
Abstract The Drosophila eye offers an excellent oppor-
tunity to understand how general developmental pro-
cesses are subtly altered to result in specific cell fates.
Numerous transcription factors have been characterized
in the developing eye; most of these are active in overlap-
ping subsets of cells. Mechanisms used to regulate tran-
scription factors act at many levels, and include competi-
tion for cognate binding sites, post translational modifica-
tion, transcriptional regulation and cofactor availability.
In undifferentiated cells of the larval eye imaginal disc,
the transcriptional repressor Yan outcompetes the tran-
scriptional activator Pointed for ETS binding sites on the
prospero enhancer. During differentiation, the Ras signal-
ing cascade alters the Yan/Pointed dynamic through pro-
tein phosphorylation, effecting a developmental switch.
In this way, Yan and Pointed are essential for prospero
regulation. Hyperstable YanACT cannot be phosphorylated
and blocks prospero expression. Lozenge is expressed in
undifferentiated cells, and is required for prospero regula-
tion. We sequenced the eye-specific enhancer of lozenge
in three Drosophila species spanning 17 million years of
evolution and found complete conservation of three ETS
consensus binding sites. We show that lozenge expression
increases as cells differentiate, and that YanACT blocks this
upregulation at the level of transcription. We find that ex-

pression of Lozenge via an alternate enhancer alters the
temporal expression of Prospero, and is sufficient to 
rescue Prospero expression in the presence of YanACT.
These results suggest that Lozenge is involved in the
Yan/Pointed dynamic in a Ras-dependent manner. We
propose that upregulated Lozenge acts as a cofactor to 
alter Pointed affinity, by a mechanism that is recapitu-
lated in mammalian development.
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Introduction

The Drosophila eye is a highly ordered tissue of several
distinct cell types where subtle differences in develop-
mental programs dramatically alter specific cell fates.
These molecular cascades are mediated by numerous
transcription factors that form complex integrative cir-
cuits translating growth factor cues into the developmen-
tal potential of a particular cell (reviewed in Kumar and
Moses 1997). Given that development proceeds quickly,
coordinate control of downstream genes is essential for
rapid response to particular developmental cues. Devel-
opmental cascades are not linear assembly lines, but 
dynamic nodes of activity. Mechanisms used to regulate
transcription factors act at many levels, and include 
competition for cognate binding sites, post translational
modification, transcriptional regulation and cofactor
availability.

The fly adult eye consists of about 800 units called
ommatidia. Each of these has eight photoreceptors,
R1–R8, surrounded by four cone cells, and a number of
support cells. The eye begins its development in late 
larval life as the eye imaginal disc. Differentiation be-
gins at the posterior of the disc, and sweeps forward,
causing a buckling in the tissue referred to as the mor-
phogenetic furrow (Ready et al. 1976). Cells anterior of
the furrow are undifferentiated. The first cell to establish
a fate is the photoreceptor neuron R8. It does so in re-
sponse to the coordinated expression of signaling factors
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organized by the passage of the furrow itself (Wolff et al.
1997). Three pairs of photoreceptor neurons join each
cluster sequentially over time. The last photoreceptor to
join the cluster is R7. Differentiation of each cluster is
completed with the recruitment of the supporting cone
and pigment cells.

In eye development, Ras signaling is initiated by acti-
vation of the Drosophila EGF receptor (DER) by its 
ligand Spitz (Freeman 1997). Spitz is a local signal, sent
from neighboring neurons in the process of differentia-
tion. The R7 photoreceptor is unique in that it also 
requires Ras activation by a second receptor tyrosine 
kinase, Sevenless (Fortini et al. 1992). BOSS is the cell
surface membrane protein on the R8 photoreceptor that
activates Sevenless and is internalized with the Sev RTK
into the R7 cell (Cagan et al. 1992). Ras activation leads
to activation of MAP kinase, and in turn activation of its
downstream targets by phosphorylation (Brunner et al.
1994; O’Neill et al. 1994; Rebay and Rubin 1995; 
Wasylyk et al. 1997).

Research on the Ras pathway in the eye has deduced
a developmental switch consisting of two antagonistic
Ets transcription factors, Yan and Pointed (Pnt). Yan is
expressed in undifferentiated cells behind the furrow,
and its expression is dramatically reduced as cells differ-
entiate (Lai and Rubin 1992). This reduced expression is
a result of phosphorylation by MAP kinase. When phos-
phorylation is blocked, Yan prevents cells from differen-
tiating (Rebay and Rubin 1995). The product of the
YanACT allele lacks phosphorylation sites; this results in a
hyperstable Yan protein. Cells expressing hyperstable
Yan fail to differentiate. Pointed is also expressed in the
undifferentiated cells in and behind the furrow (O’Neill
et al. 1994), and MAP kinase phosphorylation is required
for activation of the isoform PntP2 (Brunner et al. 1994).
In vitro studies have suggested that Yan and Pointed
compete for cognate binding sites (O’Neill et al. 1994;
Flores et al. 2000; Xu et al. 2000).

Lozenge (lz) is required for proper differentiation of
the eyes, antennae, tarsal claws and pulvilli, spermathe-
cae and blood cells (Green and Green 1956; Green 1990;
Stocker et al. 1993; Batterham et al. 1996; Lebestky et
al. 2000). In the developing eye Lozenge is expressed in
the undifferentiated cells behind the furrow, and its ex-
pression is retained in the R1, R6 and R7 photoreceptors,
the cone cells and the pigment cells as they differentiate
(Crew et al. 1997; Flores et al. 1998). A single cDNA
characterized from the lz locus revealed that lz encodes a
transcription factor of the RUNX family (Daga et al.
1996). lz alleles exhibit complex complementation pat-
terns with respect to eye function, defining two cistrons
A and B (Stocker et al. 1993; Batterham et al. 1996).
Cistron B alleles disrupt the structural gene and thus 
affect all tissues where lz is expressed (Batterham et al.,
unpublished work). Cistron A alleles exhibit defects that
are limited to the eye and antenna (Batterham et al.
1996). Cistron A alleles are mutant in an eye-specific en-
hancer located in intron 2 (Flores et al. 1998; Batterham
et al., unpublished work). Nichols (1997) determined

that intron 2 is necessary for Cis A/CisB complementa-
tion and hypothesized that this intron contained an eye-
specific enhancer. Flores et al. (1998) confirmed this 
hypothesis by demonstrating that inclusion of intron 2 is
necessary for partial rescue of lz eye phenotypes.

Prospero has been identified as a member of the Ras
signaling pathway involved in R7 cell and cone cell dif-
ferentiation. The expression of prospero is greatly de-
creased in a lz mutant background. Expression of the 
hyperstable Ets allele YanACT also leads to decreased 
expression of prospero (Kauffmann et al. 1996). Xu 
and coworkers (2000) determined that this regulation is
direct by identifying separate consensus binding sites for
Ets factors and for Lozenge in the prospero enhancer.
These sites were validated by EMSA. Further studies
showed that prospero transcription in R7 and cone cell
precursors was greatly reduced when either the Lz or the
Ets binding sites were deleted (Xu et al. 2000).

Here we show that lz expression is regulated by the Ras
pathway. We have determined that the eye-specific en-
hancer of lz has three evolutionarily conserved Ets binding
sites. We have used a genetic approach to show that hy-
perstable Yan is able to repress lz at the level of transcrip-
tion. We show that a loss of Yan function results in ectopic
lz expression. We find that expressing lz via an alternate
enhancer suppresses the YanACT phenotype and is suffi-
cient to rescue Prospero expression in the presence of
YanACT. These results suggest that Lz is actively involved
in the Ets-regulated developmental switch required for eye
morphogenesis. We propose a model where Lz acts as a
cofactor to alter the Yan/Pointed dynamic, a mechanism
that is recapitulated in mammalian development.

Materials and methods

Fly strains

Fly maintenance and crossing: flies were raised on standard 
corn meal molasses medium at 25°C. Canton S was used as 
wild type. Female sterile lz mutations were maintained over the
FM7i-P{w+mC=ActGFP}JMR3 balancer chromosome. TM6B,Tb1,
Bc1 and CyO,P{w+mC=ActGFP}JMR1 were used as larval mark-
ers. In all crosses (unless specified otherwise) lz mutant females
were crossed to yield the male F1 progeny that were analyzed at
either the larval or adult stages. All crosses were performed at
25°C. In experiments examining temperature-sensitive pheno-
types, cultures were shifted up to the restrictive temperature,
29°C, 2–4 days after egg laying.

Dr. U. Banerjee provided GMR-[lz-c3.5], lzsprite, lzr1 and
lzr1,P[lz-c3.5 ]. Dr. G. Rubin provided Ras1V12 CR2 and Yan con-
structs (UAS-yanACT, GMR-yanACT and sev-yanACT ). Dr. I. Rebay
provided yanS2382 and TM3-sev-yanACT. The UAS-yanACT experi-
ments used w1118; P{w+mC=UAS-GFP.nls}14; the yan1 experiments
used P{w+mC=UAS-mCD8::GFP.L}LL4, y1 w*. These strains, as
well as P{w+mW.hs=sev-hs-Ras1N17}JA and the GFP balancer strains
were obtained from the Bloomington Stock Center.

Histology and microscopy

Immunohistochemistry was performed with 9% PEM as fixative;
tissue was permeabilized with 0.1% Triton-X in PBS. Guinea pig
anti-Runt (Kosman et al. 1998) was detected with anti-guinea pig
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FITC (Sigma). Anti-BOSS (Cagan et al. 1992) was detected with
anti-mouse Cy3. Rat Elav (O’Neill et al. 1994) was detected with
anti-Rat Cy3 (Biological Detection Systems). Anti-Prospero
(Spana and Doe 1995) was detected with biotinylated anti-mouse
(Vector) and Cy5 streptavidin (Jackson Immuno Research). Discs
expressing GFP were treated in the same manner described above.
Z stacks of confocal images were taken at 1-µm increments on a
Biorad MRC600 and projected for a final image. Double-stained
images were merged in Adobe Photoshop.

Scanning electron microscopy was done on unfixed 0- to 
3-day-old adult flies using a Hitachi S-2460N.

Nucleotide alignment

Alignment between the three Drosophila species was performed
with MacVector 7.0, using slow ClustalW, with penalties of 5.0
and 0.1 for opening and extension, respectively. Ets sites were
identified using the Match program at http://www.gene-regula-
tion.com, which utilizes the Transfac 5.0 database, and MatInspec-
tor at http://transfac.gbf.de/TRANSFAC.

Results

The eye-specific enhancer of lozenge has three 
conserved binding sites for Ets transcription factors

Figure 1a and b compares a normal fly eye to the null 
allele lzr1. The lz eye is smaller than the wild type, and has
a dramatic loss of ommatidial structure, as well as loss of
pigmentation. The Cistron A allele lzmr1 (Fig. 1c) shows
an intermediate phenotype, with less severe pigmentation
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Fig. 1a–d Ets binding sites are conserved in the lz eye-specific en-
hancer. a–c Scanning electron micrographs of adult heads. All im-
ages are at the same magnification. Posterior is to the right. a Wild
type. b The null lzr1. c Cistron A allele lzmr1. d ClustalW alignment
of nucleotides 343 to 1,128 of intron 2 Drosophila melanogaster
(sim D. simulans, mel D. melanogaster, ere D. erecta). Identical nu-
cleotides are boxed in gray. Conserved Ets binding sites are based
on the consensus sequence SMGGAWGY and are shown in bold
boxes. The large deletion of lzmr1 (not shown) removes all Ets bind-
ing sites



defects. This allele lacks most of intron 2 (Nichols 1997;
Flores et al. 1998), the eye-specific enhancer.

We have sequenced intron 2 in three species. Dro-
sophila erecta and D. simulans are reported to have 
diverged from D. melanogaster 17 and 2.5 million years
ago, respectively (O’Neil and Belote 1992). We show a
strong conservation of the intron between the three spe-
cies (Fig. 1d). Analysis of this region revealed three
completely conserved consensus binding sites for Ets
transcription factors.

Ets binding sites serve a dual function in the eye,
binding both the repressor Yan and the activator Pnt
(O’Neil et al. 1994; Flores et al. 2000; Xu et al. 2000).
Inactivation of these sites does not discriminate between
the two inputs (Xu et al. 2000). We therefore chose a 

genetic approach to determine if the Ets factor Yan regu-
lates Lozenge.

Hyperstable Yan enhances lz phenotypes

Rebay et al. (2000) used activated Yan driven by two dif-
ferent promoters acting in overlapping subsets of cells to
uncover enhancers and suppressors of Yan in eye develop-
ment. The GMR promoter drives expression in all the
cells in and behind the morphogenetic furrow (Hay et al.
1994). The Sev promoter restricts expression to the devel-
oping photoreceptor neurons R3, R4, R7, the cone cells
and the mystery cells (Rubin 1991). Genetic interactions
with both the GMR-yanACT and the sev-yanACT alleles pre-
clude false positives owing to promoter effects. Positive
genetic interactions were further confirmed with yanS2382,
a hyperstable allele under normal yan regulatory control.
Using this paradigm established by Rebay and Rubin, we
analyzed interactions between this repertoire of yan alleles
and a battery of lz alleles and found that hyperstable Yan
exacerbates the lz phenotype (Table 1, Fig. 2). 
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Fig. 2a–h Hyperstable Yan exacerbates the lz phenotype. SEM of
adult eyes. Posterior is to the right. Bar marker is 200 µm; all 
micrographs are the same magnification. a GMR-yanACT/+ at 25°C
and 29°C (inset). b lzts1 at 29°C. c lzts1;GMR-yanACT/+ at 29°C. 
d lzts1;yanS2382/+ at 29°C. e lzgal4;UAS-yanACT/+. f lzr1,P[lz-c3.5]. 
g lzr1,P[lz-c3.5];GMR-yanACT/+. h lzsprite;GMR-yanACT/+



GMR-yanACT/+ shows a temperature dependence, pre-
senting a rough eye at 25°C that is more defective when
grown at 29°C (Fig. 2a). lzts1 is a temperature-sensitive
allele that appears normal at 25°C and has posterior eye
defects at 29°C (Fig. 2b). lzts1;GMR-yanACT/+ at 29°C
shows a markedly reduced eye, with the loss of all 
ommatidial structure (Fig. 2c).

Heterozygous yanS2382 adults appear normal at both
temperatures. lzts1;yanS2382/+ at 29°C exhibits an exacer-
bated lz phenotype, with defects extending throughout
the eye (Fig. 2d). The lzts1 phenotype is also enhanced
with the addition of sev-yanACT/+ (Table 1). These data
show that the interaction between yan and lz is bona fide
and not due to promoter effect.

We limited expression of YanACT to lz-producing cells
using the yeast GAL4 expression system (Brand and
Perrimon 1993). The allele lzgal4 has an insertion of the
pGawB element in a noncoding region of the lz locus.
The insertion has no impact on eye phenotype, but drives
expression of GAL4 specifically in lz-expressing cells
(Crew et al. 1997). lzgal4/Y;UAS-yanACT/+ males as well
as their heterozygous sisters resemble lz null flies
(Fig. 2e). Ectopic expression of YanACT in lz-dependent
cells results in a lz phenocopy.

A UAS-GFP reporter was used to examine lz expres-
sion directly. In a normal background, all undifferentiated
cells behind the furrow express the reporter (Fig. 3a). 
As cells begin to differentiate, lz expression is upregulat-
ed and maintained in photoreceptors (Fig. 3a, c) and in 
support cells later in development. Coexpression of 
UAS-yanACT eliminates lz upregulation in all cells
(Fig. 3b, d).

Yan control of lz is enhancer dependent

Flores and coworkers (1998) created a construct consist-
ing of the lz cDNA under the control of its endogenous
promoter and the intron 2 eye-specific enhancer. Follow-
ing transformation they recombined it onto the X chro-
mosome of the lzr1 null mutant, creating the lzr1,P[lz-c3.5]
strain. The rescue is dramatic, with only a mild posterior
defect in the eye (Fig. 2f). When this fly is challenged
with one dose of GMR-yanACT, most ommatidial struc-

ture is lost (Fig. 2g) as would be predicted if YanACT

blocks the lz enhancer.
We asked if lz expression via an alternate enhancer

could rescue YanACT repression. The allele lzsprite resulted
from a P-element mutagenesis that inserted two Sev 
enhancers into lz genomic DNA. The adult eye appears
normal in spite of numerous R3/R4 photoreceptor con-
versions to R7 (Daga et al. 1996). Figure 2h shows that
lzsprite suppresses the GMR-yanACT phenotype.

Yan regulates lz in R7 cell development

Lz is required for R7 cell specification (Crew et al. 1997;
Flores et al. 1998). The R7 cell marker Runt was used 
as a reporter to examine interactions between Yan and
Lozenge in R7 cell development. Runt is expressed in
the R8 and R7 precursors in the late third instar eye disc
(Behan 2001). Figure 4a shows the normal pattern of 
R7 development. R7 cell development is incomplete 
in the enhancer-defective lzmr1. R7 precursors initialize
the Sevenless cascade, but fail to express Runt (Fig. 4c
and d).
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Table 1 Summary of genetic interactions scored on adults. Genetic
interactions of lz alleles with hyperstable yan alleles. Scoring was
done using the phenotypes of the parents as a baseline. Criteria 
for scoring were: atypical ommatidial size, facet fusion, flattened
ommatidia, bristle defects, pigmentation alterations, and anterior
versus posterior involvement. The number of + signs indicates the
strength of the interaction (E enhances, S suppresses, ND not done,
NA not applicable)

lz alleles GMR-yanACT/+ sev-yanACT/+ yanS2382/+

lzts1 29°C E++++ E+ E++
lzts1 25°C E+ ND No change
lzr1, p[lz-c3.5] E+++ E+ E+
lzsprite S++ S+ NA

Fig. 3a–d lz expression is altered by YanACT. a, b Projection of 
a Z stack series of confocal images through the depth of the third
instar eye disc epithelium. Posterior is to the right. Arrowhead
indicates the morphogenetic furrow. a lzgal4;UAS-GFP/+. Reporter
expression is seen in undifferentiated cells, and upregulation of
expression is seen as cells begin differentiation. Brighter cells are
seen throughout the depth of the epithelium (arrow). b lzgal4;UAS-
GFP/UAS-yanACT. Reporter expression is uniform throughout 
the disc. Most GFP-positive cells are at the basal level of the disc.
c, d Confocal images of white prepupal eye discs in the plane of
R1/R6 photoreceptor nuclei. c lzgal4;UAS-GFP/+. Reporter expres-
sion is robust in R1/R6 nuclei. d lzgal4;UAS-GFP/UAS-yanACT.
Reporter expression is decreased or absent



Lai and Rubin (1992) reported that the loss-of-func-
tion allele yan1 produces ectopic R7 cells. Ectopic R7
development in yan1 is evident in the third instar eye
disc, and is precocious relative to the morphogenetic fur-
row (Fig. 4e). These ectopic R7 cells express lz (Fig. 4f).
As expected, no ectopic R7 cells are seen in the null
lzr1;yan1 (not shown).

To show that ectopic R7 cell development is a conse-
quence of increased Lz expression, the transgenic GMR-
[lz-c3.5] fly was examined. This fly expresses the lz
cDNA in all the cells of the developing eye (Daga et al.
1996). As expected, ectopic R7s were observed in sever-
al ommatidia. Overall, the presence of ectopic R7 cells
in these mutant backgrounds suggests that Yan represses
inappropriate expression of lz. The precocious R7 cells
in the yan1 background support a temporal nature to this
repression, consistent with the increase in lz expression
seen with the lzgal4;UAS-GFP reporter.

If Yan and Lz work in separate pathways, phenotypic
alterations should be additive. Epistatic interactions are
expected if the genes act in the same pathway. R7 cell
development was examined in lzts1 at restrictive tempera-
ture, and it was found that each facet had one Runt-posi-
tive R7 precursor (Table 2). R7 cell development was
also fairly normal in heterozygotes of the hyperstable 
allele yanS2382. R7 cell precursors failed to express Runt
in 80% of the ommatidia of the double mutant
lzts1;yanS2382/+ (Table 2).

Animals expressing sev-yanACT lack R7 cells (Rebay
and Rubin 1995). Prospero expression is severely down-
regulated in these animals as well (Xu et al. 2000). Anti-
bodies to Runt and Prospero were used to examine R7
cell development in the heterozygote sev-yanACT/+
(Fig. 5). R7 precursors fail to express Runt. Prospero ex-
pression is also altered in this heterozygote. In normal
flies, Prospero is expressed in R7 and cone cell precur-
sors; about 11 rows behind the furrow Prospero is upreg-
ulated in the R7s but not the cone cells (Kauffmann et al.
1996). In sev-yanACT/+ discs, Prospero expression is seen
in both precursor types, but expression in the R7 cells is
lost as the disc matures (Fig. 5b, c).
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Fig. 4a–f Yan regulates lz in R7 cell development. a–f Projection
of a Z stack series of confocal images through the depth of third
instar eye disc epithelium. Posterior is to the right. Anti-Runt is in
red. lzgal4;UAS-GFP expression is in green. Anti-Boss is in yellow.
All insets are at 8× the magnification. a Wild type. Runt staining
highlights R8 and R7 photoreceptor nuclei. R8 cells label with
Runt one row behind the morphogenetic furrow (arrowhead). 
Seven to eight rows later, R7 cells join the R8 cells. b. R7 cells
coexpress lz. c Enhancer deficient lzmr1. The morphogenetic fur-
row is marked with an arrowhead. R7 development is incomplete.
No R7 cells express Runt. d. The sevenless cascade is initiated;
BOSS is expressed on the surface of the R8 photoreceptor and in-
ternalized by the R7 precursor. Each R8/R7 pair is represented by
two dots, the smaller one is the R7. e yan1. Runt staining high-
lights ectopic R7 cell development, with numerous ommatidia
containing an extra R7 (arrow and inset). Ectopic R7 cells develop
precociously with respect to the morphogenetic furrow (arrow-
head). f. Normal R7 spacing is maintained in the endogenous R7
cells. Ectopic R7 cells coexpress lz

Table 2 R7 precursors expressing Runt in different genetic back-
grounds

Genotype Number of % with normal P value
ommatidia R7 complement
scored

lzts1 1,250 100
yanS2382/+ 1,183 96.8 0.3
lzts1; yanS2382/+ 1,787 20 <0.001
Ras1N17/+ 1,353 95.7 0.12

lzts1; Ras1N17/+ 1,285 33 <0.001



If it is true that Yan represses lz via regulatory regions
in the enhancer, we would predict that the ectopic R7
cells produced by GMR-[lz-c3.5] would be less sensitive
to YanACT. Figure 5d shows that these R7 cells maintain
their normal developmental pathway in the presence of
sev-yanACT/+. Photoreceptors R1, R2, R5, R6, and R8
will not express Sev-driven genes (Rubin 1991). To show
that the ectopic R7 cells are not arising from photorecep-
tor conversions in a yanACT independent fashion, GMR-
[lz-c3.5]/sev-yanACT discs were double labeled with Runt

and Elav. Elav is expressed in all neuronal cell nuclei
(Robinow and White 1988), and highlights all the photo-
receptor neurons. R2 and R5 are clearly identifiable and
not the source of the ectopic R7 cells (Fig. 5e). R1 and
R6 are likewise ruled out by virtue of their stereotypical
position. The ectopic R7 cells express sev-yanACT and
still develop normally.

Lz expression via an alternate enhancer rescues 
Prospero expression in endogenous R7 cells

Surprisingly, GMR-[lz-c3.5] also rescues Prospero 
expression in the endogenous R7 precursors in 
sev-yanACT/+ flies (Fig. 5f). The R7 cells show increased
Prospero expression relative to the cone cells, as they do
in a wild-type background. Furthermore, Prospero upreg-
ulation is precocious, beginning at the morphogenetic
furrow. These results suggest that the increase in Prospe-
ro expression normally seen in R7 cells is dependent up-
on a change in Lz expression. These results are consis-
tent with the increased lz expression we showed with
lzgal4;UAS-GFP (Fig. 3a), a change that is sensitive to
the presence of YanACT (Fig. 3b). The fact that Lz was
able to influence Prospero expression in the presence of
YanACT suggests that Lz may have a role in the
Yan/Pointed dynamic (see Discussion).

Lozenge is regulated by the Ras pathway

Our results have placed Lz downstream of Yan and up-
stream of Prospero in the Ras pathway. Daga et al.
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Fig. 5a–f Yan insensitive Lz expression rescues R7 development
in the presence of sev-yanACT. a–f Projections of a Z stack series of
confocal images through the depth of the third instar eye disc epi-
thelium. Posterior is to the right (arrowhead marks morphogenetic
furrow). Anti-Runt is labeled red, anti-Prospero is labeled green,
red and green colocalization is in yellow. Anti-Elav is labeled blue.
a, b sev-yanACT/+. Runt expression is seen only in R8 cells. Prospe-
ro is seen in cone cells precursors, lagging six to seven rows behind
Runt expression. Prospero expression is aberrant in R7 precursors.
c One plane of focus near the posterior of the disc. The curvature
of the disc allows a view of R7 and cone cell precursors in the
same plane. R7 precursors are highlighted with white asterisks in
the anterior section, and show weak expression relative to cone cell
precursors. More posterior, many R7 precursors lack Prospero ex-
pression entirely. Black asterisks highlight one such cluster of cone
cells in the top section. No R7 is associated with this cluster in any
plane of the disc. d–f GMR-lz expression rescues R7 development
in a sev-yanACT background. d Magnified view shows that ectopic
R7 cells coexpress Runt and Prospero (arrows). e Magnified view
of Runt and Elav double stain on a different sev-yanACT/GMR-
[lz-c3.5] disc. Arrow points to one cluster with an ectopic R7 cell.
Asterisks mark the R2 and R5 photoreceptors in this cluster. f Pros-
pero is upregulated in R7 cells of sev-yanACT/GMR-[lz-c3.5]; up-
regulation is evident immediately behind the morphogenetic furrow
(arrowhead)



(1996) reported that Lz was not regulated by this path-
way. We undertook a series of experiments to examine
Ras/Lozenge interactions.

The allele sev-Ras1N17 acts as a dominant negative to
endogenous Ras1. The adult eye is rough; about 25% of
ommatidia are missing the R7 cell (Karim et al. 1996).
As a heterozygote, this animal has a very mild phenotype
(Fig. 6a). The heterozygote lzr1/+ shows no phenotype.
When sev-Ras1N17 is combined with lzr1/+, it produces a
rough eye (Fig. 6b). The lz rescue allele lzr1,P[lz-c3.5 ] is
also perturbed by one dose of Ras1N17 (Fig. 6c). This Ras
allele also extends the defects seen in lzts1, making the
eye rough at permissive temperature (not shown) and 
severely defective at 29°C (Fig. 6e).

The reciprocal experiment was also performed. 
sev-Ras1V12 expresses a constitutively activated form of
Ras1 (Fortini et al. 1992). Heterozygotes have very
rough eyes due to photoreceptor derangement and facet
fusions; the severity of the eye is reduced at 29°C. 
Significantly, expression of one dose of Ras1V12 suppres-
ses the posterior flattening seen in lzts1 reared at 29°C
(compare Fig. 6d and f). This data in combination with
the results of the sev-Ras1N17 data suggests that Lz dos-

age is sensitive to Ras dosage, and is consistent with Lz
regulation via Yan.

Ras/Lz interactions were examined at the level of the
R7 precursor using anti-Runt (Table 2). In heterozygous
Ras1N17, 96% of R7 precursors expressed Runt. The lzts1

flies grown at 29°C had a normal complement of R7
cells expressing Runt. In lzts1;Ras1N17/+ discs grown 
at 29°C, only 33% of the R7 precursors showed normal
development.

Discussion

We have used a genetic approach to examine Yan/Lz 
interactions, and have established that Yan tempers lz 
expression. We have shown that the degree of regulation
is dependent upon the presence of the eye-specific en-
hancer. The complete conservation of three Ets binding
sites across 17 million years of evolution is strong sup-
porting evidence that this regulation is direct. At this
time, however, we cannot rule out the possibility that this
regulation is indirect.

Work by others has shown that separate inputs by Ets
factors and Lz are required for regulation of prospero
and D-Pax2 in the eye (Xu et al. 2000; Flores et al.
2000). Our data must be interpreted in this context. We
have used the lzgal4 reporter system to show that hyper-
stable YanACT is able to block lz expression at the level of
transcription. The GMR and Sev ectopic expression sys-
tems have been used to tease Yan control of lz apart from
control of other genes. Figure 7 is an extension of the
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Fig. 6a–f Changes in Ras expression affect the Lz phenotype. lzr1 is
a null. lzr1/+ females resemble wild-type flies. Temperature sensi-
tive lzts1 appears wild type at 25°C and abnormal at 29°C. P[lz-c3.5]
is the full length lz cDNA under the control of its endogenous pro-
moter and enhancer. In a lz null background, it shows a mild loss 
of function (shown in Fig. 2f). a sev-Ras1N17/+. b lzr1/+;Ras1N17/+.
c lzr1,P[lz-c3.5]; sev-Ras1N17/+. Posterior defects are worsened in
this double mutant (compare to Fig. 2f). d Magnified view of the
posterior of lzts1 at 29°C shows a flat area where ommatidia have
collapsed onto the brain. e lzts1;sev-Ras1N17/+ at 29°C. Eye defects
are exacerbated, and extend throughout the eye. f lzts1;sev-Ras1V12/+
at 29°C. Posterior flattening defects are rescued by increased Ras
expression

Fig. 7 Yan tempers Lz expression. For the sake of simplicity, in-
puts by other regulatory factors have been omitted. Left panel: in
the undifferentiated cell, Yan (red octagons) represses prospero by
directly binding to Ets sites. The transcriptional activator Pointed
(green squares) competes for the same DNA but with much less
affinity. Lozenge (blue circles) transcription is tempered by Yan,
but not entirely repressed. Right panel: DER and Sev are activated
by their respective ligands Spitz and BOSS, resulting in Ras1
stimulation (yellow arrows). Ultimately, Yan and Pointed are
phosphorylated, but with opposite effects. Phosphorylated Yan is
targeted for degradation. Phosphorylated Pointed binds DNA with
a higher affinity. Yan repression of Lz is alleviated, and upregula-
tion occurs by some other mechanism. Upregulated Lz binds with
Pointed to mediate prospero transcription



model proposed by Xu et al. (2000) showing prospero
regulation, with the added information that lz is also a
target of Yan. This begs the question, why the double
level of control?

We hypothesize that Lz, functioning as a transcription
factor, is involved directly in the Ets developmental
switch, acting as a cofactor to enhance the ability of
Pointed to compete with Yan for Ets sites. What follows
supports this argument.

We have analyzed the developmental potential of R7
in the presence of one dose of sev-yanACT. In this mutant
background, Pointed is phosphorylated normally by
MAP kinase, but is unable to compete with the mutant
hyperstable Yan. The result is that Prospero expression is
never upregulated, Runt expression is not turned on, and
R7 differentiation fails. We have shown that coexpres-
sion of GMR-[lz-c3.5] rescues Prospero expression. Fur-
thermore, the ectopic R7 cells that develop in the GMR-
[lz-c3.5] background follow their normal developmental
pathway. Unlike the native R7 precursors, these ectopic
R7 precursors express both upregulated Prospero and
Runt. This may indicate a difference in the level of ex-
pression of the sev-yanACT transgene between the two
cell types, or some other cell-specific factors involved in
regulation. The results in both the endogenous and 
ectopic R7 cells indicate that the presence of Lz effects 
a change in the dynamic between Yan and Pointed. 
Although this could be accomplished by a number of
mechanisms, we favor the hypothesis that Lz induces a
change in the ability of Pointed to bind to DNA. This is
based on a mammalian paradigm.

The mammalian homologs of Lz and Pointed are
RUNX1 and Ets-1. Lz is 71% identical to RUNX1 in its
homologous domains (Daga et al. 1996). Pointed is 95%
identical to Ets-1 in the Ets DNA binding domain
(O’Neill et al. 1994); Pointed and Ets-1 proteins are
functionally homologous and can replace each other in
vitro and in vivo (Albagli et al. 1996). Wotton et al.
(1994) showed that RUNX1 and Ets-1 bind cooperative-
ly to separate but nearby DNA sites on the T cell recep-
tor, and that this cooperativity can exist even when these
sites are as far apart as 33 base pairs. Notably, they
found that RUNX1 and Ets-1 could not substitute for
each other. Both inputs are required for stable ternary
complex development. Goetz et al. (2000) showed that
the presence of RUNX1 enhanced Ets-1 DNA binding
affinity by as much as 20 times in vitro. Kim et al.
(1999) defined regions of RUNX1 and Ets-1 outside of
the DNA binding domains that are necessary for cooper-
ative DNA binding, and reported similar regions in both
Lz and Pointed proteins. Furthermore, Kim and co-
workers speculated that this type of cooperativity may
exist in Drosophila eye development.

Strikingly, in the prospero enhancer one Ets binding
site is only 7 base pairs away from a Lz binding site (Xu
et al. 2000). Our genetic results are consistent with Lz
and Pointed acting cooperatively on the prospero en-
hancer. The double input of Lz and Pointed effectively
competes with YanACT. The dramatic loss of R7 cell 

development in lzts1;yanS2382/+ and lzts1;Ras1N17/+ may
reflect a loss of this cooperativity as well. Clearly a 
dynamic exists between the three factors Lz, Yan and
Pointed. Work in flies and mammals has shown that this
dynamic is influenced by phosphorylation, competition,
transcriptional regulation and cofactor availability.

In the past, genetic screens have been undertaken by
various laboratories to identify enhancers and suppres-
sors not only of Yan, but of Ras as well. How is it that
Lz has not been identified by these screens? The
schemes used by Rebay et al. (2000) for Yan and Karim
et al. (1996) for Ras were not designed to be all inclu-
sive. They were one generation screens to isolate modifi-
ers that are haploinsufficient. This is not the case for Lz.
We have used a targeted approach to test lz alleles
against the prototypical Yan and Ras panels. We have
satisfied the criteria used to score those screens. Our in-
terpretation is that Lz is regulated by Yan in the Ras
pathway.

The Lz genomic sequence has been deposited in 
GenBank under accession number AF217651.
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