591

Development 128, 591-601 (2001)
Printed in Great Britain © The Company of Biologists Limited 2001
DEV8784

The cell adhesion molecule Echinoid defines a new pathway that antagonizes

the Drosophila EGF receptor signaling pathway

Jia-Min Bai 1, Wei-Hsin Chiu 1, Jiunn-Chin Wang 1, Ting-Hue Tzeng 1, Norbert Perrimon 2 and Jui-Chou Hsu 1*

1Department of Life Science, National Tsing Hua University, Hsinchu, Taiwan 30043, Republic of China
2Department of Genetics, Howard Hughes Medical Institute, Harvard Medical School, Boston, MA 02215, USA
*Author for correspondence (e-mail: Ishsu@life.nthu.edu.tw)

Accepted 1 December 2000; published on WWW 23 January 2001

SUMMARY

Photoreceptor and cone cells in théDrosophila eye are
recruited following activation of the epidermal growth

the eye disc. We present evidence thated acts
nonautonomously to generate extra R7 cells by a

factor receptor (EGFR) pathway. We have identified
echinoid(ed) as a novel putative cell adhesion molecule that
negatively regulates EGFR signaling. Theed mutant
phenotype is associated with extra photoreceptor and cone
cells. Conversely, ectopic expression efdin the eye leads
to a reduction in the number of photoreceptor cellsed
expression is independent of EGFR signaling and ED is
localized to the plasma membrane of every cells throughout

mechanism that is sinaindependent but upstream of
Tramtrack (TTK88). Together, our results support a model
whereby ED defines an independent pathway that
antagonizes EGFR signaling by regulating the activity, but
not the level, of the TTK88 transcriptional repressor.
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INTRODUCTION

transmembrane domain protein, can potentiate EGFR signaling

by regulating SPI processing and presentation (reviewed in

The Drosophilacompound eye is composed of approximatelyWasserman and Freeman, 1997; Bang and Kintner, 2000). The
800 ommatidia, each of which contains eight photoreceptor celisctivated EGFR triggers a conserved signal transduction
(R1-R8), four non-neuronal cone cells, and eight accessory cetiascade that includes DRK, SOS, RAS1, KSR, RAF, MAPK
arranged in a highly ordered pattern. In third instar larvagreviewed by Perrimon and Perkins, 1997). While SOS
patterning of the ommatidial field begins at the posterior margiactivates RAS1 by promoting the exchange of GDP for GTP,
of the eye imaginal disc, with the morphogenetic furronthe GTP-activating protein, GAP1, inactivates RAS1 by
sweeping across the disc epithelium in a posterior to anteristimulating its intrinsic GTPase activity (Gaul et al., 1992).
direction. Behind the furrow, different cell types are recruited=urthermore, activated MAPK is thought to propagate the RAS
sequentially. The R8 photoreceptor is the first cell tocascade signal into the nucleus by phosphorylating two
differentiate, followed by R2/R5, R3/R4, R1/R6 and R7.members of the ETS family of transcription factors, YAN
Addition of cone and accessory cells to the photoreceptor clustthOP — FlyBase) and Pointed (PNT) (Brunner et al., 1994a;
produces the final ommatidial unit (reviewed in Wolff andBrunner et al., 1994b; O'Neill et al.,, 1994). PTP-ER, a
Ready, 1993). ThBrosophilaepidermal growth factor receptor cytoplasmic tyrosine phosphatase, binds to and downregulates
(EGFR) is required for differentiation of all the cell types, withactivated MAPK (Karim and Rubin, 1999). Therefore, both
the exception of R8 (Freeman, 1996; Dominguez et al., 1998EAP1 and PTP-ER act in the cytoplasm to negatively regulate
A model describing the reiterative activation of the EGFR by th&€GFR signaling. YAN is a transcriptional repressor that
opposing action of the EGFR ligand, Spitz (SPI) and amnhibits the production of both photoreceptor and cone cells
antagonist, Argos (AOS), has been proposed to explain ti{gai and Rubin, 1992). Upon phosphorylation, YAN moves to
successive recruitment of each cell type in the developing eybe cytoplasm for degradation, leading to the differentiation of
(Freeman, 1997). both cell types (Rebay and Rubin, 1995). In additi@mtrack

The Drosophila EGFR signaling pathway is subject to (ttk), which encodes two alternatively spliced, zinc finger
modulation at multiple levels by various positive and negativeroteins, TTK69 and TTK88 (Read and Manley, 1992; Xiong
mechanisms (reviewed in Perrimon and Perkins, 1997and Montell, 1993), plays a central role in photoreceptor cell
Wasserman and Freeman, 1997; Schweitzer and Shilo, 199d)fferentiation. TTK88 functions as a transcriptional repressor
There are multiple EGFR ligands, SPI, Vein and Gurken thab inhibit photoreceptor but not cone cell differentiation (Lai
activate the receptor tyrosine kinase (RTK) at different stagest al., 1996; Yamamoto et al., 1996). Upon EGFR activation,
of development. In addition, Rhomboid (RHO), a multipletwo other nuclear proteins, Phyllopod (PHYL), which is
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transcriptionally regulated by the RAS/MAPK pathway, and(Dickson et al., 1992)pnt277, pnt88 (Brunner et al., 1994)sev-
Seven In Abstentia (SINA), form a complex that binds toyan“T (Rebay and Rubin, 19953jn&?, sin& (Carthew and Rubin,
TTK88. This association leads to the targeting of TTK88 forl990); ttk21 (Lai et al., 1996),GMR-tk88 (Tang et al., 1997);
degradation which results in the differentiation of SProuty?®*(Casci et al., 1999)JAS-kek(Ghiglione et al., 1999)s-
photoreceptor cells (Tang et al., 1997; Li et al., 1997). rho (Dominguez et al.,, 1998)5MR-GAL4 (Freeman, 1996); and

In addition to the cytoplasmic (GAP1, PTP-ER) and nucleal/S1096-GALACapdevila and Guerrero, 1994).
(YAN and TTK88) repressors,' EGFR Signaling can also b@roduction of mosaic clones
down-regulated by the production of AOS, Kekkon 1 (KEK1),pjtotic clones in the eye were induced by usiegFLP (kindly
and Sprouty (STY), via negative feedback loops followingprovided by B. Dickson). The genotype of these flies was¥2/Y;
EGFR activation. AOS, a secreted molecule functiongda12FRT04 P[w+]30C, FRTA ey-FLP/+.
nonautonomously to repress EGFR signaling by blocking both _
the receptor dimerization and the ability of SPI to bind thé/olecular biology
EGFR (Freeman et al., 1992; Schweitzer et al., 1995; Jin et aft, 8 kb EcdRl genomic DNA flanking the(2)k01102 P-element
2000). KEK1, an adhesion molecule protein, might execute it@sertion was isolated by plasmid rescue and used to screen an eye disc
(CDNA library (provided by Dr A. Cowman). Two classes of cDNAs

. - -~ were isolated and sequenced. One is 5.1 kb and encodes an open
igg;rag.smﬁmmanet domliauln th)tht Fhe EGFR t()GhlgIlone et ?Il’ ading frame (ORF) of 1332 amino acids. We refer toédadDNA.
)- Finally, the intracellular but inner membrane-associate e other cDNA is 4.5 kb and encodes a noncoding RNA: the longest

STY has been proposed to act through its direct binding tgpen reading frame (ORF) would encode a polypeptide of 102 amino
DRK and GAP1, thereby blocking the activation of RAS1acids but its AUG codon is in a poor position for translation initiation
(Casci et al., 1999). (Cavener, 1987). The ORF region of #cDNA was generated by
Studies of the EGFR have also revealed that heterologo®ER and inserted into theCaSpeR-hsnd pUAST transformation
pathways can also modulate the activity of this RTK (reviewedectors (Brand and Perrimon, 1993) to créem@dandUAS-ed. UAS-
in Moghal and Sternberg, 1999; Tan and Kim, 1999). Fopd®"™ was made by inserting by PCR a stop codon 31 amino acids
example, when growth hormone binds to its receptor, jpfter the transmembrang domain of ED. All the constructs were
activates JAK2, which promotes tyrosine phosphorylation of géduenced. Transgenic lines were generated by P-element-mediated
GRB2 binding site on the EGFR, thereby leading to th ransformation (Spradling and Rubin 198R3-edwas tested for its

L ; ability to rescue the lethality ei"8by heat shock in a 37° water bath
activation of RAS and MAPK (Yamauchi et al., 1997). INfor 20 minutes every 12 hours throughout development.

addition, occupied and aggregated integrins can collaborategqgpecific RT-PCR was performed as follows. Five late third instar
with growth factors by triggering tyrosine phosphorylation ofjarval eye discs of different genotypes were dissected and subjected
EGFR (Miyamoto et al., 1996; Moro et al., 1998). In contrastto cDNA synthesis with a Cells-to-cDNA system (Ambion). 20 cycles
extracellular matrix proteins such as collagen, can promotef PCR amplifications were carried out with primer pairs from the
retinoid-induced differentiation of normal human bronchialseventn (CGATGCCCGGAAATGAATGG) and ninth exon
epithelial cells, by reducing the level of EGFR-dependentGCGTATGACGCGACGGTTT) ofed genomic DNA. 18S rRNA
MAPK activation (Moghal and Neel, 1998). Thus, molecules?"imers (Ambion) were used as internal controls.

involved in cell adhesion can act either positively or negativeI)Histology

to Ireq[LkJ‘I_ate EG't:R S'gr&a"ng.b the identificati f th Fixation, embedding and sectioning of adult retina were performed as
n tnis report, we describe he iaentncation ot e gengyesqripaq by Wolff and Ready (Wolff and Ready, 1991). Scanning
echinoid(ed) as a novel negative regulator of EGFR signalingejectron micrographs were prepared as described by Kimmel et al.
Ommatidia ofed mutant flies contain extra photoreceptor andkimmel et al., 1990). Cobalt sulphide staining of pupal retinas
cone cells. In contrast, ectopic expressiordif the eye leads was performed as described by Wolff and Ready (Wolff and Ready,
to a reduction in the number of photoreceptors. We showedhat 1991). Immunohistochemical staining of imaginal discs was
is not transcriptionally regulated by EGFR signaling and that iperformed as described in Xu and Rubin (Xu and Rubin, 1993).
encodes a putative cell adhesion protein which is primarilyolyclonal rabbit a-ED antibodies were generated against a
localized to the plasma membrane of every cells throughout ti¥Nthetic peptide, corresponding to the N-terminal region of ED
eye disc. Our genetic analyses demonstrate ta@cts (MRRKTVTKGTAIVNSRSARRAATTI) and were used at a dilution

. : 200.a-ELAV (rat, 1: 250, Developmental Studies Hybridoma
nonautonomously to generate extra R7 cells by a mechanism t tlnk); ai-Cut (mouse, 1: 5, Developmental Studies Hybridoma

is sinaindependent but upstream of TTK (TTK88). TOgether'Bank);a-B-gaIactosidase (rabbit, 1: 1000, Cappe!i TK88 (mouse,
our results support a model whereby ED defines an independenig): anda-Boss (mouse, 1:1000): Cy3-, Cy5-, FITC-conjugated
pathway that antagonizes EGFR signaling by regulating thgscondary 1gGs are from Jackson Immunological Laboratories.
activity of the TTK88 transcriptional repressor. Confocal microscopy was performed using a Zeiss Model 310.

GenBank Accession Number

MATERIALS AND METHODS ng%cggés.smn number for tled sequence reported in this paper is

Genetics

The stocks used wemdbH8 edA12 edF20 (de Belle et al., 1993); RESULTS

1(2)k01102 (Torok et al., 1993)EIpB! (Baker and Rubin, 1989);

GapB2 (Chou et al., 1993)s0$4C (Simon et al., 1991)hs-aos . .

(Freeman, 1994)ISEM (Brunner et al., 1994)sew2 (Simon et al., Identlf_lcatlon of a negative regulator of EGFR

1991); sev-Ra¥i? (Fortini et al., 1992)sev-Ra¥l’ (Karim et al., Signaling pathway

1996); sev-tof02iEgfr (Reichman-Fried et al., 19943ev-tof02Raf  ElpBlis a gain-of-function allele of thegfr (Baker and Rubin,
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1989). We carried out a genetic modifier screen for componeniisx5 is allelic to echinoid and is required for the
of the EGFR pathway that dominantly enhance or suppress tf@mation of photoreceptor and cone cells
rough eye phenotype caused BipB! (Fig. 1B). 1X5 was 1X5 was mapped to 24D3-4 using three overlapping
isolated as an EMS induced mutation which strongly enhancekeficiencies: Df(2L)edl (24A3-4;24D3-4), Df(2L)ed-dp
the rough eye phenotype associated \HifP! (Fig. 1C). The (24C3-5;25A2-3andDf(2L)M24F11 (24D3-4;25A2-3)This
dominant enhancer activity dfX5is similar to the effect of region contains thedgene and we found thatl"2° (de Belle
Gapl(Fig. 1D) oryan(data not shown) mutations, two known et al., 1993) fails to complemehK5and enhances tH&p?&?
negative regulators of the EGFR signaling pathway. rough eye phenotype, as well as the extra wing vein
Consistent with the genetic interaction wilpBl, 1X5also  phenotype oflSEM(data not shown). ThusX5is allelic to
enhances the eye phenotype causeddwtof02Egfr (Fig. ed and we refer to it as such below. A&l mutations are
1E,F), another constitutively active form of the EGFRpupal lethal in homozygotes with the exceptioneaif!Hs,
(Reichman-Fried et al., 1994). To define further the rolieX&  which is a weaker allele. Homozygoe'H8, as well agd'H8
in the EGFR signaling pathway, we examined the genetim combination with all otheed alleles, includingd>f(2L)ed-
interactions betweehX5andrho, a specific activator of EGFR dp, are semi-lethal. Emerging adults have rough eyes (Fig.
pathway, an@os a specific EGFR inhibitor. Interestingly, we 2B) and extra wing veins (see Fig. 5J). When sectioned, 33%
found that1X5 enhances the rough eye phenotype caused lyf ommatidia contain extra R7-like cells with small and
ectopic expression ofho (Fig. 1G,H), and suppresses the centrally positioned rhabdomeres (Fig. 2D). To exclude that
rough eye phenotype caused by misexpressioaosf(Fig.  these extra cells with small rhabdomeres are R8, third instar
11,9). larval imaginal discs of éd>/ed"8 transheterozygotes were
Further genetic interactions between the EGFR pathway arfained with anti-Boss, an R8-specific antibody. Single R8
1X5 were also detected in the wingX5 enhances the extra cell was seen in each mature ommatidium (Fig. 2E),
wing-vein phenotype caused by the overadilg! mutation, confirming that the extra photoreceptor cells are indeed R7.
as well aglSEM a constitutively active MAPK (Brunner et al., In addition, 26% of ommatidia exhibit extra outer-
1994; data not shown). In addition, flies heterozygous for bothhotoreceptor cells while 6% of the ommatidia show reduced
1X5andGapl, or both1X5andstys88(data not shown), exhibit outer-photoreceptor cells. FurtheredH8 hemizygotes
extra vein materials, although heterozygosity for eithemnimals have more R7 cells thaned*YedHs
mutation alone causes no phenotype. Therefore, the genetiansheterozygote animals indicating that #ukalleles are
interactions observed betwegK5and several components of loss of function.ecH8 hemizygotes have 1.68 R7 cells in
the EGFR pathway suggest tia€5is a negative regulator of average 1f=64), compared with 1.35£164) ined*¥ed'Hs,
the EGFR signaling pathway during eye and wing veinfo determine the origins of the extra photoreceptor cells,
development. edX¥edH8 transheterozygote discs were stained with the

Fig. 1. 1X5genetically interacts with mutations in the EGFR pathway during eye development. A wild-type eye possesses around 750
ommatidia arranged in a highly ordered pattern Eg)BY/+ eyes are rough (B) and this phenotype is enhanced when heterozygbxss for
(C), andGap1B2 (D). The eye phenotype stv-tof92iEgfr/+ (E) is enhanced when heterozygousifsb (F). The rough eye phenotype
associated withs-rho/+(G) is enhanced when heterozygousi®b (H). Overexpression afosunder the heat shock promotas{aos/)
causes a weak rough eye (l), and this phenotype is suppressed when heterozygd (g Yor
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Fig. 2.edmutant eyes contair a5
extra cone and photoreceptol ¢ v Y. t,“
cells. Scanning electron S 47 %

micrographs (A,B) of adult ey "_L,T:
eyes; apical sections through > € 2
adult retinas (C,D); third inste : ’ {.""]‘
eye imaginal discs stained fo » oad 1

the R8 specific marker, Boss
(green), and neuronal markel
Elav (red) (E,F); and pupal
retina stained with cobalt
sulphide (G,H). (A,C,G) Wild
type; (B,D-F,H) are from
ed*YedH8 flies. ed*YedF!H8
transheterozygote animals he
large, rough eyes (B). Thin
section analysis of these eye
reveals that 26% of the
ommatidia contain extra R1-F
photoreceptor cells, 33%
contain extra R7 cells (D) anc
6% have a decreased numbe
of photoreceptor cells. The
arrowhead indicates an
ommatidium that contains tw
R7 and either six or seven
(right) outer photoreceptors.
There is only a single R8 cell in each mature ommatidium (E). In some ommatidia, one extra Elav-positive cell (small awas/finsk
detected in row 2-3 where R8/R2/R5 are located. Inset in (F) shows the four-cell cluster only contains a single R8 it&lh,lorael&lav-
positive mystery cell (circle) was found in row 4 (large arrow in F). Together, these may contribute to the formatiorpefiinensuary
photoreceptors that are seered®*Yec!H8 animals. The morphogenetic furrow is to the left. Cobalt-sulfide staining etfl#gedH8 pupal
eye imaginal discs reveals that 69% of the ommatidia have five to six (H), instead of four cone cells (G).
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anti-Elav neural marker (Fig. 2F). Extra Elav-positive cellssequence analysis revealed that it encodes an open reading frame
were first detected in rows 2 and 3, where R8/R2/R5 aref 3996 bp, which predicts a protein of 1332 amino acids (Fig.
located. However, these four-cell clusters contain only singl8B). The translated protein contains six immunoglobulin (Ig) C2
R8. In addition, one or two extra Elav-positive mystery cellgype domains (Wiliams and Barclay, 1988) (Fig. 3C), a
were detected adjacent to R3 and R4 cells four row of celfgbronectin type Il domain (Hynes, 1986) (Fig. 3D) and a
behind the furrow. Mystery cells will normally leave the five-transmembrane domain, followed by a 315 amino acid C-
cell precluster and disappear; however, asstyror yan terminal tail with no identifiable functional motif. A comparison
mutants (Casci et al., 1999; Lai et al., 1992), they aref the genomic and cDNA sequence indicates{B3t1102is
transformed into neuronal photoreceptor cells in #tk inserted in the first intron, which is upstream of the coding region
mutant discs. (Fig. 3A). To establish that the 5.1 kb cDNA identifezls we

We also examined theed mutant phenotype during expressed the cDNA under the control of a heat shock promoter.
pupariation. At this stage there are four cone cells and twBollowing heat shock treatments, we found that thexchs-
primary pigment cells in wild-type discs (Fig. 2G). However,transgene rescues the lethality associated with the a8k
69% of ommatidia ired*%ed?"8 transheterozygotes exhibit allele (data not shown).
five or six cone cells (Fig. 2H) and 10% contain three primary To detect the expression pattern of ED, we stained embryos
pigment cells (data not shown). Together, the overwith an antibody generated against the N-terminal ED peptide.
recruitment of photoreceptor, cone and pigment cellsdn The ED protein is widely expressed in the epidermis and is
mutants is consistent with ED acting as a negative regulatdocalized to the plasma membrane (Fig. 4A). Further, we find
of EGFR because previous analyses have shown that EGHRRat ED is uniformly detected in all cells throughout the third
is required for differentiation of these three cell typesinstar larval eye and wing disc (data not shown).

(Freeman, 1996). The expression aosandkekl, two other negative regulators

) ) o of the EGFR pathway, is regulated by the EGFR pathway. To
ed encodes an adhesion molecule-like protein with determine whetheed is regulated by the EGFR pathway, we
six immunoglobulin domains examined the expressionedin GMR-aogFig. 4B-D) andcsev-

We identified a P-element insertid(2)k01102(Torok et al., Rag/12(data not shown) eye discs. In each case, the lewesl of
1993) located at 24D3-4, that failed to complement egd&®  mRNA is not affected, as revealed by either the X-gal staining
or ed™0, To characterizedmolecularly, we recovered the DNA of the P insertion(2)k1102 (Fig. 4B,C) or theedspecific
region flankind(2)k01102by plasmid rescue (see Materials andrelative RT-PCR (Fig. 4D). These results indicate ¢datinlike
Methods). A 8 kb genomic DNA was isolated and used to screeaosandkekl, is not transcriptionally regulated by the activation
an eye disc cDNA library. A 5.1 kb cDNA was isolated andof EGFR pathway.
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Fig. 3. Molecular A
characterization of thed K2k01102
locus. (A) Genomic
organization of thedgene. DS0766
Theedlocus is encompass: 7/ DS00705 P
by two P1 phage, DS0476¢
and DS00705. ThedcDNA 5.1kb
and the direction of
transcription is indicated.
The black boxes represent
the coding region ofd,
whereas the white boxes
represent the untranslated
regions.edis composed of
nine exons and eight intror B
The size of introns from 1 t
8 are 866 bp, 35 kb, 4.79 k MRRKTVTKGTAIVNSRSARRAATT | CNFFLIALVALSSTTLADES | DTRENADLTLKCRFNDKYEANDFSFFWTRWTANP 80
62 bp, 17.7 kb, 583 bp, 6.3 aaronvaiEVALSSGYRLDFPERG I YDLG IKNVSYNRONGRFEGR | KAKGTGADVHQEFHNLTVLTPPHOPY |SPGN| 160
kb and 5.8 kb, respectively  AvATEDKPMELTCSS |GGSPDPT I THYREGSNTPLPATVLKGGTKDGPTNATLS | | PRREDDEAKYKCVVRNRAMNEGKR 240
The position of the P Igl
element(2)k01102was LEATATLNVNYYPRVEVGPENPLRVERDRTAKLECNVDAKPKVPNVRWNRNGRFISISSZLVHT1HRVSVQDAGKYTCIADN 320
mapped to the first intron. GLGKTGEOEL(LDILYPPMVVIESKTREAEEGDTVTIRCNVTANPAPVT]EWLKENSgPDFRYNGDVLTLTSVRADHAGNY 400
;[i-r’rls?;\t/geéxi)?lgﬁlfth:r:izézi ICRAVN|MOSOGMERSERVGNSTVALLVRHRPGOAY!TPNKPVVHVGNGVTLTCSANPPGWE\?POYRWFRDMDGEFSSTO 480
noncoding RNA, as the KKLAOGPOYSIPKAHLGNEGKYHCHAVNELGIGMMATlVLE&HGPPOFLAKLOOHMTRRVADTDYTVTCSAKI(Sg:PAPSVK 560
¢
I((())nlgg)stv\f)opuelg (I’een(:l:(élgg ;ram WLKDAVEILPEENLYEVQTI\;PPQGLNGMVTVGSQLKFRGKARPNGNALVPGDRGLYTCLYONEVNSANSSMOLR|EHEP! 640
polypeptide of 102 amino VLHOYNKVAFDIRETAEVVC%(QVQAYPKPEFOWOFGNNPSPLTMSSDGHYEISTTTDNNDIYTSVLK]NSLTHSDYGEYTC 720
acids but its AUG codon is g6
an poor context for RVANTLDT{RAPIRLGQKGPPEKPTNLRATEVGHNYVSL SHDPGFOGGLSKTKFFVSYRRVAMPREEGL | POCATLANSN 800
E‘gn5|at|0nigg|?;|0(g) Ami SAWVEVDCORDlPCKVTALEOHQSYAFKVKALNPKSDSPYSSEIMVTTKVSR!PPPLOVTYEPNT;:;-LZII)E\I/I(;ATCLNLV 880
avener, . minc
acid sequence of ERd AVVESMVNADSPMAAWEYVTTMDNLOLSGNGPTHKEK | IDR! | GARRVGGGRALGHT | SEDEDDNGLNSLALEDENSPTV 960
encodes a putative RVKLCLRTNPEHCGDYTDAE | GRPY | AEANALATPTL IAT IVSCYVFALFAGL | LMFJCRCKRNGSKKSAAAKDYEMDSYR 1040
transmembrane protein of PS|VAAOONOAPPPYYPASGLDNKALEHSMDLALSMEDOKTALYA;’F(I]VFI\IGYSYHPESGVVGVGMAGGVVGVGVGGSVVSGM 1120
1332 amino acids. The GGGVGGIGESGVEVNG I PGLSAHTMPGNEWVNMGYMENNYSNSNNGGSVNSQDSLNQVKMSAAAVGNQQGMYQAPMNQYY 1200
extracellular domain EQOPAYGYDPLTHGGYGAVDDYAPYPHLTATPSQVGDEYHNLRNSGNPSRADYCSDPYASVOKPKKRYDGHLDSPYHDYS 1280
contains six immunoglobuli  GLPNPYNHERLEGDEVLPPOGHNSLSYDDSFEGEYSTTPNARNRRY IRE 1V 1332
(Ig) C2 type domains C
(unbroken lines) and one
fibronectin type Ill domain
(@ouble nes). The ' [o IS S s e s e e
-1,
transmembrane (TM) Ed-Tg3 VT IRCNVTANPA-PYTIEWLKENSPD-—=~mmm=mmmmmmmmmm FRYNGDVLTLTSVRAD-—-—=-=-=---= HAGNY i GRAVN
domain is boxed. Edlgd  VTLTCSANPPGWPVPQYRWFRDMDGEFSS==r=r-=-==mm TOKILAQGPQYS [ PKAHLG==—-~=======- NEGKYHCHAVN
(© Algnmentofly [ VI e e s
domains. The consensus NCAM  ITLTCEASGDP-~{PSITWKTSTRNISNEEKTL=--~DGRIVVRSHARVSSLTLKE {QYT=mmmmmmmmmnn DAGEYVCTASN
sequence of Ig C2 type COnSENSS <=L~ Gommmmmmmmmm e S Y-G---N
domain (Williams and
Barclay, 1988) is shown. D
(D) Alignment of the
fibronectin type Ill domain.  par,  NyvsLSHDPGFDGGLSKT-—KFFVSYRRVAMPREEGL I PDCATLANSNSAWVEVDGGRD | PG-KVTALEQHGSYAFKVKALNPKSDSP-YSSE | MV
The consensus SEqUENCE (  NrgFnl  DKAEIHHEQQGDNRSP [L——HYT{QFN-==-=-==-==-=- TSFTPASHDAAYEKVPNTDSSFVVOMSPWAN-YTFRY IAFNKIGASPPSAHSDSCT
fibroneCtin type ”l domain Nrg-Fn2  NNLVISWTPMPE|EHNAPNFHYYVSWK-~—--——-—-———— RDIPAAAWENNNIFDWRQNN I ~VIADQPTFVKYLIKVVAINDRGESN-VAAEEVVCE
(Hynes, 1986) is shown. consensus - == - oo oo oo Yomommooommm o

Overexpression of ed antagonizes EGFR activity in no obvious defects in the formation of cone cells were observed
the eye and wing in response tedoverexpression, as most ommatidia still contain
As shown above, loss etifunction is required for the formation four Cut-positive cells (data not shown). Flies carrying two
of photoreceptor, cone and primary pigment cells. To determineopies of GMR-GAL4-driven UARd exhibit complete

the effect of overexpression@dlin the eye, we expresseAS-  absence of the eye (data not shown).

edusing the GMR-Gal4 driveGMR-Gal4; UAS-edlies exhibit To further document the interaction between ED and the
a small rough eye (Fig. 5A) and a reduced number oEGFR pathway, we examined the effect of ectopic expression
photoreceptors (Fig. 5B); this effect correlates with the reduceaf ed in flies where other regulators were overexpressed.
number of Elav-positive cells (Fig. 5C) in the eye disc. Ther®verexpression ofJAS-styalone by GMR-GAL4 produces

are only four or five Elav-positive cells per cluster. In contrastsmall rough eye (Fig. 5D). This phenotype can be partially
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suppressed by halving the doseedf(Fig. 5E), and enhanced from one quarter to one fifth of normal wing size. In addition,

by GMR-GAL4-driven UAS-ed (Fig. 5F). Similar genetic there is no vein material present (Fig. 5K).

interactions can also be observed betweemnd kekl The

rough eye phenotype caused by GMR-GAL4-drid#s-kekl The intrgcellular domain of ED is required for the

(Fig. 5G) is enhanced by GMR-GAL4-drivapAS-ed(Fig.  repression

5H). Thereforeed, like sty andkekl, is a repressor of EGFR ED contains six I|g domains and a 315 amino acid intracellular

signaling during eye development. domain. To determine whether the intracellular domain of ED
Similarly, during wing vein developmengd genetically is required for the repression of the EGFR signaling, we

interacts with several components in the EGFR pathway. FliggeneratedUAS-ednta flies. Overexpression OAS-edintra

of ed*¥edkH8 have increased size of wing and extra wing veirusingcMR-GAL4had no phenotypes in the eye, indicating that

(Fig. 5J). However, ectopic expression enf using MS1096 the cytoplasmic domain of ED is required for the repression of

GAL4results in severe reduction in the size of wing, ranginghe EGFR signaling pathway.

. |

Fig. 4.edis not transcriptionally regulated by EGFR signaling. Embryos of cellular blastoderm stage were labeled with antibodiE®against
The ED immunostaining is uniformly distributed at the membrane of each cell (A). Expression of the enhancer trap reparter gene
ed(@k01102+ is detected in the photoreceptor cells of wild type (B)@MR-aos(C) discs. ThdacZ expression of(2)k1102mimics the ED
expression pattern. The relative level@dmRNA from eye discs were measured by RT-PCR and the predicted 554 bp products were
visualized on a 1.2% agarose gel (D).
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Fig. 5.Overexpression cddantagonizes
the activity of the EGFR signaling
pathway.GMR-GAL4/+; UAS-ed/+eyes
are rough and reduced in size (A), and
the number of photoreceptors is reduced
(B). Note that some ommatidia still
contain seven photoreceptors while
others only contain four or five
photoreceptors (arrowhead). GMR-
GAL4/+; UAS-ed/UAS-ethird instar eye
discs (C), there are only four or five
Elav-positive cells per cluster. The
morphogenetic furrow in this section is
to the left. The eyes @MR-GAL4;
UAS-styflies are rough (D). However,
this phenotype is suppressed when
heterozygous foed™20 (E), but

enhanced in the presence dJAS-ed
transgene (the genotype of the eye shown
in F isGMR-GAL4; UAS-sty; UAS-&d
Similarly, the eye 0GMR-GAL4; UAS-
keklare rough (G), and this phenotype is
enhanced iIGMR-GAL4; UAS-kek1;
UAS-edlies (H).edalso antagonizes the
activity of the EGFR signaling pathway
during wing vein formation. In wild type,
the veins are arranged in a stereotyped
pattern (1), whileed-X9edH8
transheterozygote animals show an
increased size of the wing and extra wing
vein (arrowhead in J). Overexpression of
UAS-edby MS1096-GAL4esults in
severe reduction in the vein material and
size of wing, ranging from one quarter to
one fifth of normal wing size (K).
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ed acts parallel or downstream of  sina but upstream ttk activity has been shown to produce ectopic R7 cells in a
of ttk to specify R7 cells sinaindependent manner (Lai et al., 1996). To determine

To determine where in the RAS/RAF/MAPK signaling pathwaywhethered acts downstream afk, we overexpresseitk in ed
edacts, we conducted a number of genetic epistasis experimerfigitants. Overexpression of TTK88 under the control of either
sev? is a loss-of-functiorsevenless (sewlele (Simon et al., the GMRenhancer that completely inhibits photoreceptor cell
1991) andsew? mutant flies lack R7 cells (Fig. 6A). Although development (Fig. 6L) or treevenhancer that only deletes R3, |
ommatidia within aed*¥ed"8 mutants contain an average of R4 and R7 photoreceptors (data not shown). However, this
1.34 R7 cell (Fig. 2F), we found that ommatidia withises2; TTK88-mediated neuronal repression cannot be suppressed by
edX5ed™8 double mutant contain an average of 1.37 R7 cell§émovingedactivity (Fig. 6P), indicating thadacts upstream
(n=61) (Fig. 6B). This demonstrates thatéd mutants, the Of ttk to specify R7 development. Together, our genetic
formation of supernumary R7 cells is independentsev  €pistatic analysis suggests thed acts either parallel or
function. In additioned>5enhances the rough eye phenotypedownstream oRas, Raf, pnt, yaandsina,but upstream oftk
caused by overexpressing constitutive active forms of either te specify R7 cell fates.
EGFR (Fig. 1C,F), RAS1 (Fig. 6C,D), or RAF (Fig. 6G,H). ) )
Converselyed™Ssuppresses the rough eye phenotype caused P does not regulate  1tk88 expression or protein
overexpressing dominant negative RAS1 (Fig. 6E,F). Whilgtability
61% of ommatidia in asev-Ra¥/+ mutant lack R7 cells Our genetic epistatic analyses suggestédaicts upstream of
(n=164), only 10% of ommatidia ied**¥eckHs;
sev-Ral¥l/+ double mutants lack F
photoreceptors. In addition, at 258¢gt%5 alsc
rescues the lethality dRafiM7, a temperatur: *
sensitive Raf allele. Therefore,ed acts eithe |
downstream of thRas/Rapathway or in paralle
To determine whether ED acts in the nucl
we generated flies double mutant fed;pnt
ed;yanor ed;sina We found thapnt88/pntl277
(Fig. 61) andsev-yari€V/+ (Fig. 6K) ommatidii
contain an average of 0.68=264) and 0.0
(n=250) R7 cells, respectively. Howe\
edXYedHs;  pntegpnt277  (Fig. 6J) an
edXdedH8; sev-yanCT/+ ommatidia (Fig. 6L
contain an average of 1.44=102) and 1.0
(n=125) R7 cells, respectively. Striking 4
edX9edtHs; sinag/sin® ommatidia (Fig. 6N
contain an average of 1.28=180) R7 cells, ¢
compared with 0.01 nE173) R7 cells i
sing/sina mutant (Fig. 6M). Therefore, ird
mutants, the formation of supernumary R7 «
is independent aginafunction. Finally, loss ¢

Fig. 6.Genetic epistatic analysis efl. set?
ommatidia have no R7 cells (A) a2

ed*YedH8 ommatidia contain ectopic R7 cells (B,
arrowheads). The rough eye phenotype causseé\by
Ras¥1%+ (C) is enhanced when heterozygous for §
edX5(D). Overexpression dad'l7” under the control g |
of thesevenlesenhancergev-Rakl7+) causes a .
rough eye (E), and this phenotype is suppressed why
heterozygous foedX> (F). The rough eye phenotype!
associated witsev-tof02IRaf /+ (G) is enhanced
when heterozygous fed™*5 (H). Ommatidia within a &
pn88/pntt277 (1) andsev-yanCl+ (K) mutants
contain 0.69 and 0.05 R7 cell, respectively. Howeve
ommatidia withined*Yedk!H8; pnt288/pntl277(J) and
ed*XYedH8, sev-yaii€T/+ (L) double mutants containg -y
1.44 and 1.01 R7 cells (arrowheads), respectively. | \
sing?/sina3 (M) ommatidia contain 0.01 R7 cells, e L
howevered*JedH8, sina/sinad (N) double mutants %
contain 1.29 R7 cells (arrowhead). Overexpression 0
ttk88under the control of the GMR enhan(@@MR- =~
ttk88/+) blocks photoreceptor determination (O), and#*
this phenotype can not be suppresseztii¥ed'Hs; :
GMR-tk88/+(P).
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Fig. 8.edfunctions in a non cell-autonomous manner. Phase-contrast
images of section through ad'*12homozygous mutant clone

induced in seW?dY; ed'A17+ animals. The clones are marked by the
lack of pigmentationseW2 ommatidia have no R7 cells. A total of 54
phenotypically normal mosaic ommatidia were scored for the
presence of pigment in the R7 cells. The ectopic R7 cells
(arrowheads) can be derived from eitedmutant (A) or wild-type

cells (B), indicating that thed mutation acts cell non-autonomously

in the generation of supernumerary R7 cells.

ed- (Fig. 8B). Similar results were obtained when we generated
ed mutant clones irsina and sev-yafi™ mutant backgrounds
(data not shown). The observation that R7 cells can be derived
from either wild-type ored mutant cells, leads us to propose
that the ed mutation acts cell non-autonomously in the
generation of supernumerary R7 cells.

Fig. 7.eddoes not regulatik88 expression or protein stability. ED is not a universal repressor
ttk%29enhancer trap reporter gene is expressed in the cone cells (AED is uniformly expressed in the follicle cells during stage 1-
using antiB-galactosidase. The expression levelgk§f%are 10 oogenesis (data not shown). To determine whetthacts

e e TR ho e oo ol s (2o QUG 0ogenesis In the establishmen of EGFR-dependen

anti-TTK8S. The levels of TTKSS do not changeeiecHe dorlﬁgtllventral polarity, we examined the eggs derived from

mutant disc (D). A six-cell cluster is marked. ed /Df(ZL)ed—dpfemaIes. Thes_e females are fertile and do
not exhibit any overt morphological defects (data not shown).
As loss-of-function mutations in many cell adhesion molecule

ttk88to specify R7edmight regulateétkB8 mRNA expression have subtle mutant phenotypes (Ghiglione et al., 1999), we

or TTK88 protein levels. Alternativelyed might regulate overexpressedJAS-edin the follicle cells using the GAL4

the activity of TTK88 through protein modification, like drivers T155 or CY2 (Queenan et al., 1997; Ghiglione et al.,

phosphorylation. To determine whethed regulates ttk  1999). The eggs derived from such females have completely

expression, we examined the expressidikaf edmutant disc  normal dorsal appendages (data not shown) suggesting that ED

using the X-gal staining of the P-element insertid®?19 (Li does not interfere with EGFR signaling in follicle cells.

et al.,, 1997) and detected no obvious changes (Fig. 7B).

Furthermore, TTK88 is expressed at high levels in the cone

cells but is not expressed in developing photoreceptor cells (DISCUSSION

et al.,, 1997; Dong et al.,, 1999). To determine whe#ter

regulates TTK88 protein levels, we examined TTK88 levels imhe EGFR plays important roles at various stages of

ed (Fig. 7D) andGMR-Gal4; UAS-edeye discs (data not Drosophila development and is subject to modulation by

shown). In each case, the level of TTK88 was unaffectednultiple positive and negative regulators. We have identified

Together, our results suggest that ED does not regtiik®® ED as a novel adhesion molecule-like protein that negatively

MRNA expression or TTK88 protein stability. regulates the EGFR signaling pathweggenetically interacts

) with several components in the EGFR pathway. Fliesdf
The ed mutation acts nonautonomously to generate mutant produce extra photoreceptor and cone cells. Conversely,
extra R7 cells ectopic overexpression efd in the eye leads to reduction of

To determine in which celled is required, we usedy-FLP  photoreceptor number. We demonstrate that ED acts by
(Newsome et al., 2000) to generate clones of homozygouwsnverging on TTK88, the most downstream component
edA12 mutant cells in a&ev? background. As shown in Fig. known in EGF receptor signaling. Our results not only

6A, no R7 cells develop in theew2 background. We scored demonstrate the active role of an adhesion molecule in the
54 mosaic ommatidia that contain R7-like cells. Among themEGFR signal transduction pathway but also identify a

57% of the R7-like cells wered- (Fig. 8A), while 43% were previously unknown regulatory mechanism.
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TORSO (TOR) signaling, however, indicated that TOR RTK
transduces its signals through both a RAS-dependent and an

Sending cell unidentified RAS-independent pathways that converge on RAF
= (Hou et al., 1995). In addition, genetic analysislafighter of
ED . h
L sevenless (Doshas revealed that it functions upstream of

direct binding of DRK/GRB2 to the SEV RTK (Raabe et al.,
1996; Herbst et al., 1996). Nevertheless, either a RAS- or KSR-
independent pathway still acts underneath a RTK.

In contrast to the previous examples, our genetic data
indicates that ED functions either downstream of
RAS1/MAPK/PNT/YAN or in a parallel pathway. However,
based on the following data we argue that ED is unlikely to
act downstream of PNT/YAN/SINA in the nucleus, but
instead defines an independent pathway that antagonizes
EGFR signaling (Fig. 9). First, antiserum against ED N-
terminal peptide localizes ED to the plasma membrane, but
L Receiving cell not the nucleus, of every cell in the eye disc. Second, ED

J functions non-autonomously in the signal-sending cells.
_ _ _ ~Third, edis not transcriptionally regulated by the activation
Fig. 9.Model for ED function. The membrane-spanning ED protein of the EGFR pathway, a situation that is different from other
e e e SR racions, Mo . negative requliors of EGER such ass sy and kek
Converg?ng on TTK8S g 9 9oy Fourth, SINA has been shown to form a complex with PHYL
' to target TTK for degradation. The production of ectopic R7
cells in mutations of most negative regulators, {Bapland
ed acts nonautonomously yan, all requiresina(Gaul et al., 1992; Lai and Rubin, 1992).
ED contains six Ig domain with extensive homology toHowever, the formation of extra R7 cellstik mutant is only
vertebrate neural adhesion molecule L1. The L1-family opartially sina dependent. This observation led Lai et al., to
cell adhesion molecules exert their functions througlsuggest that the production of extra R7 cellgkmmutant is
homophilic or heterophilic interactions with other Ig domain-partly influenced by both the normal R7 developmental
containing adhesion molecule (Hortsch, 1996). We found thatignals, which aresina dependent, and anothesin-
ED is expressed in every cell of the eye disc. In addition, oundependent signaling (Lai et al., 1996). Our genetic analysis
genetic analysis demonstrate thad acts in a cell demonstrates that the production of ectopic R7 celledin
nonautonomous manner to generate extra R7 cells. If EButant is completelginaindependent. The observation that
transmits the negative signal from the sending cell viaedfunctions upstream dtk88 implies that the independent
homophilic interaction to the receiving cell, loss ed in  inhibitory pathway, althougkinaindependent, converges on
either sending or receiving cells would result in the sama@TK.
phenotype, owing to the failure to receive the inhibitory ) o
signal. Therefore the extra R7 cells found in the receivindechanism of inhibition of the EGFR by ED
cells could be either wild type or mutant fed However, if  ED, a putative cell adhesion protein, is constitutively expressed
ED transmits the negative signaling via heterophilicon every cells on the eye disc. There are several ways in which
interaction,ed is only required in the sending cells but noted expression can influence signaling. For example, it could
the receiving cells. Therefore, the extra R7 cells found in thenduce polarization and adherens junction formation of
receiving cells could be either wild type or mutant éat  undifferentiated cells. The EGFR is localized to the apical
Alternatively, ED might act as a ligand that activates armicrovillar border where it binds its inductive ligand (Zak and
unidentified receptor on receiving cells. All three models ar&hilo, 1992). The apical restriction of EGFR may concentrate
consistent with our results showing thed functions cell these receptors at a high density and allows efficient capture
nonautonomously. However, only the homophilic interactiorof the SPI ligand, thus restricting SPI diffusion over a long
model would require the cytoplasmic domain of ED to bedistance. In the absence of ED, the EGFR might diffuse to the
required in both the sending and receiving cells. Since whasolateral membrane and the density of EGFR may be too low
found that the cytoplasmic domain of ED is required for theéo capture SPI efficiently. According to this model, SPI may
repression of the EGFR pathway, we favor the homophilidiffuse to distant cells. These cells which normally do not
interaction model between ED molecules to specifyencounter the ligand would then differentiate extra

4 - - } RAS1 and defines a signaling pathway that is independent of

Ras/MAPK

photoreceptor cell formation (Fig. 9). photoreceptor or cone cells. In this case, ED would function as
] ) a mechanical force to affect the binding efficiency of EGFR

ed define an independent pathway to repress EGFR and the diffusion distance of SPI. However, we do not favor

signaling this mechanism because we observe that halving the dede of

Studies on RTK signaling in both vertebrates and invertebratesin enhance the rough eye phenotype caused by constitutively
have converged on an evolutionarily conserved DRK/RASActive EGFR gev-tof02iEgfr), which does not require SPI.
RAF/MAPK signaling cassette that is required to transmit the The other possibility is that ED, via homophilic interactions,
signal from the receptor to the nucleus. Previous studies onay directly transmit a negative signal. This signal would
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