Combinatorial control of Drosophila eye
development by Eyeless, Homothorax,
and Teashirt
Jose Bessa,1 Brian Gebelein,2 Franck Pichaud,3 Fernando Casares,1,4 and Richard S. Mann2,4
1
Instituto de Biologia Molecular e Celular (IBMC), 4150-180 Porto, Portugal; 2Department of Biochemistry and Molecular
Biophysics, Columbia University, New York, New York 10032, USA; 3Department of Biology, New York University,
New York, New York 10003, USA

In Drosophila, the development of the compound eye depends on the movement of a morphogenetic furrow
(MF) from the posterior (P) to the anterior (A) of the eye imaginal disc. We define several subdomains along
the A–P axis of the eye disc that express distinct combinations of transcription factors. One subdomain,
anterior to the MF, expresses two homeobox genes, eyeless (ey) and homothorax (hth), and the zinc-finger gene
teashirt (tsh). We provide evidence that this combination of transcription factors may function as a complex
and that it plays at least two roles in eye development: it blocks the expression of later-acting transcription
factors in the eye development cascade, and it promotes cell proliferation. A key step in the transition from an
immature proliferative state to a committed state in eye development is the repression of hth by the BMP-4
homolog Decapentaplegic (Dpp).
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During animal development, cell proliferation must be
tightly coordinated with differentiation. For each body
part to develop properly, there must be sufficient proliferation to provide enough cells to form the final structure. There must also be mechanisms to ensure that proliferation is terminated and that differentiation of specific cell types begins at the correct times. Finally, there
must be mechanisms to ensure that each body part will
be proportioned correctly, both in relation to itself and to
the rest of the organism. Although critical to animal development, how these processes are controlled and coordinated with each other remains largely unknown and is
therefore a focus in biology at present.
The development of the compound eye of Drosophila
melanogaster provides a unique experimental system in
which differentiation and proliferation during development can be readily examined. The adult fly eye is comprised of ∼ 800 units, called ommatidia, which are packed
in a regular hexagonal array (Ready et al. 1976). Each
ommatidium contains a collection of 8 photoreceptor
cells and 11 accessory cells. These cell types form in a
stereotyped and lineage-independent manner in the
wake of a morphogenetic furrow (MF) that sweeps across
the eye imaginal disc during the third larval instar stage
of Drosophila development. The MF initiates at the pos4
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terior (P) margin of the eye disc and moves across the
disc in the anterior (A) direction. Ahead (anterior) of the
MF, cells are not committed to any particular cell type
and divide in an unsynchronized manner (Wolff and
Ready 1991). As the MF moves across the disc, it coordinates the cell cycle and initiates photoreceptor differentiation, in part by inducing the expression of the proneural gene atonal (ato; Jarman et al. 1994; Baker et al.
1996; Dominguez 1999; for review, see Baker 2001). After an initial low level and uniform expression in the MF,
ato is up-regulated in single, isolated cells that will develop into the first committed cell in each ommatidium,
the R8 photoreceptor. Behind (posterior) the MF, ommatidia form in a stepwise manner as additional cells are
recruited to join the R8 cell. Through a reiterative use of
the epidermal growth factor (EGF) receptor pathway,
these cells differentiate into the seven remaining photoreceptor cells and accessory cells (Freeman 1996). Thus,
at any one time during the third-instar stage, cells at
multiple stages of differentiation and commitment are
displayed along the A–P axis of the eye disc (for review,
see Treisman and Heberlein 1998; Reifegerste and Moses
1999).
The progression of the MF across the eye disc and differentiation of ommatidial cell types uses at least three
cell–cell signaling pathways. Hedgehog (Hh), secreted by
differentiating photoreceptors in and behind the MF, signals to more anterior cells to initiate photoreceptor differentiation (for review, see Treisman and Heberlein
1998). To accomplish this, Hh induces at least two sec-
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ondary signals, Dpp, a secreted molecule, and Delta (Dl),
a transmembrane ligand in the Notch pathway. Dpp acts
at long range ahead of the MF to induce a pre-proneural
(PPN) state (Greenwood and Struhl 1999; Baonza and
Freeman 2001). One marker for the PPN domain is hairy,
which encodes a transcriptional repressor of ato. Once
Dpp has induced the PPN state Dl, also expressed in cells
in and behind the MF, represses hairy and extramacrochaete, another inhibitor of ato (Brown et al. 1995;
Baonza and Freeman 2001). The down-regulation of
these repressors close to the MF triggers the subsequent
up-regulation of ato in single R8 cells.
Although many transcription factors are known to be
important for eye development, how these factors collaborate with the Hh, Dpp, and N signaling pathways is
less clear. Two Drosophila Pax-6 homologs, ey and twin
of eyeless (toy), play a major role in the transcription
factor network that controls eye development (for review, see Desplan 1997; Treisman 1999). Both ey and toy
have the ability to induce eye morphogenesis when expressed ectopically during fly development (Halder et al.
1995; Czerny et al. 1999). Three other transcription factors have also been shown to be required for eye development and appear to function downstream of ey and
toy, at least during the early phases of eye development,
sine oculis (so), eyes absent (eya), and dachshund (dac;
Bonini et al. 1993; Cheyette et al. 1994; Mardon et al.
1994). Of these three, only so encodes a protein with an
obvious DNA-binding domain. However, Eya binds to
both Dac and So, suggesting that these three proteins
may function as a complex (Chen et al. 1997; for review,
see Des plan 1997; Pignoni et al. 1997; Treisman 1999). so
appears to be a direct target of Ey, consistent with the idea
that so is genetically downstream of Ey (Niimi et al. 1999).
We show here that the uncommitted cells anterior to
the MF express different combinations of transcription
factors, suggesting that these cells are not equivalent to
each other. The transcription factors expressed by these
cells are Ey, Hth, a TALE-class homeodomain protein
(Rieckhof et al. 1997; Pai et al. 1998), and Tsh, a zincfinger transcription factor (Fasano et al. 1991). We show
how the different expression domains for these factors
are generated by signals coming from the MF. Further,
we present experiments suggesting that Ey, Hth, and Tsh
may function together as a complex. Our experiments
suggest that this complex plays at least two roles in eye
development: to promote cell proliferation in eye discs
and to prevent the premature expression of the more
downstream transcription factors, so, eya, and dac.
Thus, in Drosophila eye development, the regulation of
Hth, Ey, and Tsh is critical for the transition from an
uncommitted proliferative state to a mature differentiated state.
Results
hth, ey, and tsh patterns define three domains
in the anterior of the eye disc
Anterior to the MF, at least three cell types can be distinguished by the patterns of Hth, Ey, and Tsh expres-
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sion (Fig. 1). The most anterior domain in the eye field,
which is next to the antennal portion of the eye–antennal imaginal disc, expresses Hth, but not Tsh or Ey (region I). In a slightly more posterior domain, all three of
these factors are coexpressed (region II). In a more posterior domain, Tsh and Ey, but not Hth, are coexpressed.
This domain, which also expresses hairy (Greenwood
and Struhl 1999; Baonza and Freeman 2001), is equivalent to the pre-proneural (PPN) domain (see below; Fig.
1). The MF, marked by the expression of Dpp, is immediately posterior to the PPN domain, and therefore abuts
Tsh + Ey-expressing cells (Fig. 1G).
Domain II is the only region of the eye–antennal
imaginal disc that strongly expresses all three of these
transcription factors. Posterior to the MF, Hth, but not
Tsh or Ey, is expressed in cells committed to become
pigment cells. Hth and Ey, but not Tsh, are coexpressed
in a narrow row of margin cells that frame the eye field
and separate the main epithelium of the eye disc from
the peripodial membrane (Figs. 1A,B and 7C, below; Bryant 1978). Finally, Hth is also strongly expressed in peripodial cells, whereas Ey and Tsh are weakly expressed in
a subset of these cells (Fig. 1F; data not shown).
We also examined the expression patterns of So, Dac,
and Eya in wild-type eye discs. All three of these transcription factors are expressed in the PPN domain but
not in domain II. Their expression domains have the
same anterior limit but different posterior limits (Fig. 1;
data not shown). Furthermore, the anterior limits of
their expression domains are not sharp, but instead decrease gradually as Hth levels increase (Fig. 1F; data not
shown). Thus, cells in the PPN domain express So, Dac,
and Eya as well as Tsh, Ey, and Hairy. Anterior to the
PPN domain there is a gradual transition into domain II,
where cells express Hth, Ey, and Tsh, but not So, Eya,
Dac, or Hairy (Fig. 1I).
In late second/early-third-instar eye discs, before or
just as the MF is initiated, most eye disc cells express
tsh, hth, and ey, although the levels of Hth are lower
close to the posterior margin (Fig. 1H). Therefore, at this
stage of development most eye disc cells express the
same combination of transcription factors as domain II
of third-instar discs. In both cases, these cells are uncommitted and dividing asynchronously (Wolff and Ready
1991).
Interaction and cross-regulation among hth, ey,
and tsh
The overlapping expression patterns of ey, hth, and tsh
in domain II raised the possibility that their gene products could be functioning together. As a first test of this
idea, we determined if their protein products can interact
with each other in vitro and in vivo. We found that histidine (his)-tagged Hth, alone or together with its partner
protein Extradenticle (Exd; Rieckhof et al. 1997; Mann
and Affolter 1998), specifically binds to 35S-labeled Ey
and Tsh in vitro (Fig. 2A–C). In vivo, we found that both
Exd and Tsh could be coimmunoprecipitated (IP) from
wild-type embryos with Hth (Fig. 2D; data not shown).
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We have been unable to coimmunoprecipitate Ey and
Hth from wild-type embryos, perhaps because the num-

Figure 1. Transcription factor expression domains in the eye
imaginal disc. All images are of wild-type eye–antennal discs.
Anterior is to the left. (A–E) Eye–antennal discs stained for (A)
Hth, (B) Hth + Ey, (C) Hth + Tsh, (D) Hth + Dac, and (E)
Hth + Eya as indicated. In A the antennal (ant) and eye portions
of the disc are indicated. (F) An optical cross-section of a disc
stained for Hth and Dac, showing the reciprocal relationship
between these two factors in the main epithelium of the eye
disc. Eya and Hth have a similar relationship (data not shown).
The upper row of Hth-positive nuclei are in the peripodial membrane. (G) Closeup of the anterior region of a disc stained for
Hth, Ey, Tsh, and dpp–lacZ. The arrowheads point to the anterior edge of the MF, as marked by dpp–lacZ expression. Although Tsh and Ey are not expressed posterior to the furrow,
some background signal is observed in these images. (H) Secondinstar eye–antennal discs stained for Hth, Ey, and Tsh. Ey is
expressed evenly throughout the eye disc. Hth and Tsh are also
expressed in all cells, but at lower levels posteriorly. (I) A summary of these expression patterns. The expression domains of
Hairy (H) and Dpp are also summarized. The So-Z pattern is
based on a lacZ enhancer trap into so (data not shown). Based on
these patterns, the following domains can be defined: domain I
(Hth, alone); domain II (Hth, Tsh, Ey); PPN (Tsh, Ey, So, Eya,
Dac, H); domain IV (So, Eya, Dac); MF (morphogenetic furrow);
and M (margin cells, Hth, Ey).

ber of cells coexpressing these transcription factors is too
few. These results suggest that Hth, Exd, Tsh, and Ey
have the potential to interact with each other in vivo.
However, additional experiments are required to definitively test this idea.
We also tested if these factors can regulate each other’s
expression in the eye disc. We generated clones of cells
that express the yeast transcription factor Gal4 in flies
containing UAS–Ey, UAS–Hth, or UAS–Tsh transgenes.
These clones were generated during the second instar,
when all three of these genes are coexpressed throughout
the eye disc (Fig. 1H), and analyzed during the third instar, when the Hth expression pattern is distinct from
the Tsh and Ey expression patterns. Tsh or Ey overexpressing clones in the PPN domain up-regulate Hth (Fig.
2E,F). The ability to maintain Hth expression was limited to the PPN domain; Ey- or Tsh-expressing clones
within or posterior to the MF did not alter Hth expression. We also found that Hth could maintain Ey and Tsh
expression posterior to its normal expression domain
(Fig. 2G; data not shown). Although this effect was not
limited to the PPN domain, it was only observed in
∼ 50% of the clones generated during the second instar,
suggesting that other factors or the timing of clone induction limit this response. In addition, ectopic Tsh can
also induce Ey expression in a subset of the eye imaginal
disc (Pan and Rubin 1998). Together with the protein
interaction experiments, the ability of these transcription factors to maintain or induce each other’s expression suggests that these proteins may function together
in eye development.
We note that expression of Tsh or Ey maintains Hth
expression in the PPN domain, where Tsh and Ey are
already expressed. We interpret this result as suggesting
that hth is under two competing controls: maintenance
by Tsh and Ey and repression by other factors, in particular the Dpp pathway (see below), and that expressing
higher levels of Tsh or Ey can shift this balance in favor
of maintenance.
hth, but not tsh or ey, is repressed by Dpp
The patterns of Tsh, Ey, and Hth expression in the anterior of the eye disc suggest that hth is repressed by a
signal coming from the MF. A good candidate for this
signal is Dpp because it can act at long range ahead of the
furrow (Chanut and Heberlein 1997; Pignoni and Zipursky 1997; Greenwood and Struhl 1999). We tested this
idea in two ways. First, we eliminated the activity of the
Dpp pathway in clones of cells mutant for its downstream transcription factor, mothers against Dpp (mad;
Sekelsky et al. 1995; Wiersdorff et al. 1996). We found
that mad− clones de-repress hth, consistent with the idea
that Dpp represses hth (Fig. 3A,B). De-repression of hth
was observed in mad− clones that touched the posterior
margin of the eye disc as well as in clones within the
PPN domain. However, mad− clones close to the MF
only partially de-repressed hth, suggesting that other signals present in the MF and acting at short range can also
repress hth. One such signal may be Hh, which is suffi-
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Figure 2. In vitro and in vivo interactions among Ey,
Hth, and Tsh. (A–C) In vitro interaction experiments.
(A) 35S-Ey, (B) 35S-Tsh, or (C) 35S-Luciferase proteins
pulled down with empty beads (lane 2), an Hth/Exd
dimer (lane 3), Hth alone (lane 4), Exd alone (lane 5), or
CG9403, a zinc-finger protein that serves as a negative
control (lane 6). The input for each 35S protein is shown
in lane 1. (D) Total embryo extracts were immunoprecipitated with either preimmune sera (pre) or anti-Hth
sera (␣Hth), run on an SDS-PAGE gel, and probed with
an anti-Tsh antibody. A total embryonic lysate shows
the position of Teashirt (lysate). (E–G) The MF region of
eye discs containing clones of cells expressing Ey (E),
Tsh (F), or Hth (G). Anterior is to the left, and the red
arrowheads point to the approximate position of the
MF. Clones are marked by the absence of GFP (green)
and were stained for Hth (E,F) or Ey (G). White arrows
point to regions that show ectopic expression and pink
arrows point to regions that do not show ectopic expression.

cient for furrow propagation in the absence of Dpp signaling (Burke and Basler 1996; Wiersdorff et al. 1996).
The de-repression of hth in mad− clones suggests that
Dpp, expressed from the MF, acts at long range to repress
hth. In contrast, tsh and ey are expressed in cells adjacent
to the MF (Fig. 1), suggesting that these genes are not as
sensitive to repression by Dpp. To test this directly, we
activated the Dpp pathway in clones of cells by expressing an activated form of the Dpp receptor, Thick veins
(Tkv*; Nellen et al. 1996). Expression of Tkv* completely repressed hth, but failed to repress ey (Fig. 3C,D).
tsh was also not repressed in most Tkv* clones. However, tsh expression was reduced in some clones, suggesting that high levels of Dpp activity may be able to
repress tsh (Fig. 3C,D; data not shown). The complete
repression of hth, but not ey or tsh, by Tkv* is consistent
with the idea that Dpp represses hth, but not ey or tsh, as
the MF moves anteriorly. Because ey and tsh are also
repressed as the MF moves, there must be another signal
coming from the furrow that acts at short range to repress these genes. This signal could be Dl, Hh, or a third,
as-yet unidentified, signal (Greenwood and Struhl 1999;
Baonza and Freeman 2001).
The complementary patterns of Hth versus So, Eya,
and Dac at the transition between domain II and the PPN
domain suggested that these factors may also be playing
a role in hth repression. To test this idea, we examined
clones of cells mutant for eya. eya− clones de-repress hth
(Fig. 4B). Part of this de-repression is probably due to the
fact that dpp expression requires eya (Hazelett et al.
1998). However, the de-repression of hth is observed in
all eya− cells, even in cells that are next to wild-type,
dpp-expressing cells (Fig. 4C). Thus, Dpp expressed in
wild-type neighboring cells is not able to repress hth in
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Figure 3. hth, but not ey or tsh, is repressed by Dpp in the eye
disc. (A,B) mad− clones, marked by the absence of CD2 (fucsia),
stained for Hth (blue). Arrowheads point to clones. The dashed
line in B marks the approximate position of the MF. (C,D)
Clones expressing Tkv*, marked by the absence of CD2 (fucsia)
and stained for (C) Tsh + Ey or (D) Tsh + Hth.

Combinatorial control of eye development

adjacent eya− cells. These data suggest that eya is required for Dpp to repress hth in the PPN domain. hth
was also de-repressed in dac− clones (data not shown),
suggesting that dac also plays a role in hth repression.
Repression of hairy and the PPN domain by Hth
In wild-type eye discs, the anterior edge of the PPN domain, as defined by hairy expression, abuts the posterior
edge of Hth expression (Fig. 5A,B). This observation suggests that hairy, which is an activated target of Dpp
ahead of the MF (Brown et al. 1995; Greenwood and
Struhl 1999; Baonza and Freeman 2001), might be repressed by Hth. In support of this idea, ectopic Hth expression represses hairy (Fig. 5C). In addition, in some,
but not all, anterior hth− clones hairy was de-repressed
(data not shown). These data suggest that the anterior
limit of the PPN domain, defined by hairy expression, is
controlled by hth.
Repression of eya and dac by Hth, Ey, and Tsh
In contrast to the clear repression of hairy by Hth, in
most cases ectopic expression of Hth was unable to repress dac or eya (Fig. 6A). Similarly, ectopic expression
of Tsh was also generally unable to repress these genes

Figure 4. eya represses hth and head capsule development. (A)
Adult flies containing eya− clones. Although eya− tissue is unmarked, these heads show a loss of eye and a corresponding
increase in head capsule (arrows). (B,C) eya− clones, marked by
the absence of arm–lacZ (red), stained for Hth (blue in left panels
and white in right panels). Hth is de-repressed cell-autonomously in eya− cells. In C, the disc also expresses dpp–lacZ
(strong red stripe). Hth is de-repressed in eya− cells, even when
they are adjacent to Dpp-expressing cells (yellow arrows in C).

Figure 5. Hth represses hairy. (A) Wild-type eye disc stained
for Hth (blue) and Hairy–lacZ (red). Note that Hairy–lacZ is
observed more posteriorly than Hairy because of persistence of
␤-galatosidase (data not shown). (B) An optical cross-section of a
wild-type disc (at the position of the white line in A), showing
no overlap between Hth and Hairy. (C) Ectopic clones of Hth
(arrowheads), stained for Hth (blue) and Hairy–lacZ. Hth represses Hairy–lacZ expression.

(Fig. 6B). The few cases in which we observed repression
of eya by Tsh or Hth were in the PPN domain, which,
significantly, is where these transcription factors are
able to maintain each other’s expression (Fig. 2; data not
shown). In contrast, repression of eya or dac was not
observed in clones expressing Tsh or Hth posterior to
the MF.
Because Hth is coexpressed and can interact in vitro
with Tsh and Ey, we considered the possibility that combinations of these transcription factors might be required
to repress eya and dac. Consistent with this idea, we
found that the simultaneous expression of Tsh and Hth
efficiently repressed eya and dac expression (Fig. 6C;
data not shown). Importantly, the dual expression of Tsh
and Hth maintained Ey expression (Fig. 7F); consequently, these clones expressed all three of these transcription factors. We also tested other pairs of these transcription factors (Hth + Ey and Tsh + Ey) and found that
they could also partially repress eya (data not shown).
The above results suggest that the combination of
Hth + Ey + Tsh, which is normally present in domain II,
is able to repress the expression of eya. To test if hth
normally plays a role in the repression of these genes, we
examined hth− clones. Although hth− clones anterior to
the MF are rare (see below), we found that both dac and
eya were de-repressed in anterior hth− clones (Fig. 6D;
data not shown).
In summary, these data suggest that the combination
of the factors expressed in domain II is necessary and
sufficient to repress eya and dac. In contrast, Hth is sufficient to repress the pre-proneural gene hairy. Conversely, eya and dac, together with Dpp, repress hth as
the MF advances. We suggest that one function for this
reciprocal antagonism may be to prevent premature and
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Figure 6. Ey + Hth + Tsh represses eya. (A) Clone
of ectopic GFP–Hth in an eye disc (arrowhead)
stained for Hth (blue) and Eya (red). No repression of
Eya is observed. (B) Clones of ectopic Tsh, marked
by the absence of GFP, in an eye disc stained for Eya
(red). No repression is observed (arrowheads). The *
marks an overgrowing clone in the peripodial membrane in a different focal plane that causes a distortion of the eye disc epithelium. (C) Clones of ectopic
Tsh + GFP–Hth stained for GFP (white) and Eya
(red). Repression of Eya is observed (arrowheads). (D)
hth− clones, marked by the absence of GFP, stained
for Eya. De-repression of Eya is observed (arrowheads). De-repression of dac is also observed in hth−
clones (data not shown).

uncoordinated differentiation anterior to the MF. However, as the MF advances, hth must be repressed to allow
differentiation to occur.
Control of eye disc growth by hth, ey, and tsh
Another function for hth, ey, and tsh may be in promoting cell proliferation. Most of the growth of the eye
imaginal disc occurs via asynchronous cell divisions
throughout young discs, before the MF initiates, as well
as in cells anterior to the MF in older discs. hth, tsh, and
ey are coexpressed with each other in both cases. Immediately anterior to the MF, cell divisions become synchronous, and in the MF, cells are arrested in the G1
phase of the cell cycle (Wolff and Ready 1991; Baker and
Yu 2001). Posterior to the MF, some cells exit the cell
cycle and differentiate into photoreceptors, whereas all
other cells undergo one more mitosis before differentiating into accessory cells or being eliminated by apoptosis
(Wolff and Ready 1991; Baker and Yu 2001). dpp, which
represses hth as the furrow advances, is required for this
cell cycle coordination (Horsfield et al. 1998). From these
observations and the data described below, we suggest
that the anterior factors may play an important role in
promoting cell proliferation in the eye disc.
As a first test of this idea, we examined the frequency
of hth− clones compared with the frequency of neutral
clones in the eye disc. We generated hth− clones using
ey-flp, which provides a source of the yeast recombinase
Flp throughout most of eye disc development (see Materials and Methods). In this experiment, clones have the
potential to be generated at all times during development. Neutral clones were observed at all positions in
the eye disc, and varied in size, consistent with the idea
that they could be formed throughout development (Fig.
7A). In contrast, although hth− clones were readily observed posterior to the MF, they were only rarely observed anterior to the MF (Fig. 7B). The reciprocal mitotic recombination products (twin spots) were observed
in the anterior, suggesting that hth− cells were generated
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but were unable to grow in that region of the eye disc.
We suggest two explanations for this observation. First,
hth− cells, which begin to express eya and dac (see
above), might grow poorly and be outcompeted by neighboring wild-type cells. Second, some hth− cells might
migrate posteriorly, into the domain in which hth is normally turned off. Regardless of the explanation, these
observations suggest that hth− cells do not proliferate
well in this region of the eye disc. In contrast, because
hth− clones are observed posteriorly, there may be a time
when hth function is no longer required for cells to proliferate, but before cells exit from the cell cycle. This
window could exist within the PPN domain.
We also observed dramatic differences in the growth of
clones ectopically expressing Tsh, Ey, Hth, or combinations of these factors. Clones that misexpress Tsh in differentiated cells (posterior to the MF) are very small, suggesting that they do not alter the growth properties of
these cells. Ectopic Tsh-expressing clones also survive
poorly anterior to its normal expression domain (Fig. 7E).
In contrast, clones expressing only Hth, only Ey, or
Hth + Tsh grow larger than the clones expressing Tsh
alone (Fig. 7F; data not shown). Thus, forcing the expression of these transcription factors prevents these cells
from exiting the cell cycle as they usually would in response to signals in the MF.
Most dramatic, however, is the growth of clones that
arise at the posterior or lateral margins of the eye disc. In
wild-type eye discs, these margin cells express hth and
ey, but not tsh (Fig. 7C; data not shown). When Tsh or
Hth + Tsh are misexpressed in margin cells, the clones
can grow to be very large (Fig. 7E,F). Similar overgrowths
are produced in clones expressing these factors in peripodial membrane cells (data not shown). We also observe
similar overgrowths at a lower frequency when the
clones misexpress Hth in margin cells. However, whenever we observe an overgrowing clone at the edge of the
disc, the cells invariably express Hth, Tsh, and Ey (Fig. 7;
data not shown). Curiously, these overgrowths also express eya, suggesting that Hth, Tsh, and Ey induce pro-
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been observed when the wingless (wg) pathway is activated (e.g., in axin− clones; Lee and Treisman 2001; data
not shown), suggesting that wingless is also playing a
role in the aberrant growth properties of these cells. Consistent with this idea, margin cells also express wg (Fig.
7D; Baker 1988; Ma and Moses 1995).

Ectopic eyes are induced in hth- and tsh-expressing
regions of the wing disc

Figure 7. Genetic control of proliferation of the eye disc. (A,B)
Neutral (A) or hth− (B) clones, marked by the absence of GFP,
and stained for the MF marker, Ato (fuchsia). Neutral clones are
observed both anterior (arrows) and posterior to the MF. hth−
clones are only rarely observed anterior (a) to the MF but are
readily observed posterior (p) to the furrow. (C) Detail of the
posterior margin of a wild-type eye disc stained for Hth (blue)
and Ey (red). Hth and Ey are both expressed in these cells (arrows). Tsh is not expressed in these cells (data not shown). (D)
Similar region of a wild-type disc stained for Wg (green), which
is expressed in margin cells. (E,F) Clones of cells expressing (E)
Tsh or (F) Tsh + Hth, marked by the absence of GFP, stained for
Ey (red). (E) Tsh clones grow poorly in the middle of the disc (*)
but can induce large overgrowths at the edge of the disc (arrows).
Overgrowing clones, but not internal clones, express Ey. (F)
Tsh + Hth clones grow well in the middle of the disc (blue arrow) and also induce overgrowths at the edge of the disc (white
arrow). Most clones maintain Ey expression, although some anterior clones show repression of Ey (arrowhead).

liferation, but are unable to repress eya in these overgrowing margin cells. Similar overgrowths have also

The above results suggest that an Ey–Hth–Tsh complex
functions in the eye disc to permit cell proliferation and
repress the expression of the later-acting transcription
factors H, Eya, So, and Dac. How important is this anterior combination of transcription factors for eye development? As hth is expressed together with ey in very
early imaginal discs, it is not possible to remove hth
early enough to address this question in the eye disc,
itself. Moreover, removing hth during the second instar
induces ectopic eye development in the ventral head,
through a loss of wingless expression at the ventral margin of the eye disc (Pai et al. 1998; Pichaud and Casares
2000). Thus, in addition to the functions defined here,
hth also limits eye development ventrally. This function, together with the early expression of hth in young
eye discs, complicates the ability to determine if there is
an absolute requirement for hth ahead of the MF.
Instead of removing hth function from the eye disc, we
used the potent ectopic eye-inducing function of Ey to
assess how critical hth is for eye development. If hth is
required for Ey to induce ectopic eyes, we would expect
to observe a strong bias for where, in the body, ectopic
eyes are generated. Consistent with this prediction,
when Ey is expressed via several different Gal4 driver
lines in the wing imaginal disc (see Materials and Methods), ectopic eye tissue is induced predominantly in the
wing hinge, where hth is most highly expressed (Fig. 8;
data not shown). tsh is also expressed in the wing hinge,
and its expression pattern overlaps that of hth (Azpiazu
and Morata 2000; Casares and Mann 2000). As in normal
eye development, hth expression is repressed in the ectopic eye tissue. The correlation between where ectopic
eyes are formed and where hth and tsh are expressed
supports the idea that hth and tsh cooperate with ey to
promote eye development.

Discussion
Previous work on Drosophila eye development has focused on the complex signaling events that occur just
anterior, within, and posterior to the MF. The canonical
view posits that as the MF moves anteriorly, undifferentiated cells ahead of the furrow are recruited to become
either photoreceptors or accessory cells. The experiments presented here shed new light on the nature and
function of the cells anterior to the MF. We define two
domains anterior to the hairy-expressing PPN domain
(Greenwood and Struhl 1999; Baonza and Freeman 2001).
One of these domains (II) expresses three transcription
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Figure 8. Induction of ectopic eyes in the hinge region
of wing discs. (A,B) Wing imaginal disc in which Ey was
expressed using (A) dppblk–Gal4, stained for Hth (blue),
Elav (green), and Distalless (Dll; red); (B) only the Hth
and Dll channels are shown. dppblk–Gal4 is expressed in
a dorsal-to-ventral stripe across the entire wing disc just
anterior to the AP compartment boundary. Wing discs
have four main regions: (1) notum, (2) dorsal hinge, (3)
wing pouch, and (4) ventral hinge. Hth is expressed in
regions 1, 2, and 4, but not in 3. Tsh is expressed in
regions 1, 2, and 4 also. Ectopic eye tissue, as detected by
Elav, is observed in regions 1, 2, and 4 (arrows), but not
in 3 (arrowhead). Dll and Hth are repressed by Ey expression in regions 1, 2, 3, and 4. dppblk–Gal4; UAS–ey also generates ectopic eyes
in the proximal leg disc (data not shown). A similar correlation between ectopic Elav and Hth + Tsh expression was observed with
several other Gal4 lines driving Ey (data not shown). (C) Adult fly expressing Ey via the dppblk–Gal4 driver line, showing a transformation of the hinge to eye (arrow). Wing blade development is partially suppressed in these flies, although wing tissue is still formed
(arrowhead).

factors: Ey, which was already known to play a central
role in eye development (Halder et al. 1995); Hth, which
also plays a role in suppressing eye development in the
ventral head (Gonzalez-Crespo and Morata 1995; Pai et
al. 1998; Pichaud and Casares 2000); and Tsh, which,
because of its ability to induce ectopic eyes elsewhere in
the head (Pan and Rubin 1998), was also implicated in
eye development. Our results suggest that, although
these cells have not committed to become a particular
cell type, they are predisposed to become eye tissue. Furthermore, we suggest that the combination of Hth, Ey,
and Tsh performs at least two functions during eye development: it represses the expression of later-acting
transcription factors in the eye development cascade,
and it promotes cell proliferation. Below, we discuss
each of these points and integrate our findings with the
current view of eye development (Fig. 9).

is defined by hth expression, and that, as the MF moves
anteriorly, hth is repressed by Dpp, allowing the PPN
domain and hairy expression to shift anteriorly. In our
experiments, only some anterior hth− clones de-repressed hairy. We interpret this result as suggesting that
hairy expression is both activated by Dpp and repressed
by hth. Consequently, hth− cells that do not receive
enough Dpp would still be unable to express hairy.
In the absence of Dpp signaling, the MF is still able to
progress across the eye disc because other signals, such
as Hh, are sufficient for furrow progression (Burke and

hth defines the anterior limit of the PPN domain
The definition of the PPN domain stems from the observation that the induction of neural cell fates in the eye
disc requires at least two signals downstream of Hh. The
first signal is Dpp, which creates a zone of cells ahead of
the MF, termed the PPN domain, which is competent to
receive a second, proneural-inducing signal (Greenwood
and Struhl 1999; Baonza and Freeman 2001). Cells in the
PPN domain express high levels of hairy. Only cells that
receive the Dpp signal are able to respond to the second,
shorter-acting signal. This second signal is Dl, which is
expressed by cells in and behind the furrow and is required for the down-regulation of hairy (Baonza and Freeman 2001). In addition to Dl, neural induction, in particular the initiation of ato expression, may also require
another signal that is transduced by the ser/thr kinase raf
(Greenwood and Struhl 1999).
We have linked hth to the PPN domain in three ways.
First, in wild-type eye discs, hth expression abuts hairy
expression. Second, Hth represses hairy. These data suggest that hth defines the anterior limit of hairy expression. Third, Dpp is a repressor of hth. Together, these
results suggest that the anterior limit of the PPN domain
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Figure 9. Summary. The factors and their interactions present
in domains II, IV, PPN, and the MF are schematized. Do main IV
expresses the differentiation transcription factors So, Eya, and
Dac. Differentiated cells also express Hh, which induces Dpp
expression in the MF. Dpp represses Hth and induces Hairy. Hth
represses Hairy. The combination of Hth–Tsh–Ey is mutually
antagonistic with So–Eya–Dac. Ey also directly activates So expression (Niimi et al. 1999), perhaps in the PPN domain. Also
indicated is a positive requirement for Wg signaling for Hth
expression in domain II (data not shown). Wg, together with the
factors present in domain II, is proposed to promote proliferation in the eye disc. Not indicated here is our observation that
Eya and Dac collaborate with Dpp to repress Hth and our inference that an unknown short-range signal in the MF represses
Tsh and Ey.

Combinatorial control of eye development

Basler 1996; Wiersdorff et al. 1996; Chanut and Heberlein 1997; Greenwood and Struhl 1999). This is consistent with our inference that other short-range signals
present in the MF can also repress hth. However, the
furrow moves more slowly when it confronts cells that
cannot respond to Dpp. The slower progression of the
furrow could, in part, be because these cells express Hth.
Interestingly, Dpp is not expressed in the MF during retinal morphogenesis in the beetle Tribolium or the grasshopper Schistocerca (Friedrich and Benzer 2000). The use
of dpp in eye development may have been necessary in
faster-growing insects like Drosophila to increase the
speed of eye morphogenesis. Cells at the lateral and posterior edges of the Drosophila eye disc and in the far
anterior of the disc continue to express hth and contribute to non-eye portions of the adult head (Bryant 1978;
Casares and Mann 1998; Pichaud and Casares 2000).
Moreover, eya− eye disc cells continue to express hth and
contribute to non-eye regions of the head (Fig. 4). Taken
together, these observations suggest that changing the
potency of Dpp’s ability to repress hth could be used as a
way to both modulate the pace of eye development and
to control the ratio of eye-to-head tissue.
Mutual antagonism between anterior and posterior
transcription factors
Our experiments suggest that one of the functions mediated by Ey–Hth–Tsh is to repress eya and dac (Fig. 9).
This proposal stems from both ectopic expression experiments, showing that the coexpression of Ey, Hth, and
Tsh represses these genes, and from loss-of-function experiments, showing that hth− clones anterior to the MF
de-repress these genes. Similarly, hth is de-repressed in
both eya− and dac− clones, suggesting that this antagonism exists in both directions. Interestingly, the antagonism between these two sets of genes is analogous to
that observed in other appendages. In the leg, hth and tsh
are required for the development of proximal fates, and
have been shown to be mutually antagonistic with dac
and Distal-less (Dll), two genes required for intermediate
and distal leg fates, respectively (Mardon et al. 1994;
Gonzalez-Crespo and Morata 1995; Abu-Shaar and Mann
1998; Gonzalez-Crespo et al. 1998; Wu and Cohen 1999).
Similarly, in the wing, hth and tsh are required for proximal wing fates, and oppose the activity of vestigial (vg),
which is required for more distal wing fates (Azpiazu and
Morata 2000; Casares and Mann 2000; Wu and Cohen
2002).
Control of eye disc growth by Ey–Hth–Tsh
We propose that the putative Ey–Hth–Tsh complex promotes cell proliferation in early eye discs and in cells
anterior to the PPN domain in third-instar discs. This
suggestion is based on three observations. First, in young
discs, when most of the growth of the eye disc occurs and
before the MF initiates, all eye disc cells express all three
of these transcription factors. Second, hth− clones are
only rarely observed anterior to the MF. The lack of hth−

clones observed in this region of the eye disc suggests
that hth is playing an important role in either the survival or proliferation of these cells.
A third reason for linking this combination of transcription factors with the growth of the eye disc stems
from our observation that, when coexpressed, these factors can induce cell proliferation. This was most readily
observed in clones that include cells at the edge of the
eye disc. These cells may be unique in the eye disc because they express wg (Fig. 7D; Baker 1988; Ma and Moses 1995; Treisman and Rubin 1995). Interestingly, activation of the wg pathway by generating axin− clones in
the eye disc also induces proliferation and the maintenance of ey, hth, and tsh expression (Lee and Treisman
2001; data not shown). Thus, proliferating eye disc cells
express hth, ey, and tsh and are in a state in which the wg
pathway is activated (Fig. 9). We speculate that this state,
which can be induced by the expression of Tsh, Ey, and
Hth at the edge of the eye disc, mimics the normal state
of eye disc cells during the second instar, when the disc
is growing most rapidly. Consistent with this idea, anterior hth expression in the eye disc is autonomously
lost in dishevelled− (dsh−) clones, showing that these
cells require wg signaling to maintain their anterior
identity (Fig. 9; data not shown).
Our experiments have not addressed the mechanism
by which Ey–Hth–Tsh promotes cell proliferation. One
possibility is that these factors do so directly, for example, by regulating the expression of genes that control
the cell cycle or cell growth. Alternatively, these factors
may promote proliferation indirectly, for example, by repressing genes, such as eya, that are required for differentiation and exit from the cell cycle. In either case, the
model predicts that there should be a similar requirement for ey and tsh in eye disc proliferation as we have
described for hth. Although it is not presently possible to
generate ey− clones, ey has been suggested to be required
for cell survival in the early eye disc, a result that is
consistent with our conclusions (Kronhamn et al. 2002).
Pan and Rubin (1998) have reported that tsh− clones survive and differentiate normally in the adult eye and,
based on this observation, suggested that tsh does not
play an essential role in eye development. However, because of technical limitations in inducing large numbers
of tsh− clones, their frequencies in different regions of
the eye disc have not been examined. The survival of
tsh− clones in the adult eye may be analogous to the
survival of hth− clones that we observe posterior to the
MF. Therefore, it is possible that tsh and ey are also
important for the survival and/or growth of cells anterior
to the MF. A definitive test of this idea must await more
efficient methods to generate tsh− and ey− clones.
The proliferation-inducing ability of Ey, Tsh, and Hth
is interesting in light of the fact that the mammalian
homologs of hth, the meis genes, are proto-oncogenes
(Moskow et al. 1995; Allen et al. 2000). As discussed
above, the proliferation we observe in Drosophila may
require wg signaling and the coexpression of tsh, which
has been implicated in modulating wg signaling during
Drosophila development (Erkner et al. 1999; Gallet et al.
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1999; Waltzer et al. 2001). Given these findings, it will be
of interest to determine if the oncogenic potential of the
meis genes also depends on the activities of wg and/or
tsh homologs.
Combinatorial control of development
by transcription factors
Transcription factors often act in unique combinations
to elicit distinct biological outputs. The combination examined here is Ey–Hth–Tsh. Because Hth and Tsh are
also required for leg and wing development, Ey must
make this combination specific for eye development. As
discussed above, we suggest that this combination of factors is used transiently during eye development to promote the proliferation of eye disc cells and to prevent the
premature expression of later-acting transcription factors that are required for eye development. Consistent
with this second role, ectopic expression of Hth blocks
eye development (Pai et al. 1998). Similarly, forcing the
expression of Ey can also interfere with eye development
(Curtiss and Mlodzik 2000; data not shown). The ability
of these factors to repress eye development may in part
be due to the ability of the Ey–Hth–Tsh combination to
repress eya and dac.
In addition to the functions suggested here, Ey is also
important for promoting eye morphogenesis and has
been called the master regulator of eye development
(Gehring 1996). In fact, Ey is likely to be a direct activator of so (Niimi et al. 1999; Punzo et al. 2002). We speculate that the eye-activating functions of Ey may be carried out in cells that express a different combination of
transcription factors from those present in domain II.
Cells in the PPN domain, for example, express Ey and
Tsh, but not Hth. These cells also express so (Fig. 1). It is
therefore possible that Ey activates so in the PPN domain (Fig. 9). In contrast, Ey–Hth–Tsh appears to repress
eya, dac, and, by inference, so. As all three of these factors are DNA-binding proteins, one possibility is that
they are part of a specific DNA-binding complex that
directly regulates these, as well as other, target genes in
domain II. A different set of target genes may be regulated by Ey (+/−Tsh) in the absence of Hth. A second
possibility is that the regulation we observe here is indirect. Finally, our results are also consistent with a
model in which Hth binds to Ey and blocks its ability to
bind DNA. Such a mechanism has been proposed to account for repression of eye development by the Hox protein Antennapedia (Antp; Plaza et al. 2001). Toy, a second Pax6 family member in flies (Czerny et al. 1999),
may also be part of the combinatorial control of eye development described here. An assessment of Toy’s role is
not possible at present, but will be important to characterize in the future.
The progression of the MF across the eye is an elegant
mechanism for gradually changing the combination of
transcription factors as development proceeds (Fig. 9). As
with Hth, Ey, and Tsh; So, Eya, and Dac also have the
ability to positively activate each other’s expression
(Bonini et al. 1997; Chen et al. 1997; Pignoni et al. 1997;
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Shen and Mardon 1997). Thus, both ahead of and behind
the MF, eye disc cells are in different, but relatively
stable states, in part because the factors expressed within
these regions—Hth, Tsh, and Ey in domain II and Eya,
So, and Dac posterior to the MF—can reinforce each other’s expression. These two states are important for promoting proliferation and differentiation, respectively.
Signals coming from the MF convert one state into another, and a key to flipping this switch is the repression
of hth (Fig. 9). Remarkably, in the vertebrate retina Sonic
hedgehog, a homolog of Drosophila Hh, is expressed in a
wave-like fashion as retina cells differentiate (Neumann
and Nuesslein-Volhard 2000). Furthermore, Pax6, the
vertebrate ey homolog, is required to keep retinal cells
multipotent (Marquardt et al. 2001), which is reminiscent of the uncommitted state of anterior cells in the fly
eye disc. Given these intriguing parallels, it will be very
interesting to determine if homologs of hth and tsh play
analogous roles in the vertebrate retina before the initiation of differentiation.
Materials and methods
Genotypes and genetic manipulations
Ectopic expression clones were generated randomly in eye discs
by heat-shocking larvae, at 36°C for 30 min between 48 and 72
h after egg laying (second instar), from the following crosses: yw,
hs–Flp; tub > GFP, y+ > G4 (Zecca and Struhl 2002) or y, hs–Flp,
actin > hsCD2 > Gal4 (Struhl and Basler 1993) females to UAS–
GFP–hth, UAS–Tsh [from S. Kerridge (Centre Universitaire
Marseille, Marseille, France)], or UAS–Ey (Halder et al. 1995)
males. In some experiments, a hairy–lacZ reporter gene (h08247)
was introduced in the genotype. To generate clones misexpressing more than one product, females from the stocks yw, hs–Flp;
UAS–tsh; tub > GFP, y+ > G4 or yw, hs–flp; UAS–hth 4.0;
tub > GFP, y+ > G4 were crossed to males harboring the other
UAS transgene. Mutant clones were detected by the absence of
GFP or by detection of the misexpressed protein.
For the generation of activated Tkv-expressing clones (Tkv*),
larvae of the genotype y hs–Flp, act > hsCD2 > G4; UAS–TkvQD
(Nellen et al. 1996) were heat-shocked as above. Clones were
detected by the absence of CD2. To induce CD2 expression,
larvae were heat-shocked at 37°C for 45 min, followed by a
recovery period at RT for 45 min prior to dissection.
The hthP2 allele was used in loss-of-function experiments
(Casares and Mann 2001; Kurant et al. 2001). hthP2 clones were
generated in ey–FLP1; FRT82B hthP2/FRT82B Ubi–GFP larvae.
Because ey–FLP1 provides flipase in the eye–antennal disc, FRT
clones are generated randomly in the eye disc throughout larval
life (Newsome et al. 2000). eya− clones were induced in larvae of
the genotypes ey–FLP1; eya1 or eyaE8 FRT40A/armZ FRT40A
(Bonini et al. 1993; Hazelett et al. 1998) and marked by the
absence of ␤-galactosidase (␤-gal). In some experiments, a dpp–
lacZ reporter (Blackman et al. 1991) was included in the genotype. dac clones were induced in larvae of the genotype ey–
FLP1; dac3 FRT40A/armZ FRT40A (Mardon et al. 1994). mad
clones were induced using the madB1 allele and FRT40A (FlyBase).
Wing disc misexpression of Ey was achieved with the Gal4/
UAS system (Brand and Perrimon 1993), using the MS1096,
vgBE–Gal4, or dppblk–Gal4 driver lines or the tub > GFP,
y+ > Gal4 flip-out driver line (Capdevila et al. 1994; StaehlingHampton et al. 1994; Simmonds et al. 1998).
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Immunostainings
The antibodies used were: rabbit anti-␤-gal (Cappell), mouse
anti-rat CD2 (Serotec); guinea pig anti-Hth (Casares and Mann
1998), rat anti-Tsh (Wu and Cohen 2000), rabbit anti-Ey [gift
from Patrick Callaerts (University of Houston, Houston, TX)],
mouse anti-Dac (Mardon et al. 1994), mouse anti-Eya (Bonini et
al. 1993), and rat anti-Elav 7E8A10 (O’Neill et al. 1994). For the
quadruple staining shown in Figure 1G, dpp–lacZ larvae were
stained for ␤-gal, Hth, Tsh, and Ey. ␤-gal and Hth were detected
with the same secondary antibody. After image acquisition,
their expression domains were represented in different colors.
Secondary antibodies (FITC, Texas Red, and Cy5 conjugated)
were from Jackson Laboratories. Imaginal discs were analyzed
with Bio-Rad MRC600 or MRC1024 confocal systems.
Protein interaction experiments
His-tagged Exd and Hth constructs and the His-tagged Exd/untagged Hth constructs for making heterodimers were previously
described (Ryoo et al. 1999). CG9403, a zinc-finger encoding
gene, was cloned into the pET14b vector and used as a negative
control. All constructs were transformed into BL21 bacteria and
induced for 2 h with IPTG; bacterial extracts were prepared by
disruption in lysis buffer (50 mM Tris at pH 7.5, 100 mM NaCl,
10 mM imidizole, 0.08% sodium deoxycholate, and 0.1 mM
PMSF). Full-length Tsh [a gift from S. Kerridge (Centre Universitaire Marseille, Marseille, France)] and Ey [a gift from W.
Gehring (Biozentrum-Universitat Basel, Basel, Switzerland)]
pBluescript cDNA clones were used to generate 35S-labeled proteins using rabbit reticulocyte lysates (TNT, Promega). Then 10
µL of labeled protein was incubated with 100 µL of the bacterial
lysate at 4°C for 2 h; 20 µL of prewashed Ni2+ beads were added
for 1 h; complexes were centrifuged and washed four times with
RIPA buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 20 mM
MgCl2, 0.5% NP-40, 0.5 mM PMSF, and 10 mM imidizole for
Tsh or 30 mM imidizole for Ey). Samples were resuspended in
SDS loading buffer, separated using SDS-PAGE, and exposed to
film.
Immunoprecipitations (IPs) were performed using 200 mg of
dechorionated 0–12-h OregonR embryos homogenized in RIPA
buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 20 mM MgCl2,
0.5% NP-40, 0.5 mM PMSF). An anti-Hth guinea pig polyclonal
antibody (1:500) or preimmune serum (1:500) was added to the
embryo lysates and incubated at 4°C overnight. Protein A/Gconjugated beads were added for 2 h, centrifuged, and washed
three times with RIPA buffer. SDS-PAGE and Western blot
analyses were performed using a guinea pig polyclonal anti-Tsh
antibody and an ECL detection kit (Amersham-Pharmacia).
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