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The Eye-Specification Proteins So and Eya
Form a Complex and Regulate Multiple Steps
in Drosophila Eye Development

postulated to act with Pax6 in a regulatory pathway
controlling the development of eye and other tissues
(Oliver et al., 1995b; Kawakami et al., 1996b; Xu et al.,
1997a). A recently identified murine homolog of dac is
also expressed in the developing eye (G. Mardon, per-
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The compound eye of Drosophila comprises an array
of some 750 simple eyes or ommatidia (reviewed bySummary
Wolff and Ready, 1993). Each ommatidium contains a
precise number and arrangement of 11 cell types, in-sine oculis (so) and eyes absent (eya) are required for
cluding 8 photoreceptor neurons (R cells). The eye formsDrosophila eye development and are founding mem-
during the third instar of larval development from a co-bers of the mammalian Six and Eya gene families.
lumnar epithelium, the eye imaginal disc. Following aThese genes have been proposed to act with eyeless
proliferative phase, a depression in the apical surface,(Pax6) to regulate eye development in vertebrates and
called the morphogenetic furrow (MF), appears along

invertebrates. so encodes ahighly diverged homeobox
the posterior edge of the eye disc (MF initiation). The

transcription factor and eya encodes a novel nuclear MF then sweeps anteriorly across the disc (MF propaga-
protein. We demonstrate that So and Eya (1) regulate tion), leaving in its wake developing ommatidial clusters.
common steps in eye development including cell pro- MF initiation and propagation require the decapenta-
liferation, patterning, and neuronal development; (2) plegic (dpp) and hedgehog (hh) signaling pathways, re-
synergize in inducing ectopic eyes; and (3) interact in spectively (Heberlein et al., 1993; Ma et al., 1993; Wiers-
yeast and in vitro through evolutionarily conserved dorff et al., 1996; Chanut and Heberlein, 1997; Pignoni
domains. We propose that an So/Eya complex regu- and Zipursky, 1997). In the third larval instar, dpp is ex-
lates multiple steps in eye development and functions pressed along the posterior and lateral edges of the eye
within the context of a network of genes to specify disc (Blackman et al., 1991). Misexpression of dpp at
eye tissue identity. the anterior margin leads to the duplication of an entire

eye disc, arguing that dpp may also pattern the disc
Introduction prior to MF initiation (Pignoni and Zipursky, 1997). hh is

both necessary and sufficient for MF propagation; as
Recent studies suggest that the genetic program regu- new ommatidia form they synthesize Hh, thereby induc-
lating eye development has been conserved during evo- ing cells immediately anterior to the MF to initiate omma-

tidial development (Heberlein et al., 1993, 1995; Ma etlution. Mutations in Drosophila (eyeless, ey), mouse
al., 1993). Since dpp and hh play widespread roles in(Small eye), and human (Aniridia) Pax6 genes lead to
development (Kingsley, 1994; Hammerschmidt et al.,defects in eye development, whereas misexpression of
1997), other genes must confer the eye tissue identitythe Drosophila or murine Pax6 genes drives ectopic
upon the primordium and, hence, determine the eye-compound eye development in other fly tissues (e.g.,
specific response to these signals.the wing, leg, and antenna) (Hill et al., 1991; Ton et al.,

The discovery that ey induces ectopic eyes led Gehr-1991; Glaser et al., 1994; Quiring et al., 1994; Halder et
ing and coworkers to propose that ey is the masteral., 1995). Three genes, sine oculis (so), eyes absent
regulator of eye development, conferring eye identity(eya), and dachshund (dac) have been proposed to act
upon tissue (Halder et al. 1995). In this model, ey lies atdownstream of ey (Quiring et al., 1994; Shen and Mar-
the apex of a genetic cascade that controls, either di-don, 1997). so and eya are founding members of gene
rectly or indirectly, subordinate genes that execute thefamilies in mouse and humans. The so homologs, called
eye program. However, since ey functions in other tis-Six genes, contain a diverged homeodomain and a con-
sues, additional factors must act in combination withserved region, the Six domain, which may contribute to
ey to confer eye identity. Like ey, misexpression of dacDNA-binding specificity (Serikaku and O’Tousa, 1994;
in other imaginal discs induces eye tissue (Shen andCheyette et al., 1994; Oliver et al., 1995a; Oliver et al.,
Mardon, 1997), and loss-of-function mutations, though

1995b; Kawakami et al., 1996a; Kawakami et al., 1996b).
not eye-specific, lead to an eyeless phenotype (Mardon

eya encodes a novel nuclear protein (Bonini et al., 1993).
et al., 1994). Consistent with an early role in eye develop-

It shares a C-terminal domain of homology with verte- ment, ey is expressed prior to MF formation. As the MF
brate Eya proteins (Eya domain) (Xu et al., 1997a; Zim- progresses anteriorly, ey disappears behind it (Quiring
merman et al., 1997). The mammalian Eya and Six genes et al., 1994). dac encodes a novel nuclear protein ex-
are expressed in overlapping patterns in the developing pressed along the posterior and lateral margins of the
mouse, including the eye primordium, and have been eye disc prior to MF initiation and throughout the eye

primordium during MF propagation. Through loss-of-
function studies, dac has been shown to be required§To whom correspondence should be addressed.
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Figure 1. so and eya Control Cell Proliferation in the Eye Disc

(A–C) Third instar eye discs viewed in whole mount from the posterior end. Apical surface is up and dorsal to the left. This orientation facilitates
visualization of overgrown regions within the eye disc and the boundary between mutant and wild-type tissue. Scale bar, 25 mm.
(A) Wild-type eye disc stained for a constitutive lacZ marker (see Experimental Procedures).
(B) so3 mutant clone (lacZ negative tissue) and (C) so1 mutant clone (anti-So antibody negative). The unstained mutant tissue bulges out of
the disc epithelium due to overproliferation (see text and Experimental Procedures).
(D–F) Third instar eye-antennal discs viewed from the apical surface with posterior to the left and ventral down. The discs were stained with
the neuron-specific anti-Elav antibody to visualize developing ommatidia. The position of the MF is indicated by arrowheads. Scale bar, 25 mm.
(D) Wild-type eye-antennal disc complex (e, eye disc; a, antennal disc).
(E and F) Cells in so3 (E) and eyaclift1 (F) mutant clones (arrows) do not differentiate into neurons as assessed using the neuron-specific anti-
Elav antibody. As visualized by Nomarski optics from the apical surface, overproliferation is seen as additional folds in the epithelium (small
arrowheads).

for MF initiation and neuronal development, but not for Results
MF propagation (Mardon et al., 1994). Molecular epista-
sis studies suggest that dac acts downstream of dpp so and eya Function at Multiple Steps
and ey (Mardon et al., 1994; Shen and Mardon, 1997; in Eye Development
Pignoni and Zipursky, 1997). That so and eya are continuously expressed in the eye

As a step toward further dissecting the genetic pro- disc from early steps in patterning to neuronal differenti-
gram regulating eye specification, we have explored the ation suggested that these genes might function at mul-
role of so and eya in eye development. Prior to MF tiple steps in development. so and eya activities were
initiation, both genes are expressed along the posterior assessed at different developmental stages using (1)
and lateral edges and at decreasing levels toward the eye-specific alleles, (2) mitotic recombination to induce
central region of the disc. During MF propagation, eya homozygous mutant cells at different stages of develop-
and so remain expressed anterior to, within, and poste- ment, and (3) selective temporal and spatial expression
rior to the MF. Defects in neuronal development and of so and eya transgenes to rescue mutant phenotypes.
massive cell death in the developing eye have been so and eya Regulate Growth
reported for both so and eya mutants (Bonini et al., 1993; Patches of cells homozygous for either thenull so3 muta-
Cheyette et al., 1994). In this paper we demonstrate that tion or the strong loss-of-function eyaclift1 allele (i.e., mu-
so and eya play a key role in eye specification, regulating tant clones) were produced by mitotic recombination.
multiple steps including cell proliferation in the undiffer- Clones were induced at an early stage of development
entiated epithelium, MF initiation and propagation, and in an otherwise wild-type eye disc. so3 and eyaclift1 mutant
neuronal development. Genetic and molecular studies cells overproliferate and fail to differentiate into neurons
indicate that these genes function together. Comisex- (Figures 1B, 1E, and 1F). Mutant clones retain their epi-
pression reprograms other imaginal discs to form ec- thelial organization and lead to abnormal folding of the
topic eyes, and So and Eya directly interact through disc. Cells in these clones subsequently die (data not
evolutionarily conserved domains. We propose that So shown).

In the eye disc, as in many other tissues, differentia-and Eya and, by extension, their mammalian homologs,
function as transcription factor complexes in an evolu- tion is accompanied by the cessation of cell prolifera-

tion. Indeed, all cells arrest in G1 in the MF. Thus, over-tionarily conserved program of eye development. The
extensive cross-regulation between eye-specification growth could result from a failure of cells to arrest in G1

and differentiate. Overgrowth of so3 and eyaclift1 mutantgenes at the level of transcription (ey, dac, so, and eya)
and direct protein–protein interactions (Eya/So, this clones, however, is observed prior to the coordinated G1

arrest (data not shown). Hence, this phenotype reflects apaper; Dac/Eya, Chen et al., 1997 [this issue of Cell])
argues that a network of interacting genes controls eye loss of proliferation control in the undifferentiated epi-

thelium. Alterations in proliferation do not appear to betissue specification.
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Figure 2. so and eya Are Required for the Ex-
pression of the MF-Initiation Factors dpp and
dac

MF initiation does not occur in so3 (B) and
eyaclift1 (see Figure 1F) clones encompassing
the margins or in so1 and eya2 discs (Bonini
etal., 1993; Cheyette et al., 1994). The expres-
sion of ey and the MF-initiation markers dpp-
lacZ and Dac were assessed in so3 and eyaclift1

mutant clones and so1 and eya2 discs. See
Experimental Procedure for generation and
analysis of mutant clones. The insets in the
upper right-hand corner of (B), (D), and (E)
show the expected pattern of dpp (B and E)
andDac (D and E) expression in discs bearing
so oreya mutant clones if these markers were
expressed in the mutant tissue (see Mardon
et al., 1994); the expression patterns would
appear as a combination of the late/MF prop-
agation (i.e., within the wild-type regions of
the disc) and the early/MF-initiation patterns
(i.e., within the mutant clones). The color code
roughly matches the markers used.
(A) Wild-type third instar eye-antennal disc
stainedfor Elav (brown) to visualize the devel-
oping ommatidial array and for dpp-lacZ
(blue). Inset: Robust dpp-lacZ expression is
observed along the posterior and lateral mar-
gins in early third instar discs prior to MF
initiation.
(B) dpp-lacZ expression at the posterior mar-
gin is disrupted by an so3 mutant clone
marked by the absence of Elav staining
(arrows).
(C) Wild-type mid-third instar eye-antennal
disc stained for Dac (brown) and for the dpp-
lacZ reporter (blue). Inset: Dac is expressed
along the posterior and lateral margins in
early third instar discs prior to MF initiation.
(D) A so3 mutantclone along the lateral margin
(dotted line). The clone is marked by the ab-
sence of a constitutive lacZ marker (see Fig-
ure 1 and Experimental Procedures) and does
not express detectable levels of Dac.
(E) An eyaclift1 clone along the posterior margin
(dotted line) does not express detectable lev-
els of dpp-lacZ (blue) or Dac (brown). Owing
to the position of the mutant clone splitting
the eye field, a second MF (asterisk) propa-
gates from the dorsal margin toward the cen-
ter of the disc.

(F) so1 mutant disc stained for Dac (brown) and dpp-lacZ (blue). The disc was overstained to detect low levels of Dac expression in the eye
disc. If dpp and Dac were expressed as in wild type, overlapping patterns of blue and brown staining would appear along the posterior and
lateral margins of the disc as shown in the inset in the upper right corner. Dac expression is lower than normal, and dpp-lacZ is not detectable
in the eye disc (arrow), whereas neither marker is affected in the antennal disc (arrowhead). Lower right inset: dpp-lacZ expression is patchy
in early third instar so1 discs (compare to wild-type disc shown in inset [A]).
(G–I) Eye-antennal discs stained for ey expression using in situ hybridization. Robust expression is seen in the region anterior to the MF
(arrowhead) in wild-type (G) and throughout so1 (H) and eya2 (I) mutant discs.
Scale bars, 25 mm (A–F, H, I) and 35 mm (G).

a consequence of a change in identity since mutant cells cell death. Similarly, eyaclift1 mutant clones overgrow (Fig-
ure 1F), whereas eya2 discs show a phenotype identicalin the undifferentiated region of the epithelium express

ey, a marker for eye disc identity (see Figure 3G). to so1 (Bonini et al., 1993); mutant clones of eya2 were
not analyzed. Hence, the phenotypes of so3, eyaclift1, andWe previously reported that in discs entirely mutant

for the eye-specific so1 allele, neuronal differentiation so1 mutant clones suggest that the cell death in so1 and
eya2 is a secondary consequence of defects in develop-was blocked and massive cell death was observed.

Overproliferation was not seen (Cheyette et al., 1994). ment rather than reflecting a direct role for these genes
in controlling cell death. In conclusion, both so and eyaTo address the discrepancy between the so1 and so3

data, we assessed the phenotype of so1 homozygous play a role in controlling proliferation in the eye primor-
dium and may therefore contribute to regulating the sizeclones (Figure 1C). As with the null mutant clones, mas-

sive overgrowth was observed, which was followed by of the disc.
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Figure 3. so and eya Are Required for MF
Propagation

(A–D) Posterior expression of soand eya does
not rescue anterior eye development in so1

and eya2 mutants. Scale bars, 25 mm (A and
B) and 40 mm (C and D).
(A) UAS-lacZ expression driven by dpp-GAL4
in early (inset) and mid-third instar discs. The
position of the MF is marked by an arrow-
head. Note that, in contrast to dpp-lacZ (Fig-
ure 2A), dpp-GAL4 expression remains in the
posterior and lateral regions during MF prop-
agation. The reason for this discrepancy is
not known (Chanut and Heberlein, 1997).
(B) Development of the neuronal array is res-
cued along the posterior and lateral but not
the anterior regions of an so1 mutant disc by
dpp-GAL4-driven so expression. Ommatidial
differentiation was assessed by the neuron-
specific MAb22C10 staining. The arrowhead
indicates the position of the MF. Differentia-
tion is seen in less than 5% of so1 discs with-
out the so transgene (Cheyette et al., 1994;
data not shown).
(C) Wild-type adult eye as seen using scan-
ning electron microscopy (SEM). Thirty-two
to 34 vertical columns of ommatidia can be
counted across the eye from posterior to an-
terior (Wolff and Ready, 1993).
(D) A UAS-eya transgene under the control
of dpp-GAL4 rescues the posterior and lateral
regions of an adult eya2 mutant eye as seen
using SEM. Nine vertical columns of omma-
tidia can be counted across the center of the
eye from posterior to anterior. eya2 flies with-
out the eya transgene are completely eyeless.
(E–G) Propagation of the MF does not occur
in so1, so3, andeyaclift1 mutant clones as shown

by lack of dpp-lacZ staining, lower Dac expression, and persistence of ey mRNA. A single focal plane of the region spanning the MF is shown
for each preparation. Analyses through multiple focal planes reveal the highly irregular folding of the mutant tissue. See Experimental Procedure
for analysis of mutant clones. Scale bar, 25 mm.
(E) An so3 clone spanning the MF does not express dpp-lacZ (arrow).
(F) eyaclift1 clone spanning the MF (white broken line) does not express Dac (arrow).
(G) An so1 clone (outlined by white broken line) spanning the MF expresses ey as detected by in situ hybridization.
(H–J) So and Eya function are required during MF propagation. Scale bars, 25 mm (H and J) and 40 mm (I).
(H) The enhancer trap line E132 drives UAS-lacZ expression (blue) in the posterior-most region of the late third instar eye disc. The neuronal
array is visualized by anti-Elav staining (brown). Inset shows that E132 drives expression through most of the early third instar eye disc. The
transition from the early pattern to the late pattern occurs gradually.
(I) A UAS-so transgene under the control of E132 rescues the most posterior region of an adult so1 mutant eye as seen using SEM. Greater
than 95% of so1 flies without the UAS-so transgene are completely eyeless.
(J) Development of the neuronal array, detected by anti-Elav staining, is rescued in the most posterior region of eya2 disc by expression of a
UAS-eya transgene under the control of the E132 driver. No anti-Elav staining was seen in eya2 discs lacking the UAS-eya transgene.

so and eya Are Required for MF Initiation shown) and along the posterior margin encompassed
by so3 and eyaclift1 clones (Figures 2D and 2E). dpp ex-MF initiation does not occur in so3 and eyaclift1 mutant

clones (Figure 2B and 1F) or in so1 and eya2 mutant discs pression was not detected in mutant clones or in mutant
third instar discs (Figures 2B, 2E, and 2F; data not(Bonini et al., 1993; Cheyette et al., 1994). To examine

further the role of so and eya in MF initiation, we as- shown). A low level of dpp expression, however, was
detected in second instar so1 and eya2 discs (see lowersessed the expression of dpp, dac, and ey in mutant

discs. In wild-type discs, dpp and dac are expressed right inset in Figure 2F; data not shown). In contrast to
Dac and dpp, ey mRNA is expressed at high levels inalong the posterior and lateral edges of the disc prior

to MF initiation (Blackman et al., 1991; Mardon et al., third instar so1 and eya2 discs (Figures 2H and 2I). In
conclusion, both so and eya are required for MF initiation1994). During MF propagation, these genes are ex-

pressed in the advancing MF. Dac expression was as- and play similar roles in this process.
so and eya Are Required for MF Propagationsessed by antibody staining (Figure 2C), and dpp ex-

pression was visualized using a dpp-lacZ reporter To assess whetherso and eya are required for MF propa-
gation, it was necessary to examine mutant discs in(Figure 2A) that reproduces the in situ hybridization pat-

tern (Blackman et al., 1991). Weak Dac expression was which MF initiation occurs normally. This was accom-
plished using dpp-GAL4 to drive expression of UAS:sodetected in so1 and eya2 discs (Figure 2F; data not



So and Eya Form a Complex and Specify Eye Identity
885

and UAS:eya transgenes in the posterior and lateral re-
gions of so1 and eya2 mutant discs, respectively. dpp-
GAL4 drives expression in the posterior and lateral re-
gions of the eye disc continuously from early second to
late third instar (Figure 3A). Note that in contrast to dpp-
lacZ, dpp-GAL4 is not expressed in the MF (compare
Figure 3A to Figure 2A; Chanut and Heberlein, 1997).
Development of eye tissue in the posterior and lateral
regions but not the anterior region of so1 and eya2 discs
was rescued by UAS:so and UAS:eya, respectively (Fig-
ures 3B and 3D). The region rescued correlates well with
the domain of dpp-GAL4 expression. Consistent with
these findings, so1, so3, and eyaclift1 mutant clones span-
ning the MF also fail to differentiate. These clones ex-
press ey, overproliferate, and do not express MF associ-
ated markers (Figure 3E–G; data not shown). Hence,
both so and eya are required for MF propagation.

Since so and eya mutant clones generated in first
instar exhibit an overgrowth phenotype, the lack of de-
velopment in third instar may reflect this early role rather
than a requirement for these genes during MF propaga-
tion. To assess the timing requirement for so and eya
activity, these genes were transiently expressed in the
anterior region of the so1 and eya2 mutant discs during
second and early third instar. This was accomplished
by using the E132-GAL4 driver (Halder et al., 1995; Pig-
noni and Zipursky, 1997). In E132, GAL4 is expressed
through most of the eye disc during the late-second and
early-third instar stage (see inset in Figure 3H). During
third instar, Gal4 expression gradually becomes re-
stricted to the region adjacent to the optic stalk (Figure
3H). Rescue was restricted to this most posterior region
of the mutant discs (Figures 3I and 3J). Hence, expres-
sion anteriorly in early third instar is not sufficient to

Figure 4. so and eya Are Required Posterior to the MF
support MF propagation. In conclusion, eya and so are

R cell development is disrupted in so3 or eyaclift1 mutant cells. Plasticrequired during MF propagation.
sections of adult eyes from flies carrying GMR-FLP and FRT-so3 (A)

so and eya Are Required for or FRT-eyaclift1 (B). Several ommatidia lack a single R cell (i.e., R1,
Neuronal Development R6, or R7; arrows). GMR-FLP mediates recombination in only a

fraction of the precursor cells to R1, R6, and R7. It does not mediateso and eya are also expressed in most, if not all, cells
recombination in the precursors to R2, R3, R4, R5, and R8. Examplesposterior to the MF (Bonini et al., 1993; Cheyette et al.,
of wild-type ommatidia are marked by arrowheads; R cell are indi-1994). To assess whether so and eya are required in
cated by numbers. See text for quantification, controls,and explana-

this region, homozygous mutant cells were produced tion of method used to generate mutant cells. Scale bars, 3 mm.
selectively posterior to the MF. This was accomplished
by inducing mitotic recombination posterior to the MF
using a variation of the FLP/FRT method (Xu and Rubin,

phenotype, whereas GMR-FLP-induced recombinants1993). FLP recombinase was placed under the control
mutant for a gene required in R8 (i.e., bride of sevenless;of GMR, an eye-specific enhancer that turns on only
Reinke and Zipursky, 1988) did not.after cells enter the MF (Hay et al., 1994). This restricts

GMR-FLP-induced recombinants of so3 and eyaclift1
FLP expression and, hence, mitotic recombination be-

were analyzed in sections of adult eyes. If every dividingtween FRT-containing chromosomes to regions poste-
cell posterior to the MF were to undergo mitotic recom-rior to the MF. The patterns of mitosis in the developing
bination, about 25% of the R1, R6, and R7 cells wouldeye disc are highly regulated, with the precursors of R2,
be homozygous mutant. For phyllopod, 7% (111/1542)R3, R4, R5, and R8 undergoing their final mitosis anterior
of the R1, R6, and R7 cells were missing. Similarly, forto the MF, while the precursors of R1, R6, and R7 un-
eyaclift1 and so3 some 9% (49/555) and 3% (45/1473) ofdergo their final mitosis posterior to the MF (reviewed
these cells were missing, respectively (Figure 4). Varia-by Wolff and Ready, 1993). Thus, only precursors to R1,
tion in the fraction of mutant cells affected by theseR6, and R7 divide after the onset of FLP expression and
mutations may reflect differences in recombination effi-hence are susceptible to mitotic recombination. Control
ciency of different FRT chromosomes and/or in the per-experiments established that GMR-FLP drives mitotic
durance of the wild-type gene products. These findingsrecombination in only those cells dividing posterior to
are consistent with inhibition of R cell differentiationthe MF; GMR-FLP-induced recombinants mutant for a
induced by selective expression of a dominant negativegene required in R1, R6, and R7 (i.e., phyllopod,; Chang

et al., 1995; Dickson et al., 1995) displayed the mutant form of so posterior to the MF (data not shown). In
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Figure 5. Coexpression of so and eya In-
duces Ectopic Eyes in the Antennae

In all panels the normal eye is marked by an
arrowhead and the ectopic eye by an arrow.
(A and B) Coexpression of so and eya in the
antennal disc under the control of the dpp-
GAL4 driver induces an ectopic eye field as
detected by staining for Elav (A) and the eye-
specific marker GMR-lacZ (B). An MF is in-
duced as shown by the dpp-lacZ staining
observed in (A). dpp-GAL4 drives expression
of UAS responder genes in the ventral region
of the antennal disc. This corresponds to the
position of the ectopic eyes induced by
so/eya.
(C) Ectopic eye on the antenna of an adult fly
as seen using light microscopy.
(D) Ectopic eye on the ventral side of the an-
tenna as seen using SEM.
(E) Ectopic expression of ey, detected by in
situ hybridization, is induced by coexpression
of so and eya in the antennal disc.
Scale bars, 25 mm.

conclusion, both so and eya are required for neuronal 5D. Extensive growth alterations and scattered cells ex-
pressing both Elav and GMR-lacZ were seen in the wingdevelopment posterior to the MF.

In summary, detailed phenotypic analysis of so and and leg discs (data not shown). In the adult, an increase
in the frequency and size of red pigmented patcheseya establishes that these genes have indistinguishable

mutant phenotypes in the developing eye (see Discus- on wings and legs was observed. The striking synergy
detected between So and Eya provides strong geneticsion) and are required at multiple steps in eye devel-

opment. evidence for a functional interaction between them.
Ectopic so/eya induced ey expression in the antennal

disc (Figure 5E). To assess whether ey was required for
Ectopic Eye Development Is Induced ectopic eyes, so and eya were coexpressed in an ey
by Coexpression of so and eya mutant background. Although growth alterations were
The identical mutant phenotypes and expression pat- still seen, ectopic eyes were not observed. Furthermore,
terns of so and eya raised the possibility that these ectopic eye formation was sensitive to the dosage of ey
proteins may function together. To test this hypothe- showing a reduction in an ey heterozygous background.
sis, we assessed genetic interactions between them. This is consistent with the identification of loss-of-func-
Whereas loss-of-function studies were uninformative tion alleles of ey as dominant suppressors of a weak so
(see Experimental Procedures), ectopic expression stud- phenotype (F. P. and S. L. Z., unpublished data). These
ies revealed a striking synergy. UAS:eya and UAS:so and other cross-regulatory interactions (see Discussion)
were expressed alone or in combination under the con- reported among early eye genes may be necessary for
trol of dpp-GAL4 (Figure 5). This driver promotes ey- or both ectopic and normal eye induction.
dac-induced ectopic eyes in other imaginal discs (Shen
and Mardon, 1997). Ectopic so expression had littleor no So and Eya Interact through Evolutionarily
effect on antennal (0/63), wing, or leg disc development, Conserved Domains
whereas ectopic eya expression often caused mild The simplest explanation for the genetic results pre-
growth alterations resulting in extra folds in the epithe- sented in the previous sections is that So and Eya func-
lium and, rarely, formation of small ectopic ommatidial tion requires their physical interaction. Interactions be-
arrays in the antennal disc (2%; 2/89). In adult flies, tween So and Eya were tested in yeast and in vitro.
ectopic eya often induced very small patches of red Various combinations of LexA DNA-binding domains
pigment cells on the antennae, wings, and legs. We and GAL4 activation domains fused to So and Eya pro-
have observed considerable variation in the efficiency tein fragments were tested for interactions in a yeast
of ectopic eye induction with different UAS responder two-hybrid system (Figure 6A and 6B). Full-length Eya
lines expressing the same gene (e.g., ey, eya, or dac) fused to LexA showed strong transcriptional activation
and different dpp-GAL4 lines. The conditions used in of the lacZ reporter gene on its own. The sequences
these experiments induce eye development at a low responsible for this activation were localized to the
frequency, allowing us to better assess synergy between N-terminal domain of Eya (amino acids 1–483; data not
genes. shown; Xu et al., 1997b). The C-terminal Eya domain

Coexpression of so and eya led to a dramatic increase fused to the LexA DNA-binding domain (LexA-EyaD) did
in the development of ectopic eye tissue in antennal not activate transcription on its own. However, it did
discs (76%; 58/76) as assessed with the neuron-specific activate transcription through its interaction with full-
anti-Elav antibody and the eye-specific reporter GMR- length So fused to the Gal4 activation domain. Further
lacZ (Figures 5A and 5B). That these ommatidial arrays deletion studies of So localized the interacting region

to the Six domain (Figure 6B).lead to adult eye structures is shown in Figures 5C and
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labeled proteins (Figure 6C; see Experimental Proce-
dures). Hence, Eya and So interact directly through the
evolutionarily conserved Eya and Six domains.

Discussion

In this paper we have presented a detailed study of so
and eya function during eye development. We demon-
strated that: (1) so and eya regulate multiple steps in
eye development and display indistinguishable mutant
phenotypes; (2) so and eya show marked synergy in
inducing ectopic eye tissue; (3) ectopic eye induction
by so and eya is ey-dependent; (4) So and Eya physically
interact in yeast and in vitro; and (5) eye-specification
genes are linked by multiple cross-regulatory interac-
tions.

These results and those of Mardon and coworkers
(Shen and Mardon, 1997; Chen et al., 1997) suggest an
alternative view of eye specification from that proposed
by Gehring and colleagues (Halder et al., 1995). In their
model, ey is the master control gene for eye morphogen-
esis and functions as a genetic switch to specify eye
tissue: ey occupies a position at the top of a genetic
cascade inducing the expression of a subordinate set
of regulatory genes controlling different aspects of eye
morphogenesis. This model was based on the ability of
ey to induce ectopic eyes in other imaginal discs, its

Figure 6. So and Eya Bind to Each Other in Yeast and In Vitro
expression in the undifferentiated region of the devel-

(A) Schematic diagram of the domain structures of So and Eya.
oping eye primordium, and its “eyeless” loss-of-functionAbbreviations: N, N-terminal; Six, domain conserved between mam-
phenotype. However, since ey isexpressed and requiredmalian So homologs (Six genes) and So; HD, homeodomain; C,
in other tissues, it cannot specify eye tissue alone butC-terminal; EyaD, domain conserved between mammalian homo-

logs and Eya. must do so in combination with other factors. The stud-
(B) Interactions between the indicated regions of So fused to the ies described in this paper and by Mardon’s group have
transcription activation domain of Gal4 and EyaD fused to the LexA led to the identification of a set of eye-specification
DNA-binding domain (LexA-EyaD) or LexA DNA-binding domain

genes that when misexpressed, alone or in combination,alone (LexA) were assessed using a yeast two-hybrid assay. Interac-
induce ectopic eyes. Like ey, these genes all display antions between fusion proteins in yeast result in the expression of
“eyeless” loss-of-function phenotype, are expressed inb-galactosidase (b-galactosidase activity is expressed as Miller

Units, see Experimental Procedures). The Gal4 activation domain, the undifferentiated eye epithelium, and are required for
alone (Gal4AD) or fused to the SH2-SH3 adapter protein Dock (con- the development of other tissues. Genetic and molecular
trol), is shown as controls. studies revealed that these genes are all required for eye
(C) So and Eya interact in vitro. Aliquots (20 ml) of in vitro–translated

specification and are interconnected through extensive[35S]methionine-labeled So (lanes 4 and 9), Eya (lanes 5 and 7), or
cross-regulatory interactions at the levels of gene ex-a control protein (c, Cyclin A; lanes 6, 8, and 10) were incubated
pression and direct protein–protein interactions. Wewith glutathione-agarose beads containing bound GST (lanes 4–6),

GST-Six1HD (lanes 7 and 8) or GST-EyaD (lanes 9 and 10). Bound propose that eye specification is controlled by a network
proteins were fractionated by SDS-PAGE and visualized by autora- of interacting genes, including ey, so, eya, and dac,
diography. An aliquot (2 ml) of in vitro translation products is shown rather than by ey as the master regulator. That homologs
in lanes 1–3. In this experiment, GST-Six1HD bound 55% of the

of all these genes are expressed in the developinginput 35S-Eya protein, whereas GST-EyaD bound 7% of the input
mouse eye raises the possibility that they all contribute35S-So protein.
to an evolutionarily conserved eye-specification pro-
gram as originally proposed for ey/Pax-6 by Gehring

To assess whether the yeast interaction data reflected and colleagues.
direct binding between So and Eya, the ability of these
proteins to interact in vitro was tested. Eya and So were
labeled with 35S-methionine using an in vitro transcrip- So and Eya Form a Complex and Function

at Multiple Steps in Eye Developmenttion/translation reaction. Labeled products were then
absorbed to either GST fused to a fragment of So con- Based on genetic and molecular studies, we propose

that So and Eya form a transcription factor complex; Sotaining the Six and homeobox domains (GST-Six1HD)
or to the Eya domain (GST-EyaD) immobilized on gluta- binds to specific cis-acting regulatory sites through the

Six- and homeo-domains (Kawakami et al. 1996a) andthione agarose. Following extensive washing, bound
proteins were eluted and analyzed by SDS-PAGE, fol- the N terminus of Eya provides a transcriptional activa-

tion function. The domains mediating the interactionlowed by autoradiography. GST-Six1HD bound Eya and
GST-EyaD bound So (Figure 6C). As negative controls, between these two proteins map to the evolutionarily

conserved Six and Eya domains. That this interactionGST-Six1HD and GST-EyaD did not interact with other
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Figure 7. Regulation of Eye-Specification Genes

(A) A network of genes specifies eye tissue identity. The solid and dashed arrows indicate genetic interactions inferred from loss- and gain-
of-function studies, respectively (this paper; Halder et al., 1995; Chen et al., 1997; Shen and Mardon, 1997; and G. Mardon, personal
communication). The relationships between these genes are based on the following evidence: (1) ey is expressed in so, eya, or dac mutant
tissue; (2) normal levels of dac require both so and eya, whereas dac is not required for so or eya expression; (3) although eya is required for
initiation of so expression and so is not required for eya, both so and eya cross-regulate to maintain their expression (Pignoni and Zipursky,
unpublished data); (4) ectopic expression of eya, so/eya, or dac leads to induction of all other genes including ey; and (5) induction of ectopic
eye tissue requires the activities of all four genes.
(B) A model for ectopic eye induction by Eya and So. We consider the simplified view of a control region of a hypothetical eye-specification
gene in the antennal disc. In a normal antennal disc, one site is occupied by factor X (either a specific or general transcription factor), which
on its own does not support transcription. The ectopic expression of Eya and So leads to the following results: (a) Binding of So alone is not
sufficient to induce expression. (b) X can recruit ectopic Eya. This provides relatively weak gene induction through the Eya activation domain.
(c) Eya is recruited both by X and So bound to multiple sites. The multiplicity of Eya binding sites leads to synergistic transcriptional activation.
This model can be modified to incorporate the ability of Ey and Dac expression to induce ectopic eyes and for Eya to synergize with Dac
(see text and Chen et al., 1997). For simplicity, the model emphasizes synergy at the level of transcriptional activation. Other mechanisms
such as cooperative binding of proteins and protein complexes to promoters may also contribute to synergy between eye-specification
factors. A model for the function of So/Eya and Dac in regulating the expression of genes during normal development is presented by Chen
et al. (1997).

may be of functional consequence in mammals is sug- binds to Eya but does not have a known DNA-binding
domain. dac displays a subset of so and eya mutantgested by the extensive overlap in expression pattern

of the Six and Eya genes during mouse embryogenesis phenotypes in both initiation and neuronal development,
but is not required for MF propagation. Studies of Chen(Xu et al., 1997a). This has led to the view that different

combinations of Six and Eya genes control the develop- et al. (1997) suggest a model in which Dac is recruited
to regulatory regions of MF-initiation-specific promotersment of diverse tissues (Xu et al., 1997a). Our data raise

the intriguing notion that functional diversity may reflect through interactions with other protein complexes and
modulates the activity of So/Eya complexes bound todistinct activities of different Six/Eya complexes.

So and Eya regulate multiple steps in eye develop- different sequences within the promoter/enhancer re-
gion. Dac may also function in this manner in a subsetment. They may be required continuously to control the

expression of a set of genes which, in turn, regulate of steps in which Eya and So function during subsequent
neuronal development. Thus, we propose that the func-different aspects of eye development. However, we fa-

vor an alternative view wherein the So/Eya complex di- tion of So/Eya bound to specific DNA sequences is
modulated at different stages of eye development byrectly controls different steps in the developmental

program in combination with different transcriptional combinations of proteins bound to other regulatory se-
quences, the interactions between them and the So/Eyaregulators. Two proteins that may function in combina-

tion with So/Eya are Mad and Dac. Mad encodes a DNA- complex, or both.
Although we propose that Eya and So function as abinding transcription factor in the dpp pathway and Mad

mutations exhibit a similar MF-initiation phenotype to complex during eye development, So and Eya are not
obligate partners during development of other tissues.so and eya (Kim et al., 1997; Wiersdorff et al., 1996). In

contrast to eya and so, however, Mad is not required They are expressed in different patterns in the embryo
and have different embryonic mutantphenotypes (Chey-for either MF propagation or neuronal development.

Mad and So/Eya may directly bind to different se- ette et al., 1994; V. Hartenstein, personal communica-
tion). Hence, Eya and So also function on their ownquences in the regulatory regions of genes required for

MF initiation and act in concert to control their expres- or in other complexes during development. Indeed, we
cannot exclude the possibility that So and Eya may alsosion. Dac may function in a different way. It directly
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mutant clones were singly stained for the lacZ marker “constructfunction independently of each other in the developing
D” (Tio and Moses, 1997) on 2L (for eyaclift1) or 2R (for so3), foreye, in addition to the activities associated with the So/
the dpp-lacZ BS3.0 construct (Blackman et al., 1991), the neuronalEya complex.
antigen Elav (Robinow and White, 1991) or the Dac protein (Mardon
et al., 1994). In assessing the expression of Elav or Dac, we also

A Network of Genes Regulates Eye Specification relied on double staining with construct D (so3) or dpp-lacZ (so3 and
eyaclift1) to locate the mutant tissue within the disc. Due to the highlyHow does ectopic expression of different eye-specifi-
folded configuration of the mutant clones, scoring for dpp-lacZ orcation genes (i.e., ey, dac, eya, eya/dac, eya/so) lead
Dac expression in double- or single-stained tissue was carried outto ectopic eye induction? This reflects the extensive
on discs suspended in a droplet of mountant prior to placing of the

cross-regulatory interactions between eye-specification coverslip. In most cases, the precise clonal boundaries were difficult
genes (Figure 7A). These genes, alone or in combina- to follow in these preparations. Hence, while we can conclude that
tion, induce transcription of the other eye-specification mutant tissue fails to develop, we cannot exclude the possibility

that surrounding wild-type tissue may also be affected in a nonau-genes, all of which are then required for ectopic eye
tonomous fashion. Mutant cells posterior to the MF were generateddevelopment (this paper; data not shown; Chen et al.,
by GMR-FLP-mediated recombination. so1 mutant clones were gen-1997). Although we do not know how this occurs at the
erated by transposase-induced loss of a hsp70-so transgene in an

molecular level, the structures and properties of the so1/so1 mutant background. In addition to basal expression of the
encoded proteins suggest that they may directly regu- hsp70-so transgene, heat shock–induced expression (during third
late each other’s transcription. Both Ey and So are DNA- instar) was also used to rescue the mutant phenotype in cells re-

taining the transgene. The partial rescue of so1 and eya2 by dpp-binding proteins. Eya and Dac are nuclear proteins,
GAL4- or E132-driven expression of UAS:so and UAS:eya trans-which, though lacking recognizable DNA-binding motifs,
genes resulted in very similar but not identical phenotypes. Whereascontain strong transcriptional activation domains. We
rescue of eya2 with the UAS:eya transgene gave a uniform amount

propose a simple model to account for the ability of of rescue in both larvae and adults, rescue of so1 with the UAS:so
these genes to activate expression of eye-specification transgene was more variable and frequently more robust than res-
genes in other imaginal discs (Figure 7B). Ey or a So/Eya cue of eya2 by UAS:eya. This difference is most likely due to the

nature of the so1 allele: about 5% of so1/so1 adult flies have eyes,complex would directly bind to specific DNA sequences
though of reduced size; and the so1 allele disrupts initiation but notand activate transcription. In contrast, high levels of
maintenance of so transcription (Cheyette et al., 1994).Eya or Dac would drive their association with factors

already bound to eye-specification genes in other tis-
Histology and Scanning Electron Microscopy

sues, thereby promoting transcription. Binding of Eya Antibody, b-galactosidase, and in situ hybridization staining proce-
to Dac (Chen et al., 1997) would promote more efficient dures were as previously described (Pignoni and Zipursky, 1997).
assembly of transcriptional activation complexes re- The following antibodies were used: anti-Elav MAb (Robinow and

White, 1991), anti-Eya MAb (Bonini et al., 1993), anti-Dac MAb (Mar-sulting in the observed synergy of ectopic eye induction.
don et al., 1994), and 22C10 MAb (Fujita et al., 1982). so (CheyetteThe data presented in this paper and those of Mardon
et al., 1994) and eya type I (Bonini et al., 1993) cDNAs were usedand colleagues (Chen et al., 1997; Shen and Mardon,
as templates to produce digoxygenin-labeled RNA probes. SEM

1997) establish that, whereas initiation of eye-specifica- and plastic eye sections were carried out as previously described
tion gene expression occurs in a largely linear fashion (Cheyette et al., 1994).
(see Figure 7A), all eye-specification genes are linked
in a regulatory network encompassing controls at the Yeast Two-Hybrid Assay

A variation of the yeast two-hybrid assay was used in which onelevels of transcription and protein–protein interactions.
protein was fused to the DNA-binding domain of E. coli LexA (inWe propose that it is this network that “locks in” the
vector pBTM116) and the other protein to the transcription activa-eye-specification program. Since all eye-specification
tion domain of yeast Gal4 (in vector pGAD424) (Bartel and Fields,

genes identified so far also function in other tissues, it 1995). Yeast strain L40 (MATa his3D200, trp1–901 leu2–3,112 ade2
is the unique combination of eye-specification genes LYS::(LexAop)4-HIS3 URA::(LexAop)8-LacZ) (Hollenberg et al., 1995)
that confers eye identity. was used in all experiments. Cotransformants with the two fusion

plasmids were selected on trp2, leu2, ura2, and lys2 plates. Interac-
tion between fusion proteins activates lacZ expression. LiquidExperimental Procedures
b-galactosidase assays were performed as described (Bartel and
Fields, 1995). b-galactosidase activity (in Millerunits) was calculatedGenetics
as follows: A420 3 1000/OD600 of the cell culture 3 the cultureFor description of so and eya mutants see Cheyette et al. (1994)
volume (ml) 3 reaction time (min). Values shown are averaged fromand Bonini et al. (1993), respectively. For other mutations see Lind-
assays on cultures of at least three independent transformants.sley and Zimm (1992). In genetic interaction crosses, the adult eye

phenotype of so1 eya2/1eyaclift1, so3 eya2/1eyaclift1, and so3 eya2/so91
In Vitro GST-Fusion Protein Binding Assayflies did not differ significantly from eya2/eyaclift1 and so3/so9. For the
For in vitro binding, 20 ml of reticulocyte translate (Promega) wasmisexpression experiments, so (Cheyette et al., 1994) and type II
added to 0.5 ml binding buffer (20 mM HEPES-KOH [pH 7.7], 100eya (Bonini, et al., 1993) cDNAs werecloned into the pUAST transfor-
mM NaCl, 0.05% NP-40, 2.5 mM MgCl2, 0.1 mM EDTA, 1 mM DTT,mation vectors. The dpp-GAL4 line used was obtained from the
100 mg/ml BSA, 10% glycerol) with 30 ml glutathione-agarose con-Bloomington Stock Center. dpp-GAL4/UAS:so-UAS:eya flies were
taining 1–2 mg of bound GST, GST-Six1H, or GST-EyaD, and rotatedunable to eclose and were dissected out of the pupal case. To test
for 2 hr at 48C. The beads were washed five times with 0.5 mlthe induction of ectopic eyes in a mutant background, we used the
of PBS before electrophoresis and autoradiography. GST-fusioney2 and so1 alleles. Patches of red pigment cells could be observed
proteins were prepared as described in Smith (1983).on the legs of ey2/ey2; dpp-GAL4/UAS:so-UAS:eya flies.
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Dachshund and Eyes Absent Proteins Form a Complex
and Function Synergistically to Induce Ectopic
Eye Development in Drosophila

Ton et al., 1991; Glaser et al., 1992). In addition, homo-
logs of dac, eya, and so are expressed in the developing
vertebrate retina (G. M., unpublished data; Oliver et al.,
1995; Xu et al., 1997). These results suggest that the
function of these genes has been conserved for more
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than 500 million years, since the divergence of insects§Program in Developmental Biology
and vertebrates, and have led to the proposal that visualBaylor College of Medicine
systems throughout the metazoa may have a singleHouston, Texas 77030
common ancestor (Beverley and Wilson, 1984; Halder
et al., 1995; Glardon et al., 1997; Tomarev et al., 1997).
Nevertheless, the molecular mechanisms by which theseSummary
genes act remain obscure.

The adult Drosophila compound eye is a preciselyThe eyeless, dachshund, and eyes absent genes en-
organized array of about 750 repeated units called om-code conserved, nuclear proteins that are essential
matidia. Each ommatidium contains eight photorecep-for eye development in Drosophila. Misexpression of
tor cells and a set of nonneuronal accessory cells, in-eyeless or dachshund is also sufficient to induce the
cluding lens-secreting cone cells, pigment cells, andformation of ectopic compound eyes. Here we show
interommatidial bristles (Tomlinson and Ready, 1987a,that the dachshund and eyes absent genes act syner-
1987b). The adult eye is derived from a structure calledgistically to induce ectopic retinal development and
the eye imaginal disc. During larval development, cellspositively regulate theexpression of each other. More-
in the eye disc proliferate but remain largely undifferenti-over, we show that the Dachshund and Eyes Absent
ated until the beginning of the last or third instar larvalproteins can physically interact through conserved do-
stage (Wolff and Ready, 1993). Then, cells at the poste-mains, suggesting a molecular basis for the genetic
rior margin of early third instar eye discs begin to orga-synergy observed and that a similar complex may
nize into ommatidial precursors (Wolff and Ready, 1993).function in mammals. We propose that a conserved
Differentiation of all cell types in the eye disc occursregulatory network, rather thana linearhierarchy, con-
progressively from posterior to anterior and is synchro-trols retinal specification and involves multiple protein
nized by a wave of changes termed the morphogeneticcomplexes that function during distinct steps of eye
furrow (MF) (Ready et al., 1976). The MF is characterizeddevelopment.
by alterations in cell shape, cell cycle, and patterns of
gene expression (Ma et al., 1993). Neuronal differentia-
tion requires MF movement and is apparent immediatelyIntroduction
posterior to the MF as it progresses across the eye
disc. Movement of the MF requires the function of the

The molecular mechanisms controlling retinal cell fate
secreted signaling molecules encoded by decapen-

determination are rapidly being deciphered. One of the
taplegic (dpp) and hedgehog (hh). dpp and hh are re-

most striking aspects of recent findings is that many of
quired for both initiation of eye morphogenesis and for

the genes controlling eye development have been highly
progression of the MF (Heberlein et al., 1993; Ma et

conserved between insects and vertebrates and, per-
al., 1993; Wiersdorff et al., 1996; Chanut and Heberlein,

haps, throughout much of the metazoa (reviewed inBon-
1997; R. Finkelstein, personal communication). How-

ini and Choi, 1995; Heberlein and Moses, 1995; Freund ever, ectopic expression of dpp or hh during larval devel-
et al., 1996; Callaerts et al., 1997). A group of four genes,

opment does not change cell fates from one disc type
all encoding conserved, nuclear proteins, plays a promi-

to another but causes patterning defects specific to
nent role during the early steps of retinal development

each disc type (Basler and Struhl, 1994; Heberlein et al.,
in Drosophila. These are eyeless (ey), dachshund (dac), 1995; Nellen et al., 1996; Chanut and Heberlein, 1997;
eyes absent (eya), and sine oculis (so). ey and so encode Pignoni and Zipursky, 1997). Thus, dpp and hh act as
putative DNA-binding transcription factors, while dac general patterning signals to control morphogenesis in
and eya both encode novel proteins. Loss-of-function all imaginal discs and are not sufficient to specify retinal
mutations in each of these genes cause flies to develop cell fates. Other genes or combinations of genes more
with no eyes (Bonini et al., 1993; Cheyette et al., 1994; specific to eye development must control this process.
Mardon et al., 1994; Quiring et al., 1994). Moreover, ey and dac are two of the key players that govern
targeted expression of ey or dac is sufficient to induce retinal specification during normal eye development;
ectopic retinal development in several tissues in Dro- both genes are necessary and sufficient for eye develop-
sophila (Halder et al., 1995; Shen and Mardon, 1997). ment. Three types of evidence suggest that dac func-
Strikingly, expression of a mouse homolog of ey is also tions downstream of ey (Shen and Mardon, 1997). First,
sufficient to induce ectopic eye formation in Drosophila dac is not required for ey expression. Second, misex-
(Halder et al., 1995), and ey homologs are required for pression of ey can strongly induce dac. Third, dac is
normal eye development in mammals (Hill et al., 1991; required for induction of ectopic retinal development by

targeted ey expression. Although ectopic expression of
each gene is sufficient to phenocopy initiation of the‖ To whom correspondence should be addressed.
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MF, dac is much less effective than ey in this regard We examined the relationship between dac and eya by
misexpressing these genes employing the GAL4-UAS(Mardon et al., 1994; Halder et al., 1995). While ey can

induce large ectopic eyes with complete penetrance on system and using ectopic eye induction as an assay.
all major appendages, dac induces retinal development
in only a minority of animals and primarily on antennal

dac and eya Act Synergistically to Inducedisc-derived structures (Halder et al., 1995; Shen and
Ectopic Eye FormationMardon, 1997). Thus, ey must be able to regulate other
Like ey and dac, targeted expression of eya alone isgenes that control retinal cell fate specification in addi-
sufficient to induce ectopic eye formation (Figures 1Ation to dac.
and 1C). However, in contrast to ey, the penetrance ofThe eya gene is a good candidate as another target
the ectopic eye phenotype induced by either dac or eyaof ey function. Like dac, eya is expressed in the eye
alone is incomplete and, when induced, such eyes aredisc prior to MF initiation and is essential for eye devel-
small (Figures 1B and 1C). When dac expression isopment, but it is not required for ey expression (Bonini
strongly induced in all imaginal discs, ectopic eye devel-et al., 1993; Halder et al., 1995). However, dac is neces-
opment is observed only on the anterior surface of thesary for only a subset of functions for which eya is essen-
fly head ventral to the antenna and in just 56% (61/109)tial during normal eye development. Specifically, dac is
of animals examined (Figure 1B). Although no ectopicrequired for initiation of furrow movement but not for
retinal structures are induced, the morphology of theprogression or photoreceptor differentiation (Mardon et
legs and wings is severely disrupted (Figures 1F andal., 1994). In contrast, eya is required for both MF initia-
1J). Similarly, misexpression of eya causes ectopic eyetion and progression (Pignoni et al., 1997 [this issue of
development ventral to the antenna in only 34% (41/119)Cell]). In addition, while eya null mutant clones result in
of animals inspected (Figure 1C). Although the grosscell overproliferation and completely block photorecep-
morphology of the leg and wing is not significantly dis-tor differentiation throughout the eye disc, dac mutant
rupted by ectopic eya expression, a tiny spot of redclones present this phenotype only when they include
pigment is usually observed (.90% of cases examined)the posterior margin of the eye disc (Mardon et al., 1994;
at the joint between the coxa and the femur of the legPignoni et al., 1997). dpp is also required for MF initiation
and on the wing blade in 26% (30/115) of animals ob-and progression, and dac and eya are both likely to
served (data not shown). Thus, dac or eya alone areact downstream of dpp during normal eye development
relatively weak inducers of ectopic retinal development(Chanut and Heberlein, 1997; Pignoni and Zipursky,
in Drosophila.1997). Interestingly, while eya is necessary to maintain

In contrast, coexpression of dac and eya induces sub-dpp expression in the eye disc, dac is not (Mardon et
stantial ectopic eyes on the head, legs, wings, and dor-al., 1994; Pignoni et al., 1997). Thus, eya is required
sal thorax of 100% of animals examined (n . 100). Onfor dpp expression and the control of cell proliferation
the head, the cuticle between the normal eye field andthroughout the eye disc, initiation and progression of
antennae is transformed into retinal cells such that theMF movement, and neural differentiation, while dac is
normal retinal field is expanded (Figure 1D). Largerequired for only a distinct subset of these steps.
patches of pigment are induced on the dorsal surfaceWe have explored the functional and regulatory rela-
of the femur and tibia of all legs, which are severelytionships among ey, dac, and eya. We demonstrate that,
truncated (Figure 1G). Ommatidial structures are ob-like dac, eya is a target of ey activity and is required for
served in each case (Figure 1H). Red pigment, but noey function. Moreover, dac and eya show strong genetic
clear ommatidial morphology, is also induced on thesynergy in their ability to induce ectopic retinal develop-
wing blade (Figure 1K). Ectopic eyes are also formedment. We provide evidence that a complex forms be-
bilaterally on the dorsal thorax (notum) of the fly (Figurestween the Dac and Eya proteins that is mediated by
1M and 1N), a place where no ectopic pigment or omma-highly conserved domains, suggesting a molecular ba-
tidia are ever induced by either dac or eya alone (datasis for the genetic synergy observed. We also show that
not shown). In all cases, these phenotypes are observedwhile eya is genetically required upstream of dac during
with 100% penetrance.normal eye development, these genes are able to posi-

The phenotypes observed in imaginal discs are con-tively regulate each other at the level of transcription,
sistent with those observed in adults. Specifically, tar-indicating that a positive-feedback loop is likely to exist
geted dac or eya expression induces expression of thebetween these genes. These results suggest that a net-
Glass protein, a visual system–specific marker (Moseswork of conserved genes, rather than a linear hierarchy,
et al., 1989; Moses and Rubin, 1991). Normally, glass isregulates retinal development in Drosophila. Finally, we
not expressed in the antennal, leg, or wing imaginalpropose a mechanism whereby complex formation be-
discs (Figure 2A; data not shown). dac or eya alonetween Dac and Eya may provide specificity to the func-
induces ectopic Glass protein only in a small area oftion of Eya duringMF initiation and that such interactions
the ventral side of the antennal disc with about 50%are likely to be conserved in vertebrates.
penetrance (arrows in Figures 2B and 2C), but not in the
leg disc or the part of the wing disc that gives rise to
the dorsal thorax or notum (data not shown). In addition,Results
ectopic eya alone can induce small patches of glass
expression in the pouch area of the wing disc with 25%While dac and eya play important roles in early retinal

development, the nature of the molecular and genetic penetrance (data not shown). In no case has ectopic
Glass staining been observed in leg discs with eitherassociation betweenthese genes, if any, was not known.
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Figure 1. dac and eya Act Synergistically to Induce Ectopic Retinal Development

(A) Ventral view of the head of an adult control fly carrying the UAS-dac7c4 and UAS-eya transgenes but without any GAL4 driver. (B–D) Ectopic
eye induction (arrows) driven by dpp-GAL4 (Staehling-Hampton and Hoffmann, 1994). UAS-dac7c4 alone (B) or UAS-eya alone (C) cause very
small ectopic eyes near the antennae. In contrast, UAS-dac7c4 plus UAS-eya (D) produces a large domain of ectopic retinal tissue that fuses
with the normal eye field. (E) Wild-type leg. (F) Ectopic dac expression truncates the leg but does not induce eye development. Misexpression
of eya alone has little effect on leg development (not shown). (G) Coexpression of dac and eya induces ectopic pigment on the dorsal side
of all legs with complete penetrance. (H) A high-magnification view of an ectopic eye on the leg where obvious ommatidial structures are
visible. The inset shows the whole leg at the same magnification as in (E). (I) Wild-type wing. (J) Ectopic dac expression truncates the wing
but does not induce retinal development. Targeted expression of eya alone has little effect on normal wing morphology but can induce very
small patches of pigment on the wing blade in about 25% of animals examined (not shown). (K) Coexpression of dac and eya induces ectopic
pigment on the wing blade in 100% of animals examined. (L) Lateral view of a wild-type notum (dorsal thorax). Expression of either dac or
eya alone never induces retinal development in the notum (not shown). (M) Ectopic pigment is induced on the notum in 100% of animals
expressing dac and eya together. (N) A higher magnification view of the ectopic pigment shown in (M). Scale bars in (E) and (F) are 100 mm
and in (I) and (J) are 200 mm.

dac or eya alone. However, when dac and eya are coex- (Figure 2O). In each case, the sites of ectopic glass ex-
pression in discs correspond to the positions of ectopicpressed, ectopic Glass staining is induced with 100%

penetrance along the ventral margin of the eye-antennal retinal development observed in adults. Taken together,
these data demonstrate that dac and eya show strongdisc (Figure 2D), the dorsal half of the leg disc along the

anterior-posterior compartment (A/P) boundary (Figure genetic synergy to induce ectopic retinal development
in Drosophila.2K), and along the A/P boundary of the dorsal wing disc
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Figure 2. Developmental Analysis of Ectopic Photoreceptor Induction

(A–D) Late larval eye-antennal discs were stained with an antibody to detect the visual system-specific Glass protein. No Glass staining is
normally found in wild-type antennal discs (A). UAS-dac7c4 alone (B) or UAS-eya alone (C) can induce small amounts of glass expression in
the antennal disc (arrows). Coexpression of dac and eya induces ectopic Glass expression anterior to the normal retinal field on the ventral
side of the eye disc (arrow in D). (E and F) Late larval eye-antennal discs were stained for the neuron-specific Elav protein in brown and the
MF marker dpp-lacZ in blue. Compared to wild type (E), the combination of targeted dac and eya misexpression is sufficient to induce ectopic
MF advancement from the ventral side of the eye and antennal discs and to cause substantial ectopic photoreceptor development (arrow in
F). (G and H) The protein Neuroglian is present in all neurons and their axons and was detected using monoclonal antibody BP104 (Hortsch
et al., 1990). In the wild type, the only staining seen in the antennal disc is the larval Bolwig’s nerve (G). dac and eya expressed together
induce ectopic neurons in the eye and antennal disc that project axons that join those of the normal retinal field (arrow in H) and are likely
to exit through the optic stalk (arrowhead in H) to synapse in the larval brain. (I and J) Late larval leg discs stained for Elav protein and dpp-
lacZ expression. (I) Only a few neurons are normally observed in the wild-type leg disc and no extra neurons are observed with dac or eya
alone (not shown). (J) Targeted expression of dac and eya together induces a large cluster of Elav-positive cells in the dorsal half of the leg
disc along the A/P boundary. Glass (K) and Neuroglian (L) staining reveals that ectopic neurons induced in the leg disc by coexpression of
dac and eya express Glass protein and extend axons as would be expected during normal photoreceptor development. (M) A wild-type wing
disc stained for Elav protein and dpp expression. (N–P) Wing discs from late larvae expressing both dac and eya were stained for Elav and
dpp-lacZ (N), Glass (O), and Neuroglian (P). Ectopic photoreceptor development is indicated (arrows in N–P). Posterior is to the left and dorsal
is up for all discs. For panels (A)–(H), the eye disc is to the left and the antennal disc to the right.

Developmental Analysis of Ectopic in response to dac and eya coexpression (Figures2F, 2J,
and 2N). These ectopic neurons must be photoreceptorPhotoreceptor Differentiation

Synergistic induction of photoreceptor differentiation re- cells, since the visual system-specific Glass protein is
also induced in the same pattern (Figures 2D, 2K, andsulting from dac and eya coexpression can be seen in

imaginal discs using a variety of neuronal markers. The 2O). Moreover, ectopic eyes observed in adults corre-
sponding to these positions contain all of the normalnuclear protein Elav is expressed in all neurons of Dro-

sophila (Robinow and White, 1991). Ectopic Elav-posi- cell types associated with the wild-type eye, including
pigment cells, lens-secreting cone cells, and interom-tive cells are induced in theantennal, leg, and wing discs
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matidial bristles (Figures 1D, 1H, and 1N). In addition, the
ectopic neurons induced by dac and eya misexpression
send out axonal projections (Figures 2H, 2L, and 2P).
The axons of ectopic photoreceptors in the eye-antennal
disc form a bundle that extends posteriorly into the eye
imaginal disc. These axons appear to fuse with the axon
tracts sent out by photoreceptors of the normal retinal
field that exit through the optic stalk to synapse in the
brain (arrowhead in Figure 2H). It is likely, therefore, that
the fly can perceive light through ectopic photorecep-
tors formed in the eye-antennal disc as a result of dac
and eya coexpression. In the leg and wing discs, ectopic
photoreceptor axons are likely to fail to find any func-
tional targets and retract during late larval and pupal
development (Figures 2L and 2P). Ectopic neuronal
marker induction is not observed in response to dac or
eya alone in the eye, leg, or part of the dorsal wing disc
fated to give rise to the notum (data not shown). These
data demonstrate that dac and eya act synergistically to
induce cells to follow the normal retinal developmental
pathway and to elaborate all of the normal cell types
found in the wild-type eye.

During normal retinal development, movement of the
Figure 3. Dac and Eya Proteins Interact in the Yeast Two-HybridMF is required for photoreceptor differentiation (He-
Systemberlein et al., 1993; Ma et al., 1993; Heberlein and Moses,
Portions of the Dac protein were fused to the GAL4 DNA-binding1995). We looked for evidence of MF movement associ-
domain to create “bait” constructs (upper panel). Dac-F, full-lengthated with ectopic eye formation using a dpp-lacZ re- Dac; Dac-N, N-terminal 165 amino acids (aa) of Dac, containing a

porter as an assay (Blackman et al., 1991). dpp expres- glutamine-rich region (Q); Dac-NL, N-terminal 392 aa of Dac; Dac-C,
sion marks the position of the MF as it crosses the eye amino acids 653–850 from the carboxy-terminal half of the Dac

protein. Portions of the Eya protein were fused to the GAL4 ac-imaginal disc and is not expressed along the dorsal or
tivation domain to create “prey” constructs (middle panel). Eya-F,ventral margins of the eye disc anterior to the MF by
full-length Eya; Eya-N, amino-terminal 223 aa of Eya containing athe late third instar stage (Figure 2E). Specifically, dpp
glutamine-rich region (Q); Eya-C, carboxy-terminal portion of Eyafunction is repressed in the anterior eye disc by wg
beginning from amino acid 209. This portion of the Eya protein

(Treisman and Rubin, 1995). In addition, dpp is normally contains a highly conserved domain present in all three vertebrate
expressed in a wedge in the ventral half of the antennal eya homologs (ED2). All combinations of bait and prey constructs

were transformed into yeast and then tested for activation of a lacZdisc (Figure 2E), along the A/P boundary in the dorsal
reporter construct (lower panel). 2, no lacZ activity; 1, strong lacZhalf of the leg disc (Figure 2I), and along the entire A/P
activity; 1/2, weak lacZ activity.boundary of the wing disc (Figure 2M). We found that

coexpression of dac and eya induces ectopic dpp ex-
pression in the eye-antennal disc adjacent to the field

two-hybrid system and in vitro binding studies (Fieldsof ectopic photoreceptors (arrow in Figure 2F). In the
and Song, 1989; Harper et al., 1993). First, we fused full-leg disc, dpp expression is split by and forms a ring
length and truncated portions of the Dac protein to thearound the ectopic photoreceptors, again suggesting
DNA-binding domain of the yeast transcription factorthat an ectopic MF is initiated and propagates (Figure
GAL4 to make “bait” constructs and full-length and trun-2J). Although no obvious MF movement is observed in
cated portions of the Eya protein to the GAL4 transcrip-the wing disc, the level of dpp expression is significantly
tional activation domain to make “prey” constructs (Fig-increased adjacent to the ectopic photoreceptor field
ure 3). These constructs were transformed into yeast(compare arrows in Figures 2M and 2N). These results
that contain a transgene with GAL4 binding sites up-indicate that ectopic expression of dac and eya may
stream of the lacZ gene. We found that full-length Dacbe sufficient to initiate MF movement along the ventral
is sufficient to induce weak lacZ expression in the ab-margin of the anterior eye-antennal disc, in the leg disc,
sence of a prey construct (Dac-F bait with no prey, lowerand perhaps in the wing disc as well.
panel, Figure 3). This result demonstrates that some
portion of the Dac protein is able to act as a transcrip-
tional activation domain in this assay. We have mappedDac and Eya Proteins Physically Interact

dac and eya both encode nuclear proteins that are ex- the position of this activation domain to an amino-termi-
nal portion of Dac by comparing the constructs Dac-Npressed in similar temporal and spatial patterns in the

eye imaginal disc, are required for MF initiation, and, and Dac-NL. Specifically, the amino-terminal 165 amino
acid (aa) stretch of Dac, which containsa polyglutamine-most importantly, show strong genetic synergy in our

ectopic eye induction assay. These results lead us to rich region, does not activate transcription (Dac-N bait
with no prey, Figure 3). In contrast, a construct thathypothesize that the molecular basis for the genetic

synergy observed may be a physical interaction between contains the first 392 aa of Dac is able to activate tran-
scription even in the absence of a prey construct (Dac-the Dac and Eya proteins. We used two independent

methods to test and confirm this hypothesis: the yeast NL bait and no prey, Figure 3). Thus, it is likely that an
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Figure 4. Dac and Eya Proteins Interact In
Vitro

GST alone (G) or GST fusions to Dac (D) or
Eya (E) were used to bind in vitro–transcribed
and –translated, 35S-labeled Dac or Eya pro-
teins (35D, 35E, respectively). 35S-labeled Dac
binds to GST::Eya, but not to GST alone or
GST::Dac (lanes 1–3). 35S-labeledEya binds to
GST::Dac, but not to GST alone or GST::Eya
(lanes 4–6). The in vitro–translation products
(lanes 7 and 8) and the GST fusions (lanes
9–11) before binding reactions are shown.
MW indicates molecular weight standard in
kilodaltons. Markers for lanes 1–8 are shown
to the left and for lanes 9–11 to the right.

activation domain at least partially resides within amino dac and eya are acting in the same pathway, we ex-
pected that loss-of-function mutations in these genesacids 165–392 of the Drosophila Dac protein.

We also tested a fourth bait construct in this assay would show dominant modification of the recessive eye
phenotype of the other. Surprisingly, we have failed tothat contains a domain that is highly conserved in both

mouse and human dac homologs (G. M., unpublished observe any such interaction (data not shown). We were
able to determine the regulatory relationship betweendata). When fused to the DNA-binding portion of GAL4,

this domain is incapable of activating transcription alone dac and eya by analyzing the expression of each gene
in wild-type and mutant backgrounds. We found that(Dac-C bait and no prey, Figure 3).However, when coex-

pressed with prey constructs containing either full- while eya expression in the eye disc does not depend
on dac function, dac expression is greatly reduced inlength or C-terminal portions of the Eya protein, strong

activation of lacZ expression is observed (Dac-C bait an eya2 mutant background, demonstrating that dac ex-
pression requires eya activity (Figures 5A-5D). Similarly,and either Eya-C or Eya-F prey, Figure 3). Although the

full-length Dac protein activates weakly on its own, a ey induction of ectopic dac expression is greatly re-
duced in an eya2 mutant background (Figures 5G andmuch stronger activation of lacZ is observed when coex-

pressed with the same Eya constructs (Dac-F bait and 5H). These results suggest that dac may function down-
stream of eya. Consistent with this interpretation, eyaeither Eya-C or Eya-F prey, Figure 3). The C-terminal

portion of Eya (Eya-C) interacts with Dac while the isunable to induce ectopic eye formation in a dac mutant
background (data not shown).amino-terminal portion does not (Eya-N), suggesting

that the C-terminal conserved domain of the Eya protein Since dac expression is induced by both ey and eya,
we explored the genetic and regulatory relationships(ED2) is contacting a portion of the Dac protein that is

also conserved (Xu et al., 1997; Zimmerman et al., 1997). among these genes. First, we found that ey misexpres-
sion is sufficient to induce eya (Figure 5E), suggestingWe confirmed the physical interaction between Dac

and Eya using in vitro biochemistry. GST (glutathione that eya may be required for ey function. Indeed, ectopic
retinal development driven by targeted ey expressions-transferase) fusions of the conserved portions of Dac

and Eya were used to bind in vitro–translated, 35S-labeled fails to occur in an eya2 mutant background (data not
shown). We also found that induction of eya expressionDac and Eya full-length proteins (Figure 4). GST::Eya

was immobilized on glutathione-agarose beads and by ey does not depend on dac activity (Figure 5F), con-
sistent with the idea that eya functions downstream ofthen incubated with in vitro–translated, 35S-labeled Dac

protein. After extensive washing to remove nonspecifi- ey but upstream of dac. However, these genes do not
act in a simple, linear pathway; targeted expression ofcally adhered proteins, bound proteins were eluted, sep-

arated by SDS-PAGE, and visualized by autoradiogra- dac and eya strongly induce the expression of each
other (Figure 5I-5K), and eya is required for ectopic eyephy. While no 35S-Dac bound to the control GST resin,

it bound to the immobilized GST::Eya fusion protein (left induction by dac (data not shown). In addition, misex-
pression of dac or eya is also sufficient to induce ectopicpanel, Figure 4). Similarly, 35S-Eya can bind to immobi-

lized GST::Dac, but it cannot be bound by GST alone. ey expression in the antennal disc (Shen and Mardon,
1997; data not shown). These results suggest that multi-The same portions of Dac or Eya do not form homodi-

mers in this assay (Figure 4). ple positive-feedback loops exist among these genes
during normal eye development and raised the possibil-
ity that ey may be required for ectopic retinal inductionTranscriptional Regulation of dac and eya

Since dac and eya are each able to induce ectopic eye by eya and dac. Indeed, ectopic eye formation driven
by coexpression of dac and eya is completely blockeddevelopment and act synergistically in this process, we

investigated the regulatory relationships between these in an ey2 mutant background, indicating that induction of
ey is essential (data not shown). Finally, these regulatorytwo genes and with ey. Determining the order of dac

and eya function using traditional genetic epistasis anal- events must occur at the level of transcription because
ey, dac, and eya all induce expression of lacZ reporterysis is not possible because loss-of-function mutations

in each gene cause an eyeless phenotype. However, if constructs specific for each gene (data not shown).
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Figure 5. Regulatory Relationships between dac and eya Are Complex

(A and B) dac is not required for eya expression. Wild-type (A) and dac3 null mutant (B) eye discs were stained with an antibody that specifically
detects the Eya protein (Bonini et al., 1993). (C and D) dac expression is greatly reduced in eya2 mutant eye discs. Wild-type (C) and eya2

mutant (D) eye discs were stained with an antibody that specifically detects the Dac protein (Mardon et al., 1994). (E and F) dac is not required
for eyeless to induce eya expression. Wing discs were dissected from late larvae carrying a UAS-eyeless transgene driven by dpp-GAL4 in
a wild-type (E) or in a dac3 null mutant background (F) and stained for eya expression. Eya protein is induced by eyeless misexpression even
in the absence of dac function (arrows in E and F). (G and H) Ectopic dac expression induced by UAS-eyeless is greatly reduced in an eya
mutant background. Wing discs were prepared from UAS-eyeless, dpp-GAL4 larvae in either a wild-type (G) or eya2 mutant background (H).
Dac protein induction by eyeless shows a strong requirement for eya function (arrows in G and H). (I–K) Misexpression of dac or eya can turn
on the expression of each other. eya expression is induced in the ventral portion of the antennal disc in response to ectopic dac expression
(arrow in I). Similarly, dac is induced by targeted eya expression (arrows) in the antennal disc (J) and the wing disc (K).

Discussion dac and ey can positively regulate the expression of
each other (Shen and Mardon, 1997). In particular, these
results indicate that eye development may be controlledResearch concerning thegenetic control of eye develop-

ment in both vertebrates and invertebrates was greatly in a combinatorial manner, with multiple genes function-
ing together at the highest regulatory levels.stimulated by the remarkable discovery that a single

gene, eyeless (ey), was both necessary and sufficient We sought todistinguish these models by determining
the genetic and regulatory relationships among dac, ey,for eye development in Drosophila (Quiring et al., 1994;

Halder et al., 1995). Intriguingly, vertebrate homologs of and two other genes required for early steps of eye
development in Drosophila, eya and so (Bonini et al.,ey, members of the Pax6 gene family, are also required

for normal eye development (Hill et al., 1991; Ton et al., 1993; Cheyette et al., 1994). In this paper we have fo-
cused our studies on dac and eya, while Zipursky and1991; Glaser et al., 1992). Moreover, Pax6 from a wide

range of species is sufficient to induce ectopic eye for- colleagues have analyzed so and eya function in an
accompanying paper (Pignoni et al., 1997). The resultsmation in Drosophila, indicating that at least some of

the crucial targets of ey function have been conserved reported in these papers clearly establish that retinal
development in Drosophila is controlled by an inter-(Halder et al., 1995; Glardon et al., 1997; Tomarev et al.,

1997). These results lead to the hypothesis that ey is active network of genes rather than a linear hierarchy.
Moreover, we show that this network functions both atthe master control gene for eye morphogenesis, sitting

alone at the top of the regulatory hierarchy of genes the level of gene expression and throughprotein–protein
interactions. Finally, we propose that this combinatorialcontrolling this process (Halder et al., 1995). However,

an alternate view of retinal development is suggested network of gene action results in thecooperative regula-
tion of eye-specification genes and serves to lock in aby the report that the dac gene is also sufficient to

induce ectopic eye formation in Drosophila, and that retinal cell fate program once initiated.
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Synergistic Induction of Ectopic
Eye Development
Targeted expression studies were employed to examine
the function of ey, dac, eya, and so, using ectopic eye
induction as an assay. One of the most striking results
of this work is that three of these four genes (ey, dac,
and eya) are each sufficient to induce ectopic retinal
development, suggesting that no single gene is the
master regulator of this process (Figure 1; Halder et
al., 1995; Shen and Mardon, 1997). Moreover, strong
synergistic induction of ectopic retinal development is
observed when dac and eya are coexpressed. The mo-
lecular basis of the genetic synergy observed between
dac and eya is likely to be the physical interaction be-
tween the protein products encoded by these two
genes. We found that Dac interacts specifically with
Eya in two independent assays and that this interaction
occurs through domains that are highly conserved in
humans and mice. Since dac and eya encode novel
proteins, the biochemical consequence of this interac-
tion is not known. However, Dac and Eya are nuclear
proteins that can activate the transcription of each other.
In addition, these genes are each sufficient to initiate

Figure 6. Models for Retinal Development in Drosophilathe entire cascade of gene activity required to generate
(A) A network of genes controls retinal cell fate specification. Solidthe compound eye and are necessary throughout eye
arrows indicate positive transcriptional regulation. Whether dac in-development. Given that 2000 to 3000 genes are in-
duces ey directly through induction of eya or by some other mecha-volved in fly eye development (Thaker and Kankel, 1992; nism is not known (“?”). The bracket indicates that all four gene

Halder et al., 1995), the most straightforward model to products function together in one or more complexes to direct nor-
accommodate these data is that Dac and Eya are di- mal retinal cell fate specification. See text for detailed discussion.

(B) Dac provides specificity to an Eya-So complex for MF initiation.rectly involved in gene regulation, most likely as coacti-
An Eya-So complex is essential to regulate genes required for bothvators of transcription. Consistent with this model, while
MF initiation and progression. In contrast, Dac is required for properDac and Eya do not contain any known DNA-binding
regulation of initiation-essential genes but not for MF progressionmotifs, both proteins act as strong transcriptional acti-
genes. Since Dac does not contain a known DNA-binding motif, it

vators in yeast (Figure 3; Pignoni et al., 1997). Thus, we is likely to interact with another factor(s) (Y) to be recruited to the
propose that misexpression of dac or eya is sufficient transcription complex. In this model, interaction between Dac and

Eya is required for efficient activation of genes essential for MFto activate transcription of genes essential for eye devel-
initiation. Other factors (Z) may provide specificity to Eya-So func-opment. Potential targets of dac and eya, in addition to
tion during regulation of genes essential for MF progression. Coop-each other, include so, ey, and presumably other genes
erative binding of Dac-Y and Eya-So complexes to regulate initia-essential for retinal development. Finally, one simple
tion-essential genes is mediated by direct interaction between Dac

model to account for the synergy observed between Dac and Eya and accounts for the synergistic induction of ectopic retinal
and Eya is that the physical association between these development by Eya and Dac.
proteins facilitates their recruitment to the transcription
complex and results in cooperative activation of down-
stream genes (see Pignoni et al., 1997, for a detailed Shen and Mardon, 1997). However, several lines of evi-
description of this model).

dence suggest that these genes function in an inter-
active network. First, targeted expression of ey, dac, or
eya is sufficient to induce the expression of each other,A Network of Genes Controls Retinal Cell
suggesting that multiple regulatory feedback loops con-Fate Specification
trol the expression of these three genes. Second, dacBased on our analysis of the regulatory and functional
and eya act synergistically to induce ectopic retinal de-relationships among dac, eya, ey, and so, we propose
velopment. Third, studies in vitro and in yeast indicatethat all four genes act together as a regulatory network
that the Dac and Eya proteins physically interact. Simi-to control retinal cell fate specification. We have char-
larly, ectopic eye formation is also synergistically inducedacterized these genes at three levels of analysis: tran-
by so and eya, and their protein products physicallyscriptional, genetic, and protein interaction. Loss- and
associate (Pignoni et al., 1997). Finally, ectopic eye in-gain-of-function experiments suggest that initiation of
duction by each of these molecules, expressed eitherexpression of ey, dac, eya, and so is controlled by a
individually or in pairs, is prevented in the absence ofprimarily linear pathway (Figure 6A). For example, ey
any member of this group. Taken together, these dataexpression does not require dac, eya, or so function,
suggest that these proteins function together in one orand dac is not required for expression of eya or so, but
more complexes to regulate each other cooperativelydac expression does require both so and eya (R. C. and

G. M., unpublished data; this paper; Halder et al., 1995; as well as other presumed downstream targets required
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for normal eye morphogenesis. Cooperative and posi- role during human retinal development. Synergistic reg-
ulation mediated by protein–protein interactions is likelytive cross-regulation of genes required for eye specifica-

tion may serve to lock in or firmly maintain the retinal to be a common mechanism to specify cell fates through-
out development.cell fate program once it has been initiated.

Experimental Procedures
dac Confers Specificity during MF Initiation

Drosophila GeneticsDuring normal eye development, eya and so are both
All Drosophila crosses were carried out at 258C on standard media.required for MF initiation and progression and photore-
dac null mutant experiments were carried out using dac3 and dac4

ceptor differentiation. Since Eya and So act synergisti-
mutant alleles (Mardon et al., 1994). The ey2 and eya2 mutations are

cally and can physically associate, it is therefore likely eye-specific alleles that result in flies that have reduced or no eyes,
that an Eya-So complex functions throughout retinal respectively, but are otherwise viable and fertile (Bonini et al., 1993;

Quiring et al., 1994). Previously published experiments with ectopicdevelopment (Figure 6B; Pignoni et al., 1997). In con-
dac expression (Shen and Mardon, 1997) were carried out with atrast, dac is essential for only a subset of these steps.
different transgene (UAS-dac21M5) from that used in the present studyThus, interactions between Dac and Eya may provide
(UAS-dac7c4). Both transgenes were constructed and isolated as

specificity to an Eya-So complex during MF initiation previously described but differ in their sites of insertion in the ge-
(Figure 6B). We propose that during normal retinal de- nome (Shen and Mardon, 1997). When induced by the same dpp-
velopment, genes essential for MF initiation are con- GAL4 driver (Staehling-Hampton and Hoffmann, 1994), UAS-dac7c4

produces less detectable Dac protein and less severe phenotypestrolled by both general eye-specific factors, such as an
than UAS-dac21M5. Specifically, in contrast to UAS-dac21M5, UAS-Eya-So complex, as well as initiation-specific factors
dac7c4 is unable to induce the formation of any ectopic pigment orsuch as Dac. Dac may act as a coactivator for a basal
ommatidia on the legs or thorax of flies when crossed to dpp-GAL4.transcription factor that is necessary but not sufficient
The UAS-dac7c4 line was used for all of the experiments reported in

to induce expression of initiation-essential genes (“Y”, this paper. The UAS-eya line used in this study carries a full-length
Figure 6B). Interaction between a Dac-Y complex and eya cDNA in pUAST and was a generous gift of Francesca Pignoni

and Larry Zipursky. All experiments using the combination of UAS-an Eya-So complex may be mediated by physical asso-
dac7c4 and UAS-eya were conducted using a recombinant chromo-ciation of Dac and Eya. We further suggest that the
some carrying both transgenes. Since these transgenes carry aphysical interaction between Dac and Eya is required
white mini-gene, we were able to isolate recombinants using eye

for efficient activation of initiation-essential genes. In color as an assay. Putative recombinants were confirmed using
addition, Dac may also be recruited directly to the tran- single fly polymerase chain reaction (PCR) with primers specific for
scription complex by Eya. While regulation of genes either dac or eya. Due to severe leg truncation resulting from UAS-

dac misexpression, these animals fail to eclose from their pupalnecessary for MF progression also requires an Eya-So
cases. Consequently, light microscope images of such animalscomplex, Dac is not essential for this process. Instead,
were taken from dissected late pupae.other factors may provide specificity to Eya-So regula-

tion of MF progression genes (“Z”, Figure 6B).
Immunohistochemistry

In this model, proper assembly of these complexes is Imaginal discs were dissected and stained as previously described
blocked and eye development arrests at an early stage (Mardon et al., 1994). Anti-Eya (Bonini et al., 1993) stainings were
in the absence of either Dac, Eya, or So. Similarly, the performed using the same protocol, except that imaginal discs were

fixed in PLP for 20 min on ice. In addition, mouse anti-Eya antiserumEyeless protein may also function in one or more of
was first preabsorbed to compete away nonspecific staining asthese complexes, since ey is also required for ectopic
follows: 20 ml of serum was incubated with 30 sets of eya2 mutanteye induction by any combination of Dac, Eya, and So.
larval eye-brain complexes in 1 ml of PAXDG (Mardon et al., 1994)

For several reasons, we favor a model where these pro- for 1 hr at room temperature (RT). Following preabsorption, this
teins function together in complexes to regulate the serum was used for staining with no further dilution. dpp expression
expression of genes required for normal retinal develop- was assayed using the BS3.0 lacZ reporter (Blackman et al., 1991).

All discs were mounted in 80% glycerol in PBS.ment. First, multiple physical interactions among these
proteins have been observed in vitro and in yeast. Sec-

Yeast Two-Hybrid Analysisond, these genes act synergistically to induce ectopic
The yeast two-hybrid kit was a gift from Steve Elledge. An amino-retinal development. Such synergy would not be ex-
terminal part of the dac coding region (corresponding to amino

pected if each gene acts independently; simple additive acids 1–366) was amplified by PCR so that an NcoI site was created
effects are predicted instead. Third, this model is the at the AUG start codon. This PCR product was digested with NcoI

to create a fragment representing amino acids 1–165 and was in-simplest way to accommodate the observation that all
serted into the unique NcoI site of the bait plasmid pAS2 (Harperfour genes are required for ectopic eye induction by
et al., 1993) to create the Dac-N construct. This construct (Dac-N)targeted expression of any combination of these genes
was then digested with SacII (dac internal site) and SalI (pAS2 poly-(R. C. and G. M., unpublished results; this paper; Pignoni
linker) and was used as a vector to clone a SacII, SalI fragment from

et al., 1997). the dac cDNA (Mardon et al., 1994), resulting in a full-length Dac
Finally, the interactions among Dac, Eya, and So are construct (Dac-F). An NdeI fragment from Dac-F (representing amino

acids 1–392) was inserted into the NdeI site of pAS2 to create themediated through domains in each of the proteins that
Dac-NL construct. A PCR fragment from the carboxy-terminal halfare highly conserved in mammals (G. M., unpublished
of Dac (representing amino acids 653–850), flanked by artificial NcoIdata; Pignoni et al., 1997). Given that members of each
and BamHI sites,was cloned into pAS2 to yield the Dac-C construct.of these gene families are specifically expressed in the
Similarly, an artificial NcoI site was introduced at the start codon

vertebrate retina during development, it is likely that the of eya cDNA using PCR. The product was then digested with NcoI
synergistic function and protein complex formation we and BamHI (an internal site of the eya coding region) and cloned

into the pACT2 prey plasmid (Durfee et al., 1993) to generate Eya-Nhave observed in Drosophila also plays an important
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(amino acids 1–223). A SmaI, SalI fragment (amino acids 209–760) Blackman, R.K., Sanicola, M., Raftery, L.A., Gillevet, T., and Gelbart,
W.M. (1991). An extensive 39 cis-regulatory region directs the imagi-from the eya type I cDNA (Bonini et al., 1993) was inserted into
nal disk expression of decapentaplegic, a member of the TGF-betapACT2 to obtain Eya-C. This same fragment was also inserted into
family in Drosophila. Development 111, 657–666.the Eya-N construct at the SmaI and SalI sites to make the Eya-F

construct. Yeast transformations and X-gal tests were carried out Bonini, N.M., and Choi, K.W. (1995). Early decisions in Drosophila
as previously described (Harper et al., 1993). eye morphogenesis. Curr. Opin. Genet. Dev. 5, 507–515.

Bonini, N.M., Leiserson, W.M., and Benzer, S. (1993). The eyes ab-
In Vitro Biochemistry sent gene: genetic control of cell survival and differentiation in the
To prepare the GST::Dac fusion protein, a fragment of theDrosophila developing Drosophila eye. Cell 72, 379–395.
dac cDNA (representing amino acids 711–869) was amplified by

Callaerts, P., Halder, G., and Gehring, W.J. (1997). Pax6 in develop-PCR such that artificial BamHI and HindIII sites flanked the product.
ment and evolution [Review]. Annu. Rev. Neurosci. 20, 483–532.Following digestion with BamHI and HindIII, this fragment was
Chanut, F., and Heberlein, U. (1997). Role of decapentaplegic incloned into pGEX2 (Pharmacia) to generate pGST::Dac. Similarly,
initiation and progression of the morphogenetic furrow in the devel-the GST::Eya fusion protein was prepared from the carboxyl termi-
oping Drosophila retina. Development 124, 559–567.nus of eya, using PCR to amplify a fragment encoding amino acids
Cheyette, B.N., Green, P.J., Martin, K., Garren, H., Hartenstein, V.,487–760 and creating an artificial EcoRI at the 59 end of the product.
and Zipursky, S.L. (1994). The Drosophila sine oculis locus encodesThis fragment was then cloned into the EcoRI site of pGEX1 (Phar-
a homeodomain-containing protein required for the development ofmacia) to generate pGST::Eya. pGST::Dac, pGST::Eya, and pGEX1
the entire visual system. Neuron 12, 977–996.(to generate GST alone) were then introduced into E. coli (strain

BL21, Novagen). Recombinant proteins were purified from induced Durfee, T., Becherer, K., Chen, P.L., Yeh, S.H., Yang, Y., Kilburn, A.
cultures (50 mM IPTG, 2 hr, 308C) as follows. One liter of bacterial E., Lee, W.H., and Elledge, S.J. (1993). The retinoblastoma protein
culture was pelleted (4000 3 g, 10 min, 48C) and resuspended in 20 associates with the protein phosphatase type 1 catalytic subunit.
ml of lysis buffer (PBS, 50 mM NaCl, 5 mM EDTA, 5 mM DTT, 1% Genes Dev. 7, 555–569.
Triton X-100, 1 mM PMSF, 5 mg/ml aprotinin, 5 mg/ml leupeptin) and Fields, S., and Song, O. (1989). A novel genetic system to detect
sonicated for 1 min at 48C. Lysates were pelleted again (10,000 3 protein-protein interactions. Nature 340, 245–246.
g, 15 min, 48C), and the supernatant was incubated (15 min, RT) Freund, C., Horsford, D.J., and McInnes, R.R. (1996). Transcription
with 200 ml of 50% glutathione resin (Pharmacia) per liter of original factor genes and the developing eye—a genetic perspective [Re-
bacterial culture. Glutathione resin with bound GST proteins was view]. Hum. Mol. Genet. 5, 1471–1488.
pelleted (500 3 g, 3 min, 48C) and washed three times with 10 ml

Glardon, S., Callaerts, P., Halder, G., and Gehring, W.J. (1997). Con-of lysis buffer and resuspended in 100 ml of binding buffer (20 mM
servation of Pax6 in a lower chordate, the ascidian phallusia mam-HEPES-KOH [pH 7.7], 150 mM NaCl, 0.1% NP-40, 10% glycerol, 1
millata. Development 124, 817–825.mM PMSF, 2 mg/ml aprotinin, 2 mg/ml leupeptin). 35S-labeled Dac
Glaser, T., Walton, D.S., and Maas, R.L. (1992). Genomic structure,and Eya proteins were synthesized using a coupled in vitro transcrip-
evolutionary conservation and aniridia mutations in the human Pax6tion and translation kit (Promega) using dac or eya cDNAs as DNA
gene. Nat. Genet. 2, 232–239.templates (Bonini et al., 1993; Mardon et al., 1994). Translation prod-
Halder, G., Callaerts, P., and Gehring, W.J. (1995). Induction of ec-ucts were separated from unincorporated label by passage over a
topic eyes by targeted expression of the eyeless gene in Drosophila.1 ml Sephadex G-25 column (Sigma). Labeled Dac and Eya proteins
Science 267, 1788–1792.were incubated in 0.4 ml binding buffer with 10 ml of glutathione

resin containing 10 mg of bound GST, GST::Dac, or GST::Eya for 2 Harper, J.W., Adami, G.R., Wei, N., Keyomarsi, K., and Elledge, S.J.
hr at 48C. The resin was washed three times with 1 ml of binding (1993). The p21 Cdk-interacting protein Cip1 is a potent inhibitor of
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