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SUMMARY

Notch (N) activation at the dorsoventral (DV) boundary of  constitutive N activation in the ventral, but not in the dorsal
the Drosophila eye is required for early eye primordium  eye, and gain ofL rescues ventral tissue loss ilN mutant
growth. Despite the apparent DV mirror symmetry, some background. Furthermore, L is necessary and sufficient for
mutations cause a preferential loss of the ventral domain, the ventral expression of a N ligand, Serrate (Ser), which
suggesting that the growth of individual domains is affects ventral growth. Our data suggest that the control of
asymmetrically regulated. We show that the_.obe (L) gene  ventral Ser expression by L represents a molecular
is required non-autonomously for ventral growth but not  mechanism that governs asymmetrical eye growth.

dorsal growth, and that it mediates the proliferative effect

of midline N signaling in a ventral-specific manner.L

encodes a novel protein with a conserved domain. Loss Key words: Notch signaling, Dorsoventral patterning, Growth

of L suppresses the overproliferation phenotype of control, Imaginal disc developmei@fosophila

INTRODUCTION receptors are ubiquitously present in the eye disc, only those
at the DV boundary are activated.
The Drosophila eye is consisted of approximately 800 N activation at the DV boundary is required for the
ommatidia and is subdivided into symmetrical dorsal and ventralubsequent eye growth. LossMfesults in small-eye or no-
domains. Its larval precursor, the eye imaginal disc, grows bgye (Cagan and Ready, 1995; Dominguez and de Celis, 1998;
cell division, increasing in number from about 130 cells at th&apayannopoulos et al., 1998), &hdain-of-function induces
end of the first instar to 9700 cells at the third instar (Wolff anchon-autonomous overgrowth (de Celis et al., 1998; Go et al.,
Ready, 1993). Signaling events that occur at the DV boundaty998). The non-autonomous effect of midline N activation
are required to coordinate this extensive amount of growth. suggests the presence of a diffusible growth factor that is
Dorsal and ventral domains are distinguished by themitted from the DV boundary, but the identity of this factor
asymmetrical expression of dorsal-specaiiagless(wg) and  and its downstream mediators remain unknown.
ventral-specificdecapentaplegi¢dpp) in early eye disc (Cho To better understand how midline N activation is coupled to
et al., 2000). Dorsalvg activates the dorsal-specifioquois  the subsequent eye growth, we studieBrasophila mutant
(iro) gene complex whose products restrfdnge (fng)  with a small eyel.. The gene was first reported in 1925 and
expression to the ventral domain (Heberlein et al., 1998; Chisas been commonly used as a second chromosome dominant
and Choi, 1998; Dominguez and de Celis, 1998; Yang et almarker (Morgan et al.,, 1925). However, mechanisms that
1999; Maurrel-Zaffran and Treisman, 2000). Oppodimgf  underlie its growth defect are little understood. We report the
andfng- cells across the DV boundary establish the moleculagloning ofL and characterization of its functions. Remarkably,
mechanism that functionally defines the DV boundary. Fnd. functions are domain specific. mediates the proliferative
promotes ventral cells along the DV boundary to express a Bffect of N signaling only in the ventral domain, and losk of
ligand, Ser, which in turn initiates a Ser-N-Delta (DI) positive-specifically abolishes the ventral eye growth without affecting
feedback loop that activates N signaling (Kim et al., 1995dorsal eye development. We also show that ventral-specific N
Huppert et al., 1997). Furthermore, Fng inhibits the Serligand, Ser, plays dual functions in eye development. In
dependent N activation in the rest of the ventral domain anaddition to its role in DV boundary formatio8eris required
potentiates N-DI interactions at the DV boundary (Fleming efor the growth of the ventral eye disc, and its ventral expression
al., 1997; Panin et al., 1997). It does so by directly binding N regulated by.. We propose that the eye disc is partitioned
(Ju et al., 2000) and enzymatically modifying N (Bruckner efnto dorsal, medial and ventral domains, the growth of which
al., 2000; Munro and Freeman, 2000). Thus, although N independently regulated.
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MATERIALS AND METHODS Histochemistry
Dissected imaginal discs were stained with either diaminobenzidine
Fly stocks (DAB) or immunofluorescent markers as described (Choi et al., 1996).

We usedUAS-SePN (R. Fleming),UAS-fng UAS-Ntra UAS-NPN, Primary antibodies used were mouse anti-L (1:20), mouse3anti-

Ser-lacZ Sefev2-1FRT82B(S. Artavanis-Tsakonasgy-GAL4 dpp-  galactosidase (1:250; Promega), rabbit Brgalactosidase (1:200;

GAL4, N264-43 UAS-mirr, LL, L2, L4, LS, LSt LV5=In(2LR) 26F; 51F2-  Cappel), rabbit anti-DIg (1:1000; K. Cho), guinea pig anti-Dlg (P.

51A8, LP, phyP21(B. J. Dickson)cpsfmutants (H. W. Brock)Asx Bryant), rabbit anti-Ser (1:20; E. Knust) and mouse anti-Elav.

andAs»¥1 (D. Sinclair),l(2)03563 and two deficiency chromosomes Secondary antibodies were horse radish peroxidase-conjugated anti-

that uncoverL [Df(2R)trix 51A1-6; 51B6 andDf(2R)L4 51A2; rabbit 1gG, anti-rabbit fluorescein isothocyanate (FITC) and anti-

52A12-B1], which have been described by FlyBase. mouse CY3 (Jackson Laboratory). Fluorescent images were taken
with Zeiss LSM laser-scanning confocal microscope

Cloning of L and production of L antibody

Overlapping cosmids covering the genomic region betwiesrand

phyl were isolated from a genomic cosmid library (Tamkun et al.,

1992). Additional cosmids covering the 51A region were obtainedRESULTS

from the Europeamrosophila Genome Project. Standard germline

transformations were carried out to generate transgenic lines thhtis required for ventral-specific growth during early

rescuedL mutations (Rubin and Spradling, 1992). To generateeye disc development

antibody, CDNA coding the C-terminal 370 amino acids of L proteini yariable severities and penetranced, alleles examined
was cloned into pGEX vector (Invitrogen) and the fusion protein Wale L2, L4, L5 andLS) as heterozygotes exhibit a nick near the

used to immunize mice at Caltech monoclonal facility (Ou et al. teri idli fth d th Il si f th .
1993). Sequences were deposited with GenBank — Accession Numigf €Mor midiine or the eye, and the overall Siz€ of the eye 1S

AF522076. slightly reduced. As homozygotes, eye size is greatly reduced,
primarily in the ventral domairi.S' allele typifies the observed

Isolation of L alleles phenotypes with the highest penetrance. Homozyddiis

P-element mobilization was carried out by crossri@01(ry )/+; animals show a preferential loss of the ventral eye with

ry50442-3 ry*] Sh/+ mosaic male with.S/LS!; ry femalesLS/+ flies  complete penetrance (Fig. 1B), and ~70%L&f+ animals
flies have half-eyes. We selected201*/ L' flies that had half-eyes preferential loss of the ventral eye is also apparent in the
and established multiple linesifdicates a new insertion). P-element ye imaginal disc morphology (Fig. 1D). Importantly, as

insertion site was then determined by sequencing the flankin Lsi tant iabl d its half tant
genomic DNA isolated from inverse PCR. TR&201line used for 0mozygousL™ mutants aré viable and Its hali-eye mutan

local transposition was reported to be homozygous lethal and have®?@€notype is indistinguishable from thatlsfover deficiency
P insertion at base 162 of CG10109, but it unexpectedly complemerfg§romosomes, this suggests thatis a strong eye-specific
the deficiency chromosome of the regiB(2R)trix (Spradling et al.,  allele that minimally affects the development of other tissues.
1999). We had re-identified the P insertion sit€®201to be within To assess the extent of ventral eye lodsSilnomozygotes,
the first intron, at 956 bp from the exon/intron junction. we used an enhancer trap lingrrB-12(mirr-lacZ), which has

L loss-of-function alleles were isolated from a screen for revertang dorsal-specific expression white (w) reporter gene (Fig.
of the LP dominant half-eye phenotypd.P/+ male flies were 1E) (Choi et al., 1996). Inv; LS/LS: mirrB1-12+ flies, the
irradiated with 40(_)0 radgray and crossed to wild-type f_emales. Four verall eye size was reduced, and all but one or two rows of
revertants were isolated from a screen of approximately 40,00 maining ommatidia wene*, suggesting that most, if not all,

progenies. One of whiclhev6-3 failed to complemenDf(2R)trix or - : .
L alleles but complemented multiple alleles A8x cpsf and of the ommatidia were dorsal (Fig. 1F). The dorsal polarity was

1(2)03563 known mutations adjacent to Hetero-allelic combination ~ ¢onfirmed in adult-eye sections (data not shown). Eye imaginal
of L™6-3 and other eye-specific alleles generated ventral-reduced discs from stagear; LS/LS! mirrB1-19+ larvae showed ventral
eyes that were indistinguishable from those of eye-speciiiteles =~ domain reduction starting at early second instar (Fig. 1H),
over Df(2R)trix. indicating that L functions are required for early eye
development.

To further study the wild-type function &f we generated
clones ofL~ cells by mitotic recombination (Xu and Rubin,

i i ev6-3 i

for 1 hour either at 24 hours after egg laying (AEL), during the firs 99&),dusmg a IOSS'Of'f:rg%'_gn alllgdé’ .(Shee Mgte”alsb?ndl_
instar stage or 48 hours AEL (during the second instar stage), a et 0 S)- omozygou embryos with no etecta. e
dissected after a 24 hour interval or at the wandering larvae stag¥0t€in expression fail to complete germ-band retraction and
Mutant clones were identified by the absendggélactosidase protein. ShOw no cuticle formatiorL'®v6-3 clones caused distinct eye

_ _ _ phenotypes depending on the time of clone induction and the
Misexpression experiments _ _ location of the clones. In one scheme, clones were induced at
UAS-L construct was made by cloning full-lendthcDNA into the  the first instar stage. In the resulting third instar eye discs that
cells ectopically expressing L or 88 first instar larvae from the reduced, and to a large extent th€6-3+ and +/+ tissue
cross betweetAS-L (or otherUASflies); UAS-lacZmales andyw - ! d R 34 .
P[Actin>CD2>GAL4; w]; hs-FIp,MKRS/TM6Tlemales were heat disappeared together with thve ?!.Lreve St'SSU.e (Flg' 11). By
shocked at 3T for 1 hour at 0 or 24 hour after hatching. The Iarvaeconf{raSt' fjorsal cIo_nes. of considerable size Q'd not cause
were dissected either 24 hours after the heat shock or at the wanderffg/ious size reduction in the dorsal eye, nor did the mutant
larval stage, in order to visualize early first instar clones and lat6lones significantly —affect the ensuing photoreceptor
clones. Expression clones were identified by the presend® of differentiation and polarity determination (Fig. 11). Consistent
galactosidase protein. with the eye disc phenotype, adult mosaic eyes had a relatively

Mosaic analysis

yw hsFLP122; [ev6-3 FRT42D/arm-lacZ FRT42@ndyw hsFLP122;
SefevZ-1FRT82B/arm-lacZ FRT82Birvae were heat shocked afG7
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Fig. 1.Loss of ventral eye ih mutants. (A,B) Wild-type andsi
homozygote adult eyes by scanning electron microscopy.

(C,D) Wild-type and_si third instar eye discs. The morphogenetic
furrow and photoreceptor clusters were respectively marked with
dpp-lacZreporter staining (blue) and neural marker Elav (brown).
Furrow progression and Elav expression were normal within the
remaining eye disc. (Epirr-lacZ enhancer trap lingnirr81-12

(F) w—; LSk mirrB1-17+ flies have mostly* ommatidia. (G) Wild-

type, second instar eye disc stained with Brgal to labeimirr-

lacZ* dorsal cells (brown). (H) IhS second instar eye dismjrr-

lacZ' dorsal domain is considerably larger than the ventral domain
(outlined by the broken line). ()~ mosaic eyes disc generated with
Lreve-3allele. Clones were visualized by the absence ofitie

marker (red). Ventral, but not dorsal domain of the eye disc was
greatly reduced. A cell junction marker, DIg (green), was used to
outline cells in the disc. (J) Adult mosaic eye showed intact dorsal
eye and cuticle-replaced ventral eye. In all figures, white lines mark
the DV boundary and broken lines mark the putative ventral domain.
Dorsal is upwards and anterior towards the right.

midline N signaling in the ventral eye. We used the Gal4-UAS
system (Brand and Perrimon, 1993) to test this hypothesis.
Overexpression of a constitutively actiMeg(NI"tra) (Fortini et

al., 1993) by thedpp-Gal4 driver, which drives expression
along the posterior edge of the eye disc, caused gross
overgrowth of the eye in both dorsal and ventral domains
(compare wild type in Fig. 2A with 2B). Reducihgyene dose
strongly suppressed the ventral overgrowth but had much less
of an effect on dorsal overgrowth (Fig. 2D). This ventral-
specific suppression of N gain-of-function phenotype suggests
thatL acts downstream df.

In contrast to N-induced overgrowth, eliminating N
signaling by expressing a dominant-negative forn gRPN)
(Klein et al., 1997) using thesyeless (ey)-Galddriver
consistently resulted in small-eye or no-eye (Fig. 2)Gal4
drives Gal4 expression in early eye discs and anterior to the
furrow in the third instar discs. Co-expressionLofind NPN
partially suppressed thidPN overexpression phenotype in the
ventral domain: ventral eye was selectively restored in close to
20% ofey-Gal4/UAS-RN UAS-Lanimals (19/86 animals; Fig.
2F). The size of the restored ventral eye was either smaller or
equal to the reduced dorsal eye, and in no instances did we
detect ventral tissue without the presence of at least some
dorsal tissue. The presence of residual dorsal eye indicates that
normal appearing dorsal domain, while most of the ventraNPN overexpression may not completely eliminate endogenous
region was replaced by the cuticle (Fig. 1J). In relatedN functions. It also suggests that N activity, even at a low level,
experiments, mitotic recombination induced at late second arigl a prerequisite fol to induce ventral proliferation.
third instar stages generated multiple clones in both dorsal andGiven that the requirement df functions is early and
ventral domains but did not result in any obvious eye defectsansient, the suppression yof NPN phenotype may be
(data not shown), suggesting an early, transient requirement gfpecific to undifferentiated cells. That is indeed the case. We
L. All together, studies ofS phenotype and.™'6-3 clonal  overexpressedNPN using GMR-Gal4 that induces Gal4
phenotype indicate thatis non-autonomously required for the expression in all cells posterior to the furr@WR-Gal4/UAS-
ventral eye growth but not so in the dorsal, and its functionsl®N animals showed a rough eye phenotype with a relatively

G

are required during early stages of eye development. normal eye size, and the eye roughness was not suppressed by
_ o overexpression of in GMR-Gal4/UAS-RN UAS-L animals
L mediates N signaling in the ventral eye (data not shown).

Previous studies have shown that N activation at the DV If L and N act in the same pathway, transheterozygous
boundary is vital for eye disc growth (Papayannopoulos et almutations of these two genes may result in enhanced
1998; Cho and Choi, 1998; Dominguez and de Celis, 1998phenotypesLS/+ flies have nicks at the anterior edge of the
As L is required specifically for ventral growth, it raiseseye (Fig. 2G), but the defect is not so severe to result in half-
the possibility thal. may mediate the proliferative effect of eyes. Loss of one copy bfdoes not cause visible eye defects
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Fig. 2.L mediates N signaling in the
ventral eye. (A) Wild-type, third insta
disc double-stained with anti-Elav
(red) and anti-DIg (green). (BJAS-
Nintra/dpp-Gal4caused overgrowth in
dorsal and ventral domains (arrows)
(C) L' mutant showed a loss of the
ventral domain. (D) Loss df
suppressetlAS-Na/dpp-Gal4
phenotype in the ventral domain. Th
putative ventral domain is outlined.
Dorsal overgrowth persisted, such tt
the tissue had a crumpled, uneven
appearance. (E)AS-NPNey-GAL4
caused a general loss of tissue. (F)
expression obJAS-LandUAS-NPN
specifically restored the ventral eye. (G)+ adult eye showed a characteristic anterior notch (yellow arrow). (H) Removing a déjay of
LS+ animals increased the severity of theye phenotype.

(Grimwade et al., 1985). Transheterozygbi$4-47+; Lsii+ L might promote ventreberexpression except in regions near
adults, however, had half-eyes in one or both eyes witfl€ DV boundary. In addition, 4$' homozygotes eventually
approximately 50% penetrance (Fig. 2H). We had als¢Pse its ventral eye, loss of ven_t(ﬁbrexpressmn in these
observed similar enhancementLophenotype by mutations in Mutants suggests th@ermay positively regulate ventral eye
Enhancer of spljta major downstream effector of N signaling QVOWth- _

(data not shown). In summary, genetic interactions betieen e induced. null clones to further test the hypothesis that
andN support the hypothesis thatmediates the proliferative 1S @ region-specific, positive regulator $érexpression in first

effect of N signaling specifically in the ventral domain. instar eye disc4."*v6-3clones altere@erexpression in a position-
dependent way. Ventral- clones away from the DV boundary
L regulates Ser expression in the eye disc showed decreaseskrexpression within the clone (four clones

It is likely thatL interacts with other ventral-specific genes, Scored; Fig. 3D-F, white arrow), but clones near the posterior DV
and one candidate geneSer, a N ligand, whose expression boundary had no such effects (three clones sc_:ored; Fig. 3D-F,
is ventrally enriched in the wild-type first instar eye disc (FigYellow arrow). The effect df~ cells onSerexpression appeared
3A) (Cho et al., 2000)Seris required for eye development as 0 be restricted within the clone 8srexpression outside of the
Serloss-of-function mutants have small eyes (Speicher et al
1994; Go et al.,, 1998). To understand possible regulatoi
relations betweeh andSer, we first examine®erexpression

in first instar eye discs frorhs' homozygotes. In these eye
discs, ventraBerexpression was greatly reduced, but notably
the expression along the DV boundary was not affected (Fit
3B, bracket). We used bothSer-lacZenhancer trap line and
an anti-Ser antibody to dete8er expression in thesés!
homozygotes eye discs, and simier expression patterns WT
were observed (data not shown). This observation suggests tl

Fig. 3.L regulatesSerexpression. (A) In wild-type first instar eye
disc,Serwas expressed in the ventral domain and at the DV
boundary. (B) IrLSifirst instar eye disc, ventrSlerexpression was
lost but posterior midlin&erexpression (bracket) persisted. (C) Dlg
marked cell boundaries of the eye disc shown in (D-F).

(D) Composite of E,F. Ventral®v6-3clone in first instar eye disc
showed a decreas&grexpression within the clone (white arrow).
However,L™v6-3clone near the posterior DV boundary did not affect
Serexpression (yellow arrow). There was also a dorsal anterior clong
present. (E)."®v6-3clones were marked by the absenckoZ (red).

(F) Anti-Ser antibody detected Ser protein expression.

(G) Composite of H,IL flp-out clones (red in H) upregulat&er
expression (green in 1) in both dorsal and ventral domains of the firs
instar eye disc. Dlg staining (blue) marks disc cells.

L glone merge
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probably owing to clones near the DV boundary that disrupted
the wild-type Ser functions in DV boundary formation
(Papayannopoulos et al.,, 1998; Cho and Choi, 1998;
Dominguez and de Celis, 1998). Similar phenotype was also
observed iney-Gal4/UAS-S&N eye discs that lacked a DV
boundary (Fig. 4C) (Kumar and Moses, 2001).

(3) In some cases, a preferential reduction of the ventral eye
occurred (Fig. 4D), resulting in a phenotype that was strikingly
Ser clone Ser  flp-out clone similar to that ofL~ mosaic clones (Fig. 11,J).

. Taken together with the regulatory relations betwe@md
Ser, these results suggest that loss of veredexpression
probably contributes th ventral eye loss.

Cloning and expression of L

L was placed in the 51A2-B1 region based on the breakpoints
of Df(2R)L4 a chromosomal deficiency uncoveringdBaker
and Ridge, 1980). Multiple overlapping cosmids spanning the
Ser flp-out clone 150 kbL region were isolated, and genetically transformed
lines containing these rescue constructs were generated (see
Fig. 4. Loss ofSeraffects ventral growth. (A$er clones, marked by Materials and Methods). One of these lines, cosD3, contains
the absence décZ (red), did not affect eye size or photoreceptor ~ ~25 kb genomic DNA and was able to rescue eye phenotypes
cluster formation in either domain. (B) An eye disc that contains  of the eye-specificLS' allele, reducing both severity and
SePNflp-out clones. Overexpression of B¥decreased ventral cell  penetrance of mutant phenotypes (Fig. 5A, Table 1). The
viabilities such that only small ventral clones were observed._ BY  rescue oLSi/+ eye phenotypes by increasing wild-type copies
contrast, there were more dorsal clones and they were consnderablyof the gene suggests tHa# mutation is dominant negative in
nature (Table 1). cosD3 also rescued the recessive lethality of
LP17 allele (see below).

The rescue ol associated phenotypes and lethality by
cosD3 identifies the genomic region that encoded thene.
clone was not visibly affected (Fig. 3D-F, white arrow). To testurthermore, a 8.5klccaRl fragment of cosD3 detected a
if L positively regulatesSer expression, we used tHk-out  restriction polymorphism on the Southern blot of &n
system (Pignoni and Zipursky, 1997) to generate clones of celisversion allelel."V® (Baker and Ridge, 1980) (data not shown).
that overexpresk. In dorsal and ventral domains of first instar Using this 8.5 kb fragment as a probe, multiple overlapping
eye discsL flp-out clones either induced or upregulatger cDNA clones from an embryo cDNA library were isolated.
expression, respectively (Fig. 3G-I). In summaris crucial in  Sequence analysis of multiple cDNA clones revealed a 1.6 kb

|
v

ey-Gal4/UAS-Ser”"

larger. (C) Overexpression of S&rby theey-Gal4driver abolished
eye development. (09ePN flp-out clones caused a preferential loss
of the ventral domain, similar ta

maintaining ventraSerexpression levels. open reading frame (ORF) andahd 3 untranslated sequences

. of 308 and 565 bp, respectively. The ORF agrees with the
Loss of Ser affects ventral eye disc growth CG10109 sequence deposited by fhesophila Genome
To understand the role ofer in eye growth, Sernull Project. A representative 2.6 kb cDNA probe detected a single

(Sefev2-1) mutant clones were examined in eye discs and adultanscript of similar size on a northern blot made from larvae
eyes. We did not find obvious defects in the size of the eye died all stages, suggesting that it represents the full-length
or photoreceptor differentiation (Fig. 4A), consistent withtranscript (Fig. 5D).
previous reports (Sun and Artavanis-Tsakonas, 1996; To verify that CG10109 is indeed thegene, we identified
Papayannopoulos et al., 1998). This lackSefnull clone the P-element insertion site dfP1’ (see Materials and
phenotype implies that either the Ser protein is diffusible, oMethods). LP17 is recessive embryonic lethal and is
Seris functionally redundant. In order to remove more of thephenotypically allelic td alleles.LP17/Ls animals showed loss
wild-type Serfunctions, we generatdlpp-out clones expressing of the ventral eye that is indistinguishable frbfilLs! half-eye
a diffusible, truncated form der(SePN). SePN consists of phenotype. Approximately 40% 17+ heterozygotes had
Ser extracellular domain but lacks the transmembrane domaitefects at the anterior edge of the eye, similarl¥b+
and is capable of antagonizing wild-tyd@er functions heterozygotes. Precise excision of the P-element restored the
(Hukriede et al., 1997). wild-type eye as well as viability, demonstrating that it was
Eye discs that containegePN flp-out clones were variably responsible for the mutant phenotypes. The P-elemeritléf
reduced. Three kinds of phenotypes were observed and mighas inserted 163 bp downstream to the start codon in the first
be attributed to slight variations in the timing of cloneexon of CG10109 (Fig. 5A,B). The recessive lethality ¥
inductions and the location of the clones: was partially rescued by cosD3: the viability ldt17/LP17
(1) In 19 eye discs that contained 52 dorsal clones, themsD3/+ animals was 80% less than &7+; cosD3/+
were only two small ventral clones found (one such eye disanimals. Finally, full-lengtiJAS-LcDNA construct under the
is shown in Fig. 4B). This suggests that while the expressiocontrol ofhs-Gal4driver was able to rescue lethality associated
of SePN had little effects on dorsal and medial cell viabilities, with the LP17 allele when given daily heat shock throughout
ventral cells expressing $&failed to proliferate and/or died. embryonic and larval stages. The rescued animal restored the
(2) The most severely affected eyes were rudimentargye fully (~70% of flies) or partially (30% of flies). The rescue
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P17

A Table 1. cosD3 partially rescuesSi phenotype*
- E E EE E EEE £ 1k
LI 54 L L L, 0L, O, L, Genotype Phenotype
1 cpsf As. -
SESi0 —m,— —Kb LSi/+ 66% Anterior nick (in one or both eyes)
34% Normal
cos D3 )
c6s F1 LS/+; P{w*-cosD3}/+ 21% Anterior nick
79% Normal
1 MLISCKCSNEVASTSKLORSNS SSGAGGRVGGAEVASGEVATAT LLSQVE _—
B - QOKY PLDEVFY SHIMEF FKHAY GPI PDLTVAVINQRELLYGLTLEAAGQS LsyLst 100% Half eye

101 WQLSLCINCKEVLCARRLTAGAGATPTLYLINCTLLTSSEELAQRESNKA LSi/LSi; P{W+-COSD3}/+ 54% Half eye

151 FSETFELLIMDHTGSDSGSTRPTSGLSNSASSLSIGSLSSNPTDARVORL 40% Intermediate phenotype
201 RMIQAHQQARLOEEIVETNERIERYTRTQFQLLNSFREKSDQDCALLFKYV 6% Normal

251 IRALPEQASELLDRAMLPALDVAANQPQSATARRRNTISSRRELNGGETT

301 PTTTLTHPENFLSLNQQPQOOLLACOOOOOLOADQQQOO0APOSVENARK Lsi/Ls:; P{w*-cosD3})/ P{w-cosD3} 16% Half eye
351 MSHFDTPPATPEAT PMSVGNSPTFROQSAAGGAGGPPTOTLTENGVGQSS 31% Intermediate phenotype
401 VNEDADDCLFDLEDVDAPVEVQSVEPVPSYTRSLIYQQQPQHNEF QQLSQQ 53% Normal

451 NGLRSVLDDEAADEAEDALDPDSSISIFVRGGGRPSHAQLMNFARSLETE
501 IANTTLAERAAVANNNNEGQOGCEEGMDNIDIAASIQALTRSVHGEAVEGD
551 LPRPRLRSQIEG

C Lobe 493 FARSLPIETANTTLAERAAVANNNNEGQECEEGMDNIDIAAST
bee 215 -AKSLPVSVPSFPSEVRRTVQDQDD-DOLSRDPHDPHNIRASI
mouse 181 YAKSLPVSVPVWAFKEERTEARSSDEENGPPSSPDLDRIAASH
human 180 YAKSLPVSVPVWGFKEKRTEARSSDEENGPP3SPDLDRIAASM

*For each genotype, at least 100 flies were scored to determine the
percentage of individual phenotypes.

detectable level of L protein expression in null animals (Fig.

Lobe 528 QALT-RSVHGEAVFGDLPRERLRS 5E). To examing. expression patterih, transcript and protein
bee 256 FALA-KSVHGDTVFGDLPRPREST i i e H 1
ovie. Tu€ RATARBARDRCVOETRERSETie were detectec_i by MRNA in situ hybrldlzatlon a_nd _by the
human 215 RALVLREAEDTOVEGDLERPRINT polyclonal antibodyL is ubiquitously expressed in first instar
4.40 -
237 -

135 -

E E G eye discs (data not shown). In the third instar disc, the RNA
> transcripts were detected in the antenna disc and in
undifferentiated cells anterior to the furrow in the eye disc (Fig.
¥ 5F). By comparison, the protein could be readily detected in
the antenna and anterior to the furrow, but a much lower level
024~ _ of expression is also present posterior to the furrow (Fig. 5G).
{kb)
Fig. 5.L is a novel protein with preferential expression anterior to the DISCUSSION
furrow. (A) Overlapping cosmids spanning the 51A2-B1 regions were

isolated. Cos D3, but not cos F7, rescued. thkenotype and the N promotes growth via L in the Drosophila eye

lethality of LP17 allele, which has a P-element inserted in the first exonp, le of N si ling i wih | Id ted |
E: EcdRl site. (B) The putative L protein contains a poly-glutamine € role of IN'signaling In gro IS well documented in many

rich region (underlined). Arrowhead indicates the P-element insertionOf9anisms (for a review, see Artavanis-Tsakonas et al., 1999).
site ofLP17. (C) Sequences of the C terminud.afnd its related For example, constitutive N activation @. eleganscauses
proteins over a span of 67 amino acids: bee (BI509118) (43% germline tumor formation (Berry et al., 1997), and in humans,
identical; 63% positive), mouse (AK003638) and human (BC007416) expression of humaBerhomolog,JAG1 (jagged 1), induces
(37% identical; 53% positive). In the last 30 amino acids, 56% are  the expansion of hematopoietic stem cells (Varnum-Finney et
identical. The red letters indicate identical amino acids and green oneg|., 1998; Karanu et al., 2000). Drosophila N activation at
band on a northem bt o toal RNA extracied from lanae of al  omain boundaries is required for the growth of wing and eye
' imaginal discs. In developing wing discs, activated N along the
ev6-3| reve-3 -of- . . .
stages. (E) Embryo dfe:*L'0 arrowhead), a loss-of-function /0 1nary upregulates the expression of Wg, which in turn

allele, has no detectable level of L protein (red)."#-3+ embryo . ; X :
(arrow) the protein was readily detected. The genotype of the embryo duces wing outgrowth (Diaz-Benjumea and Cohen, 1995). In

was distinguished with green fluorescent protein marker (not shown).the eye disc, the proliferative effect of N is also likely to be

(F,G) In third instar eye/antenna discdranscripts, detected by RNA ~ mediated by diffusible factors emitted from midline, although

in situ hybridization (F), and L protein, detected by antibody (G), are their identities are not known at this time.

most intense in the outer antenna ring and in the eye disc anteriorto ~ We have presented genetic evidence thatould be a

the furrow component of an intracellular pathway that transduces N
signaling in cells of the ventral eye (Fig. 2). The consetved
sequences suggest that its mammalian counterparts may play

of lethality and eye defects Hy genomic DNA and cDNA similar functions in mediating N signaling, although the

positively identifies CG10109 as thegene. precise function of the conserved domain is not known. The

The putative L protein is 562 amino acids long and containstriking domain specificity of-mediated growth may be the

a poly-glutamine rich region and a C terminus that shareesult of various mechanisms. It is possible that signaling

significant sequence similarities with novel insect, mouse angholecules sent to the ventral domain are different from the

human proteins of unknown functions (Fig. 5C). A polyclonalones sent to the dorsal. Signaling molecules may be selectively

antibody was generated, and it detected a single band of ~68questered in one domain but not the other, as in the case of

kDa on a western blot prepared from third instar eye imaginalpp signaling in the wing disc (Teleman and Cohen, 2000).

discs (data not shown). Furthermore, this antibody revealed moay cooperate with other ventral-specific genes to transduce
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the N signaling, or the expression lofmay be transiently A B
ventral specific in the early eye disc. More than one
mechanism may contribute to the domain specificityl of
functions.

£

Midline DI 'N DV

o
Role of Serand L in asymmetrical eye growth Cells ~ Fng N Ser  \ Boundary

Previous experiments have shown that growth of neighborin
symmetrical domains may be independently controlled. It
Drosophila wing discs, increased expression ldédgehog
along the anteroposterior boundary causes anterior wir
overgrowth but has no effects on the posterior wing (Tabat
and Kornberg, 1994; Johnson et al., 1995); ubiquitou S
overexpression dberincreases the ventral wing tissue but not >
the dorsal (Speicher et al., 1994). Additionally, there are othe
Drosophilaeye mutants that show preferential reductions o \.

the ventral eye, such ag mutants (Ma and Moses, 1995) and growth
dpp mutants (Treisman and Rubin, 1995). However, dominar’E

mutation Rough eyesuppresses these ‘furrow stop’ mutant A) Dorsal cells, ventral midline cells (yellow outline) and ventral
phenotypes ofipp andyvg but not thel phenotype (I-_|eber|e|n ((: )Ils (green outline) may develop indgoendently. (Bg Molecular
etal., 1993), suggesting fundamental differences in nature afileractions among N ligands and N in midline cells (yellow cells)
function betweer. and furrow stop mutants. result in the non-autonomous activatiorLéBerpathway to promote
Clonal study shows that null clones have striking proliferation of the rest of the ventral domain (green cells).
domineering non-autonomous effects, such that the viability of
wild-type tissue immediately adjacent ltomutant clones are
severely reduced (Fig. 11). Nevertheless, this non-autonomowsen though diffusible DI has been detectedmosophila
deleterious effect is limited to ventral domain, as clonextract (Qi at al., 1999).
abutting the DV boundary do not seem to affect dorsal cell o
viability. This domineering non-autonomous effect may be thdWo distinct groups of cells control DV boundary
result of interspersedl null clones disrupting the physical formation and domain-specific proliferation
integrity of the imaginal disc epithelium, causing the disc torhe domain-specificity of phenotype indicates that the eye
fall apart. It is also possible thhatis redundant in the dorsal disc is partitioned, and the growth of individual domain is
domain, thus loss df can be compensated by another dorsaldifferentially regulated. Loss of the ventral eyeLimutants
specific gene. Another possibility that we favor incites a failureloes not seem to affect DV boundary formation or the
of the clone cells to send out a locally acting growth signal. Aassociated midline N activation, because disruptions of either
our data indicate thdt is a regulator oSerexpression (Fig. of these events would result in abnormal dorsal growth.
3), could Ser be this local-acting, diffusible factor? Additional data suggest thatdoes not affect the initial DV
HomozygousSer mutants have small eyes, indicating thatdomain specification: (1) is functionally downstream to
Seris required for proper eye growth. However, removdgg N activation (Fig. 2); (2)L mutation does not affecBer
in clones of cells does not result in mutant eye phenotypes, agpression at the DV boundary (Fig. 3); and (3) domain-
shown in this report (Fig. 4A) and others (Sun and Artavanisspecific expression patternsdgp, fngandwg are not affected
Tsakonas, 1996; Papayannopoulos et al., 1998). Thesethe first instat. mutant eye discs (data not shown).
observations are consistent with Ser being a diffusible factor, Consistent with this model, we propose that in the seemingly
but other possibilities exist. homogenouSerexpressing, first instar ventral domain, there are
First, there may be other functionally redund&etlike  actually two distinct groups oSerexpressing cells: ventral
molecules, but no candidates have yet been identified. Secomdidline cells (Fig. 6A, yellow outline) abutting the dorsal midline
in Serexpressing cellsSer may autonomously induce the cells, and the rest of the ventral cells (Fig. 6A, green outline).
expression of diffusible signaling molecules that act nonTheir putative functions are different and th@arexpression is
autonomously. Ligand and receptor interactions within théndependently regulated. In the ventral midline cells, Ser is
membrane of the same cell have been demonstrated in the cas®lved in setting up the DV boundary, and its expression is
of N andDI. N and DI can physically associate within the regulated by the Ser-N-DI positive-feedback loop (Fig. 6B,
membrane of a single cell (Fehon et al., 1990), and thgellow cells). The midlin&erexpression can be further modified
expression level oDl in a cell can modulate its own N by Fng and Hedgehog, both of which can indBeeexpression
response (Jacobsen et al.,, 1998). In this man8er;N only near the DV boundary but not elsewhere in the eye field
interaction may lead to the expression of diffusible factors thgfPapayannopoulos et al., 1998; Cho et al., 2000), emphasizing
rescue clones @&er cells. Third, the ability of adjacent wild- again the distinctiveness of these midline cells.
type cells to rescu8er cells suggests that Ser protein may By comparison, in the rest of the ventral dom&ey is
be diffusible. This is consistent with low levels of Serdirectly involved in controlling local growth. Loss 8&rin the
expression that we observedLinclones; and in our anti-Ser ventral domain causes ventral-specific growth defects similar
antibody staining, we consistently observed intense, dottio the loss of (Figs 1, 4) Serexpression in the ventral domain
cytoplasmic staining, possibly secretory vesicles (Fig. 3)may not be sustained by the Ser-N-DI loop, as ventral Fng
However, the presence of secreted Ser is yet to be confirmédhibits potential Ser-N interaction which is necessary to

C

ig. 6. Drosophilaeye disc is partitioned into three domains.
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initiate the positive feedback loop (broken line in Fig. 6B)Go, M. J., Eastman, D. S. and Artavanis-Tsakonas, S1998). Cell
(Papayannopoulos et al., 1998). Instead, veS&adxpression proliferation control by N signaling inDrosophila development.
is regulated b)L (Fig. 3)_ Developmenti25 2031-2040.

. . . . .. Grimwade, B. G., Muskavitch, M., Welshons, W. J., Yedvobnick, B. and
Our data suggest the eye primordium is partitioned into Artavanis-Tsakonas, S.(1985). The molecular genetics of tNdocus in

dorsal, _midline and ventral QOmain§ vyith diﬁerent gene Drosophila melanogastebev. Biol 107, 503-519.
expression and growth properties. It highlights the importanceeberlein, U., Wolff, T. and Rubin, G. M. (1993). The TGF-homologpp
of local cellular context in interpreting signals released from and the segment polarity gehedgehogre required for propagation of a

: : morphogenetic wave in tHerosophilaretina.Cell 75, 913-926.
the domain boundaries and shows that the growth qj|erberlein, U., Borod, E. R. and Chanut, F(1998). Dorsoventral patterning

symmetrical domains may be asymmetrically regulated. OUr i, the Drosophila retina by winglesevelopment 25, 567-577.

model may also be applicable to the development of othefukriede, N. A., Gu, Y. and Fleming, R. J.(1997). A dominant-negative

imaginal discs as well as other developmental systems. form of Serrate acts as a general antagonist of N activadievelopment
124, 3427-3437.

We are grateful to K.-O. Cho for initial observation of ventral HuPPert, S.'S., Jacobsen, T. L. and Muskavitch, M. A(1997). Feedback
specificity ofL mutant. We thank H. Bellen, K.-O. Cho, H. Sun and regulation is c_entral to Delta-N signalling required for drosophila wing vein
S. lzaddoost for comments and discussion, and Z. H. Chen f morphogenesiDevelopment 24 3283-3291.

: ° . - ’ C . _gﬁcobsen, T. L., Brennan, K., Arias, A. M. and Muskavitch, M. A. T.
technical assistance. We thank the Indiana Stock Center for providing(199g). Cis-interactions between Delta and N modulate neurogenic
flies and Caltech monoclonal facility to make theantibody. We signalling inDrosophila Development.25, 4531-4540.
thank K.-O. Cho for DIg antibody. Confocal microscopy wasJohnson, R. L., Grenier, J. K. and Scott, M. P.(1995). Patched
supported by a Core Grant for Vision Research from the NIH to D. overexpression alters wing disc size and pattern: transcriptional and
B. Jones. J. C. is supported by NRSA and K.-W. C. is supported by post-transcriptional effects dredgehogargets Developmenti21, 4161-

4170.

the NIH.
Ju, B. G, Jeong, S., Bae, E., Hyun, S., Carroll, S. B., Yim, J. and Kim, J.
(2000). Fringe forms a complex with Nature405, 191-195.
Karanu, F. N., Murdoch, B., Gallacher, L., Wu, D. M., Koremoto, M.,

REFERENCES Sakano, S. and Bhatia, M.(2000). The N ligand Jagged-1 represents a
novel growth factor of human hematopoietic stem céll&€xp. Med192
Artavanis-Tsakonas, S., Rand, M. D. and Lake, R. J1999). N signaling: 1365-1372.
cell fate control and signal integration in developm&uience284, 770-  Kim, J., Irvin, K. D. and Carroll, S. B. (1995). Cell recognition, signal
776. induction, and symmetrical gene activation at the dorsal-ventral boundary

Baker, B. S. and Ridge, K. A(1980). Sex and the single cell. I. On the action  of developingDrosophilawing. Cell 82, 795-802.

of major loci affecting sex determination Drosophila melanogaster ~ Klein, T., Brennan, K. and Arias, A. M. (1997). An intrinsic dominant

Genetics94, 383-423 negative activity of Serrate that is modulated during wing development in
Berry, L. W., Westlund, B. and Schedl, T.(1997). Germ-line tumor Drosophila Dev. Biol.189, 123-134.

formation caused by activation gfp-1, a Caenorhabditis elegansember Kumar, J. P. and Moses, K. (2001). EGF receptor an8ll signaling

of theN family of receptorsDevelopmenii24, 925-936. act upstream oéyeless/Pax@o control eye specificatiorCell 104, 687-
Brand, A. H. and Perrimon, N.(1993). Targeted gene expression as a means 697.

of altering cell fates and generating dominant phenotypeselopment 18 Lindsley, D. L. and Zimm, G. G. (1992). The Genome oDrosophila

401-415. melanogaster. p. 303. London: Academic Press.

Bruckner, K., Perez, L., Clausen, H. and Cohen, S.(2000). Ma, C. and Moses, K.(1995).winglessand patchedare negative regulators
Glycosyltransferase activity ofringe modulates N-Delta interactions. of the morphogenetic furrow and can affect tissue polarity in the developing
Nature406, 411-415. Drosophilacompound eyeDevelopmeni21, 2279-2289.

Cagan, R. L. and Ready, D. F(1995).N is required for successive cell Maurrel-Zaffran, C. and Treisman, J. E. (2000).Pannieracts upstream of
decisions in the developir@rosophilaretina.Genes DeV3, 1099-1112. winglessto direct dorsal eye disc developmenbirosophila Development

Cho, K.-O., Chern, J., lzaddoost, S. and Choi, K.-W.2000). Novel 127,1007-1016.
signaling from the peripodial membrane is essential for eye disc patterninglorgan, T. H., Bridges, C. B. and Sturtevant, A. H.(1925). The genetics
in Drosophila Cell 103 331-342. of Drosophila.Bibliog. Genet2, 1-262.

Cho, K.-O. and Choi, K.-W. (1998).Fringe is essential for mirror symmetry  Munro, S. and Freeman, M.(2000). The N signaling regulator fringe acts in
and morphogenesis in tirosophilaeye.Nature 396, 272-276. the Golgi apparatus and requires the glycosyltransferase signature motif

Choi, K.-W., Mozer, B. and Benzer, S(1996). Independent determination of =~ DXD. Curr Biol. 10, 813-820.
symmetry and polarity in thBrosophilaeye.Proc. Natl. Acad. ScUSA Ou, S. K., Hwang, J. M. and Patterson, P. H(1993). A modified method

93, 5737-5741. for obtaining large amounts of high titer polyclonal ascites fluitmmunol.
de Celis, J. F.,, Tyler, D. M., de Celis, J. and Bray, $1998).N signalling Methods165, 75-80.

mediates segmentation of ti@rosophila leg. Developmentl25 4617- Panin, V. M., Papayannopoulos, V., Wilson, R. and Irvine, K. D(1997).

4626. Fringe modulates N-ligand interactiomMé&ature 387, 908-912.

Diaz-Benjumea, F. J. and Cohen, S. M1995).Serratesignals througtN to Papayannopoulos, V., Tomlinson, A., Panin, V. M., Rauskolb, C. and
establish avinglessdependent organizer at the dorsal/ventral compartment Irvine, K. D. (1998). Dorsal-ventral signaling in thBrosophila eye.

boundary of thédrosophilawing. Developmenii2l, 4215-4225. Science281, 2031-2034.

Dominguez, M. and de Celis, J. F(1998). A dorsallventral boundary Pignoni, F. and Zipursky, S. L. (1997). Induction ofDrosophila eye
established byN controls growth and polarity iDrosophila eye. Nature development bylecapentaplegidevelopment24, 271-278.
396, 276-278. Pirotta, V. (1988). Vectors for P-mediated transformatiorDirosophila In

Fehon, R. G., Kooh, P. J., Rebay, I., Regan, C. L., Xu, T., Muskavitch, M. Vectors: A Survey of Molecular Cloning Vectors and Their JsdsR. L.
A. and Artavanis-Tsakonas, S(1990). Molecular interactions between the  Rodriguez and D. T. Denhardt, pp. 438-456. London: Butterworths.
protein products of the neurogenic loci N and Delta, two EGF-homologou®i, H., Rand, M. D., Wu, X., Sestan, N., Wang, W., Rakic, P., Xu, T. and

genes iDrosophila Cell 61, 523-534. Artavanis-Tsakonas, S.(1999). Processing of the N ligand Delta by the
Fleming, R. J., Go, Y. and Hukriede, N. A.(1997). Serratemediated Metalloprotease KuzbaniaScience283 91-94.

activation ofN is specifically blocked by the product of the gérege in Rubin, G. M. and Spradling, A. C. (1982). Genetic transformation of

the dorsal compartment of tBeosophilawing imaginal discDevelopment Drosophilawith transposable element vectoBeience218, 348-353.

124, 2973-2981. Speicher, S. A., Thomas, U., Hinz, U. and Knust, §1994). TheSerrate
Fortini, M. E., Rebay, I., Caron, L. A. and Artavanis-Tsakonas, S(1993). locus of Drosophilaand its role in morphogenesis of the wing imaginal

An activated N receptor blocks cell-fate commitment in the developing discs: control of cell proliferatiorDevelopmeni20, 535-544
Drosophilaeye.Nature 365 555-557. Spradling, A. C., Stern, K., Beaton, A., Rehm, J. E., Laverty, T., Mozden,



Lobe function in domain-specific eye growth 4013

N., Misra, S. and Rubin, G. M.(1999). The Berkelefprosophilagenome furrow movement in thédrosophila eye disc.Developmentl21, 3519-
project gene disruption project. Single P-element insertions mutating 25% 3527.
of vital DrosophilagenesGeneticsl53 135-177. Varnum-Finney, B., Purton, L. E., Yu, M., Brashem-Stein, C., Flowers, D.,
Sun, X. and Artavanis-Tsakonas, S(1996). The intracellular deletions of Staats, S., Moore, K. A, le Roux, I., Mann, R., Gray, G., Artavanis-
DELTA and SERRATE define dominant negative forms of Dnesophila Tsakonas, S. and Bernstein, |. D(1998). The N lignad, Jagged-1,
N ligands.Developmenfi22 2465-2474. influences the development of primitive hematopoietic precursor cells.
Tabata, T. and Kornberg, T. B.(1994).Hedgehogs a signaling protein with Blood 91, 4084-4091.
a key role in patternin®rosophilaimaginal discsCell 76, 89-102 Wolff, T. and Ready, D. F.(1993). Pattern formation in the Drosophila retina.
Tamkun, J. W., Deuring, R., Scott, M. P., Kissinger, M., Pattatucci, A. M., In The Development @irosophila melanogaster Vol. II, p. 1293. New York:
Kaufman, T. C. and Kennison, J. A.(1992). Brahma a regulator of Cold Spring Harbor Laboratory Press.
Drosophilahomeotic genes structurally related to the yeast transcriptionaKu, T. and Rubin, G. M. (1993). Analysis of genetic mosaics in developing
activator SNF2/SWI2Cell 68, 561-572. and adultDrosophilatissuesDevelopmenfl17, 1223-1237.
Teleman, A. A. and Cohen, S. M(2000). Dpp gradient formation in the Yang, C.-H., Simon, M. A. and McNeill, H (1999).mirror controls planar
Drosophilawing imaginal discCell 103 971-980. polarity and equator formation through repression of fringe expression and

Treisman, J. and Rubin, G. M. (1995). Wingless inhibits morphogenetic  through control of cell affinitiesDevelopmeni26, 5857-5866.



