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SUMMARY

Drosophila eye development is under the control of early enhancer expression in the eye progenitor cells. We show a
eye specifying genes including eyeless (ey), twin of eyelesdlifferential requirement for the EY and TOY binding
(toy), eyes absent (eya), dachshund (daedl sine oculis (so0). sites in activating sol0 during the different stages of
They are all conserved between vertebrates and insects and eye development. Additionally, in a rescue experiment
they interact in a combinatorial and hierarchical network  performed in the sd mutant, we show that the EY and TOY
to regulate each other expressiorso has been shown to be binding sites are required for compound eye and ocellus
directly regulated by eythrough an eye-specific enhancer development respectively. Altogether, these results suggest
(s010). We further studied the regulation of this element a differential requirement for EY and TOY to specify the
and found that both DrosophilaPax6 proteins namely EY  development of the two types of adult visual systems,
and TOY bind and positively regulate sol0 expression namely the compound eye and the ocellus.

through different binding sites. By targeted mutagenesis

experiments, we disrupted these EY and TOY binding sites

and studied their functional involvement in the so0l0 Key words: senhancer, gytoy, Drosophila, Eye development

INTRODUCTION formation. More recently genes involved in eye specification
functioning early in eye morphogenesis have also been
The Drosophilavisual system consists of the two compounddiscovered.
eyes and the ocelli, which are located on the adult vertex andDetermination of the eye primordium requires several
consist of three simple eyes (Stark et al., 1989). Both types oficlear proteins that are known to act as transcriptional
eyes develop from a small number of cells that are set asideregulators. The Drosophila Paxene eywas the first gene
the embryo. These cells form the eye part of the eye-antenshown to display the capacity to induce ectopic eye
imaginal disc and proliferate during the larval stages. Thenorphogenesis (Halder et al., 1995). Likg toy encodes a
compound eye develops from the central part whereas thax6 gene containing two DNA-binding domains (Czerny et
ocellus develop from the anterior-medial region of the eyal., 1999).eye gongeyg encodes a Pax-like protein (Jun et
imaginal disc. The compound eyeDmosophilaconsists of a al., 1998) sine oculigso)is a homeobox gene (Cheyette et al.,
precisely organized array of approximately 750 ommatidial994) while eyes abser{eya) and dachshund(dac) both
each containing eight photoreceptor neurons and twelvencode different nuclear proteins (Bonini et al., 1993; Mardon
accessory cells. The ommatidia form in the early third instaet al., 1994). Analysis of the expression patterns of these genes
larva, when a wave of pattern formation, marked by amombined with genetic approacheave revealed a sequential
indentation called the morphogenetic furrow, moves across trend hierarchical cascade during compound eye development.
eye disc in a posterior to anterior direction (reviewed by Wolftoy is the first to be expressed during embryogenesis and
and Ready, 1993). Although committed to retinal fate, cellsctivateseyin the eye primordium (Czerny et al., 1998).is
anterior to the furrow are still undifferentiated, whereas cellsequired for the development of the entire visual system,
posterior to it are sequentially recruited into ommatidialincluding the compound eyes, the ocelli, the optic lobe of the
clusters undergoing retinal differentiation (reviewed bybrain and the larval photoreceptor designated as Bolwig’'s
Treisman and Heberlein, 1998). Our understanding of thergan (Cheyette et al., 1994; Pignoni et al., 1997; Serikaku and
molecular events that occur in and posterior to the furrow, sudd’Tousa, 1994)eyais expressed later in the compound eyes
as pattern formation, ommatidial assembly and celand the ocelli specifying region in third instar eye imaginal
differentiation, has advanced dramatically in recent yeargliscs. Like so, it is also required for compound eyes and ocelli
Early studies focused largely on late events of patterformation since eyamutants lack both visual systems
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(Zimmerman et al., 2000). so, eyad dachave been shown to ey/ey?, (3)sd/sdt sol0-lacZ/sol0-lacZ, (4) eYayd: so0l10-
be downstream of egnd regulated by it (Halder et al., 1998; lacZ/so10-lacZ, UAS-toy/UAS-toy; &7¥ciP, UAS-toy/UAS-toy;
Niimi et al., 1999; Zimmerman et al., 2000). These protein@yz/e)f_- Trans%enlc lines Vﬁ% ?\Ienerlated by P-elemedntf-meﬂ!ated
form complexes that feed back epexpression and they are 9germiine trans ?rmatlon in - New lines were created for this
also capable of inducing ectopic eye morphogenesis (Bonini &UdY: SOLEYTOM,  s010OMM,  so1GT*TOYM.Gald  and

- : ; - SO1FY*+TOYMU|ac7 lines; s09-lacZ so7-lacZ,so7-Gald soEY/ToYmL
al., 1993; Bonini et al., 1997; Pignoni et al., 1997). Despite ’ ‘ ! S

. ; : g . al4, so7OYMLGal4, soEY*TOYMLGal4; UAS-toy/PD and UAS-
high sequence homology in their DNA binding domains, E toyAHD. For each construct at least two lines with P-element

and TOY appear to exhibit different biological roles duringjngertions onto different chromosomes were analysed to ensure
development (Czerny et al., 1999). First, these genes aggrrect expression patterns. Each Gal4 line was verified for correct
expressed differentially during embryonic developmentexpression patterns by crossing to a WA& followed by X-gal
Secondgy andtoy are co-expressed in the eye imaginal discstaining on discdacZ expression was detected by X-gal staining on
but only toyis expressed in the ocellar region. Therefore, thaliscs, or by means of immunohistochemestry with a monoclonal anti-
lack of eyin ey? mutants impairs compound eye formation butB-gal antibody (Promega) according to Halder et al. (Halder et al.,
not ocellar development. This suggests Huend eyaare not ~ 1998)

under the control of ép the ocelli but require other regulators

to ensure_thelr proper expression in th_ese_cells. The precise r &l shift assays were performed with the 128®ipagment and full-
of toydur.lng Drosophiladevelopment is still not u.nderstood. I?ngth EY and TOY proteins as described previously (Niimi et al.,
Analyss of elements that control the expression pattern Ofggg). Full-length EY and TOY proteins were synthesized in
genes involved in early eye development should providgeticulocyte lysates from the T7 and T3 promoter, respectively,
additional details on the genetic hierarchy during eyeccording to the manufacturer specification (Promega) by using the
specification. It has been shown tt@tinduces the expression pBSK-eyandtoy plasmids (Czerny et al., 1999; Quiring et al., 1994).
of ey through the eye-specific enhancer of dygene in the For the DNasel footprinting assay, 6xHis tagged paired domains
eye precursor cells of the embryo, but not during the larvdPQE30-EY PD and TOY PD) were produced and purified in native
stages in the eye disc (Czerny et al., 1999).SB1® enhancer, cond.ltllon.onto N.|-NTA columns ac;cordmg to the manufactgrer’s
which is part of an eye-specific regulatory sequence deleted @Eemflcatlons (Qiagen). The proteins were diluted in the binding

: ffer to obtain a final concentration of 10 mM Tris pH7.5, 75 mM
the sot mutant, has been shown to be a diregresponse (oo 1" VM EDTA. 1 mM DTT, 0.5 mM PMSF, 10% glycerol, 25
element (Niimi et al., 1999). Recently, genomic deletion

. X M imidazole, and 50g/ml poly(dI-dC). Reactions were carried out
proximal to the promoter found &ya andey& mutants were iy 100 i by incubating 100 ng of His-PD purified proteins with 10
identified as eye-specific enhancers. These elements have bagmf the so10 fragment end-labelled with3P]dATP at Asp718 for
shown to be inducible by EY in the antennal disc (Zimmermans minutes at room temperature followed by digestion with 0.001 U
et al., 2000). All these data provide additional informationof DNasel (Boehringer Manheim) for 1 minutes at 20°C. After
leading to a better understanding of the complexity of th@henol-chloroform extraction, analysis was performed on a
interacting network during early eye development. denaturing sequencing gel followed by autoradiography.

In this study, we addressed the regulation of $0&0 Western blot experiments

enhancer during eye morphogenesis. We show thasdahe é}gstern blot experiments were done with a rabbit anti-EY antibody

el shift and footprinting assays

en_hancer IS bound and regulated by EY and TOY through the r with a rabbit anti-TOY antibody at a dilution of 1:200. The antibody
paired domain (PD). Desplte e,XtenS'Ve sequence homology, t s preabsorbed with larval tissue. Each lane was loaded with extracts
PD of EY and TOY bind different sites in this enhancerqom 19 leg discs. All extracts for western blotting were boiled for 6
Targeted mutagenesis experiments allowed us to establish thghutes. Transfer was verified by Ponceau Red staining. The
these different binding sites are functional and required teecondary antibody for detection of the signal was used at a dilution
ensure proper activity of the so10 enhancer in the eye disaf 1:2000 (HRP-coupled swine anti-rabbit antibody from DAKO A/S)
Finally, rescue experiments of thelsmutant using the and the signal was revealed using a chemoluminescence kit according
different mutated versions of the so10 enhancer demonstrattythe manufacture’s specifications (Amersham).

that TOY and EY have different functions in the formation 0fCIoning procedure and plasmids

the compound eyes and the ocelli through the same enhancer. T . -
S . . ilhe EY and TOY binding sites within th®o10 enhancer were
Thus the TOY binding sites are absolutely required for oce"sequentially mutated using standard PCR amplification procedures.

development and th? EY binding sites are required fo‘i’he resulting 428 bpAsp718-EcoRl mutated fragments were

compound eye formation. subcloned in pBluescript SK, sequenced, further excised using
BamHI-Asp718 and subcloned into taeZ pCRvector (Niimi et al.,
1999) at Asp718-BamHI. To generate so10 and so7-GAL4 expression

MATERIALS AND METHODS vectors, we first modified the pUAST vector (Brand and Perrimon,
) ) 1993) by deleting th&bal-Sphl fragment, removing the polylinker,
Fly strains and histology UAS sequences and the hsp70 promoter. A new polylinker was

Flies were reared on standard medium at 25°C. Lines sg&@:lacZ  inserted through the same sites to create the Asul-Notl-Spel-
(Niimi et al., 1999), dpfirk-Gal4 (Staehling-Hampton and Hoffmann, Bglll-Kpnl-NgoMIV-Eagl-EcoRI-Avi-Nhel-Sphl multiple cloning
1994), UAS-ey(Halder et al., 1995), UAS-tofCzerny et al., 1999), sites. The Gal4 encoding sequence was amplified by PCR in order to
ey? (Quiring et al., 1994)so! (Cheyette et al., 1994), éyéBonini et  createAscl-Notl cloning sites at both ends and subcloned into the
al., 1993) spe°! (Fu and Noll, 1997), UASYAPD and UAS-efiHD modified pUAST vector to generate the pP-Gal4 vector. A 300dbp
(Punzo et al., 2001gy>"1and toy¥’39(S, F., U. Kloter, and W. J. minimal hsp70 promoter fragment was further inserted in front of the
G., unpublished). Gal4 at Notl. This resulted in the pPhsp70-Gal4 vector. The 428 bp
Specific genotypes were generated: @910-lacZ/sol0-lacZ; s010 enhancer and derivatives were inserted into this pPhsp70-Gal4
dppink-Gal4/TM6B, Th,Hu;spa°/spa©!, (2) sol0-lacZ/sol0-lacZ; vector at EcoRI-Asp718 to generate the resultswl0-Gal4
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constructs. To generate the so7 constructs, the 1.6ckiRl so7
fragment (Niimi et al., 1999) was first subcloned into Bluescript SK & B
atEcoRI. Then, the Asp718 1.2 kb subfragnea was excised and —
subcloned at Asp718 in the correct orientation into the differer o
derivatives of the s010-hsp70-Gal4 constructs resulting irsdfiie -

Gal4 constructs. The so9-lac@nstruct was generated by cloning the
1.2 kb Asp718 so09 fragment into pQNiimi et al., 1999) at Asp718.
The 128 amino acids EY- and TOY-PD were amplified by PCR ir
order to creat®glll and Asp718 cloning sites at both ends to ensurt
cloning in the correct ORF into the pQE30 vectoBamHI-Asp718
sites (Qiagen). After PCR amplification, each construct was verifie
by sequencing. Théoy cDNA was deleted betweenz®is2 for
toyAPD using the Nsil-Blpl sites to generate theA®ip. The toy\HD
was deleted betweenyig-R291 using Bbsl-Eagl sites. The deleted
cDNAs were further excised from Bluescript and inserted as a
Asp718-Xbal fragment in pUAST. Detailed description of the primer:
used will be given upon request.

RESULTS

EY and TOY are involved in  s010 enhancer
expression

Recent genetic analysis demonstrated that the inductiso of
mediated by EY occurs during second instar larvae in the e)
progenitor cells (Halder et al., 1998). A genomic fragmen
deleted in the Samutant has been shown to interact specifically
with ey in a yeast one hybrid assay and to be ectopicall
inducible by EY in vivo (Niimi et al., 1999). Therefore, we were
interested in the regulation of this enhancer elemsotQ)
during normal eye development. To address this question, v
first studied the expression of the s010 enhancer éyantant
backgroundWhen compared to a wild-type eye disc (Fig. 1A),
the expression of the transgene (sol0-lacZ) is dramatical
reduced in the anterior to posterior central region ofgn
mutant eye disc (Fig. 1B) and also of anngyl mutant eye
disc (Fig. 1C) (eynull: ey’>7% S, F., U. Kloter and W. J. G.,
unpublished) (Punzo et al., 2001). The residual latere
expression of the enhancer detected in the eye disc indicates t
additional transcription factors are involved in so10 regulationFig. 1.so10-lacZactivity in different mutant backgrounds. (A-1) Eye
To investigate whether the loss of expression is due to a loss difcs of third instar larvae expressing so10-lacZ. (A) Expression in a
EY rather than to a loss of so10-expressing cells by apoptosiéld-type eye disc. Arrowhead indicates the ocellus region where no
or a loss of the expression@fdownstream genes, we studied expression is detected. Dorsal is top and posterior is left. (B-J)

the expression of the s010 enhancer ihawleyd mutants.  Expression in ary, ey’>7} sd, eyd, sp&° andtoy®’39mutant ,
Like ey mutants these two mutants also exhibit an increasedfickground, as indicated. G and H, | and upper box in | show a pair

. . : —of the eye discs from a single larva of%¥° L indicates left and R
amount of apoptosis (reviewed by Treisman and Heberle."ﬁﬁdicates right eye disc. (J) Leg disc where UASisogctopically

1998). As shown in Fig. 1D,E the expression in the antenogxpressed with dpfnk-Gal4 in an eymutant backgroundacZ

region of the eye disc is not affected irt aodeyf':il mutants,  staining (arrow) shows that tésable to activate this enhancer
respectively. These results strongly support the idea that the laggment in the absence of endogensys

of expression detected in the anterior part of &megn ey>-71
mutant eye disc is directly due to a loss of EY and not to the
loss of expression of egownstream genes. The loss of morphogenetic furrow. As shown in Fig. 1F the expression of
expression in the posterior region shows that this enhancer$s10 seems not to be affected in this mutayt. the second
regulated differently in the anterior than in the posterior part oPax6 gene expressed in the developing eye disc, reveals a
the eye disc. It suggests a concerted involvement dfimilar expression pattern to @zerny et al., 1999). Since the
EY/SO/EYA in the expression of this element in differentiatingso10 enhancer exhibits residual expressioayimutants, we
cells, which has not been further investigated in this study. asked whether TOY could also be involved in its regulation.
The sparkling (spa) gene, which is involved in lens We addressed this question by using the recently isdleyed
formation, belongs to the Pax2/5/8 gene family and isnutanttoy®’-39(S. F., U. Kloter and W. J. G., unpublished).
expressed posterior to the morphogenetic furrow (Fu and NolQwing to the hypomorphic character of this mutant the size of
1997). We also investigated a possible involvement of thithe eye disc can vary a lot within the same larva from a small
Pax gene in sol0 enhancer regulation posterior to theuster of cells to almost wild-type size (Fig. 11). According to
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this, toy transcript is still detected in eye discs of normal sizeTOY PD. As shown in Fig. 3B, three protected regions were
whereas it is not detected in strongly reduced eye discs (ddtaund by using the EY-PD whereas five protected regions were
not shown). As shown in Fig. 1Gslo10-lacZexpression is found by using the TOY-PD. Whereas sites 3 and 4 are only
reduced in the central region oftay©’-39 mutant eye disc. protected by TOY, sites 1,2 and 5 are equally bound by EY and
Whereas in Fig. 1G the expression is restricted to the posteri®OY in vitro. Therefore, we were not able to find specific
margin of the eye disc, in Fig. 1H a clear territory is notbinding sites protected exclusively by EY, in contrast to TOY.
definable owing to the shape of the eye disc although both disés shown in Fig. 3C, these protected sites reveal sequence
derive from the same larva. These results suggested to us tkanilarity to the in vitro selected Pax6 consensus binding
toy is involved in sol0 regulation but because of a higlsequence (Czerny and Busslinger, 1995; Epstein et al., 1994).
variability of the toytranscript (data not shown), and thereforeTo address the question of the functional relevance of these
a high variability in eye disc size and shape (Fig. 1G-11), it wabinding sites, we mutated the different binding sites and
not possible to asses a clear toy-dependent territory. To furthgtudied the effect of the mutations on the enhancer activity. We
corroborate an involvement of TOY in so0l0 regulation wemutated the bases fitting with the Pax6 consensus in order to
switched to ectopic expression experiments using the UASese the core homology (Fig. 3A). Since Bax6consensus is
GAL4 system (Brand and Perrimon, 1993). We performedbipartite and highly degenerated it was necessary to introduce
experiments in an émutant where ectopic expression of toy several mutations within each binding site to ensure the
is not able to inducey(Czerny et al., 1999). As shown in Fig. complete loss of EY-PD and TOY-PD binding, respectively
1J, ectopic expression of TOY @y induces expression of the

5010 enhancer. This led us to the conclusionsihid enhancer

might be regulated by both, EY and TOY Dmosophila,and A self
that the residual staining foundes? or ey’>-71eye discs could Comﬁf‘_“ion
be in part due to the activation hyy.

EY and TOY activate the s010 fragment directly

To determine whether TOY directly binds to the so10 fragmer
in vitro, we performed bandshift experiments using full-lengtt
EY and TOY on a 128 bgo10 sub-fragment previously shown
to be bound by EY (Niimi et al., 1999). As shown in Fig. 2A
TOY is able to bind specifically to this fragment since a 10
fold molar excess of cold competitor inhibits binding. This
result further enforced our finding thady is also able to

regulateso10 and encouraged us to study this regulation.

Pax6 proteins contain two DNA binding domains, the paire«
domain (PD) and the homeodomain (HD). It has recently bee B
shown that the EY-PD is required to induce endogersous
expression and to direct eye development, whereas the EY-+
is dispensable for this process (Punzo et al., 2001). Therefol
we investigated whether the same mechanism applies to so
regulation. We used EY- and TOY-deleted proteins in whict c
the PD or the HD was missing. To ensure that the TO
constructs would not activate endogenewthat in turn would
activateso10, we performed the experiment ineyf mutant
background, as previously described for full-lengthy. _ _ o
Ectopic expression of these proteins in the appendages Fig. 2.EY and TOY bind to the s010 enhancer through their paired
dppPnk-Gal4 revealed that the HD deletion has no effect oidomains. (A) Bandshift experiment performed with equal amounts of

. L . ) in vitro synthesised full-length EY and TOY on a 128 bp fragment
s010 inducibility (Fig. 2E,H) when compared to the full length.from the 428 bp enhancer £610. EY and TOY are both able to bind

protglns (Fig. 2D’.G)‘ whereas the removal of th.e PD doma"specifically to this fragment since binding is abolished with a 10-fold
abolished the ability of both EY and TOY to indusel0  mqjar excess of cold competitor (compare lanes 3, 4 with lanes 5, 6).
expression (Fig. 2F,1). To ensure that the deleted proteins we(s,c) Western blot analysis of the ectopically expressed EY and
expressed at comparable levels, we performed western blottiTOY proteins in third instar leg discs with an anti-TOY (B) and an
experiments probed with an anti-TOY or an anti-EY antibodyanti-EY (C) antibody. Lanes 1: ywontrol eye discs; lanes 2:
respectively. As shown in Fig. 2B,C the deleted proteinimisexpression of full-length tcgnd eylan_es 3: misexpression of
(asterisk) are expressed at comparable or lower levels than 1toyAPD and e/APD; lanes 4: misexpression toyAHD andeyAHD.
full-length TOY or EY proteins. Despite a lower level for the Asterisk indicates the deleted proteins. (D-I) Third instar wing discs
HD deleted constructs these proteins still induce so10-lac” Which ?'Eere”t UAS-epr UAS-toyconstructs are misexpressed
whereas the PD-deleted protein does not. Altogether, the"'!" dpp"-Gal4 in an eymutant background. The X-gal staining

. reveals the ability of these proteins to indgo&0. (D,G) Full-length
results demonstrate that EY and TOY activate the solO-IacEY and TOY, respectively, are able to indsed0. (E.H) Deletion of

transgene through their paired domain. ___ the HDin EY or TOY, respectively, does not abolish s010 activation.
These findings prompted us to identify the PD binding site(F,|) Deletion of the PD of EY or TOY, respectively, completely
of EY and TOY within this element. We performed in vitro abolishes so10 activation. Note that despite a lower levebf A

DNase | footprinting experiments using His-tagged EY an(proteins sol10-lack still significantly activated.
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(Fig. 3A: mutation of binding sites 1 to 5 referred to as The expression of these different so10-laonstructs was
so1(FY+TOYmY I addition, after generating transgenic linesfurther analyzed with regard to eye development during the
carrying the enhancer with all five binding sites mutated, wéarval stages. As shown in Fig. 4C and 4G, when the two TOY-
verified that this element was not inducible anymore by EY andpecific binding sites 3 and 4 are disrupteal(°Y ™), the

TOY in wing (Fig. 3D) and leg discs (data not shown). Thesexpression is maintained in the entire eye disc in early third
results strongly suggest a direct role of these proteisedifi  instar larvae, and only later becomes restricted to the posterior

activation through the five identified binding sites. side. The expression is completely lost iAraytants (data not

) ) ) shown) suggesting that the residual staining is due to EY
EY and TOY proteins play a different rolesin 5010 activity. Disrupting the EY/TOY binding sitesq1(FY/TOYmt)
enhancer regulation during eye development consequently targets the expression of the transgene in the

To correlate the different binding properties of EY and TOYlateral edge of the eye disc (Fig. 4D,H). Interestingly, the
on the s010 enhancer to their function during eye developmerexpression patterns of sdRY M and so16Y/TOYMt mimic the

we generated two additionabl0-lacZtransgenic lines. One expression patterns obtained with the wild-tgp&0 enhancer
line carries mutations in TOY binding sites 3 and 4 referred tin a toy?7-3%and in an &yor ey’>-7I mutant background (Fig.
asso10°YMt The other carries mutations in the EY and TOY1G, 1B and 1C, respectively). Thus during larval stages,
binding sites 1, 2 and 5 referred tosad (FY/TOYmt, completely removing EY gives the same result as disrupting
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Fig. 3. Mapping of EY and TOY binding sites
on the s010 enhancer. (A) Sequence alignme
of the s010 wild-type (wt) and mutated (mt)
enhancer. The boxes indicate the protected
regions revealed by the footprint experiment.
The common EY- and TOY-binding sites are UA
shaded grey and the TOY-specific binding
sites are white. The bold letters on thesa10
enhancer indicate the sequence most related to
the Pax6 consensus sequence (P6CON), als
shown in C. The 128 bp fragment used for the
bandshift assay is underlined between the two -
arrowheads. (B) Footprint experiment on the
wild-type (WT) and mutated (MT) so10
enhancer. Sites 1, 2 and 5 are protected by
EY- and TOY-PD whereas sites 3 and 4 are
TOY-PD specific. No binding was detected
after mutagenesis (MT) of the five binding
sites. (C) Sequence alignment of the five binding sites identified on so10 with the Pax6 consensus binding site (P6CON) (Epstein et al., 1994,
The bases fitting with the consensus are shown in capital letters. (D) Wing discs where either EY or TOY were misexpmRteddnl4

in flies carrying the lacZeporter gene under the control of gl FY+TOYMt enhancer. In both cases nw@lactosidase expression was

detected indicating that the mutated enhancer was not inducible anymore by TOY or EY.
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the EY/TOY binding sites whereas partially removing TOY (Fig. 5E). These results suggest a direct role for the EY/TOY
(hypomorph) leads only in some cases (Fig. 1G) to the santénding sites in sol0 regulation during compound eye
result as disrupting the TOY binding sites. Mutation of the fivedevelopment, whereas the TOY binding sites seem to
binding sites (so1®+TOYMY aholishes any residual expression contribute only little to the formation of the compound eye.
in the eye disc (Fig. 4E,l) suggesting a role for both EY and To further investigate whether TOY can overcome the lack
TOY in specifying expression &10 in the eye disc. of EY, we tried to rescue the eye phenotype afyamutant by

_ TOY. Flies carrying either the UAS-ey the UAS-toycDNA
The s010 eye enhancer restores eye development in were crossed to enhancer-Gal4 flies in an %y! mutant
the sol mutant background and the offspring was examined. As shown in Fig.
To define functional sites within ttew10 enhancer, we tried 5H,toywas also able to rescue ad%{ mutant eye phenotype
to correlate the different expression patterns observed ib expressed under the control of tley enhancer. This
their requirements. We therefore asked whether the differeidemonstrates that in the absence of tey can partially
mutated enhancers had the ability to rescuesthemutant complementey, and suggests that the two Pax6 homologues
phenotype, which lacks both compound eyes and ocelli, and t@ve partially redundant functions.
what extent this phenotype can be rescued. We used the UAS-
Gal4 system to generate transgenic flies expressing the GaMfferent requirement for the TOY- and EY-binding
transcription factor under the control of the different mutatedites during development
enhancers. Those lines were then crossed to addAiSe in  Since the rescue obtained with tle®10 enhancer was
asol mutant background (Fig. 5A). First we confirmed that thencomplete and resulted in a reduced compound eye (Fig. 5B),
differentso10-Gal4 drivers directed expression of a UAS-lac4rregular ommatidia arrangement, lack of inter-ommatidial
reporter transgene in similar manner to that obtained with thieristles and of ocelli (data not shown), we investigated whether
so-lacZ constructs previously examined (data not shown)additional regulatory sequences on the adjacent 1.2 kb
Then we tested if the wild-type s010 element is sufficient fofragment, encompassing the deletion ik seere required for
rescuing the somutant eye phenotype. As shown in Fig. 5B,properso expression. Therefore, we generated a new so-Gal4
expression of the saDNA under the control of theol0 driver, which contained the 1.2 kb fragment adjacent to the 400
fragment in a sb mutant rescued the compound eyesbp sol0 element, in the same orientation as found in the
effectively but failed to rescue the missing ocelli. This result iendogenous gene. This construct was designatsd7agriver
consistent with the expression pattern of this element showinghe 1.2 kb fragment correspondssti®, whereas so7 includes
expression in the eye-specifying region but lacking expressidinagmentsso9 + s010) (Niimi et al., 1999). Tlse9 fragment
in the ocellus region (Fig. 1A arrowhead). Thus, the transgengas not activated by EY in a yeast one hybrid assay, whereas
contains appropriate DNA regulatory sequences in order t®o7 containing the so10 was (Niimi et al., 1999). The mutated
direct and restore sexpression in compound eye formation in so7-Gal4 drivers were generated using the same mutations as

a so! mutant.

previously described for the various mutaged0 enhancers,

We next asked how far the mutated Gal4 drivers *»~r~

also able to restore properexpression in a danutan
background and therefore rescue eye developmel
shown in Fig. 5C, mutations introduced in the 1
binding sites (soT®Y™) have only a minor effect sin
the eye is rescued to approximately the same size
rescue obtained with the wild-type s0l0 enha
However, disruption of the EY/TOY binding si
(so1GFY/TOYmY) which largely inactivated the enhan
(Fig. 4D and H), gave hardly any rescue (Fig. !
Indeed, we observed in almost 100% of the offspri
partial rescue only, characterized by a strongly rec
eye on one side and no eye on the other side of t
head. This phenotype is rarely seensmt mutants
Interestingly, it is reminiscent and strongly resem
the eye phenotype observed in #y2 mutant (Halde
et al., 1998). It has recently been shown by Punzo
(Punzo et al., 2001) that the variable eye phenoty
not due to a residual expressioneyf The expressic
of EY is not detectable in the eye discey? mutants
and the same phenotype is observed in epeaull
mutantey’>-’L Thus, the presence of the TOY binc
sites within the so/TOYMt enhancer allows a part
rescue, suggesting that TOY can overcome the la
EY function to some extent. Therefore, this finc
might explain why eymutant flies have a stro
variation in eye size. Finally, the sd&@TOYM
enhancer did not rescue tls® mutant phenotyg

A

s010 so10 EY/TOYmt soi0 EY+TOYmt

—D—D—D—D—D——D—D—M—M—D——MW
E

‘_’ AR
I\'".y 15\_ 5

Fig. 4. Expression pattern of the different so10 enhancers. (A) Schematic
drawing of the enhancer with the different EY and TOY binding sites
indicated by five boxes. The different mutated so10 enhancers used are
represented using crossed boxes. All panels in a column refer to the same
s010 enhancer. (B-E) Early third instar eye discs and (F-I) late third instar eye
discs. During larval stages the latZnsgene was detected by staining¥or
galactosidase. For all eye discs, posterior is left and dorsal is towards the top.
During early third instar larval stage the expression is lost in the central part
of the eye disc when the EY binding sites are mutated (D), in contrast to
mutations of the TOY binding sites which show no obvious defects at this
stage (C). At late third instar stage mutations of the TOY binding sites restrict
expression to the posterior edge of the eye disc (G) whereas mutations of the
EY binding sites do not alter the expression pattern from second to third instar
larvae (D,H). Expression is completely abolished in the eye primordium and
in the eye disc when all five binding sites are mutated (E,l).

so10 TOYmt
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and are referred to as $07TOYMt so71OYMt andsoEY+TOYMt  addition, the so7-enhancer-specific expression in the ocellar
respectively. As a control, we generated a |ioZ carrying  region is missing in sdPYMt indicating that it is dependent on
only the so9 fragment to test whether this element is alsthe TOY binding sites. In summary, in the context of the
expressed in the eye disc. As revealethby staining, a weak so7 enhancer, disrupting the EY/TOY binding sites affects
expression was detectable at the posterior margin of the eg&pression mainly in the eye field whereas disrupting the TOY
disc (data not shown). When crossed to UA&Z, the so7 binding sites affects the expression in the ocelli. Tlso$8,
driver extended the expression further into the ocellar regioonooperates with the so10 enhancer to specify expression in the
of the eye disc (Fig. 6B) than tls®@10 driver (Fig. 4F). The ocelli through the TOY binding sites. Finally, when all five
soFEY/TOYmt jine produced expression in the ocellar region bubinding sites were mutated ($9770Y™Y) only staining

not in the eye-specifying region except at the posterior margireflecting the pattern of so9 was detected (Fig. 6E). Overall,
of the eye disc, which was caused by togb@ fragment (Fig. the expression patterns of tse7-Gal4 lines confirmed our
6C). This result indicates that the expression in the eyesrevious findings on theol0 element and further attested a
specifying region depends on the presence of the EY/TOMifferent requirements for the EY and TOY binding sites.
binding sites 1, 2 and 5. Compared with $hadFY/TOYmt (Fig, To correlate the function of the so7 enhancers with different
4H), the sofY/TOYmt is not expressed in the lateral edges ofexpression patterns, we performed a rescue experiment by
the eye disc, showing thab9 restricts the activity of sol10 restoring so expression using the UAS-Gal4 system in a
through the TOY binding sites. T®79YMt enhancer (Fig. so' mutant background. We crossed the differsa7-Gal4

6D) shows a similar expression pattern as $0&a0°Y™  enhancers to UAS-sim a sd mutant background and tested
enhancer (Fig. 4G) in the posterior part of the eye disc. Itheir ability to rescue the sanutant phenotype. As shown in

A - F — A
sol0 ey EY/TOYmt TOYmt EY+TOYmt
enhancer / enhance:/ so10 so89 sol0 so9 sol0 so9 sol0  so9

EY/TOYmt TOYmt EY+TOYmt

so7 so7 so7 so7

Fig. 6. Rescue of the $mutant phenotype by the 1.6 kb element
so7. (A) Schematic representation of the diffesat drivers in

Fig. 5.Rescue of the danutant by the different mutated so10 combination with the previously describsatll0 mutated elements.
enhancers. (A) Schematic drawing of the Gal4 system used for the (B-E) Expression pattern of the different so7 drivers that have the
rescue experiment. Flies expressing the Gal4 gene under the contreextended so9 fragment. All panels show third instar eye discs with
of the different so10 enhancers were crossed to flies carrying the  posterior to the left and dorsal to the top. $BY shows additional

UAS promoter controlling the stEDNA. The crosses were all carried expression in the ocellus region (arrow). g8YEY/TOYmt completely

out in a sé mutant background. (B,C) Rescue of §ukmutant eye loses expression in the eye disc but still has an extended expression
phenotype wittso10 and sof®'™, respectively. (D) Rescue in the ocellus region (arrow). (Bp77°YMt has normal expression in
obtained with the soRY/TOYMt enhancer. The eye size shown is the the eye disc but not in the ocellus region.g&FY*+TOYmt only

largest obtained. The variations in size were reminiscent of those shows expression reminiscent of the additional 1 kb element at the
observed in aey? mutant with one eye missing. (E) No rescue was posterior margin of the eye disc. (F-1) Rescue of the adult eye with
observed with the soI8Y+EYmt (F) Schematic drawing of the Gal4  the so7 drivers. The wild-type so7 and the™§¥7t show full rescue
system used to rescue tenull mutant. (G,H) Rescue of tley null of the compound eye (F,H), whereas the removal of the EY binding
mutant ey?-"with the eyenhancer Gal4. Both UAS-¢§) and sites does not rescue, or only partially in very rare cases (G).
UAS-toy (H) were able to rescue the’ey!mutant when driven with ~ soEY+TOYmt never shows any kind of rescue (I). (J-M) Rescue of the
ey-Gald. In both cases (G,H), the eyes were almost normal in size fcocelli with the so7 drivers. In contrast to the compound eyes, the

all of the flies analysed. Thes?>-7Lnull mutant showed an eye TOY binding sites are absolutely required for ocelli development.
reduction of between 50-75% for 20% of the flies (I), and 75%-100%(J,K) Rescue of the ocelli (arrowheads) with so7 (J) an&Y§grmt

for 80% of the flies (J) (Callaerts et al., 2001). (K). No rescue is observed wigo77CYMt (L) and so#Y*TOYMt (),
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Fig. 6F, so7 was able to fully rescue the compound eyes afootprinting experiments we demonstrated that TOY and EY
partially rescue the ocelli (Fig. 6J). $§7OYmMt was not able are able to bind specifically to this enhancer in vitro.
to restore compound eye development (Fig. 6G) but was stifurthermore, we showed thed10 is also activated ectopically
able to direct ocelli formation (Fig. 6K). In contrasb,7/OYMt by toy in an ey mutant background suggesting a direct
rescued compound eye formation (Fig. 6H) at the samactivation by toy. Our rescue assays performed with the
efficiency as the wild-type enhancer, but did not rescue ocelllifferentso10 mutant drivers, which are exclusively expressed
development (Fig. 6L). s67+TOYMt was unable to rescue in the compound eye field but not in the ocelli, reflee th
either the compound eye or the ocelli phenotype (Fig. 61 ancequirement of the EY/TOY binding sites and to a lesser extend
M). This demonstrates that the EY/TOY binding sites arehose of TOY for compound eye development. The phenotype
absolutely required for compound eye development whereabtained with thesolGY/TOYMt driver nicely parallels the
the TOY binding sites are required for the development of theariability in eye size observed &y mutants (Halder et al.,
ocellus. Thus, these results suggest a distinct functions for t1©98). Moreover, expressingy in the eydomain of the eye
two Drosophila Pax6 proteins in regulating the same targetisc by using theyenhancer Gal4 driver, established that toy
gene during compound eye and ocellus development. could partly complement the lack of &gtivity. These findings
lead us to propose that the variable eye phenotype segh in
mutant is due to the presence to¥ rather than a residual

DISCUSSION expression of eyln this respect, we did not succeed in

) detecting any efranscript or protein in the gynutant eye disc
so, ey and eya regulate the so010 enhancer in a (Callaerts et al., 2001; Punzo et al., 2001; Quiring et al., 1994).
complex network Furthermore, the eyull mutant eyp-"1also has a variable eye

Genes involved in eye development are highly conservephenotype (Callaerts et al., 2001). Thus, the two Pax6 proteins
between vertebrates and invertebrates. Given the complekare similar biological properties to direct eye development.
genetic network during early eye development, studies of o )

regulatory sequences controlling eye-specific expressiohhe TOY binding sites are necessary and cooperate

provide insight into eye specification. Analyzing theWith other cis regulatory sequences to ensure ocelli
expression of the eye-specific sol0 enhancer in differeftevelopment

mutant background gives information about the regulatoryrhe incomplete rescue obtained with #gd0 driver led us to
circuit. The loss of sol10-lac&xpression in they?, ey’>71or  search for additional cisegulatory sequences. We found that
toy©7-39 mutants indicates, that EY and TOY are required fotheso9 fragment adjacent to the so10 enhancer, which has been
activation of this element. In the casesofind eyathe analysis shown not to be inducible by EY (Niimi et al., 1999), contains
in the null mutant was not possible due to embryonic lethalitgis regulatory sequences acting in combination withsth&0

of these mutants. Since thel smd eya mutations eliminate eye-specific enhancer to ensure correct expression in the
expression of sand eydranscript and protein in the eye disc, eye. This combined fragment (so7=s0l10 + s09), which
but not elsewhere in the organism, these mutants were definedcompasses thelsteletion, is able to ensure complete rescue
as eye-specific nulls (Bonini et al., 1993; Cheyette et al., 19949f the compound eye and partial rescue of the ocellus when
These findings render them appropriate for the analysis in thesed as a Gal4 driver. The mutated so7 drivers confirmed our
eye, especially since smpecifically deletes those intronic previous findings on the EY/TOY binding sites of L0
sequences that contain #®L0 enhancer. The results in ok enhancer with regard to compound eye formation and further
andeya mutants clearly show that the maintenance of activityndicated a functional difference for the TOY binding sites
of this element is dependent on the presence of both proteiamce the latter are absolutely required for ocellar development.
posterior to the morphogenetic furrow. These data complemeithis further demonstrates that TOY requires additional
the findings obtained in ectopic eyes and fit with the currerttranscription factors present in the eye disc for its proper
model previously published on the regulation of retinalfunction. Thus, the different biological properties of EY and
differentiation (Bonini et al., 1997; Chen et al., 1997; CzernyTOY previously described are not limited to their DNA binding
et al., 1999; Pignoni et al., 1997). Whereas EY and TOY seespecificities (Czerny et al., 1999) but extend to their ability to
to be required for activation of the so10 eye-specific enhancesoss talk with different sets of proteins.

an interacting network between SO, EYA, EY and TOY seems Beside its role in ocelli specification, tee9 fragment also

to be responsible for maintenance and proper expression éxerts a finely tuned effect on the10 activity in the
differentiating cells. In ectopic eye development, the geneticompound eye, sincgo7Y/TOYMt s more down-regulated in
pathways governing these events have been shown to involtiee eye field than so10 (Fig. 6C). These expression patterns are
feedback loops so that all these genes regulate the expressionline with the rescue experiments; there is no rescue of
of each other. Our findings indicate that it is true in the normahe compound eye with sB7TOYMt (Fig. 6G), whereas

eye as well. so1(FY/TOYMt gives at least a partial rescue (Fig. 5D). The
compound eye is fully rescued with the wild-type7 driver

so is regulated by EY and TOY through the same and partly rescued with tre®10 driver.

eye-specific enhancer to specify compound eye

development Common sites for distinct biological functions

We have studied in more detail the so10 eye-specific enhanddsing our in vitro approach, we could not define any EY-
during eye morphogenesis. These studies demonstrate that thgcific sites since the sites 1, 2 and 5 are equally bound by
element, which is deleted in thelsoutant is regulated by both EY and TOY. These sites might be more EY-specific since the
Pax6 proteins in Drosophila. Using gel shift and DNaseresidual expression of the sd®3™Mtis lost in ey eye discs. In



so regulation by toy and ey in Drosophila 633

addition, so10 expression in eputant eye discs is similar Kloter and W. J. G., unpublished). Therefore, removal of the
to the sol(Y/TOYmt expression in wild-type eye discs. common target gene of both Pax6 proteins in the eye (e.g.
Nevertheless, we cannot exclude the possibility that botho! mutant) consequently leads to a loss of both compound
proteins bind in a complex combinatorial arrangement to theseyes and ocelli. Therefore, we propose that one of the
sites in a wild-type eye context. Alternatively, it is also possiblelevelopmental programs of tdy in part to specify ocellar
that these sites will be occupied by either EY or TOYdevelopment in addition to head formation, sitmgmutants
depending on which protein is present in the nucleus. In thigenerated are characterized by pupal lethality, pharate adults
respect, the efficiency of the ocellar rescue is relevant. Thacking half of the head or the entire head capsule
rescue obtained with thgo7EY/TOYMt |acking binding sites (Kammermeier et al., 2001). Thus, we can propose thaothe
1, 2 and 5 is reduced qualitatively (ocelli smaller) andgene is regulated bioy to specify the ocelli and bgy to
quantitatively (40% of the flies show a rescue) as compared &pecify the compound eyes during larval development.
the rescue efficiency obtained with the wild-type enhancer Our analysis of eyand toy allows us to dissect the
(80% of rescue efficiency). This strongly suggests avolutionary changes after the gene duplication event that has
requirement of all five binding sites for TOY to ensure fullhappened during insect evolution. First, tbis-regulatory
enhancer activity in the ocelli. regions of the two genes have diverged, leading to both
The footprinting experiment did not reveal any binding oftemporal and spatial changes of expression;is expressed
the EY-PD onto the binding sites 3 and 4. Since Czerny et ahuch earlier than eguring embryogenesis, whereagsis not
(Czerny et al., 1999) demonstrated a reduced binding activigxpressed in the ocellar region of the larval eye disc (Czerny
for the EY-PD when compared to the TOY-PD on the TOYet al., 1999). Second, the protein coding regions of the two
binding sites located in theyenhancer, we cannot exclude thatgenes have diverged, most importantly in the paired domain
the EY-PD might also bind weakly to the TOY-BS 3 and 4 ofwhere asparagine 14 which is present in rRashomologs,

the soenhancer in vivo. has been mutated in ¢y glycine, which changes the DNA
o . . ) binding properties of the protein significantly (Czerny et al.,
Two Pax6 genes with distinct biological functions 1999). Third, the positive autocatalytic feedback loop found in

All animals, ranging from flatworms to mammals, analyzedvertebrates for their single Paxgene (Chow et al., 1999;
so far, have a Pax@ene which from our current state of Grindley et al., 1995; Okladnova et al., 1998; Plaza et al.,
knowledge, is universally required for eye specification. InL995), has evolved into a heterocatalytic control loop in which
contrast to vertebrates, where generally a single g@x@  toy transcriptionally activatesy by binding to the eye-specific
gives rise to several differentially spliced transcripts,enhancer of efCzerny et al., 1999; Hauck et al., 1999). Fourth,
Drosophilaand other holometabolous insects have Ra®6  both toy and ey cooperate in differentially regulating the so
genes, raising the question of functional redundancy. Gertarget gene, reflecting the fact that earlier in evolutiowa®
duplication and subsequent divergence of developmentaégulated by a single Pax@§ene. These findings strongly
control genes is a major driving force in evolution increasingupport the hypothesis of intercalary evolution (Gehring and
the diversity and complexity of the organisms. A secondkeo, 1999) showing that theyygene has been intercalated into
mechanism for recruiting additional genes into athe eye developmental pathway betweey and so. The
developmental pathway is enhancer fusion (Gehring and lkeopservation that togctivates eyn the eye progenitor cells of
1999). The acquisition of newcis-regulatory elements

represent an important mechanism for functiona

diversification (Bouchard et al., 2000; Greer et al., 2000; Hank A B

et al., 1995; Suda et al., 1999; Xue and Noll, 1996). Ou
findings strongly support both of these hypotheses $ayde gye primordium =

able to rescue the eye development inegrmutant when :

expressed in the elomain. The finding thatyand toyexhibit toy
different expression patterns during embryogenesis migt ey toy i

account in part for their functional biological diversity (Czerny toy
et al., 1999; Kammermeier et al., 2001). In the eye, both gen ‘ i ?

are co-expressed, except for the ocellar territory wheretoply ey ; ¢

is expressed (Czerny et al., 1999). In addition, it has bee s ova| SO« » eya
proposed that TOY and EY diverged to regulate different set l ; J’

of target genes because of a N14G mutation that changes 1

DNA binding specificity of the PD domain ey (Czerny et al., ? dac ?

1999). Indeed, using tle®10 regulatory element we found that
TOY does not bind to the same sequences as EY, bfig. 7. Eye specifying gene hierarchy depends on the cell type and
interestingly, TOY and EY regulate the same target enhancéie stage of development. The network of regulatory genes

in different cells. The phenotypes obtained in our rescugPecifying eye development is modified based on this study and other

: ; ; P - recently published results. (A) In the embryonic eye precursor cells,
experiments using either the EY/TOY or TOY binding SIteto directly activates ethrough theey-enhancer (Czerny et al., 1999)

mutated enhancers, nicely parallel the phenotyp_es observed | hout eyactivating its downstream genes so/@igamar and

those mutants. The eyll mutant still has ocelli but lacks yj5ses 2001). (B) In the eye disc of late L2 and early Laneytoy
compound eyes. Interestingly escaperg from the recentlyrectly regulate sin a complex network by using different sites on
isolatedtoy mutant in our laboratory (t@:}?- 9 exhibit no eye  the same enhancer element in different sets of cells to direct the
reduction whereas the ocelli are partially missing (S. F., Udevelopment of the compound eyes and the ocelli.



634 C. Punzo and others

the embryo, where neither smd eyaare expressed (Kumar eyes by targeted expression of the eyeless gene in Drosophila [see
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