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Article

Genome-wide identification of direct targets
of the Drosophila retinal determination

protein Eyeless

Edwin |. Ostrin,"® Yumei Li,"®® Kristi Hoffman,*® Jing Liu,"¢ Keqing Wang,'-®
Li Zhang,” Graeme Mardon,’-?3*>? and Rui Chen'-%?

Departments of "Molecular and Human Genetics, ?Ophthalmology, 3Neuroscience, *Pathology, *Program in Developmental
Biology, and *Human Genome Sequencing Center, Baylor College of Medicine, Houston, Texas 77030, USA; “Department of
Biostatistics, The University of Texas, M.D. Anderson Cancer Center, Houston, Texas 77030, USA

The discovery of direct downstream targets of transcription factors (TFs) is necessary for understanding the genetic
mechanisms underlying complex, highly regulated processes such as development. In this report, we have used a
combinatorial strategy to conduct a genome-wide search for novel direct targets of Eyeless (Ey), a key transcription
factor controlling early eye development in Drosophila. To overcome the lack of high-quality consensus binding site
sequences, phylogenetic shadowing of known Ey binding sites in sine oculis (s0) was used to construct a position
weight matrix (PWM) of the Ey protein. This PWM was then used for in silico prediction of potential binding sites in
the Drosophila melanogaster genome. To reduce the false positive rate, conservation of these potential binding sites was
assessed by comparing the genomic sequences from seven Drosophila species. In parallel, microarray analysis of
wild-type versus ectopic ey-expressing tissue, followed by microarray-based epistasis experiments in an atonal (ato)
mutant background, identified 188 genes induced by ey. Intersection of in silico predicted conserved Ey binding sites
with the candidate gene list produced through expression profiling yields a list of 20 putative ey-induced,
eye-enriched, ato-independent, direct targets of Ey. The accuracy of this list of genes was confirmed using both in
vitro and in vivo methods. Initial analysis reveals three genes, eyes absent, shifted, and Optix, as novel direct targets
of Ey. These results suggest that the integrated strategy of computational biology, genomics, and genetics is a
powerful approach to identify direct downstream targets for any transcription factor genome-wide.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been

submitted to GEO under accession no. GSE4008.]

Transcriptional regulation plays a key role in complex biological
processes such as development. This occurs when combinations
of nuclear transcription factors (TFs) acting with the nuclear ef-
fectors of signal transduction pathways bind DNA to activate and
repress target genes. The structure of most gene regulatory net-
works is highly complex and often involves cooperative interac-
tions and feedback regulation. While genetic dissection of such
networks has been very productive, the discovery of direct targets
of TFs remains largely underexplored, due mostly to technical
limitations. Techniques to discover direct targets of TFs on a ge-
nomic scale include gene expression profiling using microarrays
(Tavazoie et al. 1999), in silico prediction of binding sites (Halfon
et al. 2002), and direct chromatin profiling (Ren et al. 2000).
However, microarray analysis is limited by an inability to distin-
guish direct targets of TFs from indirect targets; in silico predic-
tion of binding sites is limited by poor characterization of most
TF binding sequences and by lack of experimental confirmation
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of most TF binding events in vivo; and direct chromatin profiling
using techniques such as chromatin immunoprecipitation with
microarray detection (ChIP-on-chip) is still technically challeng-
ing and cannot be easily applied to all TFs in all tissues.

A combination of microarrays and in silico binding site pre-
diction is a very promising approach to identifying direct targets
of TFs. For example, a previous study used a combination of these
two techniques to perform a genome-wide prediction of direct
targets of Drosophila Dorsal (D]) (Stathopoulos and Levine 2002).
However, as performed, such studies have been limited to a few
well-characterized TFs, such as DI, whose binding site consensus
sequence is well defined with many targets previously identified
(Stathopoulos and Levine 2002). Moreover, the structure of these
regulatory modules is relatively clear with binding sites from
multiple TFs positioned within a small window (Berman et al.
2002). In contrast, it remains a great challenge to identify direct
targets of TFs for which binding site consensus sequences and
cofactors are either not known or poorly defined. We report sev-
eral improvements to this multi-pronged approach that now al-
lows genome-wide discovery of potential direct targets for TFs
with degenerate and/or poorly characterized binding sites. These
improvements are demonstrated through a genome-wide discov-
ery of the direct targets of Eyeless (Ey), whose direct downstream
targets are largely unknown.
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Direct targets of the Drosophila protein Eyeless

ey is a key regulator of Drosophila eye development from its
earliest stages in embryogenesis, where a group of about 20 cells
is partitioned into an eye primordium (Garcia-Bellido and Mer-
riam 1969; Halder et al. 1995; 1998; Loosli et al. 1998). During
larval development, these cells develop into an epithelial mono-
layer called the eye imaginal disc. After a proliferative stage in
which the eye disc is undifferentiated and unpatterned, an in-
dentation in the epithelium, the morphogenetic furrow (MF),
sweeps anteriorly across the eye disc for two days during late
larval and early pupal development, leaving differentiated om-
matidial cells in its wake (Ready et al. 1976; Wolff and Ready
1993). Immediately anterior to the furrow, retinal cell fate is ir-
reversibly established in a process termed retinal determination.
Genes involved in retinal determination share many similar fea-
tures: Loss-of-function mutations cause an early block in eye de-
velopment; misexpression of these genes can induce the entire
cascade of eye development in other imaginal discs; and these
genes are expressed early and anterior to the MF in the eye imagi-
nal disc (for review, see Pappu and Mardon 2004). So far, seven
retinal determination (RD) genes have been identified: toy, ey,
eyes absent (eya), sine oculis (s0), dachshund (dac), Optix, and
eye gone (eyg) (Bonini et al. 1993; Cheyette et al. 1994; Mardon
et al. 1994; Loosli et al. 1998; Czerny et al. 1999; Seimiya and
Gehring 2000; Jang et al. 2003). Encoding proteins that function
in multiple complexes, these genes form a genetic network that
controls the specification and determination stages of retinal de-
velopment (Akimaru et al. 1997; Pignoni et al. 1997). At the top
of this network are the two Pax6 homologs in Drosophila, toy and
ey (Fig. 1A).

ey encodes a TF containing two conserved DNA binding do-
mains, the homeodomain (HD) and the paired domain (PD)
(Dahl et al. 1997). Despite its involvement in many stages of
retinal development, the only direct target of Ey identified to
date is so, which is coordinately regulated by both Ey and Toy
(Czerny et al. 1999; Hauck et al. 1999; Niimi et al. 1999; Punzo et
al. 2002, 2004). Since ey mutants cannot be rescued by so and
ectopic so expression is not sufficient to induce ectopic eye for-
mation or expression of other RD genes, additional targets of ey
must exist (Pignoni et al. 1997; Halder et al. 1998). Thus, to gain
a full understanding of ey function, it is essential to identify these
additional targets. We have designed a novel approach to iden-
tify Ey targets genome-wide using a combination of gene expres-
sion profiling, comparative genomics, and in silico binding site
prediction (Fig. 1B). First, genes that are up-regulated by ectopic
expression of ey were identified using microarrays to profile gene
expression in three different tissues. Only genes consistently up-
regulated in all three tissues were selected as potential targets of
ey. Second, microarray-based genetic epistasis experiments were
conducted to identify genes immediately downstream of ey by
repeating expression profiling in an atonal (ato) mutant back-
ground. Only those genes induced by ey even in the absence of
ato function were retained. In parallel, potential Ey binding sites
in the Drosophila genome were identified using in silico methods.
To overcome the limitation of only three previously identified Ey
binding sites being available, phylogenetic shadowing of these
Ey binding sites in closely related Drosophila species was used to
produce a Drosophila Ey position weight matrix (PWM) (Epstein
et al. 1994; Niimi et al. 1999; Punzo et al. 2002). Based on this
new PWM, potential Ey binding sites were identified genome-
wide. By intersecting these data with potential targets identified
through microarray analyses, we identified three novel direct tar-
gets of Ey: eya, Optix, and shf, which were confirmed using both
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|
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}

reporter analysis

Figure 1. Strategy to find direct targets of Ey. (A) The Drosophila retinal
determination network. Retinal cell fate is established by an interregula-
tory network of conserved nuclear factors. toy induces ey, which induces
so and eya, which induce dac. This pathway receives input from secreted
signals from the hh and dpp pathways, which promote retinal determi-
nation, and the wg pathway that inhibits it. Several other genes are
necessary and/or sufficient for eye development, including Optix and
eyegone (eyg). These factors establish competency for the next stage of
development, photoreceptor differentiation, whose first step, R8 recruit-
ment, requires genes such as ato and sens. (B) Genes that upregulated by
ey were identified by conducting microarray analysis of wild-type versus
dpp-GAL4/UAS-ey discs. Quantitative real-time RT-PCR and hand curation
through comparison to online databases were used to evaluate the re-
sults. We searched for possible Ey binding sites in this list of 188 genes,
identifying 20 putative direct targets. Expression pattern and response to
ey was examined by in situ hybridization and RT-PCR. In vitro Ey binding
was tested by EMSAs. Reporter analysis of fragments containing identified
Ey binding sites was used to test their function in vivo.

in vitro and in vivo methods. Reiteration of this in silico predic-
tion process together with comparative genomics of seven Dro-
sophila species yields a final list of 20 genes that are likely to be
true targets of Ey during retinal development in Drosophila. This
rapid and efficient discovery of new direct targets of Ey genome-
wide demonstrates the utility of this approach and adds signifi-
cantly to our knowledge of early eye development. It also shows
that a combinatorial approach using microarray epistasis, PWM
construction through phylogenetic shadowing, and comparative
genomics can allow circumvention of the problems inherent in
searching for direct targets of a TF with a degenerate or poorly
characterized binding site.

Results

Even though Eyeless has been known as a critical regulator of
early retinal development for more than a decade, only one di-
rect target, so, has been confirmed (Niimi et al. 1999). However,
since so expression is not sufficient to rescue the ey mutant phe-
notype or to induce ectopic eye formation or expression of other
RD genes, additional targets of ey must exist. One striking feature
of ey is that it is sufficient to induce ectopic eye formation in
other imaginal discs. Therefore, direct targets of Ey relevant to
normal eye development should be ectopically induced where ey
is misexpressed. Taking advantage of this feature, we first iden-
tified genes that are up-regulated by ey in other imaginal tissues
using gene expression microarray technology.
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Identification of 300 ey-induced, eye-enriched genes
by microarray analysis

To identify genes responsive to ey, we determined the gene ex-
pression profiles in wild-type and ectopic dpp-GAL4/UAS-ey
(dpp>ey) leg, wing, and antennal discs and identified genes that
are consistently induced by ey in all three tissues. Intersecting the
gene expression profiles of three distinct tissues reduces the false
positive rate of our screen as compared with previous studies that
examined only one tissue (Michaut et al. 2003). A total of 956
genes are identified when an average of twofold induction and a
false discovery rate of 0.001 are used as cutoffs (Klipper-Aurbach
etal. 1995; Storey and Tibshirani 2003). As in previous studies, to
identify genes with specific roles during retinal development, we
compared this list with genes identified by microarray analysis of
wild-type eye discs (Michaut et al. 2003). Genes that are not
expressed in wild-type eye discs or with a lower expression level
in wild-type eye discs than in wild-type wing, leg, and antennal
discs were also treated as false positives. As a result, we generated
a list of 300 candidate genes that are likely to act downstream of
ey and play specific roles during Drosophila retinal development
(Supplemental Table 1). Both direct and indirect ey targets are
expected to be included in this list.

Arranging potential ey targets by microarray epistasis
experiments

Based on the current model of Drosophila retinal development
(Fig. 1A), we reasoned that genes dependent on atonal (ato) for
expression are involved in processes occurring after retinal speci-
fication and determination and are thus likely to be indirect tar-
gets. Indeed, RD genes are still expressed in afo discs, while many
genes known to be associated with retinal differentiation includ-
ing sevenless, glass, and senseless, are greatly reduced or absent
(data not shown; Jarman et al. 1994; Frankfort et al. 2001). We
therefore repeated our microarray studies in the absence of ato
function, where all photoreceptor differentiation is blocked.

To identify genes upstream of ato but downstream of ey, we
first compared the expression profiles of wild-type and ato mu-
tant eye discs that were dissected and separated from antennal
discs. Among the 300 ey-responsive, eye-enriched genes identi-
fied, expression of 178 genes is significantly reduced in ato mu-
tant eye discs, suggesting that these genes are downstream of ato
and are likely to be indirect targets of ey. Since genes functioning
both anterior and posterior to the furrow may be reduced in ato
mutant eye discs, we also examined the gene expression profiles
of ato mutant leg discs containing ectopic ey driven by dpp-GALA4.
ey induction of 129 genes in the leg disc is abolished in an ato
mutant background. These two sets overlap by a total of 112
genes (P-value of 1e-12 by x? test), indicating changes in the gene
expression profiles are very similar between ato mutant eye discs
and leg discs with ectopic ey expression in an afo mutant back-
ground. Significant changes in expression of the known RD
genes are not detected in these microarray experiments, consis-
tent with a genetic model where these genes act upstream of ato.
Thus, we filtered 112 of 300 genes, producing a list of 188 ey-
induced, eye-enriched, ato-independent genes (Supplemental
Table 1).

Two methods were used to validate the microarray results.
First, manual inspection of the list of 188 genes identified was
compared with the literature. Consistent with the current model
of the retinal determination pathway, many early retinal devel-
opment genes, such as eya, so, Optix, and ato, are significantly

upregulated. Overall, 24 genes known to be required or expressed
in the eye are found on our list of 188 genes. As an experimental
confirmation, real-time RT-PCR was conducted to test induction
by ey misexpression. We randomly selected 85 novel genes and
tested their mRNA levels in wild-type and ectopic ey leg discs.
Results consistent with microarray analysis were obtained for 74
of these genes, suggesting that at least 87% of the 188 ey-induced
genes are actual direct or indirect targets (data not shown).

Construction of a Drosophila Ey PWM for in silico Ey binding
site prediction

There are several reasons that identification of direct downstream
targets of Ey via expression profiling alone is unlikely to succeed.
These include nonspecific probe hybridization and ectopic ex-
pression-mediated changes in biological processes other than
retinal development. We sought to overcome these limitations
by employing in silico methods that use data sets entirely inde-
pendent from those used for expression profiling. To do so, we
searched for direct downstream targets of Ey in our list by iden-
tifying nearby binding site consensus sequences. While this ap-
proach is also limited by a high false-positive rate caused by bind-
ing site degeneracy and low information content of most binding
sites, we found that the specificity of computational methods can
be greatly improved by combining them with experimental ex-
pression profiling data.

A well-established approach to identify TF binding sites is to
scan the genome with a site represented by a PWM (Stormo et al.
1982). Our first task was to determine an appropriate PWM for
the Ey binding site. Generally, a large collection of binding sites
(20 or more) is necessary to obtain an appropriate PWM. Unfor-
tunately, only three Ey binding sites have been discovered and
validated in the Drosophila genome, all of which are in an eye-
specific enhancer of so (Niimi et al. 1999; Punzo et al. 2002). As
these three sites alone are not sufficient to construct a proper
PWM, we turned to the PWM of the human PAX6 paired do-
main, which was obtained through in vitro oligonucleotide se-
lection (Epstein et al. 1994). However, when the human PAX6
PWM (Fig. 2B) is used to screen the Drosophila genome, relatively
low scores are obtained for all three Ey binding sites in the so
eye-specific enhancer. This could reflect either amino acid differ-
ences between Drosophila Ey and human PAX6 or bias in the in
vitro method used to construct the PWM for human PAX6.

To overcome this problem, we modified the human PAX6
PWM using the known Drosophila binding sites as a guide. Since
bases that are critical for binding are under negative selection
and change more slowly than other bases in a binding site, we
used phylogenetic shadowing to refine the PWM (Boffelli et al.
2003). We determined the sequence of the so eye enhancer from
seven additional Drosophila species that span an evolutionary
distance of about 35 million years (Tamura et al. 2004). When
aligned, we found that all three Ey binding sites are highly con-
served (Fig. 2A and Supplemental data). Bases at positions 5, 9,
11, 13, and 14 are almost identical in all sites and all species
and have similar base preferences as human PAX6 binding
sites. In contrast, although positions 2, 4, 6, and 7 in the human
PAX6 PWM are highly constrained, most or all bases are ob-
served at these positions in Drosophila species (Fig. 2C). Thus,
we changed the PAX6 matrix at these positions to reflect the
reduced constraint. As expected, the resulting PWM produced
greatly improved scores for all three Ey sites in the so en-
hancer.
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corresponding sequences for each puta-
tive melanogaster Ey binding site in pseu-
doobscura. Sites were considered con-
served if the corresponding pseudoob-
scura site scored 9.6 or higher. Genes
were ranked by summation of all con-
served binding site scores in melanogas-
ter and pseudoobscura (data not shown).
Strikingly, four out of the seven known
RD genes (toy, so, eya, and Optix) are
among the top-ranked genes with the
sole known target of ey, so, ranking
highest. We chose to further test two
genes with no characterized role in eye
development, shf and VhaPPAI-1, and
two known RD genes that had not pre-
viously been characterized as direct tar-
gets of Ey, eyes absent (eya) and Optix.
shf encodes a Drosophila homolog of

Wnt-inhibitory factor-1 (WIF-1) and has

recently been shown to be necessary for
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extracellular transport of Hedgehog
i (Hh) (Hsieh et al. 1999; Glise et al. 2005;
% Gorfinkiel et al. 2005). VhaPPAI-1 is a

member of a multigene family encoding
a Drosophila vacuolar ATPase (Dow
1999). Optix is the Drosophila homolog
of vertebrate Six3, encodes a Six-class
homeodomain protein, and is a paralog

Figure 2. Sequence conservation of Ey binding sites in the so70 eye enhancer. (A) Sequence align-
ment of three Ey binding sites from eight Drosophila species. Positions 5, 9, 11, 13, and 14 (highlighted
in boxes) are almost identical across all Drosophila species. (B) The human PAX6 position weight matrix
(PWM) is represented by a logo, where nucleotide preference is represented by the height of the letter.
This was combined with the so binding site data to build an Ey PWM, shown by the logo in C. (D)
Optimized Ey PWM based on new Ey binding sites identified in this report. (Dm) D. melanogaster, (Dsi)
D. simulans, (Dt) D. teisseri, (Dy) D. yakuba, (De) D. erecta, (Da) D. ananassae, (Dse) D. sechelia, (Dp) D.

pseudoobscura.

Combining in silico and microarray data to identify novel
direct Ey targets

The PWM obtained above was used to score all 14 mers within 1
kb of each gene in the list of 188 genes produced by microarray
analysis. To estimate the P-value of a score, a random sequence
was generated using a Sth-order Markov Model and scanned with
the same PWM (Lawrence 1989). Based on the score distribution
of the random sequence, sites with a score of 9.6 have a P-value
of 0.00005. Since one of the weakest Ey binding sites in the so
eye-specific enhancer scores at 9.6, this cutoff was used to ex-
clude other sites from further analysis. To improve the accuracy
of this method, we first filtered out sites in repetitive regions or
within exons based on the Drosophila genome annotation. Sec-
ond, comparative genomics was used to assess conservation of
putative binding sites, as true cis-regulatory elements may tend to
be more conserved due to functional constraint. As shown in
Figure 24, all three Ey binding sites in the so eye enhancer are
highly conserved from Drosophila melanogaster to pseudoobscura.
We examined other putative Ey sites by comparing melanogaster
with pseudoobscura using the BLASTZ program (Elnitski et al.
2003). Low-quality alignment blocks were excluded to identify
the best matches in pseudoobscura using the melanogaster genome
as a reference. The filtered alignment was then used to identify

of sine oculis (Toy et al. 1998). eya en-
codes the only member of a novel class
of phosphatases and has been shown to
bind to Dac and So (Chen et al. 1997;
Pignoni et al. 1997; Rayapureddi et al.
2003; Tootle et al. 2003). These four
genes were tested for direct Ey regula-
tion by electrophoretic mobility shift as-
says (EMSAs) and reporter analysis.

First, in situ hybridization was used to determine the expres-
sion patterns of shf and Optix in wild-type eye discs and in re-
sponse to ectopic ey in dpp>ey antennal discs. shf is expressed at
the anterior margin of the eye disc and in scattered cells posterior
to the morphogenetic furrow (Fig. 3A). Optix shows strong ex-
pression anterior to the morphogenetic furrow (Fig. 3C). Both
genes are markedly induced in the ventral antennal dpp expres-
sion domain in dpp>ey discs (Fig. 3B,D). These data indicate that
shf and Optix are expressed in the wild-type eye and are respon-
sive to ectopic ey. Previous studies have already shown eye disc
expression and induction by ectopic ey for eya and eye disc ex-
pression for Optix (Bonini et al. 1993; Halder et al. 1998; Seimiya
and Gehring 2000).

Second, we performed EMSAs to test whether the predicted
Ey binding sites are bound by Ey in vitro. Four sites are predicted
in eya, three in Optix, two in shf, and one in VhaPPAI-1 (Fig. 4).
Seven of these ten sites showed a shift in EMSAs by reticulocyte-
expressed full-length Ey: two eya sites, two Optix sites, the
VhaPPA1-1 site, and both shifted sites (Fig. 5), while one pre-
dicted site in Optix (Optix1) and two predicted sites in eya do not
shift (eyal and eya4) (data not shown). Two sites in the so10
enhancer were also tested as positive controls and both show a
shift by Ey in EMSAs (Niimi et al. 1999). The efficacy of binding
among these nine sites differs, with eya2, shf2, Optix2, Optix3,
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Figure 3. In situ hybridizations on predicted direct targets of Ey. (4,B)
shf probe on wild-type (A) and dpp-GAL4/UAS-ey (B) eye-antennal discs.
shf is expressed at the anterior margin of the disc and in scattered cells
posterior to the morphogenetic furrow. (C,D) Optix probe on wild-type
(C) and dpp-GAL4/UAS-ey (D) eye-antennal discs. Optix is expressed an-
terior to the morphogenetic furrow. Arrowheads in A and C indicate
endogenous expression; arrows in B and D indicate up-regulation of ex-
pression in the ventral dpp expression domain of the antennal disc.
(dpp>ey) dpp-GAL4/UAS-ey.

wild-type

dpp>ey

and so3 shifting strongly and Vhal (from VhaPPA1-1), shfl, sol,
and eya3 shifting more weakly. Comparing sequences from sites
that shifted by Ey, the only unchanged base is at position 13
(Supplemental data). In addition, bases at position 5,9, 11 and 14
are almost identical with only one substitution observed. Base
substitution at these positions abolishes Ey binding to the oligo,
further supporting the importance of these bases.

Finally, the ability of predicted Ey binding sites in these four
genes to function as Ey-responsive enhancer elements in vivo
was tested. If these Ey binding sites are active in vivo, DNA en-
compassing these sites should drive reporter gene expression in
the eye disc and respond to ectopic ey expression. We designed
~1.5 kb constructs containing the sites and nearby conserved
noncoding sequences identified by comparison with the D. pseu-
doobscura genome. These sequences were inserted into reporter
constructs and tested for their ability to drive gene expression in
vivo. The Optix2 and Optix3 binding sites are close enough to-
gether to be included in one reporter construct. Significantly,
constructs containing the shf1 or the Optix2/3 binding sites drive
GFP expression in the third instar larval eye disc anterior to the
furrow where ey is normally expressed and are strongly induced
by ectopic ey expression (Fig. 6). The shfl reporter drives GFP
expression along the lateral margins of the wild-type eye disc
anterior to the furrow (Fig. 6A). It also drives expression near the
anterior/posterior (A/P) boundary of the wing disc and in the
antennal and leg discs (Fig. 6A,B, and data not shown). To test if
this expression is under the control of ey, GFP expression was also
examined in a dpp>ey background. The shf1 reporter is strongly
induced in the dpp expression domains of the wing, leg, haltere,
and antennal discs (Fig. 6C and data not shown). Similarly, the

Optix2/3 reporter is also sufficient to drive reporter gene expres-
sion anterior to the furrow where Optix is normally expressed
(Fig. 6D). No expression is seen in any other larval tissue (a wing
disc is shown in Fig. 6E). Like shf1, Optix2/3 is also strongly in-
duced by ectopic ey expression in all imaginal discs (Fig. 6F; data
not shown). For eya2, eya3, shf2, Vhal, and Optix1, no activity is
seen in the wild-type eye disc. However, the eya3 reporter is in-
duced in dpp>ey discs (data not shown), suggesting that this Ey
binding site is functional as well. Consistent with the EMSA re-
sults, reporter constructs for shfl, eya3, and Optix2-3 with Ey
binding sites mutated fail to respond to ey induction in vivo (data
not shown). Therefore, our initial in vitro and in vivo analyses
strongly suggest that at least three of the four predicted ey targets,
eya, Optix, and shf, are under the direct control of Ey through the
predicted Ey binding sites in vivo.

Genome-wide prediction of Ey direct targets

With the identification of six additional Ey binding sites based
on EMSAs and in vivo reporter assays (eva3, Optix2/3, shfl/2,
Vhal), we sought to optimize the PWM of Ey further. Corre-
sponding binding site sequences of these confirmed Ey binding
sites in melanogaster were identified in six other fly species using
the genomic sequences generated from the Drosophila genome
project. Sequences from a total of 66 binding sites were obtained
to generate a new PWM (Fig. 2D). The new PWM was used to
score binding sites that have been tested above and while the
score of sites that are bound by Ey have been improved, all three
sites that failed to be shifted by Ey have scores below the cutoff
of 9.6 (data not shown), suggesting that the new PWM is indeed
more optimal.

Using the new PWM, we scanned the entire Drosophila ge-
nome and identified 5773 sites that score 9.6 or higher. To reduce
false positive predictions, conservation of these putative sites was
examined in seven fly species and the conservation score of each
site was calculated. To determine the cutoff value of the conser-
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Figure 4. The genomic loci of eya (A), Optix (B), shf (C), and
VhaPPA1-1 (D). Ey binding sites shown to bind Ey by EMSAs are shown
as grey ovals, predicted binding sites that did not bind Ey as open ovals.
Reporter fragments responsive to Ey are shown as gray bars. In the tran-
scribed regions, untranslated sequence is shown as white boxes and the
coding region is shown in gray. The shfl and Optix2/3 reporters are
expressed in the third instar eye disc and are induced by ectopic ey; the
eya3 reporter is only induced by ectopic ey. In A, a previously described
322-bp eye enhancer is indicated by a black bar.
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Figure 5. Electromobility shift assays with reticulocyte-expressed Ey
protein on 30-bp double-stranded oligonucleotides containing predicted
wild-type or mutated Ey binding sites. Sites are from so (A,B), VhaPPAT-1
(C), shf (D,E), Optix (F,G), and eya (H,l). Both wild-type and mutated
oligonucleotides were tested for binding to Ey. Four experiments were
conducted with each probe with the first two lanes as negative controls.
In vitro synthesized Ey was incubated with the probe as shown in the
third lane. The binding is Ey specific since addition of polyclonal anti-
Eyeless serum abolished the binding as shown in the fourth lane. Wild-
type oligonucleotides were bound by Ey protein while mutated binding
sites were not. (wt) Wild-type oligonucleotide, (mut) mutated oligo-
nucleotide, (free) free probe alone, (retic) reticulocyte lysate with no
plasmid, (Ey) reticulocyte-expressed Ey protein, (a-Ey) Ey protein with
polyclonal anti-Eyeless serum added. Open arrowhead indicates specific
gel shift; filled arrowheads indicate nonspecific binding.

vation score, we mapped all 5773 binding sites to individual
genes and two types of putative sites were obtained. Sites mapped
within genes that do not respond to ectopic ey are grouped into
the negative set while sites mapped within the 188 genes that are
induced by ey independent of ato are grouped into the positive
set. Based on the hypothesis that true binding sites should closely
resemble the new PWM and tend to be more conserved across the
fly species, each putative binding site was classified based on the
score of its melanogaster sequence and its conservation score. A
linear classifier that maximizes the separation of the positive and
negative training sets was obtained through logistic regression
(Fig. 7) and sites that have positive predicted score are considered
potential true binding sites. Among the 188 genes, a total of 20
genes containing 22 putative Ey binding sites were identified as
potential Ey direct targets (Table 1). Among this list, all four
targets of Ey are included and rank at the top. In addition, genes
that are involved in axon guidance and synapse formation are

identified. Finally, many novel genes are in this list and further
studies of their function will likely provide further insights con-
cerning the molecular mechanism of ey function during retinal
development.

Discussion

We have used a combinatorial approach using microarrays and
in silico binding site prediction to identify 20 putative direct
targets of the Drosophila Pax6 homolog Ey. To increase specificity
in our microarray analysis, we only considered genes induced by
ey in multiple tissues and that are expressed independently of ato.
For in silico prediction, an Ey PWM was constructed by phylo-
genetic shadowing and then used to identify three novel Ey di-
rect targets, eyes absent, Optix, and shifted, which were con-
firmed using in situ hybridization, gel shift assays, and reporter
analysis. Further optimization of the Ey PWM by phylogenetic
shadowing on these novel Ey binding sites allows us to identify
potential Ey binding sites genome-wide, whose specificity is fur-
ther improved through comparative genomics. Intersection of
the in silico prediction with ey downstream genes identified from
microarray experiments reveals a short list of 20 genes as Ey di-
rect targets, providing the basis for further functional studies.

Combination of microarray analysis and genetic epistasis
yields a short list of downstream targets

Microarray analysis is a powerful method to obtain expression
profiles of all genes in the genome in a single experiment. How-
ever, the major challenge of this approach is to distinguish genes
that play specific roles in a process of interest versus background
noise. To minimize nonspecific genes, we tested gene expression
in three different tissues and only genes that are consistently
induced by ey were considered further. As a result, our microarray
experiments yielded a set of consistent, reproducible data in con-
currence with previous knowledge of the retinal determination
pathway. Our data set apparently does not share some of the
inconsistencies found in a previous study (Michaut et al. 2003).
Most significantly, our list contains the RD genes foy, eya, so, and
Optix, where the previous study identified only eya (among RD
genes) as up-regulated by ey. For novel genes identified from
microarray experiments that have been tested, at least 87% could
be independently verified using real-time quantitative RT-PCR.
This estimation is likely to be conservative since RT-PCR verifi-
cation was performed using only the leg disc sample pair. Among
the 11 genes with negative results, three of them are relatively
weakly induced in leg discs but are strongly induced in antennal
and wing discs based on microarray data. In addition, five genes
failed for the RT-PCR reaction probably due to primers. Addi-
tional RT-PCR tests and/or other methods such as disc in situs
can be used to further examine these genes. While our analysis
excludes genes with high levels of endogenous expression in all
other imaginal discs, it is likely that our list of eye-enriched,
ey-induced genes accounts for a significant fraction of genes im-
portant in early eye development.

The combination of microarrays and genetic epistasis analy-
sis is another powerful approach that was used to rapidly refine
our list using current models of eye development as a guide.
Using ato mutant discs with and without ectopic ey, we selected
genes that are active prior to photoreceptor differentiation,
which reduced the number of potential ey targets to 188. These
epistasis experiments represent a powerful tool for refining the
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shf1

Optix2/3

l lation by numerous TFs, in silico predic-
tion can be adapted to find putative en-

wild-type

dpp>ey

merge
Figure 6.

wild-type background. Arrows in C and F indicate ectopic induction.

vast amounts of data arising from microarray experiments by
allowing a rapid subdivision of genetic pathways into distinct
levels. This technique is widely applicable to many developmen-
tal systems and can be used to discover coregulated gene groups
and interregulated genetic networks on a genomic scale rapidly.

Genome-wide identification of putative Ey binding site
in Drosophila

To identify direct Ey targets, we used independent data from
computational genomics to predict possible Ey binding sites in
Drosophila genome. We first used phylogenetic shadowing to
build an Ey PWM that was then used to identify putative Ey
binding sites in the melanogaster genome. Although our PWM is
based on only three sites found in the so10 enhancer, its accuracy
is greatly improved using phylogenetic shadowing. Through
EMSAs, we tested 10 predicted binding sites in four loci and found
that seven of the 10 are indeed bound by Ey. Therefore, we be-
lieve that phylogenetic shadowing is a widely applicable tech-
nique for expanding a pool of TF binding sites, especially to
facilitate rapid construction of PWMs for other TFs where only a
few sites are known. The genomes of close relatives of many
relevant model organisms are being sequenced and much of the
data required to perform binding site shadowing is already pub-
licly available. Using these data, robust PWMs for accurate TF
binding site discovery can be readily constructed even if one
starts with only a few characterized binding sites. Furthermore,
since transcriptional control often depends on coordinate regu-

.. merge “erge
merge .

In vivo reporter activity of Ey binding sites from shf and Optix. a-GFP is shown in green;
a-Dac is shown in magenta in all panels. (A) A construct containing an Ey binding site in shf drives GFP
in the eye disc anterior to the morphogenetic furrow. This construct also drives expression in the
antennal disc, near the anterior/posterior (A/P) compartment boundary of the wing disc (B), and in the
leg disc (not shown). A merge of A and B is shown in C. In a dpp-GAL4/UAS-ey background, the shf1
reporter is strongly induced throughout the dpp expression domain along the A/P boundary of the
wing disc. (D) A construct containing the Optix2 and Optix3 binding sites (Optix2/3) expresses strongly
throughout the eye disc and in no other imaginal tissues examined (a wing disc is shown in E). Optix2/3
is also strongly induced in the wing disc throughout the dpp expression domain of dpp-GAL4/UAS-ey
animals. A merge of D and E is shown in F. Arrowheads in A and B indicate reporter activity in a

hancers containing clusters of predicted
d binding sites. This approach has already

been used to find enhancers in systems
with well-characterized multi-factorial
regulation (e.g., Berman et al. 2002;
Markstein and Levine 2002; Zhu et al.
2002; Schroeder et al. 2004). Phyloge-
netic shadowing to build PWMs will im-
prove this characterization and open
new fields to these kinds of analyses. Fi-
nally, such in silico binding site identi-
fication can be iterated efficiently. Tak-
ing advantage of the newly identified Ey
binding sites in our report, a revised Ey
PWM was built. The specificity in pre-
dicting true Ey binding sites is clearly
improved using the new PWM with
scores of all four Ey false-positive sites
predicted using the first Ey PWM falling
below the new cutoff.

Comparative genomics is another
powerful tool to refine binding site pre-
diction further. Based on recently se-
quenced fly genomes, conservation
scores of all 5773 predicted Ey binding
sites were calculated. Using a linear clas-
sifier obtained from training sets, the to-
tal number of potential sites is reduced
to 1265 without excluding most of the
confirmed Ey binding sites. The accu-
racy may be further improved when se-
quences from additional fly species be-
come available. One limitation of a
comparative genomics approach is that many regions are con-
served due to insufficient separation among species, resulting in
over prediction. This limitation can be largely overcome by com-
bining with other types of data, such as microarray data, as dem-
onstrated in this report. Another limitation of a comparative ge-
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Figure 7. Classification of putative Ey binding sites based on the score
in melanogaster and their conservation score. Black circles represent sites
that fall within genes not induced by ey (negative set) whereas red circles
represent sites that fall within ey induced genes (positive set). Blue circles
are known Ey binding sites. A line is obtained using logistic regression and
sites above the line are considered true binding sites.
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Table 1. Twenty predicted direct targets of Ey

Raw
Gene Full name and description score
eya eyes absent: RD gene 3.39
50 sine oculis: RD gene 2.88
Optix Optix: RD gene 2.38
ey eyeless: RD gene 1.73
VhaPPA1-1 VhaPPA1-1: V-ATPase component 0.92
shf shifted: hh/wg signaling 0.90
CG6707 Novel 0.86
CG11206 Novel 0.78
CG7686 Novel 0.62
CG1794 Mmp2: organ remodeling 0.60
CG31666 Novel 0.57
Sytlv Synaptotagmin IV: synaptic vesicle 0.48
CG9134 Novel 0.40
CG9027 Novel 0.26
kkv krotzkopf verkehrt: Malpighian 0.21

tubule morphogenesis

CG32677 Novel 0.21
drongo drongo: nucleotide transporter 0.16
CG14275 Novel 0.14
Beat-Illc Beat-lllc: axon guidance 0.12
CG32521 Novel 0.02

Genes identified by microarray analysis were filtered by searching for
conserved noncoding predicted Ey binding sites. These are ranked by
predicted score obtained from logistic linear regression over PWM scores
of predicted binding sites in melanogaster and its conservation score in
other six fly species. Of the 20, four Ey direct targets that were identified
previously (so) and in this report are included and rank high in the list.

nomics approach is the difficultly obtaining accurate sequence
alignments, especially among highly diverged species. With the
continuing reduction of sequencing costs, it is reasonable to ex-
pect that this problem could be overcome by sequencing many
relatively closely related species in the near future. Therefore, we
believe comparative genomics will play an increasingly impor-
tant role in TF binding site prediction not only in Drosophila but
in other model systems as well.

Combinatorial approach to generate a short list of interesting
genes with high accuracy

The intersection of gene expression profiling and Ey binding site
prediction yield a list of 20 potential Ey targets. This list is likely
to be enriched by important primary targets crucial for specifying
retinal cell fate and the first developmental steps associated with
that decision. Consistent with this idea, among the list, eight
putative direct targets of ey have previously characterized eye
function or expression. In addition, EMSAs and reporter analysis
based on predicted binding sites were used to test four candidate
loci, including two RD genes (eya and optix) and two novel genes
(shf and VhaPPI). We show that the three genes (eya, Optix, and
shf) are direct targets of Ey. We also show that the Ey binding
sites of Optix and shf are located in functional ey-responsive eye
enhancers. Another construct that contains a putative Ey bind-
ing site in the eya locus, eya3, does not drive reporter expression
in the eye disc but is induced by ectopic ey. Since the reporter
constructs were designed based only on the location of the pre-
dicted Ey binding sites and any nearby conserved noncoding
sequence, it is possible that other relevant regulatory regions
were not included. This is likely to explain why the shfl and
Optix2/3 reporters do not completely recapitulate the expression
patterns seen by in situ hybridization (Seimiya and Gehring
2000; Glise et al. 2005; Gorfinkiel et al. 2005). However, our

current predicted list is unlikely to be perfect. For example, no
enhancer activity has been observed with the Vhappl reporter,
raising the possibility that it is a false prediction. In addition, it is
also worth noting that the current list is unlikely to be complete
due to the limited number of known Ey binding sites identified
thus far and the arbitrary cutoff criteria we used in the screening
process. Fortunately, the reiterating combinatorial approach de-
scribed here will continue to optimize the Ey PWM as newly
identified Ey binding sites and further accumulation of genomic
sequences from additional closely related species are incorpo-
rated, resulting in an increasingly more accurate list of Ey targets.

Since ey is both necessary and sufficient for the formation of
a complete and properly constructed eye, a process that requires
as many as 3000 genes, it is likely that Ey has dozens of direct
targets, as its expression initiates a cascade impacting virtually all
areas of cellular function (Thaker and Kankel 1992). Indeed,
based on the function of our candidate genes, it suggests possible
roles of ey in morphogenesis (Mmp2), synapse formation and
axon guidance (SyflV, Beatlll-C), and other signaling cascades
(shf). These correspond well to the morphologic and cell-fate
changes associated with retinal determination and entry into the
morphogenetic furrow. The pleiotropy uncovered in this study
for Drosophila Eyeless mirrors the diverse functions of the char-
acterized targets of vertebrate PAX6, which include TFs, cytoskel-
etal components, and lens crystallins (Marquardt et al. 2001; Re-
naud and Simpson 2002). Further studies of these targets will
shed light on the molecular mechanism of how ey regulates the
RD network to establish retinal cell fate by regulating multiple
processes necessary for creating an eye disc permissive for retinal
cell differentiation.

In summary, our approach has wide implications for the
discovery of direct downstream targets of TFs. Similar microarray
experiments can be conducted with any TF for which it is pos-
sible to acquire mutant tissue or tissue in which it is overex-
pressed. For partially dissected genetic pathways, additional mu-
tants can be combined with ectopic overexpression to conduct
microarray epistasis experiments. For building a PWM using ge-
nomic shadowing, only a few binding sites are needed now that
genome projects are contributing the sequence of many closely
related species. Putative sites can be efficiently ranked by conser-
vation by comparing the genomic sequences from a large num-
ber of closely related species, making this approach applicable
even for TFs with degenerate binding sites that occur thousands
of times throughout the genome. Therefore, this combination of
approaches can reduce the high false positive rate inherent with
individual techniques, producing a rapid and accurate method-
ology for discovery of direct targets of TFs.

Methods

RNA sample preparation and hybridization

Leg, wing, and antennal discs of Canton S, w; dpp-GAL4/UAS-ey,
w; ato', w; UAS-ey/+; ato! dpp-GAL4/ato' and eye discs of w; ato’
and Canton S were dissected in phosphate buffered saline (PBS)
at pH 6.8 and placed directly into Trizol reagent (Invitrogen) on
ice. Eye discs were separated from antennal discs using tungsten
needles. Approximately 80 leg or eye discs, 100 antennal discs, or
60 wing discs were used per independent sample. Three indepen-
dent samples were used for each genotype. Total RNA was ex-
tracted from the discs in Trizol using the manufacturer’s protocol
and purified using the RNeasy MinElute kit (Qiagen). cDNA syn-
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thesis was carried out as described in the Expression Analysis
Technical Manual (Affymetrix, two-cycle protocol) using 100 ng
of total RNA for each sample. The cRNA reactions were carried
out using the BioArray High-Yield Transcript Labeling kit (Enzo).
Fifteen micrograms of labeled cRNA was fragmented and sequen-
tially hybridized to the Affymetrix Drosophila Genome Array 2
following the manufacturer’s instructions.

Microarray data analysis

All arrays were normalized and analyzed using the PerfectMatch
program (Zhang et al. 2003). A two-way ANOVA test was per-
formed on wild-type and ectopic eyeless antennal, leg, and wing
discs. To adjust for multiple testing, the false discovery rate (FDR)
was calculated and a total of 956 genes with the cutoff set at
0.001 and at least twofold induction in one sample pair were
identified. To further reduce false positives, genes that are not
expressed in the top 40 percentile were considered absent and
were excluded from further analysis. Furthermore, only genes
that are expressed at a higher level in wild-type eye discs than in
wild-type leg, wing, or antennal discs were included for further
analysis.

Genomic shadowing and PWM assembly

D. sechelia (14021-0248.1), simulans (14021-0251.161), teisseri
(14021-0257.0), yakuba (14021-0261.0), erecta (14021-0224.0),
and ananassae (14024-0371.00) flies were ordered from the Tuc-
son Stock Center. Genomic DNA was prepared using standard
protocols. Genomic PCR primers were designed to regions of the
sine oculis eye enhancer conserved between D. melanogaster and
D. pseudoobscura. PCR products were sequenced directly using
PCR primers. All primer sequences are available upon request.

In situ hybridizations

Approximately 1-kb fragments were amplified from the Dro-
sophila Gene Collection (DGC) clones GH27042 (shf) and
LD05472 (Optix) using Pfx polymerase (Invitrogen) followed by a
post-incubation with Taq polymerase to add A-ends. The PCR
products were then T/A cloned using an Invitrogen kit and se-
quenced. The inserts were excised with EcoRI and subcloned into
pBluescript II (Stratagene). Digoxygenin-labeled RNA probes
were made with T7 polymerase using a Roche kit. Imaginal discs
were dissected and fixed in 4% paraformaldehyde for 30 min at
room temperature, then washed four times in methanol and four
times in ethanol at room temperature for ten minutes apiece.
Discs were then permeabilized using xylene/ethanol for 1 h at
room temperature, washed 2 times in ethanol and 2 times in
methanol, and then rehydrated in a methanol/PBT (PBS + 0.1%
Tween-20) series. Discs were then fixed again for 30 min at room
temperature in 4% formaldehyde/PBT, washed, and treated for 3
min with 6 pg/mL Proteinase K, then washed in 3 changes of
PBT. After post-fixing for 30 min at room temperature in 4%
formaldehyde/PBT, washes in PBT and a PBT/hybridization
buffer (50% formamide, 5X SSC, 2% Boehringer blocking pow-
der, 0.1% Tween-20, 0.5% CHAPS, 1 mg/mL Yeast RNA, 5 mM
EDTA, 50 pg/mL heparin) series were done at room temperature.
Discs were prehybridized at 55°C in hybridization buffer for at
least 2 h before probe was added and then hybridized at 55°C
overnight. Washes were done through a hybridization buffer/
PBT series, the discs were blocked in PBT + 5% normal goat se-
rum. Alkaline phosphatase-conjugated anti-digoxygenin anti-
body (1:1000) (Roche Applied Science) preabsorbed against wild-
type imaginal discs was used for detection at 4°C overnight.
Staining with NBT/BCIP was performed by the manufacturer’s
protocol (Roche Applied Science).

Gel shift assays

Gel shift assays were performed on 30-bp double-stranded oligo-
nucleotides centered on the putative 14-bp Ey binding site using
full-length Ey protein. Bases 2, 5, 9, 11, 13, and 14 of the oligo-
nucleotide, which are predicted to be constrained nucleotides by
the Ey PWM, were changed in the mutated binding site oligo-
nucleotides. Oligonucleotides were end-labeled with «a-*?P-dATP
using Klenow. The Ey ORF was amplified from a full-length cDNA
(provided by Georg Halder) and cloned into the Xhol/Xbal site of
the pLINK vector (Dalton and Treisman 1992). Ey protein was
synthesized with the TNT reticulocyte lysate kit (Promega) using
T7 polymerase according to the manufacturer’s protocol. Gel
shift assays were performed as previously described (Niimi et al.
1999), with the addition of 0.5 pl of normal goat serum to the
20-pl binding reaction. All oligonucleotide sequences can be
found in the Supplemental data.

Reporter assays

Fragments centered on putative Ey binding sites were amplified
from D. melanogaster genomic DNA using Pfx polymerase (Invit-
rogen). A-ends were added with a post-incubation with Taq poly-
merase. The fragments were T/A cloned (Invitrogen) and se-
quenced. The fragments were then excised using EcoRI and
cloned into the EcoRI site of pH-Stinger (Barolo et al. 2000). For
Optix2/3, the primers 5'-CGTTTTCGGTGGCTTGTGAGAA-3" and
5'—AGCCAAAGCCCACGATGCTGGAAT-3" were used. For shfl,
the primers used were 5'-CGACCTGATACGGTGTTTGATA-3’
and 5'-CGGTGTGAAGTTACCCAAGTCAA-3'. Insulated vectors
were used to minimalize position effect. Expression was con-
firmed in 2 independent insertions of Optix2/3 and 3 indepen-
dent insertions of shf1.

Binding site conservation assessment

Based on global alignment (http://hanuman.math.berkeley.edu/
genomes/drosophila.html), 500-bp flanking sequences around
the putative binding site in seven Drosophila species were ex-
tracted and local alignment was conducted to identify the best
alignment for each putative binding site. This optimal alignment
was then used to calculate the conservation score of the putative
binding site using the program MONKEY (Moses et al. 2004). All
sites were mapped to genes based on Flybase annotation, version
3.1, using an ad hoc Perl program. Logistic regression over the
minus logarithm of the binding site P-value and its conservation
P-value was conducted and plotted using the R program (http://
WWW.I-project.org/).
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