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SUMMARY

We report the identification of a Drosophila Pax geneeye require eyg (3) eygand ey can partially substitute for the
gone(eyg, which is required for eye development. Loss-of- function of the other, and (4) coexpression adygand eyhas
function eygmutations cause reduction or absence of the a synergistic enhancement of ectopic eye formation. Our
eye. Similar to the Pax@yelesgey) gene, ectopic expression results also show thateyg has two major functions: to
of eyginduces extra eye formation, but at sites different promote cell proliferation in the eye disc and to promote
from those induced byey. Several lines of evidence suggest eye development through suppression afg transcription.
that eygand ey act cooperatively: (1)eygexpression is not

regulated by ey, nor does it regulateey expression, (2eyg

induced ectopic morphogenetic furrow formation does not Key words:Drosophila Eye development, Pax gerge gonge
require ey, nor does eyinduced ectopic eye production eyelessMorphogenetic furrow

INTRODUCTION factor genestsh and optix, can also induce ectopic eye upon
ectopic expression (Pan and Rubin, 1998; Seimiya and
Development of thérosophilacompound eye begins in the Gehring, 2000) [see also Singh et al. (Singh et al., 2002) for
cellular blastoderm embryo, when about 6-23 cells ar@n additional role ofsh.
allocated as the eye-antennal disc primordium. These cells Epistasis analysis in loss-of-function mutants and in mis-
proliferate without differentiation to form the larval eye- expression situations suggests tiogt ey, so eya dacandtsh
antennal disc, from which most of the adult head structures wifbrm a complex regulatory network (Desplan, 1997; Shen and
derive. At early third instar, cells at the posterior of the eye disMardon, 1997; Bonini et al., 1997; Chen et al., 1997; Pignoni
start to differentiate, and the differentiation progresses in at al., 1997; Halder et al., 1998; Pan and Rubin, 1998; Czerny
posterior-to-anterior direction (Wolff and Ready, 1993). Theet al., 1999)toy acts upstream to regulatg expression but is
front of differentiation is marked by an indent called thenot regulated byy (Czerny et al., 1999). Several lines of
morphogenetic furrow (MF). Cells are undifferentiated anterioevidence suggest thay acts upstream and regulates the
to the propagating furrow, and become progressivelgxpression ofdac eya so andtsh (1) Its ability to induce
differentiated posterior to the furrow. ectopic eyes is the strongest. (2) Its normal expression in the
In recent years, a small number of genes, all encodingye disc starts earlier (in the embryonic eye disc primordia)
nuclear proteins, have been identified as be required amlkdaneya so dacandtsh (3) The normal expression ejdoes
sufficient (in certain contexts) for the initiation of eye not requiredac eyaandso, while the normal expression eya
development irDrosophila (for reviews, see Desplan, 1997; and so requiresey. (4) Ectopicey expression can induce the
Treisman, 1999; Kumar and Moses, 2001). Loss-of-functioexpression oflag eyg so andtsh (5) Ectopic eye induction
mutations oftoy, ey, dac, eyaandsocan lead to reduction or by eyrequiresdac eyaandso. However, the regulation is not
absence of the adult eye, while ectopic expression of thesesimple linear pathway, because (1) ectopic expressitecof
genes, either alone or in combination, can lead to ectopic eygg so andtsh can also inducey expression, at least in the
formation (Halder et al., 1995; Shen and Mardon, 1997; Bonirantennal disc, (2) ectopic expressiomatandeyacan induce
et al., 1997; Chen et al., 1997; Pignoni et al., 1997; Czerny etch other, and (3pandeyamay up-regulate the expression
al., 1999; Kronhamn et al., 2002), suggesting that they act af the other (when ectopically induced bsy). These
the very early steps of eye development. Two other nucleaelationships suggest a positive feedback regulation among
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these genes. These feedback regulations are important for th&ireening and genetic characterization of ~ eyg mutants

function, because ectopic eye formation dyg sdeyaand  Several approaches were used to genesagmutationsy-irradiation
dadeyaalso requires the upstrea@ygene (Bonini et al., 1997; was used to induce chromosomal aberrations in Eg-1, Eg-2 and Eg-
Pignoni et al., 1997; Chen et al., 1997). 3, which have P-element_ insgrtions (_:Iose toeyglocus (Sun et al.,

Although ey has been called a master regulator of eyd995). The males were irradiated witnays (4000R) and mated to
development (Halder et al., 1995), eye development does DH/TMF, Serfemales. The progeny were Scfreﬁn%j“forv\l/?s's of the

; ; ; quatorial eye pigmentation pattern, i.e. loss of the P[lacW] insertion

cg)gﬁlé;gqegsgyaﬁg!(;?ggfde; g: :|Xp£%5$$59rsléser? gvxgs&gfdr?)n in 69C. C1 was found to be_a large deficiency (69A4-5; 69D4-6;
1997: Bonini et al., 1997; Pignoni et al., 1997; Chen et al cytology determined by Adelaide Carpenter) and used as a reference

for null. eyd"3-12was generated from mobilization of P[lacW] from
1997; Halder et al., 1998). Other genes must collaborate Witg, 1 complementation over theyg allele gave a strongyg

eyin the induction of eye development. For example, DPP anghenotypeeyd”3-12homozygotes are pupal lethal. The pharate adults
HH signaling collaborates with EY for ectopic eye inductionhave a headless phenotype (see text), which is similar to téd 6
(Chen et al.,, 1999; Kango-Singh, 2003). Therefore, th&2C1, suggesting thayd3-12is close to a functionally null allele.
identification of genes that are required for eye developmer@imilarly, eygF92-d22 derived from Eg-2 by P mobilization, was
but not directly underey regulation will lead to a better defined as close to a functionally null allele(3LR)gw/eyg" flies
understanding of the mechanism of eye induction. dptex ~ showed a small eye phenotype, indicating trgBLR)gV" (from
gene of théSix/sogene family is such a gene. It is capable of 85 T S8 ) 8 B et e PTcawel
inducing ectqplc eye deye_lopment but .'ts expression 1S r](i"?{sertion 527 bp upstream of the first ATG represented in the Lune
under reg"“a“on by (Seimiya and thrlng, 2000). transcript. It is homozygous viable and exhibits no apparent
eye gonéeyg_ is a_noth_e_r gene required for eye deveIopmentphenotype.eyév-ll ey@22 and eyd*4 were independently derived
The first mutation identifiedgyd', causes the eye to become from mobilizing the P[GawB] in EM458. The severity of defect of
significantly smaller (FlyBase, 2003). It also shows genetieygalleles was tested over null allel€sl(or eyd"3-12) and over weak
interaction with ey, as mutants doubly homozygous for alleles eéyd or In(3LR)gV). eyd"3-12 mutant clones were generated
hypomaorphic viablesyg and ey alleles are not viable (Hunt, using the hs-FLP/FRT method (Xu and Rubin, 1998)FLF2 and
1970). The lethal pharate adults have severely reduced head &Rl (W'92A (FlyBase, 2003) were used. Heat shock inductionsef
Complete absence Of eyes These results suggeﬁyg-may FLP was at 37°C fOI‘ 1 hOUI‘ at the |nd|Cated time after egg Iaylng
act in the early stages of eye development and interaceith (AEL). The eygmutant clones in the adult are marked by the loss of

. . . . pigmentation, dependent on the miviiite marker. In eye discs, the
. Itr;] this r(ta)port,.we |de3_t|fyeyg_as adl?ax gergje._ Itt'; ei(preslSecjheterozygous cells are marked by one copy ofthieGFP-nls which
In the embryonic eye disc primordium and In the larval €Y&,qqes a nuclear GFP (Davis et al., 1995). The mutant cells should

imaginal disc. We characterize its function in eye developmerfaye no GFP expression, while the wild-type twin-spot should have
and show that ectopieyg expression can induce ectopic eyewice the GFP level. However, the twin-spots have a much stronger
formation. eyg is different fromeya so and dac in that its ~ GFP expression.

expression is not primarily regulated &y nor does it regulate ) _

eyexpression. Its ability to induce ectopic eyes does not requiransgene constructs and germiine transformation _

ey, nor is it required for the ability @yto induce ectopic eye. The 2.7 kb full-length Lune cDNA was cloned into tet site (_)f
Thereforeeygacts neither upstream nor downstreaneyfin the P[CaSpeR-hs] and P[UAST] vectors (Thummel and Pirrotta,

- . .. 1992; Brand and Perrimon, 1993). These constructs were used in
addltlpn, coexpression odyg and ey causes a synerg_lstlc germline transformation as described previously (Rubin and
ectopic eye formation. Thusygappears to act cooperatively Sé)radling 1982)

i , .

with eyin eye development. As both genes encode Pax protei

with a homeodomain, this is suggestive of a moleculab’-RACE

interaction between the two gene products. We also show thatbryos were collected 0-16 hours after egg laying for mRNA
the mechanism by whiokygaffects eye development may be purification by the CLONTECH mRNA purification kit. Thé énd

through suppressing the expressiorwof which is known to ~ of eyg transcript was amplified by the SMARY RACE cDNA

inhibit ME initiation. Amplification kit using twoeygspecific primers for nested PCR. The
two primers were SCTAGCAACTTGGAGACAGCTCC-3 and
5'-GCCAGAATTAGCGACAGTAAG-3 respectively. The PCR

MATERIALS AND METHODS products were cloned and multiple clones were sequenced.

Molecular analysis of mutants

Fly stocks For the analysis odyd"3-12which has a P[lacW] insertion, plasmid
Severaldpp-GAL4lines (Staehling-Hampton et al., 1994) were used:rescue was performed from genomic DNA. A 10 %dud| rescued

w; CyO/Sp; dpp-GAL40-YTM6B, from Patrick Callaerts (University plasmid was sequenced from the termini. ThprBner read into an

of Basel, Switzerland); Sp/CyO; P[w™.hs,GAL4-dpp.blk#PC-9 opus retrotransposon [also known as nomad and yoyo (Whalen and
TM6B, from the Bloomington Stock Center, amd, dpp-lacZ  Grigliatti, 1998; FlyBase, 2003)], which is present in the original Eg-
(BS3.0)H1-1; dpp-GAL40-9SM6-TM6B from Jessica Treisman 1 fly but not in thew!l18 parental line. The 'Sprimer read into a
(Skirball Inst., NY). The one from Bloomington gave a weakersequence 13 kb downstreameyfy Sequence flanking the other side
phenotype in ectopic eye induction, and was used to show thef the P[lacW] ineyg"3-12 was rescued in a 12.5 Buglll fragment.
synergistic effect okygand ey. E132GAL4, UAS-eyand ey? flies The B primer read into a sequence 24 bp upstream ofetfte
(Halder et al., 1995) were from Patrick Callaerts. ByeGAL4lines  transcription start site. Thus tlegd"3-12is likely to have a deletion
were from Uwe Walldorf (University of Hohenheim, Stuttgart, starting 23 bp upstream efygand extending 13 kb downstream of
Germany). Other fly stocks were obtained from the Bloomingtoreyg This was confirmed by genomic Southern analysigygfi3-12
Drosophila Stock Center and the Mid-Ameridarosophila Stock  homozygotesTb* larvae and pupae selected fromegd3-19TM6B,
Center (Bowling Green, Ohio). Tb stock) withEcaRl digestion. For theyd’-L, eyd??2 and eyg44
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Fig. 1. eygloss-of-function
mutant phenotype.

(A-D) Scanning electron
micrographs showing a rang
of eygmutant phenotypes.
(A) eyd, (B) eyd">17eyd,
(C,D) pharate adults that
failed to eclose:

(C) eydF9292-7In(3LR) gV,
most of the head structures
were lost, but the antennae
were present; (D3yd“312 a
headless null mutant at high
magnification. (E-H) Eye-
antennal disc. (E) DIC image
and (F) Acridine Orange
staining of the same disc fro
a mid-third instaeyd larva.
(G) BrdU labeling of amyd
disc and (H) a wild-type disc
from a late third instar larva.
() Expression oP35driven
by theey-GAL4(abbreviated
to ey>P35in text) did not
rescue theyd/eyg"3-12
phenotype. The eye disc is
strongly reduced with only a
few ELAV-positive cells (red)
as ineyd/eyg"3-12 mutants,
while the antenna disc (with
DAC expression, green) is o.
normal size. (Jeyd"3-12clones (marked by the absence of GFP staining; green) induced at 24-48 hours AEL were not detected in the eye disc.
The heterozygous cells have nuclear GFP, while the wild-type twin-spots have a very strong GFP signal. ELAV (red) steiosetepiirs.

3
3
]
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mutants that carried a P[GawB] insert, the genomic region flankindividing cells in imaginal discs was done according to the method of

the P insert was amplified by PCR and analyzed by sequencing. Baker and Rubin (Baker and Rubin, 1992). Acridine Orange staining
] S ) ) o of apoptotic cells was done according to the method of Spreij (Spreij,

In situ hybridization and histochemical staining 1971). Confocal microscopy was performed on a Zeiss LSM510.

Digoxigenin-labeled antisense RNA probes were used for in situ

hybridization experiments as described previously (Tautz and Pfeifle,

1989). Alkaline phosphatase histochemical staining was used B

visualize in situ hybridization signals. DNA template for éygrobe ESULTS

was derived froneyexon 9 and was recovered by PCR from genomic

DNA. The eygprobe was described previously (Jones et al., 1998)eyg is required for early eye disc development

The toe probe was transcribed from dftcoRl-linearizedtoe EST  We have identified two enhancer trap lines (Eg-1, Eg-2) (Sun

clone pOT2aee (kindly provided by Jyh-Lyh Juang, NHRI, Taiwan). gt al., 1995) with the P[lacW] construct inserted nearetfee

Tr;lelsstringent hybridizat_ion condition excluded cross hybridization one(eyg gene in 69C on the third chromosome. The two lines

wltl8was used as the wild-type control. Embryos were photographe owed noeyg phenotype. Starting from these lines, a large

using a Leica DMRB microscope with differential interference b f derivative li ted tGvradiati
contrast (DIC) optics. For the double-labeling RNA in situ number O derivative fines were generate {Byradiation

hybridization, the fluorescein-labelegigantisense RNA probes and induced chromosomal aberrations, P-element imprecise
the biotin-labelecky antisense RNA probes were transcribed by the€XcCisions and local transpositions), some of which showed eye
T7, T3 promoter (Boehringer Mannheim). The detection was first wittieduction phenotypes and failed to complenesyat.
HRP-conjugated anti-fluorescein antibody (1:200) and amplified by Weak loss-of-function eyg mutations resulted in the
the Cy-3-tyramides TSA (NEN Life Sciences, UK), followed by reduction or absence of the adult eyes (Fig. 1A,B). In late third
inactivation for 15 minutes at 70°C, and then by HRP-conjugate¢hstar larvae of the hypomorphayg mutant, the eye discs
streptavidin and amplified with FITC-tyramid TSA (NEN Life \were significantly reduced in size, while the antennal discs
Sciences, UK). X-gal staining tdcZ expression was done according ppeared normal (Fig. 1E). In strong loss-of-function mutants,

to the method of Sun et al. (Sun et al., 1995). mAb22C10 (1:10 : :
(Fujita et al., 1982; Zipursky et al., 1984) was from Seymor Benze € adults failed to emerge from the pupal case. Their heads

(Caltech). X-gal and antibody double staining was modified from thdvere severely reduced in 35_'1226’ but the appeared normal (Fig.
procedure of Kobayashi and Okada (Kobayashi and Okada, 1993C)- In a null mutaneyd"312 the adults have a headless
namely primary and secondary antibody incubation were performeBhenotype (Fig. 1D) and all structures derived from the eye-
first, followed by X-gal staining, then the peroxidase colorantennal discs were missing. The prominent remaining
development. Incorporation of 5-brombezoxyuridine (BrdU) into  structure was the labellum (Fig. 1D) derived from the labial
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discs. The fish-trap bristles, derived from the clypeo-labrahssociated with a paired domain (PD). The PD is the defining
disc, were also present (not shown). The headless phenotygearacter of Pax proteins (Noll, 1993). It consists of two
is similar to those reported fey andtoy null mutants (Jiao et subdomains, the N-terminal PAl and the C-terminal RED
al., 2001; Kammermeier et al., 2001; Kronhamn et al., 2002subdomains, that can both bind DNA (Czerny et al., 1993;
In flies witheygalleles of different strengths, the size reductionEpstein et al., 1994; Xu et al., 1995; Jun and Desplan, 1996).
of third instar eye discs was proportional to the severity of thinterestingly, the PD encoded by the Lune cDNA contains only
adult eye phenotype. Strong alleles did not affect tha partial PAlI subdomain and a complete RED subdomain (Fig.
morphology and size of the antennal discs (Fig. 1J). Howeve2A) (Jun et al., 1998kyghas an open reading frame of 670
no eye-antennal discs could be founayg3-12larvae. These amino acids (Fig. 2A) rather than the 523 amino acids
observations suggested that the antennal disc only requireo@ginally reported (Jun et al., 1998). These changes involved
low EYG level or activity, so the antennal phenotype isboth N-terminal and C-terminal sequenceésRBCE identified
manifested only in the null mutant, a situation similar to thoséwo splicing isoforms with their'®nds identical to that of the
of ey andtoy mutants (Kronhamn et al., 2002). Alternatively, Lune cDNA, indicating that the'%end of the cDNA clone
the effect ofeygmay be specific to the eye disc, and the lossepresents the transcription start site. Thus the Lune cDNA
of antennal disc-derived structures in null mutants may beespresents the full-length transcript, and there is no additional
secondary effect due to the missing eye disc. upstream exon to provide a functional PAI subdomain. The two
The effect okygis already apparent in earlier stages. Strongsoforms differ in a 67 bp segment (intron I; Fig. 2B), which
eygalleles result in no eye disc or only a rudimentary stub ofloes not affect the coding region. Five introns were identified
a disc in early third instar (not shown). Weaker allelic(Fig. 2B). All exon-intron junctions conform to the consensus
combinations produce a smaller eye disc than normal in earplice site.
third instar (not shown), and in mid-third instar excessive cell In situ hybridization showed that in the eye disc of late third
death could be detected anterior to the morphogenetic furroinstar larvae, Lune is expressed in the central anterior region,
by staining with the dye Acridine Orange (Fig. 1F). Similarwell ahead of the morphogenetic furrow (Fig. 2C). Expression
apoptosis anterior to the furrow has been observed in other stronger dorsal to the equator. In the early eye disc, the
small eye or eyeless mutants, egg so dacandey (Bonini  expression domain is broader (Fig. 2D,E). It is also expressed
et al., 1993; Cheyette et al., 1994; Mardon et al., 1994; Haldén the central region of the antennal disc (Fig. 2C), in the
et al., 1998). In late third instar, there is ho more excessivanterior notum, dorsal hinge and in an arc at the posterior
apoptosis. periphery of the wing pouch of the wing disc (Fig. 2F), and is
The small size of early third instar mutant eye discs indicatedeakly expressed in several arcs in the leg discs (Fig. 2G). In
either that early cell proliferation is affected, or that there ishe embryo it is expressed in the eye-antennal disc primordium
excessive apoptosis prior to third instar, or both. Misexpressioffrig. 7B) (Jones et al., 1998), similardpandtoy (Quiring et
of the anti-apoptosis baculoviral protein P35 (Hay et al., 1994pl., 1994; Czerny et al., 1999). In the embryo, it is also
driven by thedpp-GAL4or ey-GAL4 failed to rescue the ‘no expressed in the antennal organ, salivary gland, and in a
eye’ phenotype in theyg/eyd"3-12 mutant (Fig. 11 and data segmentally repeated lateral pattern (Jones et al., 1998).
not shown). Theeyg/eyg"3-12 mutant had complete absence Since the Lune cDNA mapped to the same chromosomal
of the adult eyes (Fig. 2H) and had rudimentary eye discs (notgion as theeyg mutation, it is expressed in the developing
shown). The adult eyes and the larval eye discs were neye, and the genesy andtoy, also Pax genes, have similar
rescued by misexpression of P35, suggesting that apoptosiseyeless’ mutant phenotype, we speculated that the Lune
not the major cause of the eye phenotype. cDNA might correspond to theyg gene. We tested this
The effect on proliferation is restricted to the early eye dischypothesis using rescue experiments. The Lune cDNA was
since cell proliferation in late third instar mutant eye discdinked to thehsp70promoter and thés-Lunetransgene was
seemed normal, as the two normal mitotic waves could bested for its ability to rescue theyg/eyd"312 mutant
detected in the eye discs (Fig. 1G). A role &g in cell  phenotype, which is characterized by the complete absence of
proliferation in the eye disc is supported by the finding thathe eyes (Fig. 2H). Heat shock once every 12 hours throughout
ectopiceygexpression can induce local overgrowth in eye discslevelopment resulted in a number of flies with partial or fully
(see below). We used the hs-FLP/FRT method (Xu and Rubingscued eyes. A single heat pulse could also rescue the
1993) to generateeyg homozygous mutant clones in an phenotype. The frequency of full rescue was ##50 eyes)
otherwise heterozygoweygmutant fly. When the clones were at 12-24 hours AEL, 5%n§20) at 24-48 hours AEL, 24%
induced at 24-48 or 48-72 hours after egg lay (ABMYM3-12  (n=50) at 60-72 hours AEL, 109%+60) at 84-96 hours AEL,
clones were not detected in the adult (not shown) nor in theith peak rescue efficiency at 60-72 hour AEL (about late
eye discs (Fig. 1J), while the twin spots were large andecond instar larva).
appeared in different regions in the eye discs (Fig. 1J). This A second Pax gene was identified about 30 kb downstream
result suggests thayghas a strong effect on the growth of the of eyg based on the fly genome sequence (Adams et al., 2000).
eye discs and the effect has no strong regional preference. The predicted gene is represented by an EST clone. Its encoded
) protein is most homologous to EYG in its paired domain and
eyg encodes a Pax protein homeodomain, so we named the gémi@ of eyg(toe). In the
A Pax-like cDNA [originally named Lune (Jun et al., 1998)] eye disc, the expression patterriag (Fig. 3B) is very similar
that also mapped at 69C was independently isolated based tonthat ofeyg(Fig. 2C, Fig. 3B). Three independent lines, 37-
the presence of a homeobox encoding a Paired-type 22-2 and 94-4, were generated from mobilization of
homeodomain (HD) with a characteristic serine at position 5@[GawB]EM458 which has the insertion 124 bp upstream of the
(Burglin, 1994). This residue is only found when the HD isLune transcription start site and 527 bp upstream of the first
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Fig. 2.eygencodes a Pax protein. (A) The
Lune cDNA encodes a Pax protein of 670 B
amino acids rather than the 523 amino eyggenestr ucture 1kb
acids previously reported (Jun et al., 1998).
The corrected Lune sequence had been ':?‘A-I;—GG ;ATG REP Hp
deposited into GenBank (AY099362). L 1 | ) stop codon
There are three potential start codons Lon \Sma- -E .‘—_m
(indicated by arrows), translating to 670, coR Kpnl
643 and 554 amino acids, respectively. It Lune = V=) =%
contains a truncated Paired domain (the N- O 1351 N 680 s
terminal extent of the truncated PAI —_— -
subdomain is indicated by a wavy line; e VW ~V v
RED subdomain, residues 167-220) and a 67
Prd-type homeodomain (HD; residues 348- _
407). (B) Molecular map of theygtoe :\E —
genomic region. The' &nd of thesyg Hf ol ge € ; e ﬁm} ;
transcripts are defined by+BACE. Two ®-- T U A T 1 1 17 T T Ioa ol % -
.. . . . . 69C te] Bg Bg + F j»l B+ H 69B
splicing isoforms were identified by-5 Centromere e—yg) b h Telomere
RACE that have identical &nds but differ _
in the presence or absence of a 67 intron 2kb

(GenBank AY167573 and AY167574,
respectively). The exon-intron structure of
eygis indicated. Exons are indicated by
black boxes. The six exons are 310, 159,
321, 141, 584 and 1072 bp, respectively.
The introns are 67, 1321, 680, 125 and 211
bp, respectively. Restriction sites indicated
are:BanmH| (B), Bglll (Bg), Ecarl (E),
Hindlll (H) andPst (P). The three

potential translation start sites are
indicated. Theoegene is located about 30
kb downstream oéygand has the same
transcriptional orientation &yg

(C-G) eygexpression in wild type is
detected by in situ hybridization in eye-
antenna disc of late third instar (C) and late
second or early third instar larva (D,E),
and in wing disc (F) and leg disc (G) of
late third instar larva. In this and all other
figures, all eye-antenna discs are oriented
with anterior to the right and dorsal to the
top. (H) Heat shock induction of thnes-
Lunetransgene can partially (center) or
fully (right) rescue theyd/eyg3-12

mutant phenotype, which is completely
eyeless with complete penetrance (left).

| hs-eyg;@gﬁ/ey”

ATG. The P[GawB] has transposed 8 bp downstream in atb small eyes (about 300-400 ommatidia; 59/114 eyes=52%).
three lines, and is accompanied by an 86 bp, 159 bp and 2Zhese mutations failed to complemaydt, so they areeyg

bp deletion, respectively, of the flanking genomic region (Figalleles as defined by genetic complementation. In these
3A). Thuseyg?2 and ey*4 have deletions extending into mutants,eygmRNA was strongly reduced in the eye disc and
the 3 untranslated regioneyg’-l is homozygous viable in the antenna disc, whiteemRNA level was not significantly
and results in a very weak small eye phenotype (Fig. 3Baffected (Fig. 3B). Theyd’3-12 mutant has a large deletion
eyd?2is homozygous viable and produces a small eye (abostarting at 23 bp upstream of t&ggtranscription start site and
500 ommatidia) phenotype (Fig. 3B). Tégf*4homozygote extending to about 13 kb downstreamegf (Fig. 3C). The
dies at the pharate adult stage. The phenotypes of pharataslecular nature of these mutations, together with the rescue
ranged from nearly headless (Fig. 3B; 25/57 flies=44%), toesults, strongly suggest that tlegg gene is a Pax gene
complete absence of eye (similar to Fig. 1B; 5/114 eyes=4%iepresented by the Lune cDNA.
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eyg expression in early eye disc is functionally
important

Since the eye phenotype discussed above sugge
early role foreygin eye disc development, we chec
the expression agygin earlier eye discs (Fig. 2D,t
Expression was detectable at least as early a
second instar eye disc, in a pattern slightly bro
than in the late third instar. Expression in the ante
disc was detectable beginning in mid-third instar (
not shown).

Rescue experiments were performed by indeyg
expression to determine the site of functic
requirement foreyg TheeygcDNA was cloned int
the pUAST vector behind a tandem array of five G.
binding sites (Brand and Perrimon, 1993). Expres
of theUAS-eygransgene is dependent on the pres
of the yeast GAL4 transcription factor. Expressio
eyg induced by the E13BAL4 and ey-GAL<
(abbreviated E132>eyg and ey>eyg respectively
could partially or fully rescue the stromyg/eyd"3-
12 mutant: the eyes were morphologically normal
often of normal size (Fig. 4B and data not sho
ey>eygcan rescue the eye ayg/eyd"3-12 mutants tc
medium to full size with complete penetrance (
4D). E132 drive$sAL4expression in the center of 1
posterior margin in late third instar eye discs (Fig.
(Halder et al., 1995). In second instar larval eye
E132 drives expression in a broader posterior-ve
domain (Fig. 4A inset) (Pignoni and Zipursky, 19¢
ey-GAL4drives expression from the posterior ma
to a few rows of cells anterior of the MF in late tt
instar eye disc (Fig. 4C), and in the entire eye di
the early third and late second instar eye disc (Fit
inset). These rescue results suggesteygexpressiol
in cells common to both E132 argdomain in earl
eye discs is important for eye development.

Ectopic expression of
eye formation

eygandey are similar in that both are Pax genes
are required for eye formation. Therefore, we a
whether ectopic expression @fgwould be sufficien
to direct the development of ectopic eyes, as is the
for ey. Five independent/AS-eydlines were crosse
with many GAL4 lines specifying a variety
expression patterns. Several phenotypes coul
observed among the few GAL4 lines that ¢
surviving adults: missing bristles on the notum, €
scutellar bristles, shortening and malformation of
legs, and unexpanded wings. The most drar
phenotype was the formation of extra eyes
below), observed when ectopic expressiobAf-ey(
was induced bylpp-GAL4

In the eye discdpp-GAL4is expressed along t
posterior and lateral margins (Treisman and Ri
1995). Theeyginduced extra eyes were almost alw
located ventral to the endogenous eyes. They
appeared linked to the endogenous eye (Fig. 5A
occasionally were well separated and were surrot
by orbital bristles (Fig. 5B), suggesting that t
represent intact eye fields. The penetrance of exti

eyg can cause ectopic
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Fig. 3.Molecular analysis ofygmutants. (Aeyd’L, eyg?2andeyd*“4are
threeeygmutants independently derived from mobilization of the
P[GawB]EM458(see Materials and Methods). The three lines have the P[GawB]
inserted at the same location, 124 bp upstream fromyteanscription start

site, but the extent of the deletion of the flanking genomic region varies.

(B) eygandtoeare both expressed in the eye and antenna discs, as detected by
in situ hybridization. In the thremygmutantsgygRNA is progressively

reduced in both the eye and the antenna disd®®RNA is not significantly
affected. The three deletion mutants also show progressively stronger eye
reduction. (C) Theyd"3-12mutant has a 16861 bp deletion beginning at 23 bp
upstream of theygtranscription start site and extending about 13 kb
downstream oéyg The P[lacW] insert is indicateeyd"3-19 with the arrow
showing the transcriptional direction of miwhiteandlacZ The black triangle
indicates the presence of an opus retrotransposon.
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Fig. 5. Ectopic eye formation due to ectogiggandeyexpression.

(A-D) Misexpression oéygcan. induce ectopic eye formation.
Expression pattern of E182AL4(A) andey-GAL4(C) in late third ~ (AB) Adult phenotypes resulting frodpp-GAL4inducedUAS-eyg
instar eye-antennal disc were visualized by indutlAg-lacZ expression. (C,Djipp>eygeye-antenna discs double staineddpp-
expression and staining with X-gal (insets show expression in early 1acZ (blue) and mAb22C10 (brown). (@pplacZis expressed in the
third instar disc). (B) Theyd/eyd"3-12mutant phenotype morphogenetic furrow (black arrow) and in a small dorsal region in
(completely eyeless, see Fig. 2H) can be partially or completely ~ the antennal disc (black arrowhead). Local overgrowth (white _
rescued by targeted expressioregidriven by E132GAL4and by arrowheads) almost always occurred in the ventral and dorsal region
ey'GAL4(nOt ShOWn)_ (D) Theyd\/l3'12 mutant phenotype (headlessl Of the eye diSC adjacent to the antenna diSC. These were Often, but not
see Fig. 1D) can be rescueddypeygwith complete penetrance. always, accompanied by ectopic MF and photoreceptor formation
(E) ey>eycan partially rescue theydi/eyd”3-12 mutant phenotype. (white arrow), frequently in the ventral pole and only occasionally in

(F) eyeygcan partially rescue the?/eyP eyeless phenotype. the dorsal pole. (D) Higher magpnification showing that the axons
from the ectopic photoreceptor neurons can sometimes correctly

sense the direction of Bolwig’s nerve (arrow), but sometimes project
in the wrong direction (arrowhead). Occasionally multiple MF
formation is low. With a strongAS-eydine, almost allUAS-  formation can be seen (not shown). (E-H) Synergistic effeey@f
eyg/+; dpp-GAL4/+ (abbreviateddpp>eyg flies have some andeycoexpression. (E,R)pp>ey. (E) Ectopic eyes occurred at the
recognizable defect in the ventral head: the ventral-posterig2se of the antennae, wings and multiple spots on the legs.
rim of the eye was reduced and replaced by head cuticle, and§? E¢topic MF @pplacZ, blue) and photoreceptors (22C10, brown)

: 0 . ;- £an be detected in the antennal disc but not in the eye disc.
a few extra bristles, only 16% of eyes have extra ommatidi 'H) dppoey-+eygcoexpression. (G) All ectopic eyes were larger

and only 38% of these have the extra ommatidia as an isolatgd, indppey. (H) Ectopic MF @pplacZ, blue) and photoreceptor

extraeye. , (22C10, brown) were enhanced in the antennal disc, and extended
The formation of an extra eye field could also be detecteghore anteriorly in the ventral margin of the eye disc. Multiple sites

in the larval eye disc. For these experiments, we used thg ectopic MF formation in the eye disc and in the antenna disc

monoclonal antibody 22C10 (Fujita et al., 1982; Zipursky etometimes led to fusion of the eye fields.

al., 1984) to detect photoreceptor neurons land driven by

a differentdpp enhancer (BS3.0) (Blackman et al., 1991) to

mark the morphogenetic furrow. In wild-type eye-antennaMFs could be seen (Fig. 5C,D), most often at dorsal and ventral

discs,dpplaczis expressed in the MF (Fig. 5C, black arrow)sites between the eye and antennal discs, and at the dorsal and

and in a small dorsal region in the antennal disc (Fig. 5C, blackentral poles of the eye disc. These were propagating toward

arrowhead). Idpp>eygeye disc, ectopidpp-lacZexpressing the center of the disc and usually associated with local

Fig. 4. Mutant rescue by targeted expressioeyfandey.
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overgrowth and sometimes with photoreceptor neuronalpp>eyginducedeygexpression at the lateral margins of the
differentiation. The photoreceptor clusters were sometimesye disc (Fig. 6F, black arrowheads), in the antennal disc (Fig.
well separated from the endogenous eye (Fig. 5CYF, black arrow) and in the wing disc (Fig. 6J, black
corresponding to the extra eyes found in the adults (Fig. 5Barrowhead), but did not inducey expression (Fig. 6G,K).
The percentage of ectopic photoreceptors in discs is highdpp>eyinducedeyexpression in the eye-antennal disc (Fig. 6l,
than the percentage of extra eyes in adults, suggesting thatldack arrowheads) and the wing disc (Fig. 6L, green), but did
the endogenous and extra eye fields expand, they often fusmt induceeygexpression (Fig. 6H, red in L). The results with
All these observations indicate that ectopic expressie@y@f embryos were similar; neither ectop&yg nor ectopicey
along the posterior and lateral margin of the eye disc cafdriven in both cases bfho-GAL4 could induce expression
induce ectopic MF initiation. When the ectopic furrow occursof the other (results not shown). These results suggest that
far away from the endogenous furrow, an extra eye may resutteithereygnor eyis sufficient for the expression of the other.
In summary, the two genes appeared to be transcriptionally

eyg and ey are transcriptionally independent independent.
Ectopic expression oéyg and ey with the samedpp-GAL4 ) ) .
driver produced ectopic eyes at different sitegginduced ~ Functional relationship between  eyg and ey
eyes occurred in the ventral part of the head, vayieduced We tested whethesygis functionally dependent oey, and
eyes occurred at the base of antennae, wings, halteres andvize versa. WherE132>eyg induction occurred in aey?
leg segments (Fig. 5E) (Halder et al., 1995). In imaginal discsnutant, ectopic ventral eyes could still form (Fig. 7A),
dpp>ey caused overgrowth and the formation of MFs andsuggesting thagyis not required foeygfunction. This is in
photoreceptors in the antenna, wing, haltere and leg discs (Figpntrast to the situation witkyg so dacandtoy: the ectopic
5F, and data not shown), consistent with the ectopic eyes seeyes caused by their ectopic expression cannot form iyhe
in adults. No extra photoreceptors were detected at the ventralutant (Bonini et al., 1997; Chen et al., 1997; Pignoni et al.,
margin in the eye-antennal disc (Fig. 5F), in contrast to th&997; Czerny et al., 1999). Similartpp>eyinduced ectopic
effect ofeygexpression. The preferential effect in the ventraleye formation ineyg"3-12 mutants (Fig. 7B), suggesting that
side of the eye disc bglpp>eygis similar to the effect of eygis not required foery function. Again, this is in contrast
dpp>dac+eya(Chen et al., 1997). In the wing distpp>eyg to the requirement foeyg soanddacin eyinduced ectopic
occasionally caused an extlap-lacZ-expressing spot at the eye formation (Bonini et al., 1997; Chen et al., 1997; Shen
anterior side of the hinge region (not shown). However, thand Mardon, 1997; Halder et al., 1998). These results suggest
dpp-lacZ spot does not represent an ectopic MF, as nthat eyg and ey can function independently to induce eye
photoreceptors were detected in the wing and leg discs. Thefsgmation.
results suggest that neitheygnor ey activate the expression ~ While the above experiments show thegtg and ey can
of the other, since their phenotypes are so distinct. We checkadlependently induce eye formation, their coexpression
this possibility by analyzingy and eygexpression in mutant showed synergistic enhancement of ectopic eye formation. The
backgrounds. ectopic eyes in the antenna, wing, haltere and legs are larger

eyg expression was examined in tg mutant. Although (Fig. 5G), similar to the effect dipp>eyat higher temperatures
ey? is not a null mutant (Kronhamn et al., 2002), it has nddue to higher GAL4 activity). The enhancement is only
detectableeytranscript in the embryonic eye disc primordium evident with a weakipp-GAL4line. With strongedpp-GAL4
and in the larval eye disc (Quiring et al., 1994y eye lines, the ectopic eye phenotype is already strong WAS-ey
phenotype is variable. For tles? stock we used, 40% of the alone and cannot be enhanced further by addixg-eyg The
eyes had 300-400 ommatidia, 40% had about 200 ommatidianhancement is more evident in the imaginal discs than in the
and 20% had less than 100 ommatidia. &j#eye disc is also adults. The ectopic eyes in the ventral head are not significantly
variable in size. However, ag/? eye disc of substantial size enhanced in the adults, but are clearly enhanced in the eye discs
still has noey expression (Quiring et al., 1994). So we (Fig. 5H). The difference between the strength of phenotypes
examinecky? eye discs that were clearly reduced in size (to bén adults and the imaginal discs suggest that there may be some
sure that it was a mutant disc) but had sufficient eye fieldegulative mechanism in the eye field that compensates for the
present to check faeygexpression. Iey? late third instar eye ectopic photoreceptors. The synergistic effeceyd and ey
disc, theeyg dorsal expression was not affected while thecoexpression was also observed when driven by the E132-
ventral expression was reduced (Fig. 6E)eyhembryoseyg  GAL4line (not shown).
expression was still present in the eye disc primordium (Fig. Expression oky induced byey-GAL4can partially rescue
6B). Similarly,ey expression in the eye disc primordium (Fig. the eyg/eyd“3-12 mutant eye phenotype (Fig. 4E), indicating
6C) was still present iaygnull mutant embryos@1/C]) (Fig.  that ey can functionally substitute foeyg. Since there is
6D). The presence oky expression suggests that the endogenousy expression, the rescue suggests that EY is
development of the eye disc primordium is not strictlyrequired at a level higher than its endogenous expression level
dependent orygfunction. Halder et al. (Halder et al., 1995) in order to compensate for the losseyfy Reciprocally, we
indicated thaky expression is not affected @ygmutant eye checked whether expression @fg could rescuesy mutant
discs. These results suggested that, except for a small amophenotype. Since even the strongegtalleles result in a
of eyg expression in the ventral part of the eye disc, thevariable eye phenotype (Kronhamn et al., 2002; Benassayag et
expression of neithezygnor ey is strongly dependent on the al., 2003), we used theyP/ey? allelic combination, which
other. results in no eyes and is nearly completely penetefRt.

We next checked whether ectopdyg expression could has a chromosomal rearrangement interruptingethgene,
induce the expression ey, or vice versa. In the imaginal disc, producing a truncated protein lacking the homeodomain
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Fig. 6.eygandeyare transcriptionally independent.
(A-D) eygandeyexpression in stage 17 embryos. In
wild-type embryoseyg(A) andey(C) were
expressed in the eye-antennal disc primordium
(arrow). (B) Iney?2 mutant embryosgygexpression

in eye-antennal disc primordium appeared normal.
(D) In embryos homozygous for the C1 deficiency
(null for eyg), eyexpression in the eye-antennal disc
primordium appeared normal, although the head was
deformed. (Epygexpression in agy? mutant eye-
antennal disc. The ventral expression was reduced,
while the dorsal expression was not significantly
affected. (F,G,J,K) Ectopigpp>eyginducedeyg
expression in thdppdomains in eye (F, black arrowheads), antenna (F, arrow) and wing (J, black arrowheads) discs. Theymduced
expression was patchy along the eye disc lateral margins and did not occur in the posterior margin (F). The inducedveagprassion
stronger than the endogenaygexpression in the anterior notum in wing discs (J, white arrowhead) and in the antenna discs (F, white
arrowhead), which is barely detectable with this staining condiigoreygdid not induceeyexpression in the eye-antennal (G) and wing (K)
discs. (H,l,L)dpp>eyinducedeyexpression in the eye-antennal disc (I, arrowheads) and in wing disc (L, green), but did nat¢ygduce
expression in the eye-antennal disc (H) and wing disc (L, red). Note the outgrowth of the antennal disc (H,I) that cdoéspaudspic eye
induced bydpp>ey. The expressions were detected by RNA in situ hybridization.

(Kronhamn et al., 2002y contains a transposon insertion in of the Wnt family. It is expressed in the dorsal and ventral
an eye-specific enhancer and has no detectable RNA antargins of the eye disc (Fig. 8A), and acts to inhibit MF
protein expression in the larval eye disc and in the embryoniaitiation from these sites (Ma and Moses, 1995; Treisman and
eye disc primordium (Quiring et al., 1994; Halder et al., 1998)Rubin, 1995). Ireyd eye discwg expression domain expands
dpp>eyg can partially rescuesyP/ey? mutants (Fig. 4F), toward the posterior margin (Fig. 8C) (Hazelett et al., 1998).

suggesting thatygcan functionally substitute faay. Howeverwgexpression is not derepressed in the central region
o (Fig. 8C) whereeygis normally expressed (Fig. 4), probably
eyg suppresses wg transcription becauseyd is a hypomorphic allele and has sufficient activity

The wingless(wg) gene encodes a secreted signaling proteiin this region to suppressg. Because the enhancer trag-

lacZ reporter was used to monitowg expression, the
suppression is at the transcriptional level. In addition, ectopic
expression oéyg(dpp>eyg suppressed/g-lacZexpression in

the dorsal and ventral margins of the eye disc and in part of
the wing disc (compare Fig. 8B,E with 8A,D).

Fig. 7.eygandeycan function independently. (A) In tles? mutant,
E132>eygcan cause an ectopic ventral eye, simild182>eygin

the wild-type background. (B) In theyd"3-12mutant,dpp>eycan

cause ectopic eye formation on wings, legs and antennae, similar to
the effect ofdpp>eyin wild-type background.
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Fig. 8.eygcan suppresag expression. (Awvg-

lacZ expression in a wild-type eye-antennal A
disc. (B) The expression in the dorsal and

ventral poles of the eye disc were suppressed in
dpp>eyg and indpp>ey (not shown). Note the
posterior margin and the dorsal overgrowth
expressavg-lacZ (C) Thewg-lacZexpression

domain expanded to the posterior margin in the ,
eyd mutant eye disc. The eye disc was

wg-lacZ B dpi>eyg wg-lacZ evg!  wg-lacZ

1 11 H 1 ‘
significantly reduced. (D)g-lacZexpression in = R T
a wild-type wing disc. The expression in D wg-lacZ |, dpp>eyg wg-lacz | = dpp>lacZ
dpp>eyg(E) was suppressed in a region where
thewg expression domain intersects tigp '
expression domain (*). Thapp-GAL4 *
expression domain was visualizeddpp>lacZ -
(F). wg-laczwas similarly suppressed by .
dpp>eyin wing disc (not shown). i il
DISCUSSION ventral side of the eye disc. Thus, the loss-of-function and gain-
) ) of-function phenotypes suggest thegig acts as an important
eyg is an important regulator of eye development regulator of eye development.

Two Pax genes are located in the chromosomal region of theeyg appears to have two major functions. The first is to
eyg mutation. One of these is represented by the previousigromote cell proliferation in the eye digygloss-of-function
reported Lune cDNA (Jun et al., 1998). In #yg! mutant, we  mutants have reduced eye discs, already apparent in early third
sequenced the coding region of both Pax genes. Although a fémstar, before photoreceptor differentiation. In clonal analysis,
changes were found, none affected the conserved residuggi3-12 mutant clones induced in first or second instar are
(C.-C.J. and Y.H.S., unpublished). Furthermore, the expressiamdetectable in late third instar eye disc (Fig. 1). Ectepic
level of both genes ieygt mutant eye disc appeared normal expression caused local overgrowth (Fig. 6C), a phenotype
(C.-C.J. and Y.H.S., unpublished). Thus the analysis aijtje  opposite of the loss-of-function phenotype. The overgrowth
mutant did not clearly indicate which of the two genesdoes not always develop into photoreceptor cells (Fig. 6C).
corresponds teyg We showed that three nesygalleles, as These results indicate thalyg promotes cell proliferation
defined by failure to complement theygt mutation, have independent of photoreceptor differentiation. The second
molecular defect in the Lune transcription unit and affectedunction ofeygis to promote eye development or MF initiation.
Lune RNA level, while the expression level of the adjacent Palf the eyginduced proliferation occurs at the ventral margin of
gene is not affected. A fourth mutamtyd3-12 also does the eye disc, ectopic MF can initiate (Fig. 6C,D). The induction
not complementeyg and is genetically defined as being of ectopic MF is probably mediated by the suppressiongpf
functionally null for theeyg eye function.eyd"312 has a (see later), which is known to repress MF initiation along the
deletion of the Lune transcription unit but is not affected in théateral margins.
downstream Pax transcription unit. In our preliminary analysis )
of the eyg-toeregion, only one region specifying eye disc €¥g and ey act cooperatively
expression was identified and it is located downstreatoeof Sinceeygis a Pax gene that shares sequence similarityayith
and not affected in these four mutants (S.-J. Chiou and Y.H.Sand toy in the PD and HD domains (Jun et al., 1998), its
unpublished). The molecular nature of these four mutationselationship witreyis of particular interest. Our results indicate
coupled with the rescue results, strongly suggest that the Lutleat eyg and ey are transcriptionally and functionally
cDNA corresponds to theyggene. We named the adjacent Paxindependent: (1) except for a small amouneydexpression
genetwin of eyg(toe). ventral to the equator of the eye disggandeydo not regulate

In the embryeygtranscripts appear in the eye-antennal diseach other’'s expression. In this respeggis different from
primordium beginning at stage 15. It continues to be expresseldic soandeya whose expression is strongly regulatedely
as the disc cells proliferate during early larval development an@nd can inducesy expression in some cases). Theyy
then is expressed in an anterior region overlapping the equatmanscription is neither downstream ef;, nor doeseyg
of the eye disc as photoreceptor differentiation ocaygis  participate in theeyleydsddac positive feedback loop. This
required for eye development, as loss-of-function mutationganscriptional independence is similar to thatmtix (Seimiya
lead to the reduction or absence of the eye. It appears to bad Gehring, 2000). (ygandeycan each function (to induce
required for the early proliferation of the eye disc cells, as thectopic eyes) in the absence of the other. Again, this is similar
early third instar eye disc is significantly smaller. The rescuéo optix, which can induce ectopic eyesey# mutant (Seimiya
experimentsl{s-eyg ey>eygandE132>eyg suggested that the and Gehring, 2000). Whetheptix is required forey function
critical time for eyg function is in the late second instar. has not been tested, because of the ladptik mutants.
Excessive apoptosis occurred in the mid-third instar eye disc, However, other evidence indicates that the functioresygf
but is not the major cause of the eye phenotype becauaaedeymust converge at some point in the pathway leading to
blocking apoptosis did not rescue the eye phenotype. Ectopéye development: (1¢yg ey double hypomorphic mutants
expression ofeyg can lead to ectopic MF initiation in the showed a much stronger eye-loss phenotype (Hunt, 1970), (2)
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coexpression ofyandeygcaused synergistic enhancement ofal., 1993). The Prd-type HD of EYG can form heterodimers
the ectopic eye phenotype, @)gandeyare able to substitute with the Prd-type HD of Prd upon binding to a consensus DNA
functionally for each other. Overall, the results suggest thaarget (Wilson et al., 1993; Wilson et al., 1996). It is possible
these two Pax genes may act cooperatively. This genetihat EY and EYG also form heterodimers via their HDs. This
cooperativity might mean thaygandeyinteract and cooperate would be consistent with our findings that they act
as proteins in the same pathway or that they act in parallsynergistically. However, although the HD of EYG is required
pathways. eyg and ey are coexpressed in the eye discfor its functions (J. G. Yao and Y.H.S., unpublished), the HD
primordium in the embryo (Fig. 7). Their expression domairof EY has been shown not to be required for its function in eye
also overlap in the eye disc, especially in the early eye distevelopment (Punzo et al., 2001). Thus the HD of EYG is
(Fig. 4) wheneyg function is critically required. So it is required, not for direct interaction with the HD of EY, but may
possible that the two Pax proteins act within the same celhe for DNA binding or for interacting with other proteins.
although we do not rule out the possibility they act in different o )
cells to achieve a functional cooperativity. eyg suppresses wg transcription in the eye disc

If eygandey are both required for eye development, howDpp and Wg are two signaling molecules important for the
could ectopic expression of either one be sufficient for ectopimitiation of eye differentiation: Dpp activates MF initiation
eye development? One possibility is that the two Pax proteinghile Wg suppresses it (Heberlein et al., 1993; Wiersdorff et
form heterodimers, directly or indirectly via other proteins, toal., 1996; Chanut and Heberlein, 1997; Pignoni and Zipursky,
activate target genes. When the level of either one is low, tHE997; Ma and Moses, 1995; Treisman and Rubin, 1995). Does
target genes that lead to eye formation cannot be induceeyg exert its effect on eye development by activating Dpp
However, when either one is strongly expressed ectopically, trséggnaling or by suppressing Wg signaling?
high level of homodimer can partially substitute for the dppis expressed at two stages in the eye disc: an early
heterodimer. Since both genes are required for normal eyxpression along the posterior and lateral margins (represented
formation, this model predicts that the EYG-EY heterodimeby thedpp-GAL4, and a later expression in the propagating
is more effective than either homodimer in inducing eyeMF (represented by thdpp-lacd. The early expression in the
formation. As expected by this model, coexpressicgyghnd  margins is required for MF initiation (Burke and Basler, 1996;

ey caused enhanced ectopic eye formation. Wiersdorff et al., 1996). It was found tidgipexpression along
) . ) ) the lateral margins is absent in early third instag eye disc
Possible mechanisms of EYG protein function (Hazelett et al., 1998), suggesting tdap expression in the

The EYG protein has two DNA binding domains: the REDIateral margins is regulated leyg However, activating DPP
subdomain of its truncated PD and the Prd-class HD. Kignaling at the lateral margin did not rescue theft
probably functions as a transcription factor by binding DNAphenotype (Hazelett et al., 1998), suggestingdighas other
targets through these domains, singly or in combination. Ifunctions in addition to activatindpp expression.
addition, its interaction with other proteins may affect this wgis expressed uniformly in the eye disc of second instar
DNA binding. larvae (Royet and Finkelstein, 1997). In the third instar eye
The PD consists of two independent subdomains: the Ndisc,wgis expressed in the lateral margins and acts to prevent
terminal PAI and the C-terminal RED subdomains. Based oNF initiation from the lateral margins (Ma and Moses, 1995;
crystal structure of the human Pax6 PD, the linker regioifreisman and Rubin, 1995). Thegexpression domain
connecting the two subdomains also contacts DNA (Xu et algxpands ireydg eye discs (Fig. 8C) (Hazelett et al., 1998). Our
1999). In EYG, the PAI subdomain is largely missing and mostesults further showed that ectopigg expression dpp>eyg
likely cannot bind DNA. One interesting possibility is that thecould suppressvg expression at the transcriptional level.
truncated EYG PD has a dominant negative effect, competinthe suppression ofvg is functionally significant, because
with other PD proteins. In addition, truncation of the PAlexpression of thewgactivated omb gene is similarly
subdomain in the Pax6-5a and Pax8(S) isoforms probabluppressed idpp>eyg(J.-L. Chao and Y.H.S., unpublished).
exposes the RED subdomain to recognize a distinctly differetiazelett et al. (Hazelett et al., 1998) have shown that blocking
DNA sequence (Epstein et al., 1994; Kozmik et al., 1998)of the Wg signaling pathway can partially rescue éyg
Thus the EYG PD may bind DNA through its RED domain,mutant phenotype. These results indicate that the suppression
similarly to the Pax6-5a and Pax8(S) isoforms (Epstein et alaf wg transcription byeyg may be a major mechanism by
1994; Kozmik et al., 1998) and distinct from the Pax6 PD. Thisvhich eyginduces MF initiation, hence eye development. This
prediction was in fact proved by site-selection using the EYGs consistent with our finding that ectoggginduces ectopic
RED domain (Jun et al., 1998). Through its RED domain, EY&ye formation primarily in the ventral margin of the eye disc,
can probably regulate different target genes than thosghere wg expression is weaker (Fig. 8A) and most easily
regulated by EY. Thigyindependent function adygis also  suppressed bydpp (Pignoni and Zipursky, 1997)wg is
shown by its involvement in salivary gland development (Jonesormally expressed in the entire eye disc during second instar
et al.,, 1998), and in bristle formation when ectopically(Royet and Finkelstein, 1997). It was shown that Wg signaling
expressed (see Results). Vertebrate homologs of EYG have rw@n suppress the expression sif and eya (Baonza and
yet been identified. It is possible that EYG plays a rold=reeman, 2002). It is possible that in the late second instar eye
equivalent to the vertebrate Pax6-5a isoform. disc, eyg expression in the central domain of the eye disc
In addition to the PD, many Pax proteins (including EY andsuppressew/g expression in the central domain, thus allowing
EYG) also contain a Prd-class homeodomain. Two Prd-typthe expression adyaandso, hence eye development.
HDs can bind cooperatively to a palindromic site composed of As predicted by theygandeyinteractiongyalso suppresses
two inverted TAAT motifs separated by 2 or 3 bps (Wilson etvg expression (data not shown). Suppressiongéxpression
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by eyg(andey) is also seen in the wing disc (Fig. 8E). However, network of genes controlling retinal cell fate determinatioDiasophila
suppression does not occur in all cells expressyg Development 26, 935-943. , ,
Suggesting that additional factors are required for \Mtjp Cheyette, B. N., Green, P. J., Martin, K., Garren, H., Hartenstein, V. and

. . . Zipursky, S. L. (1994). TheDrosophila sine oculislocus encodes a
suppression. The relationship elygey and wg may be homeodomain-containing protein required for the development of the entire

mutually antag_onistip, since ectom’y cannot induceeyaand visual systemNeuron12, 977-996.
soexpression in regions of highg expression (Halder et al., Czemy, T., Schaffner, G. and Busslinger, M.(1993). DNA sequence
1998). recognition by Pax proteins: bipartite structure of the paired domain and its

binding site.Genes Dev/, 2048-2061.
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