Research article 3943

Functional divergence between eyeless and twin of eyeless in
Drosophila melanogaster

Claudio Punzo*, Serge Plaza T, Makiko Seimiya, Pamela Schnupf *, Shoichiro Kurata $, Johannes Jaeger T and
Walter J. Gehring**

Biozentrum, University of Basel, Klingelbergstrasse 70, 4056 Basel, Switzerland

*Present address: Harvard Medical School, Department of Genetics, 70 Avenue Louis Pasteur, Boston, MA 02115, USA

TPresent address: Centre de Biologie du Development, Universite Paul Sabatier, Bat4R3, 118 Route de Narbonne, 31062 Toulouse Cedex, France

*Present address: Graduate Group in Microbiology, University of California at Berkeley, 401 Barker Hall, Berkeley, CA 94720-3202, USA

SPresent address: Graduate School of Pharmaceutical Science, Tohoku University, Aramaki, Aoba-ku, Sendai 980-8578, Japan

fPresent address: Graduate Program in Genetics, Department of Molecular Genetics and Microbiology, State University of New York at Stony Brook, NY 11794-5222,
USA

**Author for correspondence (e-mail: walter.gehring@unibas.ch)

Accepted 21 May 2004

Development 131, 3943-3953
Published by The Company of Biologists 2004
doi:10.1242/dev.01278

Summary

Pax6 genes encode transcription factors with two DNA- ectopic eye development in aey mutant background. We
binding domains that are highly conserved during also show that one of the main functional differences
evolution. In Drosophila two Pax6 genes function in a betweentoy and ey lies in the C-terminal region of their
pathway in which twin of eyelesqtoy) directly regulates  protein  products, implying differences in their
eyeless(ey), which is necessary for initiating the eye transactivation potential. Furthermore, we show that only
developmental pathway. To investigate the gene duplication the homeodomain (HD) of EY is able to downregulate the
of Pax6 that occurred in holometabolous insects like expression ofDistal-less(Dll), a feature that is required
Drosophila and silkworm, we used different truncated during endogenous eye development. These results suggest
forms of toy and small eyeqsey), and tested their capacity distinct functions of the two DNA-binding domains of TOY
to induce ectopic eye development in aryindependent and EY, and significant evolutionary divergence between
manner. Even though the Paired domains of TOY and SEY the two Drosophila Pax6genes.

have DNA-binding properties that differ from those of the

Paired domain of EY, they all are capable of inducing Key words:ey, toy, sey PD, HD,Drosophila

Introduction few epidermal cells that invaginate to form the precursor cells

During Drosophila embryogenesis, the segmentation geneS the future imaginal disc. ,

establish a repetitive pattern of body segments, whereas the! "€ €ye disc is fused to the antennal disc and forms a
HOX genes specify the identity of each Segmempompound eye-antennal disc. The eye-antennal disc grows
Subsequentially, another class of selector gene determines {#¢/ing the three larval stages and, towards the end of the
different appendages or organs within a given segment. Tﬁ@_lrd instar, th_e cells of the eye disc start to _dlﬁerentlate.
combinatorial or exclusive expression of this later class giveRifferentiation is marked by a wave of morphological changes,
each organ its specific identity. SeveBabsophilagenes have reflected by the morphogenetic furrow (MF), which moves
been classified as selector genes according to their ability f#m the posterior to the anterior of the disc (reviewed by Wolff
induce ectopic appendages when misexpreagedigial (vg) and_ Read_y, 1991). Cells anterior to the furrow are still
is essential for wing and haltere identity (Kim et al., 1994), undifferentiated, whereas cells posterior to the furrow start to
for leg identity and, in combination witextradenticle(exg ~ form clusters of hexagonal arrays, which reflect the shape of
andhomothoraxhth), for antenna determination (Casares and®n adult ommatidium. Only the undifferentiated cells anterior
Mann, 1998; Gonzalez-Crespo et al., 1998). The selector gen@sthe MF express the twdrosophila Paxégenesey andtoy,

for eye identity inDrosophilaare the twoPax6homologsey ~ Whereas in the differentiated cells posterior to the MF, both
andtoy (Quiring et al., 1994; Halder et al., 1995; Czerny et al. NRNAs seem to be downregulated (Czerny et al.,, 1999);
1999). Recent studies suggest that transformation of the efpewever, TOY protein is still detected posterior to the MF (U.
disc into antennal identity occurs during the mid to late secon@alldorf, personal communication). Although differentiation
instar, indicating a crucial time window for the eye andof the eye disc only starts at the third larval stage, its cells
antennal selector gene action to determine the cell fate of thédecome determined during the second instar, when the eye
respective discs (Kumar and Moses, 2001). Although thesgpecifying genesyandtoy, and their early downstream target
selector genes are required to maintain and specify disc identiggnessine oculig(so), eyes abser(eyg anddachshunddad),
during larval disc development, they are first expressed durirgre expressed (Kumar and Moses, 2001). Interestingly, during
embryogenesis, when they specify, within a given segment, thigst to mid-second instar stages of disc developmenthe
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selector gene for eye identity, is also expressed in the antenmalestigated to what extent the PD of TOY and SEY, which
disc (Kenyon et al., 2003). Because cells specifying the eyeliverged in their DNA binding properties from the PD of EY,
antennal disc invaginate together and form a compound diswere able to induce the eye developmental pathway
selector genes are found to be expressed in both eye amdependently oky. Moreover, we determined whether only
antennal discs at an early stage, and only later do they becothe HD of ey was able to downregulat®ll expression, as
restricted to either the eye or the antennal part whepreviously shown by Punzo et al. (Punzo et al., 2001), and
determination sets in. Consistent with this, recent studies havenether this function is required during endogenous eye
shown that ectopi®y is able to repress DLL, an antenna development to specify the eye territory. We have tested these
specific gene (Kurata et al., 2000). Furthermore, it has bedrypotheses by generating deletion constructsegsimilar to
shown that this repression is mediated by the homeodomaihose described fayandtoy (Punzo et al., 2001; Punzo et al.,
(HD) of ey (Punzo et al., 2001). The ability of selector gene2002), as well as EY-TOY chimeric proteins, and scored for
to downregulate each other can therefore lead to an exclusieetopic eye formation. Furthermore, we rescuedethaull
territorial expression, and to the specification of the identity omutantey’>71(Punzo et al., 2001) by transferring the genomic
a given disc (Benassayag et al., 2003). region of theeygene onto the third chromosome. This allowed
The existence of tw®ax6 genes inDrosophilaraises the us to analyze mutamtly clones in a wild-type background. We
question of whether they have a redundant function or whethéound that bothsey and toy were able to activate eye
they have diverged to control different sets of target genes. development in aryindependent manner, and that one of the
recent characterization of new alleleseyfandtoy mutants main differences betweetoy and ey, besides their DNA-
by Kronham et al. (Kronham et al., 2002), and by otherdinding properties, lies in their C-terminal region, and
(S. Flister, U. Kloter, M.S., C.P., L. Michaut and W.J.G.,therefore mainly in their transactivation potential. This
unpublished), suggests a functional divergence, with a partisiggests that most of the differences reside in their capacity to
redundancy remaining. Epistasis studies showedttlydtes interact with different sets of proteins. We also show that only
upstream ofey, because ectopitoy is capable of inducing the HD ofeyis able to downregulate DLL expression in an
ectopiceybut not vice versa (Czerny et al., 1999). Additionally,ectopic situation, and that this downregulation is required
toy cannot induce ectopic eyes in e mutant background during endogenous eye development.
whereasey can (Czerny et al., 1999). The regulatioregby
toyis due to a direct binding of the TOY-PD to #yeenhancer, .
which is located in the second intron of thegene. The Ey- Materials and methods
PD contains a glycine at position 14, whereas the TOY-PD hasy strains and histology
an asparagine at that same position. This difference allowsies were reared on standard medium at 25°C. Lines seHgitacZ
TOY to regulateey through theey-enhancer, whereas EY (Niimi et al., 1999),s0-lacZ (Cheyette et al., 1994)pg"k-Gal4
cannot regulate itself (Czerny et al., 1999). Complementar{Staehling-Hampton and Hoffmann, 1994):Gal4 (Halder et al.,
experiments showed that ectopic expression of a HD-deletd@98), UASey (Halder et al., 1995), UASy (Czerny et al., 1999),
version of the EY protein did not induce the endogenous fullJAS-sey(Halder et al., 1995ky? (Quiring et al., 1994), UASyAPD

length gene, and therefore confirmed the lack of an aut@—”oI UASeyAHD (Punzo et al., 2001), UA®YAPD and UAS-

oyAHD (Punzo et al., 2002), UAS-P35 (Zhou et al., 199l}JacZ
Irzeg;'atory feedback | 'Ot?p. fg'ey épbunzo. et al., Zooi)t'h (Gorfinkiel et al., 1997)yw; TM6Th/82B FRT P(smbhsp70-GFP)
ndogenougy can only beé induced by miSexpression of €y, 4yyy, pp(1:4)1021y/ Dp(1:4)1021y (Methot and Basler, 1999),

three downstream genegg soanddag or bytoy (Halder et oy571(5 Fiister, U. Kloter and W.J.G., unpublished).

al., 1998; Czerny et al., 1999). Interestingly, the mdeesd Specific genotypes generated for this publication were: (1)-UAS
geneseyalso has an asparagine at position 14 of the PD angbylUAS-sey ey/ey?, (2) UASseyIPD/UAS-seyiPD; ey/ey?, (3)
has, therefore, the same DNA-binding propertiesoggHill UAS-seYIHD/UAS-seyHD; ey?/ey?, (4) UAStoy/lUAS-toy; ey?/ey?,

et al., 1991; Czerny et al., 1999). Moreowsyandtoy have  (5) UAStoyAPD/UAS-toyAPD; ey’/ey?, (6) UAStoyAHD/UAS-
multiple stretches of conserved amino acids in their C terminioyAHD; ey?/ey?, (7) UAS-P35/UAS-P35; UABYUAS-ey, eyley’,
whereas the C terminus @jdiverged. Thus, ectopieyis able  (8) UAS-P35/UAS-P35; UARyAPD/UAS-eyAPD; ey’/ey?, (9) UAS-

to induce ectopieybut it does not induce ectoptiay (Czerny ~ P35/UAS-P35; UASyAHD/UAS-eyAHD; eyfey, (10) UAS-

_ P35, . ink.
et al., 1999). This suggests that the auto-regulatory feedbaglgffA(Slg)ssgf(gii a&p iﬁ%‘;‘gﬁfg}ﬁiﬁ 4;-”\1?;;2@@3(;3)

loop found .in the v_ertebraléang_ene _evolved into a hetero- CyOIDll-lacz; TM6Th/idpp?inkGald: (14)ey-Galdky-Gald; eyley?.
regulatory interaction irDrosophila with toy regulatingey  For the clonal analysis the following lines were generated-y(&}-
expression (Gehring and lkeo, 1999). Overall these daf#; 82B FRT/82B FRTPp(1;4)1021y/Dp(1;4)1021y, (16)ywhsflp
indicate that not only the PDs, but also the cis-regulatorg2B FRT/82B FRT; ey’57%ci®, (17) yw, TM6Tb/82B FRT
sequences of the twarosophila Pax6genes, have diverged to P(smd,hsp70-GFP) p6.3-eyDp(1:4)1021y/Dp(1:4)1021y, (18)
control different sets of target genes. This hypothesis is furthgw, TM6Tb/82B FRTP(smd,hsp70-GFP) p6.3eyey’™ "YciP. The
supported by the fact that onlgy is expressed in the ocelli crosses between the lines 15 and 16, and between the lines 17 and 18,
territory of the eye disc but botby and ey regulate the eye- respectively, give the.two lines that were used to cross together for
specific enhancer of trepgene, by binding partly to the same th?rg?lgg:aﬁir::all%séz gllvztlegré?gBe)r'\erated by P element-mediated germline
gng,vpartly to dlffgrent ﬁ_lnglng IS'tes' ?ng b_y dllscnmlma}[tmgtransformation inyw!118 New lines generated for this study: UAS-
etween eye and ocelll development duning farval Slag&qpp, UASseylHD, UAS-eyPD-TOYBB UAS-+oyPD-EYBB
(Punzo et al., 2002). , _ UAS-EYBB-toyCT UAS-TOYBB-eyCTand p6.8yTM6Tb (genomic
The PD and the HD are the most conserved regions withigscue line).
the Pax6 proteins, indicating evolutionary constraints imposed Antibody staining on discs was performed according to Halder et
to maintain specific binding to target genes. We thereforel. (Halder et al., 1998)B-Galactosidase staining and antibody
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stainings on cryosections were performed as desribed in Ashburnectopicey expression and ectopic eyes when misexpressed in
(Ashburner, 1989). Dilution of antibodies was as follows: rabibit a wild-type background, but it is not able to induce ecttipic

EY, 1:3000 (for clonal analysis); mAb-DLL, 1:20; anda-GFP,  (Czerny et al., 1999). We used the UAS/Gal4 system (Brand
1:1000 (Torrey Pines Biolab). and Perrimon, 1993) to drive our different UAS-deletion
constructs by dpplink-Gal4  (Staehling-Hampton and

Both sey PD and HD deletion constructs were made by standar&_mﬁmann’ 1994). First, we confirmed that the' HD-deleted
recombinant PCR techniques, deleting only the PD or the HDYErsIons oftoy (toyAHD) andsey(seyAHD) were sitill able to

respectively. PCR was performed directly on the cDNA that wadnduce ectopic eye development in a wild-type background
cloned in pUAST (Halder et al., 1995). The newly generaed (data not shown). This result was in agreement with data
cDNAs were directly ligated into a PCR cloning vector, sequenceg&howing that the TOY-PD and the SEY-PD reguétthrough

and then cloned back into pUAST wiioti-Asp718. All four chimera  the ey enhancer (Czerny et al., 1999).

constructs were made by recombinant PCR techniques, switching To test to what extent the PD eéyand toy could still
exactly the PD or the C terminus at the end of the HD of theyctivate the eye developmental cascade imyeindependent
corresponding protein. PCR was performed directly on the cDNAspanner, we misexpressed botlyAHD andsey\HD in aney
which were cloned in pBSK. The newly generated CDNAS wergy tant hackground. Unexpectedly, betlgAHD andseydHD
directly ligated into pUAST usin@glll and Xbd. Both sites were }Nere able to induce ectopic eye development ia)érand in

inserted into the primers used for the recombinant PCR. All fou 57 .
constructs were confirmed by sequencing. Detailed descriptions of tif& &Y null (ey’>") (Punzo et al., 2001) (S. Fllst_er, U. Kloter,
y seq g P S., C.P, L. Michaut and W.J.G., unpublished) mutant

primers used are available upon request. To rescueythdl mutant : : .
ey’>71 we first screened a genomic P-element library @jttDNA  background (Fig. 1B,D; data not shownégt>-73). In addition,
(Tamkun et al., 1992). Positive clones were further analyzed by meais the control cross, in which both full-length proteins were
of restriction digest and PCR analysis to confirm the presence of athisexpressed in the same genetic background, ectopic eyes
exons, and to map the length of theafid 3 region of the rescue were also induced (Fig. 1A,C), whereas the PD-deleted
clones. Two clones containing the entire genomic area were injectegersions {oyAPD andseylPD) did not lead to any phenotype

at the 3end of exon 9 (referred to as cloneeg6and one with a5 Thjg result shows that the induction of ectopic eye®igHD

kb extension at the' ®nd of exon 1 and an 8 kb extension at the 3and seylHD in an ey mutant background is not due to the

end of exon 9 (referred to as clone e4The cosmid péywas able
to rescue they’>7Imutant. As only one line carrying pdytwas absence of the HD. Moreover, we conclude thyaandseycan

obtained we cannot exclude at present that this genomic region woltivate all target genes required for eye development in the
also be sufficient to rescue teg’>-"*mutant. Embryonic and pupal absence of endogenoes; despite their different DNA-binding
lethality, developmental delay, as well as eye phenotypes wefgroperties.

restored by péy. Sterility was restored for males but not for females, To further confirm that early direct or late indirddx6
indicating that regulatory sequences requirecefaxpression in the  regulated target genes of eye development are activated upon
female sexual organs were not present within the rescue coseyid p6misexpression oftoyAHD or seydHD, we monitored the
Western blot experiments were carried out as described by Punzogtpression ofo and rhodopsin 1(ninakE — FlyBase). Earlier

al. (Punzo et al., 2001). The rabbiguail-PD (Carriere et al., 1993) N s

was used at a dilution of 1:200, the ralbiEY at a dilution of 1:200, (rfﬁa%rttl; h:(\;/t?vztsgc\j/v nbt;latthtg e_sg\e{_;%acigcuﬁggagﬁclain2boeoz)

in which the antibody was pre-absorbed with larval tissue. The antLI-_h 7 . d end ion b h )
B-Galactosidase antibody was used at a dilution 1:2000 (Promega)(.)f e;enor:h;/]vaen?eorntl:gge "?12 O?é?g/?&)éprzsts'oa? y ]-tgggl;se
Galactosidase staining revealed ectopic inductiosoefacZ
upon misexpression ady, toyAHD, seyandseyAHD in aney?

Cloning procedure and western blots

Resullts ) . mutant background (Fig. 1E-H). No induction was observed in
Induction of ectopic eyes by the TOY- and SEY-PD in the absence of the PD (data not shown). This showgapat
an ey mutant background andseyare both able to directly activase transcriptionally

It has been shown that, during embryonic stages of eyhrough their PD in vivo, and further explains why ectopic eyes
developmenttoy directly regulategy expression, and that toy can be induced bipy andseyin aneymutant background.
cannot induce ectopic eyes in a seleet@anutant background rhodopsin lhas been suggested to be directly regulated by
(Czerny et al., 1999). Furthermore, it has been shown thate HD ofey(Sheng et al., 1997). We have previously shown
althoughtoy andey have different DNA-binding properties in for eythat ectopic eye development is independent of the EY-
their PD (Czerny et al., 1999), both were able to regulate thdD and that ectopic eyes generated ie@mutant background
eye-specific enhancer elementsaf a gene required for the still expressrhodopsin 1(Punzo et al., 2001). The same was
development of both ocelli and compound eyes (Punzo et afqund to be true fotoy and sey(Fig. 1I-L), suggesting that
2002). These findings, and the fact that target gene activati@ttopic eyes induced in agy mutant background byoy,
during eye development seems to depend only on the B of toyAHD, sey and seyAHD complete their developmental
(Punzo et al., 2001), led us to investigate to what extent the Ridogram. It further strengthens the hypothesis thatiopsin
of toyis still able to activate genes that are required during eyginduction is independent of tiax6HD, as observed in mice
development irDrosophila where Pax6 is not expressed in differentiating rods or cones
We made use of the previously published PD and HOreviewed by Pichaud et al., 2001).
deletion constructs ay andtoy (Punzo et al., 2001; Punzo et ] )
al., 2002), and, in addition, generated a PD- and HD-deletegffects of different expression levels of ~ Pax6
version of the mousBax6genesey Becauseseyhas the same We wondered whether the difference observed in our
in vitro DNA-binding specificity asoy, it is also able to induce experiments, in which we were able to induce ectopic eyes in
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Fig. 1. Ectopic eyes in amy? mutant background. For each panel
(A-L), the UAS transgene that is driven by thgi"k-Gal4

transgene in aey? mutant background is indicated in the lower right
of the panel. (A-D) Phenotype of adult flies carrying the UAS
transgene indicated. Misexpressiortaf(A), toyAHD (B), sey(C)
andseylHD (D) leads to the induction of ectopic eyes i

Research article

aneymutant background by andseyand their HD-deleted
versions, might be due to dosage dependence when compared
with previously published data (Czerny et al., 1999). We
noticed in the course of this work that several independent
transgenic deletion lines @y (eyAPD and eyAHD) showed
strong variations in expressivity when crossedgp’ink-Gal4

(Fig. 2A,B; data not shown foeyAPD). Western blot
experiments using am-EY antibody revealed a clear
correlation between the phenotypes induced and the amount of
protein expressed (Fig. 2C). This result shows that not only the
presence, but also the amount of ectopically induced Pax6
protein is crucial to induce ectopic eye morphogenesis. In order
to compare the phenotypes of individual transgenic lines of
either the same or of a homologous protein, the expression
levels of the corresponding proteins in the individual lines have
to be compared too. To re-examine the different results
obtained in our experiments and the earlier ones of Czerny et
al. (Czerny et al., 1999), we made use of the temperature
sensitivity of the Gal4 system (Jarrett, 2000). We repeated the
misexpression experiment witloy in an ey mutant
background using the line that gave us ectopic eyes and reared
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Fig. 2. Dosage dependence of the phenotype. (A,B) Flies carrying a
UAS-eyAHD transgene in addition to thipgink-Gal4 transgene. A

and B are two independent transgenic lines of the same transgene
showing ectopic eyes (arrowheads) obtained to a different degree of
strength. (C) Western blot analysis using a raiiyY antibody on

third instar leg discs expressing the transgenes used for the
phenotypes obtained in panels A and B. The strength of the
phenotype correlates with the amount of ectopically induced protein.
Asterisk marks the protein expressed at lower level corresponding to
the ectopic eyes in panel A. Molecular weight marker is indicated at
the right. Lanes 1 and 2w control wing and leg discs, respectively;
lanes 3-5, leg discs expressing the varigyusonstructs bylpp?link-

Gal4. (Lane 3) Misexpression e§AHD, transgenic line of panel A.
(Lane 4) Misexpression @&yAHD, transgenic line of panel B. (Lane

mutant background. (E-L) Early and late marker genes are induced 5) Misexpression of full-lengtay. (D-F) Temperature dependence of

during ectopic eye development in the absence of endogepous
(E-H) lacZ expression of third instar leg discs carrying she
enhancer trap, in addition to tbppink-Gal4 transgene and the
UAS-construct indicated in a2 mutant background. All four
transgenes were able to induaeZ expression. (I-L) Rhodopsin 1
expression in ectopic eyes. Rhodopsin 1 was monitored wiih an

the Gal4 system. (D,E) Flies carrying the Usg{ransgene and the
dppPlinkGal4 transgene in a2 mutant background raised either at
18°C (D) or at 25°C (E). Ectopic eyes were never observed on flies
raised at 18°C, in contrast to flies raised at 25°C. (F) Western blot
analysis with a rabbit-quail-PD antibody of third instar leg discs
expressing the variolBax6transgenes under the control of the

Rhodopsin 1 antibody on cryosections of ectopic eyes induced by thppPi"-Gal4 transgene in a wild-type background. Pax6 proteins are

UAS transgene indicated driven bgpPink-Gal4 in arey? mutant

marked by asterisks. Molecular weight marker is indicated at the

background. Rhodopsin 1 was found to be expressed in ectopic eyedght. (Lanes 6-11) Misexpression@f (lane 6),eyAHD (lane 7),toy

induced by all four transgenes. Arrows indicate the retina.

(lane 8),toyAHD (lane 9), seHD (lane 10) and s&3HD (lane 11).



the flies at 18°C and 25°C. Flies developing at 18°C showe
appendage truncation without ectopic eyes as previous
described by Czerny et al. for misexpressiotiogfin an ey?
mutant background (Czerny et al., 1999). By contrast, the flie
developing at 25°C exhibited ectopic eyes (Fig. 2D,F). Wester
blot experiments on leg discs of third instar larvae weigh
toy, sey and their HD-deleted versions confirmed that our
ectopically induced proteins were expressed at the expect
molecular weight and at comparable levels (Fig. 2F). Thi:
allows us to conclude that otoy, toyAHD, seyand seyAHD
lines are able to induce ectopic eyes in en mutant
background, when expressed at comparable levels to tho
required for ectopic eye induction bgy. Overall, these
experiments show that the ectopically induced protein level
are crucial for inducing phenotypic changes.

Functional differences between toy and ey

The two Drosophila Pax6genesey and toy share a high
sequence similarity in their two DNA-binding domains, which
may explain whytoy is still able to induce ectopic eyes in an
ey mutant background. By contrast, their C termini (CT) show
a higher degree of divergence. To further investigate functioni
differences betweetoy andey, we created chimeric proteins
by swapping the PD or the CT of the two proteins. We
generated four UAS constructs, which we refer totms
paired-domairey-backbone tpyPD-EYBB, EY-backbone-
toy-c-terminus EYBB-toyCJ, TOY-backbonesy-c-terminus
(TOYBB-eyCY and ey-yaired-domairtoy-backbone €yPD-
TOYBB (Fig. 3A). The failure ofoyto induce ectopic eyes on
the antenna when misexpressedipgi"k-Gal4 (U. Walldorf,
personal communication) allowed us to distinguish betwee
toy- and eyspecific functions, whereas the functional
constructs could be identified by ectopic eye induction on th
legs, which works for bothoy and ey misexpression. As
expected, all four chimeras were able to induce ectopic eyt
on the legs when driven bgppPink-Gal4 in a wild-type
background (data not shown). Nevertheless, the chimer:i
containing the TOY-CTdyPD-TOYBBEYBB-toyC7 poorly

Differences between toy and ey in Drosophila 3947

so-lacZ expression
eye-antennal

ectopic eye
A on adult
antenna

toyPD-EYBB

Western lane 3

EYBB-toyCT |
T T i |

Western lane 4

TOYBB-eyCT
(ST |

Western lane 5

eyPD-TOYBB
Wil

Western lane 6

N TR —116
- - 97

o-PD ——
&'.-h—--—- — 66

o—p-Gal ' o -—-*

1 2 3 4 5 &6

induced ectopic eyes on legs, a phenotype that mimics full-ig- 3. Ectopic eyes on the antenna depend on the C terminus of EY.
lengthtoy expression but contrasts with full-lengih Scoring (A) Column 1 shows the head region, including the antenna of flies
for ectopic eye induction on the antenna revealed that on rrying thedppi"-Gald transgene and the corresponding transgene

. . . . arked on the left of each row) in a wild-type background. Ectopic
the chimeric proteins containing the EY-CioyPD-EYBB eyes (arrows) on the antenna were induced only by transgenes

TOYBB-eyCYwere able to induce ectopic eye development 0Rontaining the EY C terminus. Column 2 shaes0-lacz

the antennae, whereas the proteins containing the TOY-Cdxpression on eye-antennal discs of third instar larval stage. In
(eyPD-TOYBBEYBB-toyC7J did not (Fig. 3A, column 1). This addition to thesal0dacZ transgene, they express the same transgenes
suggests a functional difference between the C terminus of E3s the flies in column B-Galactosidase expression was detected

and TOY. By contrast, the PD seems to have diverged to aply in antennal discs where ectopic eyes on the adult antenna were

lesser extent with respect to ectopic eye morphogenesis durifl§o observed. Asterisks mark the area of ectopic staining.
larval stages. (B) Western blot analysis of third instar leg discs carryingsti@-

L link.. i i
To further corroborate this finding, we made use of eye!a¢% thedpp’"Gal4 transgenes and the differegttoychimeras

specific enhancer of tgene 6a10), which contains fivey in a wild-type background. Molecular weight marker is indicated at

d th bindi - di " the right. The western blot was probed once with a rabhitail-PD
and t reeey binding sites, and Is very sensitive to overantibody (upper) and once with an aptalactosidase antibody
expression of bothey and toy (Punzo et al., 2002)p-

) e . (lower). The various Pax6 proteins are indicated by an asterisk.
Galactosidase staining of leg and antennal discs of larvgganes 1-6) Misexpression tify (lane 1),y (lane 2)toyPD-EYBB
carrying thelacZ gene under the control of tlsel0 enhancer (lane 3),EYBB-toyCTlane 4),TOYBB-eyCTlane 5) anayPD-

and co-expressing the different constructs in tpgP"k  TOYBB(lane 6) Lanes 3 and 5 show a higher amourg-of

domain showed results that are consistent with the ey@alalactosidase protein, consistent with the fact that both transgenes
phenotypes described aboveolOdacZ expression was inducingB-Galalactosidase contain thgC terminus.

always detected in leg discs, confirming our results at the

transcriptional level (data not shown). In antennal disad)-  in the chimeric protein (Fig. 3A, column 2). As we have
lacZ expression was only detected when EY-CT was presemireviously shown that the amount of protein expressed is



3948 Development 131 (16) Research article

crucial to obtain a reproducible phenotype, we performe:
western blot analysis on leg discs carrying the diffeegiaind
toy transgenes, as well as thel0dacZ and thedpp?link-Gal4
transgenes. We probed the western blot twice: firstaviax6
PD-specific antibody to detect the ectopically expresse
chimeras, and subsequently with giiGalactosidase-specific
antibody in order to visualize the strength of induction of the
reporter construct. The blots show that the different protein
have the expected molecular weight (Fig. 3B). The protein
containing the EY-CT were expressed at slightly higher level
than the one containing the TOY-CT, but this cannot accour
for the difference in phenotype, as in faol, which is
expressed at the lowest level (Fig. 3B, lane 1), was still able 1
induce ectopic eyes amso-lacZstaining on leg discs (data not
shown). Furthermore, the strength of induction [Bf
Galactosidase clearly correlates with the presence of the E
CT. These results suggest that the C termieiyaihdtoy differ
significantly in their transactivation properties. This may be
due to interactions with a different set of co-factors to increas
DNA-binding specificity and transactivation potential.

DIl repression by the HD of ey is required during
endogenous eye development

We have previously shown that the HD efis involved in
repressing the selector ge, as monitored by antibody
staining, in an ectopic situation leading to leg truncatior
(Punzo et al., 2001). Interestingly, the PD-deleted versions «
sey and toy did not lead to appendage truncation when £ {
misexpressed (data not shown). Consistent with thi — —
observation, theDIl-lacZ enhancer was downregulated Dy gjg 4 antenna duplication by DLL induction. (A-F) Eye discs
misexpression ofyAPD only, and not by misexpression of stained with am-DLL antibody (B,D,F) expressing UAS-P35 under
seyiPD or toyAPD (data not shown). Although all three the control ofey-Gal4 in aney? mutant background. (A,C,E) Bright-
proteins share the same crucial amino acids at positions 50 atield microscopy pictures of eye discs shown in B,D and F,
51 of the recognition helix of their HD, this difference may berespectively. (A,B) Late second instar, (C,D) early third and (E,F)
attributed either to a specific interaction of #eC terminus late third instar eye discs. DLL is gradually induced (D),
with other cofactors, or to protein-protein interactions betweefdependently of endogenous DLL expression in the antenna, and
the homeodomains efyandDIl. Therefore, we asked whether 1€2ds to a transformation of the eye disc into an antennal disc (F).
the repression of DLL by EY-HD might have any endogenou G,H)dThe duplication of the antennal disc leads to a duplication of
function during eye development. First, we analyZ2i ea ultlantenna W!th all segments present, and the duplicated
AN e . . antenna in the location of the missing eye (arrows in G,H).

expression in third instar eye discsey? mutants, assuming
that, ifeyis required to repredall, a lack ofeywould lead to
an activation ofDIl. Antibody staining with ana-DLL reaching a critical size, the disc splits into two, leading to a
antibody did not reveal any DLL expressioreyd mutant eye  duplication of the antennal disc. To distinguish between such a
discs (data not shown). However, cell death is increased iegeneration event and change in cell fate during development,
those mutant eye discs because of the absence of EY (Haldes repeated the experiment, but analyzed earlier larval stages.
et al., 1998) and, therefore, the lack of DLL expression couldntibody staining of second and early third instar larvae
also be due to apoptosis. To overcome this problem, wevealed a group of cells expressing DLL in the center of the
prevented cell death by expressing the anti-apoptotic proteiye disc. This group of cells expands, changes the fate of the
P35 of baculovirus with they enhancer dyGal4) in ey’  eye disc, and results in a duplication of the antennal disc (Fig.
mutant eye discs. Expression of P35 in the eye diseyPof 4A-F). We therefore conclude that the adult phenotype observed
mutants leads to a duplication of the antennal disc in almosiere is not due to regeneration of the eye disc, but to a change
100% of the offspring and also to a duplication of Bl in cell fate caused by the lack ey expression, leading to a
expressing domain (Fig. 4E,F). Consequently, the adult flderepression dbll and a transdetermination to antenna.
replaces the normal eye with an additional antenna, resulting To mimic the endogenous situation more closely, we
in an imago with four antennae (Fig. 4G,H). In the absence gfrevented cell death by expressing the differgntieletion
ey, when cell death is prevented, DLL remains active and theonstructs, hence rescuing #y@mutant, instead of expressing
cells differentiate into the fate dictated Byl and form an the anti-apoptotic protein P35. We repeated previously
antenna. published rescue experiments in whigh eyAPD or eyAHD

It was previously shown by Gehring that removing the eyavere expressed bgyGal4 in aney mutant background
part of an eye-antennal disc and in vivo culturing results ifPunzo et al., 2001) and checked for DLL expression. Rescuing
overproliferation of the antennal disc (Gehring, 1966). Aftertheey? mutant byeyor eyAHD leads to ectopic DLL induction
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UAS-eyAHD

Fig. 5.Induction ofDIl expression in the eye disc. (A-C) Antibody
staining witha-DLL antibody on late third instar eye discs carrying
theey-Gal4 and the UASy (A), the UASeyAPD (B) and the UAS-
eyAHD (C) transgenes in a? mutant background. DLL is induced

in small patches of cells only in the absence of the EY-HD (arrows it
C). (D) Antennal-like outgrowth from the adult eye of a fly carrying
theey-Gal4 and the UASYyAHD transgene in aay? mutant
background. The arrow indicates the regular antenna and the
arrowhead the ectopic antenna.

Fig. 6. Repression of antennal identity by the EY-HD. (A-F) Flies
. . carrying theey-Gal4, the UAS-P35 and the UASHA,D), the UAS-
in the absenge o_f the HD, whgreqs_m the_presence of thg:- FAPD (B,E) or the UASeyAHD (C,F) transgenes in a@&y? mutant
DLL expression is completely inhibited (Fig. 5A-C). DLL is background. A and C show a full rescue oféffemutant eye
induced only in some cells in around 5% of the discs. Thighenotype by a PD containing EY protein. The percentage of flies
explains why antenna-like outgrowths were obtained in a smaigscued byyor eyAHD are 50% or 79%, respectively, for a rescue
percentage of flies (around 2%) that showed an incomplet¥ at least 80% of the wild-type eye size (Punzo et al., 2001). D and
rescue witheyAHD (Fig. 5D); these outgrowths were never F show the cases where the rescue did not work at all, even though
observed whemy was expressed. These results led us to thi'e PD was present. In those cases, the co-expression of P35 led to a
following interpretation: the EY-PD is required to induce the! uplication of the antenna (arrowhead, duplicated antenna; arrow,

; ild-type antenna) only in the absence of the EY-HD, indicating that
eye developmental pathway preventing cell death, whereas the. 7'ic aple to repress antennal identity. B and E show two

HD is required, maybe in conjunction with other genes, tQjitterent eye sizes of a®? mutant, where no rescue is observed
enhance the switch between antennal fate and eye fate B¥cause of the expression of a PD-deleted EY protein, but, in

repressing one or several antennal-specific genes. addition, no duplication of the antenna is observed because of the

To corroborate our findings that prevention of cell death ipresence of the HD.
the eye disc derepresses DLL if the cells do not enter the eye
developmental pathway, we co-expressed the various truncatedAs a further test of our hypothesis, we performed clonal
forms ofeywith P35 iney2 mutant eye discs. This experiment analysis, inducinggy-mutant cell clones in a wild-type eye
also allowed us to see whether the EY-HD is involved irdisc (Xu and Rubin, 1993). We expected that cells lacking
repressing antennal identity. ExpressioeytPD and P35 did  expression would expres®Il if they neither undergo
not lead to antennae duplication, indicating that the HByof apoptosis nor enter the eye developmental pathway. Because
is able to repress antennal identity, as P35 prevents cell deatis located on the fourth chromosome, which is not suitable
andeyAPD does not induce eye development (Fig. 6B,E). Cofor mitotic recombination experiments, we transferred a
expressing eitheey and P35, oreyAHD and P35, rescued genomic segment of they gene onto the third chromosome.
compound eye development in both cases (Fig. 6A,CMWe screened a genomic P-element library (Tamkun et al.,
Interestingly, in the few cases where eye development was nb®92) and isolated two clones harboring all ¢éyeexons but
rescued at all (Fig. 6D,F), only the co-expressiomyd?fHD  differing at the 5and 3 extensions of the gene. Both clones
and P35 led to a duplication of the antenna (Fig. 6F). Thisere injected and crossed into ed®- 72 mutant background.
shows that the presence of the EY-HD is sufficient to repregdnly one of the two clones fully rescued taenull mutant
antennal fate identity. Finally, a control experiment, in whichphenotype, with the exception of female sterility, which, in
P35 was expressed in the eye disc of wild-type flies, did natontrast to male sterility, was not rescued. The rescue clone
show any antenna duplication, confirming that it does nastarts 2kb upstream of the first exon and ends 15 kb
actively transform the eye into an antenna (data not shownjownstream of exon 9 (Fig. 7A). The insertion of the rescue
We therefore conclude from our genetic experiments that thdone was mapped to the chromosomal location 96E-F, and
induction of the eye developmental pathway is mediatetvas recombined with FRT sequences located at position 82B
through the PD of EY, and that the repression of antennaln a chromosome that also carries a heat shock-GFP B(smo
identity in the eye disc is partially due to the HD of EY.hsp70-GFP) marker on the same chromosome arm (3R).
Moreover, repression of antennal identity is not requiredBecause female sterility was not rescued, flies were kept
because changing cell fate towards eye morphogenesis hislanced over aP fourth chromosome containing a wild-type
sufficient to represDll by other mechanisms of the eye eyallele. To distinguish the homozygous from heterozygous
developmental program. ey’>"Imutant larvae, we made use of a translocation from the
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B: BamHI

Fig. 7.eymutant clones in the ey V
X: Xho

disc express DLL. (A) Genomic A
organization of theyregion. The
nine exons of theygene are
indicated as turquoise boxes. Th
areas coding for the PD are
highlighted in blue and the areas B BB X X
coding for the HD in red. The P-element clones PBeY !
extent of theey’>71deletion is of genomic rescue ca. 35 kb
indicateq by a gray box. The DO pldey
element insertion of they? mutant ca. 30 kb
into the second intron of they

gene is indicated by a triangle. T B
two genomic P-element clones &

the respective genomic areas thi yw hs-fip FRT, P(smo*, hsp70-GFP) ey’ l TMBTD  ey's7!

ey 571 deletion oe——

yw he-flp FRT, P(smo*, hsp70-GFP) Dp(1:4)y* yw  FRT péey ey's™

cover are marked below. (B) Flie

generated to perform the cross f

the clonal analysis. Larvae that yw hs-fp FAT péey ey’s 7l
werey~ (25%) were dissected for
antibody staining. (C-F) Antibod
staining on eye discs where mut
clones were induced. DLL
expression is shown in red, GFP
expression in green recapitulate:
thesmoenhancer expression
domain in the posterior part of th
disc. Posterior mutant clones are
marked by a lack of GFP
expression. Only clones visualiz
in the posterior domain of the ey
disc are shown. DLL expression
was never detected in cells present ineji@omain (anterior part of the eye disc) in‘egells. Anterior clones were detected by the use of an
eyantibody. (C) Shows the entire eye-antennal disc with DLL expression in the antenna and a clone of DLL-expressing eghsdis¢he
(D-F) Magnification of the image shown in C. (D) Merged image of GFP (E) and DLL (F) expression. (G) Antibody stainingrafthitbe

EY antibody where clones were randomly induced. Lack of EY protein is only visible in the anterior part of the eye digY(ighere
expressed). Brighter twin clones have two copies oéjttieansgene (arrows).

FRT, P(smo* hsp70-GFP) eyls 7!

first to the fourth chromosome containing thellow (y*) Discussion
gene. Therefore, ajl* larvae are heterozygous for tag®-71 _ _ .

mutation (see Fig. 7B). Antibody staining of eye discs inThe paired domains of eyeless, twin of eyeless and

which mutant clones were randomly induced using heasmall eye

shock-flipase t{s-fl during late second early third larval The evolutionary conservation of the PD and HD of Pax6
stage revealed ectopic induction Dl in around 5% of the proteins points towards strong evolutionary constraints to
mutant clones (Fig. 7C-FPIl induction was only observed maintain the DNA-binding specificity of these transcription
posterior to the MF or within thelecapentaplegiodpp factors. Nevertheless, TOY and SEY differ significantly from
secreted morphogen homolog of BMP2/4) domain (Fig. 5C)EY by an amino acid substitution at position 14 of the PD, from
and not anterior although clones were present on both sidd$.to G, which changes the DNA-binding specificity. This
Presence of anterior clones was visualized by the lack of E¥hange was shown to be significant because it prevents EY
protein, confirming at the same time that system is workinfrom binding to its own enhancer (Czerny et al., 1999). As the
and that the clones really lack EY protein (Fig. 7G). We the®NA-binding specificity of EY has been changed, the cis-
analyzed the phenotype of tleg clones in the mature eye. regulatory sequences must also have diverged. This is
Clones were marked by the absence of the mini white gene iltustrated by the finding that SEY (N14) is able to induce
flies that arey~. No fly displayed an obvious eye phenotype,ectopic expression ogy, but not that oftoy. Also, toy is

nor were any antenna-like outgrowths observed. We comparexpressed in the ocelli region of the eye disc, whesgimsnot
adult eye sections of wild typey null (ey?®>’) mutants and (Czerny et al., 1999; Punzo et al., 2002). This suggests that the
eymutant clones but found no difference. This is in agreemerauto-regulatory feedback loop found in vertebfa&6 genes

with the fact thatey null mutants have a variable eye has evolved upon gene duplication into a hetero-regulatory
phenotype, most likely due to the redundancyogf Taken interaction in whichoy regulatesey expression (Gehring and
together with our previous experiments, these results suppdkeo, 1999).

our hypothesis that one of the functions of the EY-HD during As the PD of EY and TOY have diverged in evolution, we
normal eye development is to downregulBié expression, have analyzed to what extent the PD of TOY would be able to
thereby contributing to the subdivision of the eye-antennahitiate eye development in ayindependent manner. In the
disc into an eye and an antenna-specific region. analysis we also included the mouRax6 genesey which
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functionally is more closely related ttoy than to ey. also be regulated post-transcriptionally through multiple
Regardless of the differences in DNA-binding specificityphosphorylation sites. At the CT of Pax6, there are two highly
betweertoy andseyversusey, all three genes retain the ability conserved domains (Glardon et al., 1998) that are present in
to induce ectopic eyes, indicating that they bind to the cisSEY and TOY but absent from EY, which may account for the
regulatory elements #dax6target genes. This is supported by observed differences in function.

our analysis of theine oculisenhanceisalO, which contains The results obtained on the C terminus complement previous
five Pax6-binding sites, all of which bind TOY, but only threefindings oney andtoy, where it has been shown that the same

of them also interact with EY (Punzo et al., 2002). binding site (e.gsal0 enhancer) (Punzo et al., 2002) can be
) bound by both, but depending either on the cellular context,
Dependence on expression levels the presence of co-factors, protein kinases or phospatases, the

In mammalsPax6 mutations are haploinsufficient and in activity of ey and/ortoy may be modulated in order to obtain
heterozygotes eye development is critically affected. Howevethe correct cellular response.
our recent analysis @y andtoy mutants ¢yL>-71andtoy©3-39 o
and deletions indicate thayandtoy are completely recessive The Eyeless-homeodomain in endogenous eye
(Flister et al., unpublished). Nevertheless, overexpression @€velopment
ey" in the eye disc leads to a reduced eye phenotype (Curti¥ge have shown previously theyAPD can downregulat®Il
and Mlodzik, 2000), indicating that expression levels arexpression at the transcriptional level in an ectopic situation
important. leading to leg truncation (Punzo et al., 2001), whet@adPD
Because of its variable expressivity, 88 mutant has been andseydPD do not, even though all three HDs have the same
considered to be a hypomorph. However, we have found thamino acids at positions conferring DNA-binding specificity.
neitherey mRNA nor EY protein can be detecteddy eye  These functional differences between EY and TOY most likely
discs and the embryonic eye-anlagen (Quiring et al., 1994eside in the CT of EY, which differs significantly from that of
Punzo et al., 2001). These findings strongly suggeseyha&  TOY and SEY. Although our previous findings showed that
a null mutation with respect to eye development. Thus, thBNA binding of the HD is required for the downregulation of
variable eye size observeddyf flies may be due to redundant DLL (Punzo et al., 2001), the C terminus of EY appears to
functions of ey and toy. This interpretation is supported confer the functional specificity of tHgll repression.
by recent analyses ady and toy mutants (Kronhem et al., Several lines of evidence point to the fact that the induction
2002) (Flister et al., unpublished), which indicates partiabf DIl is not directly controlled bgybut rather by a secondary
complementation between the two genes. In a previous studgte event of postmitotic differentiation. First, @ mutants
we had observed thaby cannot induce ectopic eyes in a DIl is normally not expressed. Only in very rare cases do those
strongly selecte@y? background with a high penetrance andmutants show a transdifferentiation from eye to antenna
expressivity of the eyeless phenotype. However, the dat&indsley and Zimm, 1992). Second, over expression of P35 in
presented here show that higher expression levels of TO®2 mutants does not lead to DIl induction until the third larval
protein are capable of inducing ectopic eyes inegd  stage when differentiation sets in. Th@¥#-expressing cells
background. This is in line with our finding that b@hand reside at the posterior tip of the eye disc, where differentiation
toy directly activatesine oculis(sg (Punzo et al., 2002) by starts with the onset of MF movement. Third, rescuingetfe
binding to itssal0 enhancer, so that the prior activatiorepf mutant byeyAHD (Fig. 5C) leads to normal eye development
by toy is not absolutely required for initiation of the geneticand not to uniform up-regulation Bill. Only in rare cases was
cascade leading to eye development. DIl found to be expressed in those eye discs and in even fewer
Finally, we would like to issue a caveat concerning the useases showed antenna like outgrowth. These results are in line
of the UAS/Gal4 system for ectopic expression experimentsyith the clonal analysis, where only a small percentage of
because it is difficult to ensure that the expression levels are @alones show induction obDIl, but no clone displayed an

the range of physiological conditions. adult eye phenotype. Thus, only rarely might the size of
. Dll-expressing clones be big enough the lead to a
The C terminus of ey and toy transdifferentiation. Additionally, the ability by to function

To determine more precisely how the t®oosophilaPax6  redundantly teey (Punzo et al., 2002) may account for those
proteins achieve functional specificity, we swapped the PDgbservations. Fourth, the co-expression experiment of the
and the C termini of both proteins. We show here that the Grarious ey constructs with P35 (Fig. 6) in the&? mutant
terminal domains of EY and TOY differ considerably, andstrongly suggests that only the repression Oif is ey
imply functional differences between the two proteins. This islependent, not the induction, as P35 in conjunction with
suggested by the fact that we were able to induce ectopic eyeg\PD, which does not initiate eye development, completely
on the antenna only when the C terminuseyivas present abolishes antenna duplication. Antenna duplications are only
within the Pax6 protein, suggesting that the PD does not playbserved in those rare cases where P35, in conjuction with
a decisive role in this respect. Thus, the EY-CT may interaayAHD, does not rescue eye development and thus fails to
with a different subset of transcription factors and co-factorgstruct the cells to enter the eye developmental pathway.

to increase DNA-binding specificity, functional activity and Taken together, these findings suggest that expressing a PD-
transactivation potential. Interestingly, on the western blotontaining Pax6 protein is sufficient to prev&il activation.

of the chimeric constructs (Fig. 3B), all of the proteinsBy contrast, the EY-HD clearly confers downregulatiotf
harboring the EY-CT show a more diffuse band than thé more profound study with double mutant cloneswpand
proteins harboring the TOY-CT. This is typically seen fortoypreventing the presence of any Pax6-PD containing protein
phosphorylated proteins and suggests #afunction may may be more conclusive. The downregulatioDtbfby eymay



3952 Development 131 (16) Research article

be direct or indirect, but the activation éy independent. of altering cell fates and generating dominant phenotymselopment 18
Recent studies by Kenyon et al. showed thgt is required 401-415.
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