursor pair is
indicated by the arrow. (F) Expression of an R7 enhancer trap (R70-
9) in aned*12mutant background. Immunohistochemical detection
of Sens (red) anfl-galactosidase (green). The open arrow indicates a
wild-type R8/7 pair. The closed arrow indicates twinned R8s with
associated twinned R7s. The arrowhead indicates a twinned R8 with
a single R7. Anterior is towards the left in all figures.

expressed in the Ato-expressing two or three cell clusters (Fig.
2C). This suggests that all the extra Ato-expressing cells are
responding to this expression and behaving as R8 precursors.
Boss is a specific marker of differentiating R8s (Van Vactor et
al., 1991). Ined*12 Boss expression also reveals twinned R8
cells that are relatively evenly spaced (Fig. 2B,D), indicating
that some or all of the extra Ato-expressing cells undergo R8
differentiation. This is consistent with the phenotype of
multiple R8-like internal photoreceptors seen in adult retinal
sections (data not shown). Thus 12 mutation results in
excessive R8 specification from the equivalence groups, i.e. an
R8 twinning phenotype.

These findings suggest thet*12is a dominant enhancer of
atol09-68pecause it exacerbates the R8 twinning causeddy
overexpression. Indeed, we confirmed thai99-6&induced
R8 twinning is significantly increased in the presence of one
copy ofed*12(Table 1). We investigated whethetcould also
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Table 1.edmutations enhance the R8 twinning phenotype cftol09-68

Proportion of R8 positions Mean number of Total number of
Genotype with more than 1 R8 precursor R8s per position R8 positions scored
atot09-69+ 0.18+0.010 1.20+0.008 2627
atol09-69edt12 0.32+0.011 1.35+0.01 1703
ed"1%+ 0.0081+0.0021 1.01+0.002 1841

The larvae were raised at 29°C. Eye discs were stained with antibodies against Ato and Sens and the number of stanel B&éllpagition was scored.
For each genotype five to nine eye discs were analysed.

interact with arato loss-of-function mutant. For this purpose single example of twinned R7 cells associated with a single R8
we used thato? mutant, which has a severely reduced eye dueell (Fig. 2F).
to loss of an enhancer (White and Jarman, 2000). We found

thatato? was suppressed Bd*12 (data not shown). ed is distinct from other mutations that cause R8
twinning
echinoid specifically affects R8 selection Mutation ofscaor ro also results in an R8 twinning phenotype.

Our results contrast with the report of Bai et al. (Bai et al.fo is a negative regulator @fto that is expressed in cells that
2001), which stated that R8 formation is unaffected in the onéo not take on the R8 fate (Dokucu et al., 1996). Sca protein
allelic combination oédthat they examined. However, we find is normally secreted by the cells of the IG at a low level, and
R8 twinning to be a consistent feature ofealimutations that then from the selected R8 cell at a high level, probably
we have studied. This includes the strong EMS mutatiopreventing R8 twinning by interacting with the Notch receptor
edH23 the P-element insertioli2)k01102[also reported by during lateral inhibition (Baker et al., 1990; Mlodzik et al.,
Bai et al. (Bai et al., 2001)], which is an mRNA null (Spencerl990; Powell et al., 2001). R8 twinning is not completely
and Cagan, 2003), imprecise excision alleles of this P-elemepénetrant imo or scanull mutants or in any of thed mutants
(E.L.R.,, N.M.W. and A.P.J., unpublished), and two newly(Fig. 3A-C). Therefore none of these genes are absolutely
generated EMS allelesgt4 anded’-1, the former of which is  required for R8 resolution. To test for redundancy, we analysed
likely to be a null because of a nonsense mutation (Fig. 2Eouble mutantgd*12 roX63 anded*12 scafP2 These exhibit
Table 2). Interestingly, R8 twinning was most penetrant in than increase in R8 twinning but in neither case is twinning fully
ed*12 allele, even though other alleles that are likely to bepenetrant (Fig. 3D,E; data not shown).
functional nulls, such asdH23, 1(2)k01102anded*4, are more These data suggest tieat scaandro act independently and
severe thared*12in terms of adult lethality. This would be this is supported by differences in their phenotypesutants
consistent withed having other functions elsewhere in show a more general effect @to expression thamed with
development (Bai et al., 2001) (E.L.R., N.M.W. and A.P.J.additional expression between the IGs (Fig. 38amutants
unpublished). differ from ed andro in having a strong IG spacing defect in
Bai et al. (Bai et al., 2001) suggested th@ts an inhibitor  addition to R8 twinning (Fig. 3C). Moreover, R8 twinning in
of R7 photoreceptor recruitment because they observesd mutants is not the result of a general lossabr sca
extra R7 cells ined mutant ommatidia. Downstream of R8 expression (Fig. 3F-I).
formation, we see variations in the number and arrangement of o ) o
R7 and other photoreceptors éaf12 eye sections (data not EgfT signalling is responsible for R8 twinning in ed
shown), which may result from recruitment defects but couldnutants
also represent secondary effects of having supernumerary RB resolution requires communication within the equivalence
cells. At least foed*12 supernumerary R7 cells appear largelygroup, and R8 twinning is therefore a failure in this
to be secondary, because an R7 enhancer trap line shows tb@atmunication. It might be presumed that R8 twinning results
the presence of extra R7s correlates very strongly with thigom a defect in Notch-mediated lateral inhibition, as is likely
presence of extra R8 cells. In an analysis of sedtA2eye  for sca(Powell et al., 2001). We did not find any evidence for
discs, we found that 80% of twinned R8 cells were associatetiis. Theed*12 R8 twinning phenotype is not altered by loss
with twinned R7 cellsr=354), whereas we only observed aof one copy of thélotchnull allele,N55¢11(Fig. 4A). Moreover

Table 2. R8 twinning is a consistent feature afd mutants

Proportion of R8 positions Mean number of R8s Total number of R8
Genotype with more thanl R8 precursor per position positions scored
Wild type 0 0 890
ed-19ed"12 0.58+0.02 1.63+0.02 632
ed*19Df(2L)ed-dp 0.54+0.015 1.60+0.02 1124
edH23/Df(2L)ed-dp 0.47+0.017 1.51+0.02 855
1(2)k01102/Df(2L)ed-dp 0.30+0.012 1.08+0.01 1418
ed-Yed*12 0.86+0.01 2.08+0.02 1234
ed-Yed"12 0.73+0.012 1.83+0.02 1457

For each genotype five to nine eye discs were scored. The number of R8 precursors at each position was assessed byiemi@sgfsto- or Sens-
positive cells.
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appeared twinned, demonstrating that the absence of
Egfr signalling can fully rescue the*12 R8 twinning
phenotype (Fig. 4A,D,E). A few cases of apparent R8
twins were observed in such clones but their nuclei were
always in different focal planes of the epithelium, unlike
the apically positioned nuclei of twinned R8 cellsth
and other mutants. We conclude that these are probably
not R8 twinssensu strictdout may instead reflect the
patterning disruption seen iEgfr'K35> clones. One
potential explanation for Egfr dependence of #dw
phenotype is that twinned R8s result from mis-fated
R2,5 photoreceptors rather than from cell interaction
problems within the R8 equivalence group. As Egfr is
required for R1-7 recruitment, such cells would
therefore be missing inEgfrX35 clones, thereby
secondarily rescuing thed phenotype. To test this, we
looked at the requirement for the Egfr ligand encoded by
spitz (spi). R1-7 recruitment requirespi (Tio et al.,
1994), whereas earlier Egfr functions are thought to
require the relatedpi-2 or kerengene (Baonza et al.,
2001). Unlike Egfr'35 clones, we found that RS8
twinning ofed*12is not affected irspi-null clones (Fig.
4A,F). Therefore, twinning is not a defective outcome of
the normal Egfr-dependent photoreceptor recruitment
process. It suggests that twinning occurs during R8
equivalence group resolution via a novel Egfr-dependent
mechanism.

Fig. 3.edis independent of the R8 twinning mutardsandsca

(A-I) Confocal microscopy of third larval instar eye imaginal discs. In c0|;||trast ttoed, ESti\én?'r:jg Insca r_nutalrgts IS
(A-E) Immunohistochemical detection of Ato (green) and Sens (red). apparently not caused by £gir derepression. £xamining

(A) ed*1%ed12 (B) roX63r0X63 (C) scPUscaP2 The phenotypes of the ~ R8 twinning in Egfri3> sca double mutant clones is
three mutants are distinct. (BYf-17ed12roX63roX63 difficult because of their combined IG spacing defects

(E) ed+12scaBPFed*12scP? twinning is not completely penetrantin D or (Baonza et al., 2001). However, we can unambiguously
E and arrows indicate single R8 cells. (F,G) Immunohistochemical detectianbserve twinned R8s in such clones (Fig. 4G). Given the
of Ato (green) and Ro (red). (F) Wild type. (&f1%ed*12 expression of strong link betweensca and the Notch signalling
Ato and Ro remains mutually exclusive in gmutant. pathway (Baker and Zitron, 1995; Powell et al., 2001),
(H,l) Immunohistochemical q§tection of Ato (green) and Sca (red). (H) Wllqit is likely that R8 twinning inscamutants is medlated
type. (I)ed*1%ed"12 the additional R8 precursors express Sca. by disruption of Notch signalling. This finding
reinforces the significance and specificity of Egfr
we observed no change in expression in the morphogenetiovolvement in thedtwinning phenotype. It also demonstrates
furrow of the Notch target genes of thgspl) complex, that R8 twinning can be caused by at least two different
as detected by antibodies that recognise multiple familynechanisms, which are differentially affectedeit and sca
members (Ligoxygakis et al., 1998) (Fig. 5A,B) or by in situmutants. This would explain the lack of strong interactions
hybridisation for E(spl)m8 mRNA (data not shown). This betweenedandsca
suggests that Notch signalling is not the primary targeidof
In searching for other pathways that may be affected, we fourfedfr signalling is hyperactivated in  ed mutants
that the R8 twinning phenotype edt*12is strongly suppressed Our data indicate that Egfr inhibition bed is required for
by removing one copy of thegfr gene Egfr'k35/+) (Fig. 4A-  correct R8 resolution. To see how Egfr signalling may be
C) or of theRasl1gene (data not shown). Conversely, removingaffected byed we examined the expressiorpainted-P1(pnt-
one copy ofargos which encodes an Egfr antagonist, stronglyP1) mRNA and of the phosphorylated form of the Erk MAP
enhances the R8 twinning phenotypeedf12 (Fig. 4A). This  kinase (dpErk) (Gabay et al., 1996; Gabay et al., 1997). The
is particularly striking because null mutationsaojosexhibit ~ pattern and level of each reflects a direct response to Egfr
no R8 twinning phenotype (Baonza et al., 2001; Yang andctivation. Interestingly, in wild-type eye discs, dpErk (Kumar
Baker, 2001). These data suggest #thtinay encode an Egfr et al., 1998; Wasserman et al., 2000) anttP1 mRNA are
antagonist that functions during R8 specification. both detectable in the IGs and R8 equivalence groups,
These interactions suggest that derepression of Egindicating that Egfr signalling is active in these locations (Fig.
signalling may be the underlying cause of R8 twinningdn 5C,E). Clearly, such signalling does not normally interfere with
mutants. This is unexpected as Egfr signalling is not require®8 equivalence group resolution; it may mediate a proposed
for wild-type R8 specification. To test if Egfr signalling is function of Egfr signalling during IG spacing (Dominguez
required for R8 twinning, we creategfr-null (Egfr'k3%) et al., 1998; Spencer et al., 1998; Chen and Chien, 1999;
clones in aned*12 homozygous background. We found that Lesokhin et al., 1999; Yang and Baker, 2001 dmutant eye
although R8 spacing is abnormal in such clones, R8s rarediscs, the patterns pht-P1land dpErk are unchanged, but the
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Fig. 4. Egfr signalling is responsible for R8 twinninged*12 (A) Graph to show the interactions betweefh2and the Egfr pathway.
Genotype is plotted against the proportion of equivalence groups not resolving to single R8 cells. The line above eadehisr trepr
standard error of the mean. Six to nine eye discs were counted of each genotype. (B-H) Confocal microscopy of thirdi@yelimaginal
discs. (B,C) Suppression of R8 twinning (Sens expressioBgh{f3>. (B) Homozygousd (ed-17ed*19. (C) Homozygougdwith loss of
one copy oEgfr (ed*12EgfrK35/ed12+), (D-E") Loss of R8 twinning irfEgfr clones. (D,EEgfr'K35> homozygous clones in auf-1Zed12
background. Immunohistochemical detection of Sens (red,BP), B-galactosidase (green, D\[E,E") and DAPI (blue). The absence of
the greerB-galactosidase staining marks fbgfr homozygous clone. Arrows indicate single R8 cells within the clong) @aEC2clone in an
ed1Zed*12pbackground. Immunohistochemical detection of Sens (red) and nlsGFP (green). The absence of the nlsGFRpiatks the
region, twinned R8 precursors can be seen in both the presence and abspin(8 &) Egfr'35 clone in arscaP¥scaP2background.
Immunohistochemical detection of Sens (red) @ugélactosidase (green). The absence of the diemtactosidase staining indicates sita
Egfr double homozygous clone (the rest of the disc is heterozygossdandEgfr and so displays no R8 phenotype). G is a more basal
section than Gtwins and triplets of R8s can readily be seen in the more apical sections of the clone (arrow). (H) Overexppassidn of
posterior to the morphogenetic furrow (genot@dR-Gal4/UAS-pntPL Immunohistochemical detection of Sens (red) and Ato (green)
reveals twinned cells with R8 characteristics (arrows).

levels of both are elevated in the IGs and equivalence grougsmponents, implying thad functions upstream dRaf This

(Fig. 5D,F). Of the ed mutations analysed e12  twinning phenotype, however, could not be reproduced by

edH23/Df(2L)ed-dp andl(2)k01102/Df(2L)ed-dp this effectis  identical misexpression of UASSpj the activated form of the

most noticeable foed*12 thereby correlating with the higher Spi ligand (data not shown). We showed earlier that Spi is not

incidence of R8 twinning observed for this allele. This suggestthe ligand responsible for R8 twinning, but if we assume that

that ed inhibits the level of Egfr signalling rather than the UAS-sSpiis otherwise able to act in this situation as it can in

pattern, and that this is normally sufficient to prevent suctother Egfr-mediated processes in the eye (Freeman, 1996), then

signalling from interfering with R8 resolution. It also suggestshese data suggest thed cannot be bypassed by increased

thated antagonises Egfr signalling upstream of Erk activationligand and thated therefore acts downstream of ligand
Given these findings, we asked whether experimental Egfunction. These findings, and the membrane associated nature

pathway activation might mimied mutation and provoke R8 of the Ed protein, support a model in which Ed interacts

fates. Interestingly, we found evidence that this is the case directly with Egfr or a closely associated component.

we drive expression of downstream components of th€onsistent with this, Ed protein is found at the apical cell

pathway. Thus, when UABAt-P1 or UAS-Raf*®t was surface with Egfr (E.L.R., N.M.W. and A.P.J., unpublished).

expressed in the eye posterior to the morphogenetic furrow ] o .

using a GMR-Gal4 driver, we could detect frequent instance€d is required within the equivalence group to

of twinned sensexpressing cells. Some of these twins co-Prevent R8 twinning

expressato, although more posteriorly than normal (Fig. 4H, Clonal analysis was used to explore whetprevents Egfr

and data not shown). These data suggest that the inhibitosignalling to prospective R8 cells or prevents R8 cells from

function of ed can be bypassed by expression of theseeceiving or responding to the signal. We generatfs,
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Fig. 5. Levels of Egfr signalling are increasedeidmutants.

(A-B") Confocal microscopy for immunohistochemical detection of
Ato (green) and mAb323, which detects multiple E(spl) proteins
(red), in third larval instar eye discs. (A)AVild type.

(B,B') ed*19ed*12 Levels of E(spl) are not altered in the mutant
morphogenetic furrow (arrowhead). (C,D) Light microscope images
of pnt-PImRNA in third larval instar eye discs. (C) Wild type,
showing expression in the IGs. (By*179ed*12 pnt-P1lexpression is
greater in D. (E,F) Confocal microscopy for immunohistochemical
detection of dp-Erk (green) and Ato (red) in third larval instar eye
imaginal discs. (E) Wild type, showing expression in the IGs.

(F) ed*1%ed*12 Levels of dpErk are higher in F.

twins consisting of two genetically wild-type cells immediately
juxtaposed to mutant tissue (five cases out of 45 clones
examined) (Fig. 6B, arrowhead). No R8 twins consisting of
wild-type cells were ever observed elsewhere in these discs.
This can be explained if the third member of an equivalence
group was mutant foed but did not differentiate as an RS,
therefore suggesting tha&td acts non-autonomously in this
case. Moreover, we suggest that the low frequency of this class
of twins implies that theed-associated signalling events are
occurring within the equivalence group rather than between the
equivalence group and surrounding cells. In other words, the
phenotype is only seen on the rare occasions when an
equivalence group is bisected by the clone but the mutant cell
does not become an R8.

DISCUSSION

During eye developmengdis an Egfr antagonist that inhibits
edP-landed*4 mutant clones in eye discs and examined thenEgfr protein itself or a closely associated component of the
for Ato, Sens and Boss expression. Where wild-type andignalling pathway. The Egfr signalling pathway functions in
mutant tissue was juxtaposed, R8 twins could frequentldiverse inductive events during development. Clearly such a
straddle the border, being composed of one wild-type and om®@mmonly deployed pathway must be tightly regulated to
mutant R8 cell (Fig. 6A, arrow). These presumably represemrevent inappropriate inductive events occurring at other times
cases where an equivalence group was bisected by the clam&d locations. Our analysis efl suggests that it is a mediator
border, and are consistent wigld acting both autonomously of such regulation. Although Egfr signalling is not required
and non-autonomously. We also observed rare cases of RBectly for wild-type R8 fate specification, derepressed
signalling ined mutants induces multiple R8 cells (the
R8 twinning phenotype)ed is notable, therefore,
because its mutation exposes a new and unexpected
outcome of signalling (R8 specification), rather than
expansion of an existing Egfr function.

The finding that Egfr signallingcan induce R8
specification even though it does not normally do so
may resolve the contradictory evidence for Egfr
function in R8 specification. Recent studies definitively

Fig. 6.edis required in the R8 equivalence group to prevent
R8 twinning. Mosaic analysis eflalleles examined by
confocal microscopy for immunohistochemical detection of
Sens (red), Boss (blue) and nlsGFP (green) in third larval
instar eye imaginal discs. The mosaic clone is distinguished
by the absence of nlIsGFP and the border has been marked
with a white line. (A)ed®-1 homozygous clone. (A) Overlay.
(A") Red channel. (A Blue channel. A mixed twin of a
mutant and a wild-type R8 at the clone border has been
marked by an arrow. (B3d*4homozygous clone.

(B) Overlay. (B) Red channel. (B Green channel. An R8
twin consisting of two wild-type cells at the clone border is
marked with an arrowhead.
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show that R8 cells can be specified in the absence of Egfwyo proteins. The molecular mechanism of L1 function is
albeit aberrantly (Baonza et al., 2001; Kumar et al., 1998; Yangnclear, although its endocytosis may be important for
and Baker, 2001). Yet Spencer et al. (Spencer et al., 1998pwnstream events (Schmid et al.,, 2000). This may have
presented data that strongly suggested a link between R@plications for Ed function. However, the intracellular
selection (not just IG spacing) and Egfr/Ras signalling. Thegomain of Ed is distinct from that of L1 and there is evidence
observed that expression of activated Ras results in séitong that tyrosine phosphorylation within this domain is important
upregulation and ectopic R8 cells and grgiosmisexpression  for function, and that Ed may act on Egfr via an interaction
inhibits R8 formation (Spencer et al., 1998). The latter findingsvith the phosphatase encoded tgrkscrew (Spencer and
may allude not to an Egfr requirement during R8 selection, bu@agan, 2003).
to the ability of aberrant Egfr signalling to induce R8s. Unlike negative regulators such aggjos mutation ofed
Bai et al. (Bai et al., 2001) suggested thlet acts does not alter the pattern of Egfr activation, just the intensity,
downstream of the Egfr target gemat-P1lin R7 specification suggesting that the function &fd is to limit the level or
and based on this they proposed a hypothetical parallduration of activation. In support of this, Spencer and Cagan
signalling pathway that antagonises Egfr. Our observations a(€pencer and Cagan, 2003) provide biochemical evidence that
more consistent with membrane-associated Ed interactingye inhibitory activity of Ed is dependent post-translationally
directly with Egfr or with immediate downstream componentson Egfr signalling, thereby providing a negative feedback
We observed increased activated MAPK pntPlexpression mechanism to damp down Egfr signallingd does not
in ed mutants, which suggests tlatacts upstream of MAPK completely suppress Egfr signalling around the morphogenetic
activation in the Egfr signalling pathway. Moreover, forcedfurrow, presumably because such signalling has some role to
expression opnt-Plor activatedRafcan bypass the inhibitory play. Indeed this wild-type level of signalling may be important
function of ed whereasspi cannot. This is entirely consistent for mediating the proposed inhibitory Egfr/Ras/Raf process in
with the finding that Ed is colocalised with Egfr at the cellwhich one row of IGs helps to pattern the next row (Chen and
surface (E.L.R., N.M.W. and A.P.J., unpublished) and that E€hien, 1999; Baonza et al., 2001; Yang and Baker, 2001) (Fig.
can bind Egfr protein and is phosphorylated in response to Egfi). Such activity occurs at the same time that R8 fate must be
activation (Spencer and Cagan, 2003). Moreover, thesestricted within the IGs by lateral inhibition. Given the
findings are consistent with known features of the L1 familyinductive nature of Egfr signalling generally, such signalling
of cell adhesion molecules (CAMs), with which Ed proteincould therefore interfere with R8 resolution. Therefore, in R8
shares extensive homology in its extracellular portion (Bai gbroneural clustersdmust suppress a potential outcome of Egfr
al., 2001). L1 CAMs are involved in the control of axonsignalling in the morphogenetic furrow (induction of R8 fate)
outgrowth, where they are associated with regulation of Fgfrather than the signalling itself.
and Egfr activity (Williams et al., 1994; Schaefer et al., 1999; Ed protein at the cell surface (E.L.R., NNM.W. and A.P.J.,
Kamiguchi and Lemmon, 2000; Garcia-Alonso et al., 2000)unpublished) may provide a contact mechanism that
In brain extracts, L1 physically associates with the MAPKpreferentially inhibits short range R8 inductive signalling
cascade components Rafl and Erk2, while in vitro Erk2 carather than long-range signalling in which the diffusible
phosphorylate the L1 cytoplasmic domain (Schaefer et algntagonist Argos may participate (Baonza et al., 2001; Yang
1999). Interestingly, our clonal analysis suggests botland Baker, 2001). This may explain why simply increasing
autonomy and nonautonomy, suggesting that Ed might be able&GF receptor activity does not normally cause R8 twinning.
to interact with Egfr in trans as well as in cis. If so, this mightFor example, mutations of other negative regulators of Egfr
imply an association between the extracellular domains of th@rgos sprouty kekkon ) do not show R8 twinning, despite
raising levels of Egfr signalling (Casci et al.,
1999; Ghiglione et al., 1999; Baonza et al., 2001;
Wildtype: Yang and Baker, 2001). Neither does increased
EGFR signalling in IGs is prevented expression of Spi ligand (this paper). The wild-
by ed from interfering with R8 type function oedmust be sufficient to quash any
selection in the equivalence group level of Egfr signalling specifically in the context
5) of R8 selection.

Why does Egfr signalling induce R8 fatead
mutants? It may reflect the general inductive
ability of Egfr in the context of cells primed to
become R8s. An alternative, however, is

()
Fig. 7. Schematic representing the Egfr-mediated
ed mutant: ] ] signalling events during Ato expression (green). In
EGFR signalling has a local inductive wild type, Egfr signalling is occurring in the IGs. This

effect on the cells of the equivalence group.
o0 R8 twinning occurs but IG spacing
is unaffected

signalling occurs at the same time as R8 precursor
selection within the equivalence group, and the role of
Ed is to prevent the Egfr signalling from interfering
with this process. ledmutants, there is no Ed protein
and Egfr signalling has a local inductive effect on the
cells of the equivalence group resulting in the
selection of more than one R8 precursor.
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suggested by the close relationship between Egfr aaod the resolution of proneural clusters in the develofigsophila retina.
function. The wild-type level of Egfr signalling in the Developmeni22 4139-4147.

morphogenetic furrow is dependent ato (Chen and Chien, DPominguez, M., Wasserman, J. D. and Freeman, M1998). Multiple
. . . functions of the EGF receptor Drosophilaeye developmentCurr. Biol.
1999). Moreover, increaseato expression in R8 precursors g 1939.1048.

can provoke R8 twinning in a non-autonomous manner (Whitglis, M. C., Weber, U., Wiersdorff, V. and Mlodzik, M. (1994).
and Jarman, 2000), presumably by hyperactivation of Egfr Confrontation ofscabrousexpressing and non-expressing cells is essential

signalling. This relationship betweeato and ngl’ is for normal ommatidial spacing in tHerosophila eye. DevelopmentlL20,
. . . 1959-1969.
reminiscent of the normal function afo during chordotonal Frankfort, B. J., Nolo, R., Zhang, Z., Bellen, H. and Mardon, G(2001).

SOP selection. In the femoral chordotonal orgsa triggers senseless repression abugh Is required for R8 photoreceptor
SOP recruitment by activating Egfr signalling (zur Lage and differentiation in the developin@rosophilaeye.Neuron32, 403-414.
Jarman, 1999). In turn, Egfr signalling activasés and SOP Freeman, M. (1996). Reiterative use of the EGF receptor triggers

fate in uncommitted cells in a manner that is suggestive of ”}?,Sfme;imﬁ“"ﬁ.g&i't' Cce” gggzr:‘a:]hscross"p:ri:gegﬁb%e"(;87,'w?f;§;g?0+he

aberrant effect of Egfr on R8 specificationedmutants. We 505 gene encodes a diffusible factor that regulates cell fate decisions in
speculate therefore that R8 twinning might be an aberrantthe brosophilaeye.Cell 69, 963-975.
outcome of anato-Egfr neural recruitment network in the Gabay, L., Scholz, H., Golembo, M., Klaes, A., Shilo, B. Z. and Klambt,

wrong time and place. It is notable that chordotonal C (1996). EGF receptor signaling inducgsinted Pltranscription and

- . . inactivates Yan protein in thBrosophila embryonic ventral ectoderm.
recruitment is unaffected ied mutants (E.L.R., NMW. and o/ eiooment 22 3355-3362.

A.P.J., unpublished). Thus, by modulating Egfr signallingcabay, L., Seger, R. and Shilo, B. (1997). In situ activation pattern of
specifically in the eyesd enables thato-Egfr network to be DrosophilaEGF receptor pathway during developm&tience277, 1103-
customised to the specific needs of R8 precursor patterning 1106.

; : : arcia-Alonso, L., Romani, S. and Jimenez, R2000). The EGF and FGF
where Egir signalling must be activated bato but receptors mediate neuroglian function to control growth cone decisions

supernumerary R8 specificatipn must b_e prevented (Fig. 7). Aguring sensory axon guidanceDrosophila Neuron28, 741-752.
key principle of development is the continual redeployment o&higlione, C., Carraway, K. L., 3rd, Amundadottir, L. T., Boswell, R. E.,
a handful of intercellular signalling pathways such as Egfr. As Perrimon, N. and Duffy, J. B. (1999). The transmembrane molecule

; i ; kekkon 1 acts in a feedback loop to negatively regulate the activity of the

such, mu_ch of development must involve similar instances of DrosophilaEGF receptor during oogenes@ell 96, 847-856.

suppression of pOten“al d_evelo_pmental outcomes that WOUWeberlein, U. and Rubin, G. M. (1991). Star is required in a subset of

result from the re-use of signalling networks. photoreceptor cells In the developiDgosophilaretina and displays dosage
sensitive interactions with rougbev. Biol.144, 353-361.
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