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Summary

We show that the activities of two Ets-related tran-
scription factors required for normal eye development
in Drosophila, pointed and yan, are regulated by the
Ras1/MAPK pathway. The pointed gene codes for two
related proteins, and we show that one form is a consti-
tutive activator of transcription, while the activity of
the other form is stimulated by the Ras1/MAPK path-
way. Mutation of the single consensus MAPK phos-
phorylation site in the second form abrogates this
responsiveness. yan is a negative regulator of pho-
toreceptor determination, and genetic data suggest
that it acts as an antagonist of Ras1. We demonstrate
that yan can repress transcription and that this repres-
sion activity is negatively regulated by the Ras1/MAPK
signal, most likely through direct phosphorylation of
yan by MAPK.

Introduction

Intercellular signaling controls many processes in multi-
cellular organisms, including regulation of growth control,
differentiation, and specification of cell fate during devel-
opment. Many of these signals are received at the cell
surface by transmembrane receptor proteins. Upon being
bound by ligand, these receptors initiate a signal transduc-
tion cascade through the cytoplasm to the nucleus, where
transcription factors that are among the ultimate targets
of such signaling pathways elicit alterations in gene ex-
pression that in turn regulate celiular events. Protein tyro-
sine kinases are one well-characterized class of trans-
membrane receptors. Genetic and biochemical studies
have implicated the small G protein ras and regulators of
its activity as key factors in the signal transduction cascade
downstream of receptor tyrosine kinases (RTKs; reviewed
by Schlessinger, 1993).

The sevenless RTK is required for proper cell fate deter-
mination of the R7 photoreceptor during Drosophila eye
development (reviewed by Zipursky and Rubin, 1994). Pro-
teins implicated in the transduction of the sevenless signal
include the following: the SH2 and SH3 domain-con-
taining protein, Drk; Ras1; and regulators of Ras1 activity,
such as the GTPase-activating protein GAP1 and Son of
sevenless, a guanine nucleotide exchange factor. Further-
more, ectopic expression of an activated form of Ras1 in
precursors to the nonneuronal cone cells is sufficient to
cause these cells to adopt an R7-like fate.

A critical component downstream of Ras in many RTK

signaling pathways is the mitogen-activated protein kinase
or MAPK family (reviewed by Marshall, 1994). Members
of this class of kinases share the feature of being activated
by a MAPK kinase (MAPKK), which in turn is activated
by a MAPKK kinase (MAPKKK). The protein kinase Raf
functions as a MAPKKK and forms a complex with Ras,
making it a likely link between Ras and this so-called MAPK
cascade. Activated forms of the Drosophila MAPK, extra-
cellular signal-regulated kinase A gene/rolled (ERKA/rolled,
Brunner et al., 1994), or of Draf, a Drosophila Raf homolog
(Dickson et al., 1992), can also give rise to supernumerary
R7 cells. Among the direct targets of MAPK that have been
identified in mammalian systems are several transcription
factors including c-Fos (Chen et al., 1993) and NF-IL-6
(Nakajima et al., 1993). No known transcription factor tar-
gets of the MAPK cascade have been shown to act down-
stream of sevenless. One candidate for such a factor is
the Ets-related product of the yan gene (Lai and Rubin,
1992; Tei et al., 1992). Genetic data suggest that yan acts
as an antagonist of activated Ras1 (Lai and Rubin, 1992),
and the yan protein contains several consensus MAPK
sites.

The Ets family of transcription factors share a DNA-
binding domain called the Ets domain (Wasylyk et al,,
1993). In several mammalian cell culture systems, ele-
ments in Ras-responsive promoters have been identified
that correspond to Ets-binding sites (EBS), suggesting that
members of this family of transcription factors might act
downstream of Ras (Wasylyk et al., 1991; Conrad et al.,
1994). However, neither the mechanism by which Ras
might activate such factors nor the identity of any specific
Ets protein targets were revealed by these studies.

There is a case where an Ets-related protein has been
shown to respond to an extracellular signal. in fibroblasts,
there is a complex formed in response to serum stimula-
tion that activates transcription through the serum re-
sponse element (see Treisman, 1994). One of the compo-
nents of this complex, Elk-1, is Ets related and becomes
phosphorylated in response to serum stimulation. This
phosphorylation is dependent on a 42 kDa cellular kinase
that is probably MAPK, and it causes an increase in the
transcriptional activation activity of Elk-1 (Marais et al,,
1993; Janknecht et al., 1993).

Other Ets family members have been shown to be in-
volved in many processes, including T cell activation (Ets-1
and Ets-2; see Wasylyk et al., 1993), and other stages
of Drosophila development, including embryonic (pointed)
and larval stages (E74). pointed is required for normal de-
velopment of the Drosophila embryonic nervous system
(Klambt, 1993; Scholz etal., 1993), and adult flies transhet-
erozygous for certain hypomorphic alleles of pointed have
rough eyes, suggesting a role for pointed in eye develop-
ment (Scholz et al., 1993).

Here, we examine the role of pointed during Drosophila
eye development, analyze biochemically the transcrip-
tional properties of both pointed and the negative regulator
yan, and then investigate the relationship between the
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Figure 1. Genomic Organization and Structural Features of pointed

(A) A restriction map of the genomic region of pointed and a diagram
of the intron/exon structure of the two transcripts derived from the P71
and P2 promoters are shown (Klambt, 1993). Hatched and stippled
exon structures correspond to the schematic diagrams of the protein
structures in (B); closed structure indicates untranslated sequences.
The precise 5’ ends of the P7 and P2 transcripts have not been estab-
lished; the cDNAs used to construct the exon maps shown are each
about a kilobase shorter than the sizes of the corresponding transcripts
as estimated by RNA blots (Kidmbt, 1993). Thus, either transcript might
contain an additional 5’ exon. P element and exon sizes are not to
scale. EcoRl sites (above the line) are according to Klambt (1993). Only
selected Hindlli sites (below the line) are shown. Triangles indicate the
insertion sites of P elements used in this study. The P element in line
1(3)3520 is inserted 49 bp from the 3’ end of exon I. In lines 1(3)3680
and 1(3)5484, the P elements are approximately 1000 bp and 800 bp,
respectively, upstream of the initiating ATG of the P7 transcript. The
P element in line I(3)7825 is inserted near the center of a 4.0 kb Hindlll
fragment that also contains exon IV. Heavy and hatched lines below

Ras1/MAPK pathway and these Ets-related proteins. An
analysis of the eye phenotype of several classes of pointed
alleles is presented, and genetic criteria are used to estab-
lish a role for pointed downstream of Ras7 and MAPK
during photoreceptor determination. To investigate the
biochemical mechanism by which pointed and yan are
regulated by this signaling pathway, we developed an in
vitro cell culture assay that has allowed us to study the
transcriptional activities of these two Ets-related proteins
as well as to determine how these activities are modulated
by Ras1 and MAPK.

Results

pointed Is Required for Normal

Photoreceptor Determination

Many genes required for eye development are also neces-
sary at earlier stages of development. As a result, these
genes are not identified in most genetic screens for eye
phenotypes. To circumvent this problem and to identify
new genes required for eye development in Drosophila,
we took advantage of the FLP/FRT marked mosaic system
(Xu and Rubin, 1993), which allows the generation of
marked clones of cells homozygous for a mutation of inter-
est in otherwise heterozygous animals. We used this ap-
proach to screen through a collection of lethal P element
enhancer trap insertions (see Experimental Procedures)
for those that gave abnormal eye phenotypes in clones.

the restriction map indicate approximate borders of the DNA missing
in the indicated excision alleles.

(B) Schematic diagrams of the pointed® and pointed proteins are
shown. The two proteins contain a common C-terminal sequence that
includes the Ets domain, but have different N-terminal sequences.
Pointed™ has a region of homology termed the pointed domain that
is common to a subset of other Ets proteins (Kidmbt, 1993). The loca-
tion of the single MAPK consensus phosphorylation site (PXS/TP; Gon-
zalez et al., 1991; Clark-Lewis et al., 1991) in pointed™ is indicated.

Among these lines, we identified four alleles of pointed,
1(3)3520, 1(3)3680, 1(3)5484 and 1(3)7825, which we found
were missing photoreceptors in clones (data not shown).
Transcription of the pointed gene is initiated from two pro-
moters, called P7 and P2, which drive the expression of
two alternately spliced transcripts that code for two related
proteins, referred to here as pointed” and pointed®

Figure 2. The Phenotype and Expression Pattern of pointed in the Eye

(A and B) The eyes of flies homozygous for hypomorphic alleles of pointed are missing photoreceptors. (A) A section through the eye of a fly
homozygous for a weak hypomorphic allele of pointed (pointed®#°42' an excision ailele derived from line 1(3)3680) is shown. The eyes of such flies
have many wild-type ommatidial clusters, with only occasional missing photoreceptors, which are most commonly the R7 cell. Arrows indicate
clusters that are missing the R7 cell, and the arrow head indicates a cluster that is missing an outer photoreceptor. (B) Flies homozygous for a
stronger hypomorphic allele of pointed (pointed®?4%2, derived from 1(3)7825) are missing multiple photoreceptors in almost every cluster. The R7
cell is missing in more than half of the clusters.

(C and D) pointed is required for cell fate determination in ali photoreceptor subtypes and acts downstream of Ras? in a signal transduction pathway
leading to photoreceptor determination. The FLP/FRT system for generating marked mitotic clones (Xu and Rubin, 1993) was used to generate
small patches of pointed™ tissue in the eyes of flies that were heterozygous for pointed”#47_(C) The fly that gave rise to the clone shown was
otherwise genotypically wild type. (D) The clone shown was generated in a fly that also expressed activated Ras1 (chromosome CR2; see Experimen-
tal Procedures). Expression of activated Rast in this way causes the induction of ectopic R7 cells (Fortini et al., 1992). Several extra R7 cells are
indicated by an arrow head. The product of the white gene was used as a cell-autonomous marker to label pointed* tissue; thus all white™ cells
are also pointed-. Photoreceptor cells that express the white gene have small, dark pigment granules located near their rhabdomeres (arrow head,
C). Other cells in the retina that express the white gene product produce larger refractory pigment granules (arrow, C). The area of pointed- tissue
in each panel can be identified by the lack of refractory pigment granules in the accessory cells. In both cases, there are no white~ photoreceptors
observed. Near the border of each clone, there are clusters that are missing some rhabdomeres. In a few rare cases, we did observe white™ (and
therefore pointed™) photoreceptors in clones generated using this allele. We estimate that such cells account for less than 1% of the white™ cells
that would have become photoreceptors in a wild-type background.

(E and F) The expression of pointed™. The P element in the enhancer trap allele pointed™*¥is inserted in the first exon of the P2 transcript (see
Figure 1). An eye imaginal disc from a third instar larva was double labeled with an antibody against p-galactosidase (shown in green) and an
antibody against Elav (shown in red), a nuclear marker of neuronal differentiation in Drosophila. Strong staining in both channels appears yellow.
Since the photoreceptor nuciei rise to the apical surface of the eye disc monolayer as they differentiate, Elav is only visible in apical focal planes.
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The location of the center of the morphogenetic furrow is shown by an arrow in each panel. (E) An apical focal plane showing B-galactosidase
(green) and Elav (red). Most, if not all, of the cells in this focal plane appear to express p-galactosidase. This includes photoreceptors and cone
cells (data not shown). (F) The same apical focal plane showing Elav staining, overlaid with a basal focal plane showing B-galactosidase staining.
B-Galactosidase is expressed beginning just anterior to the morphogenetic furrow, several hours prior to the time when neuronal differentiation
occurs, and is present in the basal undifferentiated nuclei.



Cell
140

(Klambt, 1993). Since not all of the pointed P alleles gave
fully penetrant phenotypes in clones, we used imprecise
excision of the P elements to generate stronger alleles.
We also hoped to generate transcript-specific mutations
that would allow us to determine the role for each of the
two pointed proteins during eye development. A diagram
of the genomic area containing the pointed gene with the
location of the original P element insertions, the approxi-
mate genomic regions missing in a few selected excision
alleles, and a diagram of the structures of the P1 and P2
proteins are shown in Figure 1.

We recovered excision events associated with each of
the four P alleles that gave rise to fully wild-type revertants,
semilethal mutants with rough eyes, and lethal mutations.
The appearance of wild-type revertants demonstrates that
the P elements in the original alleles were responsible for
the mutant phenotype. Rough-eyed flies homozygous for
weak semilethal alleles were found to have occasional
missing photoreceptors, most commonly the R7 (Figure
2A), while stronger alleles caused the loss of 2-4 photore-
ceptors in most ommatidial clusters (Figure 2B).

To examine the eye phenotypes of selected lethal al-
leles, FRT chromosomes carrying these alleles were used
to generate clones of homozygous mutant cells in adult
eyes. Lethal excision lines derived from each of the four
original P element insertions gave rise to clones with miss-
ing photoreceptors, although many lines, including all
lines derived from (3)3520, did not give fully penetrant
phenotypes in clones. We were abile to find multipie lethal
excision alleles derived from lines 1(3)3680, 1(3)5484, and
I(3)7825 that gave rise to clones with almost no pointed™
photoreceptors, suggesting that pointed gene function is
required in all photoreceptors (Figure 2C). We found al-
leles with this phenotype which, on a molecular level, ap-
pear to affect either the P1 or P2 protein only. Thus, we
were unable to demonstrate a distinct role for each tran-
script during eye development.

We also examined marked mitotic clones of pointed in
the third instar eye imaginal disc, at the time during devel-
opment when photoreceptor determination occurs (data
not shown). The pointed™ cells in these clones almost
never express Efav, an early marker of neuronal differenti-
ation, suggesting that pointedis required for cell fate deter-
mination rather than simply being required at some later
step of differentiation.

Expression of pointed in the Eye Imaginal Disc

Since synthesis of the two pointed transcripts is directed
by two different promoters, we sought to examine the ex-
pression patterns of both pointed” and pointed™. At-
tempts to generate antibodies specific to each form of
pointed have been unsuccessful to date. However, P ele-
ment enhancer trap lines often express B-galactosidase
in the same expression pattern as does the gene into which
they are inserted. Two of our P alleles, 1(3)3520 and
1(3)7825, appear to be specific to the P2 transcript, while
the other two, I(3)3680 and (3)5484, are inserted near the
initiating ATG of the P7 transcript. The two P2 insertion
lines express B-galactosidase in most, if not all, cells in the
eye imaginal disc in and posterior to the morphogenetic

furrow (Figures 2E and 2F). Significantly, expression is
observed in cells several hours prior to the time when
they begin to differentiate as neurons. Neither of the two
insertions near P7 coding sequences expresses B-galac-
tosidase at detectable levels in the eye-antennal disc
(data not shown). However, 3 out of the 16 pointed cDNAs
we isolated from an eye-antennal disc cDNA library corre-
spond to the P7 transcript, suggesting that P71 is expressed
in the eye disc as well.

pointed Acts Downstream of Ras?1

in Eye Development

Having established that pointed is required for normal pho-
toreceptor development, we wished to determine whether
it might function downstream of Ras? during transduction
of the signal that leads to photoreceptor determination.
We therefore tested pointed in several genetic assays de-
signed to identify genes required for transduction of the
signal through Ras1.

Expression of an activated form of Ras1 under the con-
trol of the sevenless enhancer leads to the differentiation
of ectopic R7 cells and roughening of the adult eye (Fortini
etal., 1992). The phenotype of such eyes is very sensitive
to the dose of genes required for transduction of the Rast1
signal and can be used as the basis of a dominant modifier
screen aimed at identifying genes required for Ras7 func-
tion (H. Chang, T Choi, F. Karim, M. Therrien, D. Wassar-
man, and G. M. R., unpublished data). As shown in Figure
3, loss-of-function alleles of pointed act as dominant sup-
pressors of activated Ras1 in this assay, suggesting that
pointed is a downstream effector of Ras7 during photore-
ceptor determination. .

To provide more evidence that pointed acts downstream
of Ras1, we generated marked mitotic clones of pointed-
tissue in the eyes of flies that also expressed activated
Ras1 under the control of the seveniess enhancer/pro-
moter (see Figure 2D). We observed almost no pointed”
photoreceptors in such clones, as predicted if pointed acts
downstream of Ras7.

To further analyze the role of pointed in the Ras1 signal
transduction pathway, we examined genetic interactions
between pointed and other known components of this
pathway. Consistent with data found in other systems, mu-
tations in the Drosophila homologs of Raf (Draf; Dickson
et al., 1992) and MAP kinase kinase (Dsor7; Tsuda et al.,
1993) have been found to be dominant suppressors of
activated Ras1 (H. Chang, T Choi, F. Karim, M. Therrien,
D. Wassarman, and G. M. R., unpublished data). Draf™7
is a hypomorphic allele of Draf (Melnick et al., 1993). Hemi-
zygous Draf™7 males have slightly rough eyes that exhibit
missing photoreceptor cells, most commonly the R7 (Mel-
nick et al., 1993). Dsor1*%52° was isolated as an X-linked
suppressor of activated Ras1 and has an eye phenotype
similar to that of Draf™7 (F. Karim and G. M. R., unpub-
lished data). The phenotypes of hypomorphic alleles like
Dsor1%*$520 and Draf*™7 are often sensitive to changes in
the dosage of genes whose products act elsewhere in the
same pathway. As shown in Figure 3, halving the gene
dosage of pointed enhances both the rough eye and miss-
ing photoreceptor phenotypes of Dsor1*5%2° or Draf™7.
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Figure 3. Genetic Interactions of pointed with Activated Ras7 and Hypomorphic Alleles of Draf and Dsor1

(A) Scanning electron micrograph of the eye of a wild-type (Canton S) fly.

(B-E) pointed is a dominant suppressor of activated Ras1. Expression of activated Ras1 causes a disruption of the ommatidial array that results
in roughening of the exterior eye morphology (see text). The two activated Ras1 lines used for this study exhibited either weak (line CR1, B) or
moderate (line CR2, D) degrees of roughness. The eyes of flies carrying either the CR1 or the CR2 chromosome that are also heterozygous for
pointed (C and E, respectively) have a more regular ommatidial array and fewer extra photoreceptors (data not shown) as compared with the eyes
of flies wild type at the pointed locus.

(F, G, J, and K) pointed is a dominant enhancer of a hypomorphic allele of Dsor7, a gene encoding a MAPKK. (F) Flies hemizygous for Dsor7*5%
have slightly rough eyes. The eyes of such flies were also sectioned and found to have occasional missing photoreceptors. (G) The phenotypes
of 432 ommatidial clusters were scored both for the presence of an R7 cell and for the number of outer photoreceptors present. (J) Flies hemizygous
for Dsor1*5°% that are also heterozygous for pointed have much rougher eyes that are aiso reduced in size. (K) Both the missing R7 and missing
outer photoreceptor phenotypes are enhanced (189 clusters scored).

{H, |, L, and M) pointed is a dominant enhancer of a hypomorphic alleie of Draf. (H) Flies hemizygous for Draf*™7 (Melnick et al., 1993) have slightly
rough eyes and (l) are missing occasional photoreceptors (556 clusters scored). (L) Flies hemizygous for Draf™7 that are also heterozygous for
pointed have much rougher eyes that are slightly reduced in size. (M) The missing photoreceptor phenotype of Draf™7 is also dominantly enhanced
by pointed (214 clusters scored).

The genotypes of flies shown in this figure are wild type (A); Pfsev-Ras1""2JCR1/+; +/+ (B); P[sev-Ras1"'}JCR1/+, pointed™?547¢/+ (C); P[sev-Ras1V'2JCR2/
+; +/+ (D); P[sev-Ras1''?JCR2/+; pointed™®*27¢[+ (E); Dsor1*$°®/Y; +/+ (F); Draf™’/Y; +/+ (H); Dsor1*$5%/Y; pointed’?4/+ (J); and Draf*™/y;
pointed™?47(+ (L). The allele pointed™?547 was derived from an imprecise excision screen beginning with the P allele pointed®”®?*. On a molecular
level, this allele appears to affect only DNA coding for the P2 transcript (see Figure 1). However, it is possible that this excision also affects
expression of the P7 transcript. Multiple other excision alleles derived from pointed®®?* had similar, though somewhat weaker, effects. Excision
events affecting P7-specific exons, including pointed®4% (derived from pointed™*¢), had effects in these assays similar to the weaker excision
alleles derived from pointed®”#. No excision events derived from pointed®®® had any detectable effect in these assays. Molecular analysis of this
class of excision event revealed that none were missing regions corresponding to coding sequences; thus, these alleles may not lack all P2
function. There are two possible interpretations for the observed difference in the phenotypes between the two sets of excision alleles derived
from the apparently P2-specific insertions pointed™? and pointed®®?*. Perhaps the lines derived from pointed™% are hypomorphs and the lines
derived from pointed®®* have lost all P2 function, in which case a 50% reduction in P2 gene dose is sufficient to cause an effect in these genetic
assays. Alternatively, the pointed™? lines coulid represent true P2 nulls, and a 50% reduction in P2 gene function is not sufficient to cause an
effect in our genetic assays. In this case, the pointed”®® lines would have an effect in the genetic assays because they also disrupt P7 function.
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Figure 4. Transcriptional Activation Potential of Ets Proteins

A representative experiment showing a comparison of the transcrip-
tional activation activities of the Ets proteins used in this study. When
averaged over several experiments, the activation observed with
pointed” (nine experiments) was 17.1 times the value observed for
the vector alone control; with pointed™ (seven experiments), 3.4 times
the control value; and with yan (six experiments), CAT activity was
always within 20% of the control value.

Activated Ras1 Up-Regulates the Transcriptional
Activity of the P2 but Not the P1 Form of Pointed
Having established arole for pointed in the Ras1 pathway,
we sought to examine the biochemical mechanism under-
lying the genetic interactions we observed. We began by
testing the ability of each of the two forms of pointed to
activate transcription in a cotransfection assay. A high-
affinity binding site for Ets-1 has been identified using a
binding site selection assay (Nye et al., 1992). Since the
Ets domain of pointed is identical to that of Ets-1 at 95
out of 100 residues, we used this canonical binding site
as a target of pointed in our assays.

We generated a reporter construct, E;BCAT, consisting
of six tandem copies of the high-affinity Ets site upstream
of the E1B basal promoter followed by the bacterial chlor-
amphenicol acetyltransferase (CAT) gene. Drosophila tis-
sue culture cells were cotransfected with E;BCAT and a
second plasmid expressing either the P71 or P2 form of
pointed under the control of the Drosophila actin 5C pro-
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moter, and then cell lysates were assayed for CAT activity.
We found that pointed”” and pointed® each activated tran-
scription, with pointed”’ being a significantly stronger acti-
vator than pointed®? (Figure 4). This was the first piece
of evidence we obtained showing a functional difference
between the two forms of pointed.

Since our genetic data suggested that pointed activity
might be stimulated by the Ras1 pathway, we looked di-
rectly at whether Ras1 could modulate the transcriptional
activity of either form of pointed. This was accomplished
using the same cell culture assay, except that we also co-
transfected either the plasmid pPACRas1"'2 or pPACRasH1,
which contain either an activated or the wild-type form of
Ras1 under the control of the Drosophila actin 5C pro-
moter. Cotransfection of pPACRas 12 increased pointed”
activity about 5-fold (Figure 5A), whereas pPACRas1 stim-
ulated its activity about 2-fold (data not shown). By con-
trast, we found that neither activated nor wild-type Ras1
had any effect on transcriptional activation by pointed”.
Thus, in these transfection assays, we observe a signifi-
cant difference in the regulation and activity of the two
forms of pointed.

Pointed™ May Be a Direct Target of ERKA

We next asked whether MAPK, which is known to function
downstream of Ras, can regulate pointed” activity. A Dro-
sophila MAPK called ERKA is encoded by the rolled iocus.
(Biggs and Zipursky, 1992; Biggs et al., 1994). Loss-of-
function alleles of ERKA/rolled reduce signaling through
the sevenless pathway (Biggs et al., 1994), while a gain-of-
function allele of ERKA/rolled, called Sevenmaker or Sem,
can bypass the requirement for sevenless and can cause
the formation of extra R7 cells (Brunner et al., 1994). Since
flies carrying this allele are viable, it is likely that this muta-
tion results in only partial activation of MAPK. The molecu-
lar lesion that causes this phenotype is known (Brunner
etal., 1994), so we introduced the appropriate change into
the coding region of the ERKA gene and then tested its
ability to modulate pointed activity in our transfection
assay. We found that ERKA®™ had the same qualitative

Figure 5. Ras1/MAPK-Dependent Effects on
2 the Activity of Pointed”, Pointed™, and
Pointed™"'s"4

(A) A representative experiment analyzing the
stimulation of pointed™ or pointed™ by acti-
vated Ras1 or ERKA is shown. For each set of
three samples, the fold stimulation shown is
relative to the plus vector (+ vector) alone
control. Stimulation of pointed™ activity by
ERKAS™ and Ras1"’? averaged 2.3-fold and
4.7-fold, respectively, over seven experiments.
The corresponding average values for point-
ed” were 1.06 and 0.99. Details of the calcula-
tion used to determine fold stimulation are de-
scribed in Experimental Procedures.

(B) Mutating the putative phosphoacceptor residue in the MAPK consensus site of P2 abolishes the ability of pointed™ to activate transcription

or respond to ERKAS™ or Ras1""2.

2

(C) An immunoblot of protein immunoprecipitated from cells transfected with a plasmid expregsing a myc epitope-tagged version of pointed™ (lane
1) or pointed™™*'* (lane 2) demonstrates that both proteins are expressed at comparable levels. ERKAS*™ was coexpressed in the experiment
shown. Similar results were obtained when the proteins were expressed alone or with Ras1V'2. The epitope-tagged versions of these proteins

behave identically in our assays to the nontagged proteins.
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effect as did activated Ras1 on pointed, although the
effect was somewhat weaker (Figure 5A). As was the case
with Ras1v'2, ERKA®™ had no effect on pointed” (Figure
5A). Overexpression of wild-type ERKA had no effect on
either form of pointed (data not shown).

Examination of the amino acid sequence of the two
forms of pointed for consensus MAPK phosphorylation
sites (Gonzalez et al., 1991; Clark-Lewis et al., 1991) re-
vealed a single consensus site in pointed™ (see Figure 1).
pointed® contains no consensus sites. We mutated the
putative phosphoacceptor residue, Thr-151, in the pointed*
consensus site to an alanine residue, and tested the activ-
ity of this mutant, pointed®>'4_ in our assay. As shown
in Figure 5B, the mutant protein has reduced activity on
its own, but most importantly its activity is not stimulated
by coexpression of activated Ras1 or ERKA. Immunopre-
cipitation from cells expressing the mutant protein indicate
that it is expressed at levels comparable to wild type (Fig-
ure 5C). Moreover, gel mobility shift assays (data not
shown) using extracts from transfected cells demonstrate
that the mutant protein is still functional for DNA binding,
though more rigorous studies will be necessary to deter-
mine whether there is a change in its affinity for DNA.
These data suggest that the ability of pointed™ to activate
transcription is increased through direct phosphorylation
by ERKA.

The activity obtained for pointed”?’’5’4 in this assay was
much lower than that obtained for pointed®?, even in the
absence of added Ras1"2 or ERKA%™. One likely explana-
tion for this result is that some fraction of pointed™ be-
comes activated in these cells by an endogenous protein
kinase. Indeed, a fraction of the endogenous ERKA in the
immortalized cell line we use in these assays has been
shown to be present in the activated form (Biggs and Zipur-
sky, 1992). This basal level of activated ERKA might stimu-
late a fraction of the expressed pointed™, causing the
weak transcriptional activation we observe when we
transfect pPACpointed® alone, as in Figure 4. We believe
that pointed® in its unphosphorylated form, by analogy to
pointed”?7%’4 is probably unable to activate transcription
at all.

Activated Ras1 and ERKA Negatively Regulate
the Ability of Yan To Repress Transcription
yan, like pointed, encodes an Ets-related protein that func-
tions genetically downstream of activated Ras1 during
Drosophila eye development. However, in contrast with
pointed, yan is required to negatively regulate photorecep-
tor determination, and flies homozygous for loss-of-
function mutations of yan have extra R7 cells (Lai and
Rubin, 1992; Tei et al., 1992). Although the Ets domain
of yan is only 44% identical to that of human Ets-1 in
the DNA-binding domain, yan protein derived from cells
transfected with pPAcyan can still bind to the canonical
Ets site in a gel mobility shift assay (data not shown). How-
ever, when tested in the cotransfection assay, yan was
unable to activate transcription through these sites (see
Figure 4).

Since the genetic function of yan in photoreceptor deter-
mination is negative, a likely hypothesis is that yan acts
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Figure 6. Regulation of Yan Repression and Phosphorylation by
ERKA®™ and Ras1""2

(A) A representative experiment demonstrating the transcriptional re-
pression activity of yan and its regulation by ERKA®” and Ras1'? is
shown. Within each pair of samples cotransfected with empty vec-
tor (none) or a plasmid expressing the indicated signaling protein
(ERKAS™ or Ras1?), relative CAT activity was calculated by dividing
the activity obtained for each sampie (with or without yan) by the activity
observed within that pair by expression of pointed”’ without added yan.
When averaged over several experiments, the values for pointed” +
yan relative to pointed”’ were as follows: 0.29 for no added signaling
protein (6 experiments), 0.76 for ERKAS™ added (5 experiments), and
0.92 when Ras1'"? was added (6 experiments).

(B) An immunoblot of yan protein immunoprecipitated from cells
transfected with pPACyan alone or in combination with a plasmid ex-
pressing either Ras1'’? or ERKA®™. Yan protein derived from cells
that coexpress Ras1'2 or ERKA®™ has a slower electrophoretic mobil-
ity than yan derived from cells that were transfected with pPACyan
alone. Treatment of extracts with phosphatase after immunoprecipita-
tion causes yan from cells cotransfected with pPac Ras1V'2 or pPACER-
KASe™ to comigrate with yan from cells transfected with pPACyan alone.
Extracts in lanes 4-6 were treated with calf intestinal phosphatase,
while extracts in lanes 1-3 were mock treated.

biochemically to repress transcription. We therefore tested
the ability of yan to repress the transcriptional activation
activity of the constitutive, P1 form of pointed. As shown
in Figure BA, yan can repress the activity of pointed®.
Cotransfection of pPACyan with pPACpointed” decreases
pointed”-mediated transcriptional activation to an aver-
age of 29% of the value obtained in the absence of yan.

Genetic data suggest that the Ras1/MAPK pathway neg-
atively regulates yan (Lai and Rubin, 1992), so we tested
the effects of activated Rast and ERKA on yan in the co-
transfection assay. Consistent with this genetic data, we
found that the ability of yan to repress transcription is neg-
atively regulated by activated Ras1 and ERKA (Figure 6A).
Cotransfection of either pPACRas1"’? or pPACERKASe™,
in addition to both pPACpointed”” and pPACyan, alleviates
yan-mediated repression of pointed™ activity. Transcrip-
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Figure 7. Model For the Roie of pointed and yan in Photoreceptor
Determination

The signal transduction cascade downstream of Ras1 during R7
cell determination is depicted. In the absence of a signal through Ras1,
yan is active and represses the transcription, through EBS, of a set
of genes that are required for R7 cell determination. Pointed™ (PNT)
is present, but not active, in the absence of a signal. in the presence
of a signal through Ras1 and MAPK, pointed™ becomes phosphory-
lated and activates transcription of its target genes through the EBS.
Yan activity is down-regulated by the phosphorylation induced by the
signal, and it is no longer capable of repressing transcription. If both
pointed™ and yan act through the same EBS, then yan could act to
repress transcription by either a passive or an active mechanism. The
Ets domains of pointed” and yan are only 44% identical, so they may
bind to slightly different EBS in vivo. If they act through distinct EBS
on the same promoters to regulate these genes, then yan must repress
by an active mechanism. pointed is presumably regulated by one or
more sevenless-independent, Ras1-mediated signal transduction cas-
cade(s) during determination of the non-R7 photoreceptor subtypes.
Sina is a nuclear protein that is required for R7 determination (Zipursky
and Rubin, 1994). See text for alternative interpretations of the data.

tional activation is restored by expression of activated
Ras1 and ERKA to an average of 92% or 76%, respec-
tively, of the levels observed in the absence of yan.

Yan Is Phosphorylated in Response To Activated
Ras1 and ERKA

The coding sequence of yan contains eight consensus
MAPK phosphorylation sites, suggesting that yan might
be directly phosphorylated in response to activation of the
Ras1/MAPK pathway. Using polyclonal antiserum di-
rected againstthe amino-terminal portion of yan, we immu-
noprecipitated yan from cells transfected with pPaCyan,
either alone or in combination with pPACRas1"2 or pPAC-
ERKAS*™. As shown in Figure 6B, yan prepared from cells
cotransfected with either pPACRas1Y’2 or pPACERKASe™
had a slower electrophoretic mobility than did yan from
cells transfected with pPACyan alone. This altered mobil-
ity appears to be due to phosphorylation of yan since treat-
ment of the extracts with phosphatase causes the more
slowly migrating forms to comigrate with yan derived from
cells transfected with pPACyan alone. Thus, there is an
inverse correlation between the phosphorylation state and
repressor activity of yan, suggesting that yan is negatively
regulated by phosphorylation.

Discussion

We have demonstrated that pointed gene function is re-
quired downstream of the Ras1/MAPK pathway for photo-

receptor determination during Drosophila eye develop-
ment. We have described the positive regulation of the
transcriptional activator pointed” by Ras1 and ERKA, and
we have shown that the P1 form of pointed is a constitu-
tively strong transcriptional activator that is unresponsive
to Ras1/MAPK signaling. Moreover, we have presented
evidence for the negative regulation of the repressor activ-
ity of yan by the Ras/MAPK pathway. These data, taken
together with previously known information, lead us to sug-
gest a model for the role of these Ets-related transcription
factors in eye development (Figure 7). In this model, we
propose the existence of a group of genes required for
photoreceptor determination whose expression is con-
trolled through EBSs. In the absence of a signal through
MAPK, the yan protein is present and active and therefore
represses transcription. When signals instructing a cell to
become a photoreceptor are transmitted through MAPK
from the cell surface, yan is down-regulated and pointed®?
is stimulated. Transcription of target genes is initiated, and
photoreceptor differentiation begins. While we cannot rule
out other interpretations, this model is the simplest one
consistent with our data.

How Does the Ras/MAPK Pathway Modulate

the Activity of Pointed”™ and Yan?

We have shown both that the activity of pointed™ is in-
creased in response to the Ras/MAPK pathway and that
mutation of the single MAPK consensus phosphorylation
site in pointed” abrogates this responsiveness. In combi-
nation with our genetic data, this strongly suggests that
ERKA directly phosphorylates pointed®, stimulating its ac-
tivity. Since there are precedents for similar phosphoryla-
tion events stimulating the activity of several other transcrip-
tion factors (Hibi et al., 1993; Gonzalez and Montminy, 1989),
including an Ets protein stimulated by MAPK (Marais et al.,
1993; Janknecht et al., 1993), we believe that this direct
phosphorylation model is the most likely mechanism by
which pointed”? becomes activated in our assay. However,
we cannot formally eliminate other possibilities, including
the existence of another kinase that acts between ERKA
and pointed” or the direct phosphorylation of some other
protein that is required for pointed® activity and that can-
not act when Thr-151 is mutated.

We have shown that the Ras1/MAPK pathway acts to
phosphorylate and negatively regulate yan. Downregula-
tion of either DNA binding or transcriptional repression
activity are two possible mechanisms by which phosphory-
lation might negatively regulate yan. Other possibilities
include alteration of the stability or subcellular localization
of the yan protein.

The Mechanism of Yan-Mediated Repression

We have demonstrated the ability of yan to repress pointed”’-
mediated transcriptional activation. Many mechanisms of
transcriptional repression have been described (reviewed
by Herschbach and Johnson, 1993). Inthe assay we use to
measure repression, both the activator and the repressor
bind to the same sites. This leaves open the possibility
that yan represses transcription by a passive mechanism
involving competition with pointed™ for the EBSs. Thus,
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the reduced activation we observe could be due solely to
the fact that yan occupies the EBS, thereby preventing
pointed” from activating transcription. Alternatively, yan
might contain an active repression domain. Future work
will be necessary to distinguish between these two mecha-
nisms.

Other interpretations of the repression activity of yan
observed in our assay are possible as well. For example,
yan could function in vivo as an activator of transcriptionin
combination with another factor missing from the cultured
cells used in our assays. Perhaps in the cotransfection
assay, yan passively represses transcription, even though
in vivo yan could turn on a distinct set of genes that nega-
tively regulate photoreceptor determination. Neverthe-
less, we have established that yan activity is regulated by
the Ras1/MAPK pathway.

Is the P1 Form of pointed Regulated

by the Ras/MAPK Pathway?

Although the activity of pointed® protein itself does not
appear to be modulated by the Ras1/MAPK pathway, it
is possible that the P71 form of the pointed gene is reguiated
by another mechanism. One appealing model is that acti-
vated pointed” might act to turn on the P7 promoter. Since
pointed™ is probably active only transiently, when the
Ras1 signal is present, this form of positive autoregulation
would allow a prolonged EBS-activating signal in the cell.
The idea that pointed® might exert its effect through acti-
vation of the P7 promoter is consistent with the fact that
we were unable to identify transcript-specific mutations
with distinct phenotypes. This idea is also consistent with
the fact that pointed alleles affecting only pointed”’ (on a
molecular level) act as dominant modifiers in our genetic
assays; perhaps the P7 promoter is responsive to the Ras/
MAPK pathway, even though the activity of the pointed”
protein is not regulated.

Signal Integration during Drosophila
Eye Development
Cells in the developing retina receive multiple signals from
neighboring cells during development. In addition to the
positive signals cells receive, they also receive signals
through the Notch gene product that delay or negatively
influence photoreceptor fate determination in the retina
(Fortini et al., 1993). Moreover, other as yet unidentified
signaling events probably take place as well. These sig-
nals must all be integrated by the undetermined cells in
the developing eye in such a way that proper identity can
be assessed in each cell. Since alteration of gene expres-
sion is the ultimate mechanism by which cell fate is estab-
lished in each cell, a likely integration point for these sig-
nals is at the level of posttranslational modification of
transcription factor activity. Transcription factors other
than Ets-related proteins are probably involved in this pro-
cess as well. It is also possible that there are multiple,
temporally distinct signals mediated by MAPK during pho-
toreceptor determination and that the activities of yan and
pointed™ are modified in response to distinct signals.
Ras1, drk, and Son of sevenless, like pointed, are re-
quired for the determination of all photoreceptor subtypes

(Simon et al., 1991), indicating that there are non-
sevenless-mediated signals upstream of Ras? in cell types
other than R7. One candidate for such a receptor is the
Drosophila homolog of the epidermal growth factor recep-
tor or Egfr. Egfr gene function is required in ali photorecep-
tors (Xu and Rubin, 1993). The mammalian EGFR has
been shown to signal via a Ras-dependent pathway (re-
viewed by Schlessinger, 1993), and genetic interactions
have been observed between alleles of Egfr and Ras?
(Simon et al., 1391). Further work will be required to iden-
tify the receptor(s) acting upstream of pointed in each pho-
toreceptor subtype.

The observation that there are extra R7 cells present
in yan mutant flies, even when the sevenless-mediated
MAPK signal is also lacking (Lai and Rubin, 1992), sug-
gests that MAPK-dependent activation of pointed” might
not be essential for photoreceptor determination. How-
ever, it is possible that MAPK is activated in these cells
through a second, sevenless-independent signaling path-
way and that MAPK activation of pointed®? is still required
for the precursor cells to differentiate as neurons. Egfr
might mediate such a second signal.

An alternative model for the appearance of these extra
cells does not require MAPK activation of pointed®.
Whether or not a cell becomes a photoreceptor is normally
determined by the balance of positive and negative signals
received by that cell. Perhaps in the complete absence
of yan, positively acting factors other than pointed™ are
sufficient to cause neural differentiation. By contrast, dur-
ing normal development, while yan activity might be down-
regulated but not eliminated, activated pointed”™ would be
required to overcome a low level of yan repression and
drive cells into the neural pathway.

Concluding Remarks

We have demonstrated that two Ets-related proteins func-
tion downstream of MAPK in signal transduction cas-
cades, leading to photoreceptor determination in the Dro-
sophila eye. One protein is a repressor negatively
regulated by the pathway, and the other is an activator
stimulated by the pathway. Both proteins are likely to be
direct substrates of MAPK, and they likely provide a link
between activation of the sevenless RTK at the cell surface
and changes in gene expression in the nucleus.

Experimental Procedures

Genetics

The collection of lethal P element insertion lines was generated by
Karpen and Spradling, (1992), and the cytological locations of the P
insertions were mapped by the Drosophila Genome Project (Berkeley,
California). The cytological position of pointed is 94F1-2. Excision
alleles of pointed were derived from four original P alleles. P elements
were excised by providing a stable source of transposase and then
by selecting individual rosy” males.

CR1 and CR2 are each CyO chromosomes that carry a P element
expressing activated Ras1 under the control of the sevenless en-
hancer/promoter (Fortini et al., 1992; H. Chang and G. M. R. unpub-
lished data). Crosses involving Draf™’ were performed at 18°C.

Molecular Biology
pointed cDNAs were isolated from an eye-antennal disc cDNA library
constructed by Dr. A. Cowman. Of 16 cDNAs isolated using a pointed™
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cDNA as a probe (Chen et al., 1992), 3 corresponded to the P71 form,
10 were derived from the P2 form, and 3 were truncated, containing
only sequences common to both forms. Plasmids were generated as
described in O'Neill (1994).

Transfections and CAT Assays

Transfections were performed essentially as described (Pascal and
Tjian, 1991). in all transfections, 100 ng of each indicated expression
plasmid was cotransfected along with 2 ug of EsBCAT and 3 ug of
pUC118 by the calcium phosphate method. Within each experiment,
the total amount of expression vector transfected into each plate was
the same, with pPACUbx+Ndel vector alone used to make up for differ-
ences between samples with different numbers of proteins expressed.
In each experiment, 2-4 plates were transfected in parallel with the
same plasmids, and the resulting data were averaged. Time courses
of CAT activity were performed as described (Neumann et al., 1987).
A plot of each time course was generated, and a single time point
from the linear portion of each curve was used to compare samples
to each other.

In Figure 5A, fold stimuiation was determined for each set of three
samples by first subtracting the vector background appropriate for
each sample (i. e., empty pPacUbx+Ndel vector either alone or co-
transfected with a plasmid expressing Ras1’2 or ERKA®™). This value
was then divided by the activity obtained by cotransfection of the indi-
cated Ets plasmid with empty vector (again, minus vector alone back-
ground).

Cotranstection of plasmids expressing activated Ras1 or ERKA in
the absence of a plasmid expressing an exogenous Ets protein caused
weak stimulation of transcription by EsBCAT, possibly owing to activa-
tion of endogenous Ets proteins. This effect was small, and we cor-
rected for it by subtracting these background values in all experiments
as described. For example, in Figure 5A, the original CAT activities
(in counts per minute) were 4606 for pPacUbx+Ndel vector alone,
5976 for pPACUbx+Ndel plus pPACERKAS*™, and 8105 for pPACUbx+
Ndel plus pPACRas1"'?; these were compared with values of 11387
for pPACpointed®™ alone, 22930 for pPACpointed™ plus pPACERKAS™,
and 47020 for pPACpointed®™ plus pPACRas1¥"2,

Immunoprecipitations and Phosphatase Treatment

For the experiments shown in Figures 5C and 6B, Drosophita S2 cells
were transfected as described (Diederich et al., 1994), using 8 pg of
plasmid expressing the indicated Ets protein either alone or with 2 pg
of pPACERKA®™ or pPACRas1Y'?, as indicated. Immunoprecipitations
were performed essentially as described (Fehon et al., 1990), except
that protein G-Sepharose beads (GammaBind Pius, Pharmacia) were
used. Also, for the experiment shown in Figure 5C, the monoclonal
antibody 9E10 was cross-linked to GammaBind Plus, and no second-
ary antibody was added. Phosphatase reactions were performed as
described (Kaffman et al., 1994). The sampies were then loaded onto
a 7.5% denaturing polyacrylamide gel and immunoblotted according
to standard procedures. Monoclonal antibody 9E 10 (Figure 5C) or anti-
yan polyclonal antiserum (Figure 6B) was used for the primary anti-
body, and enhanced chemiluminesence (ECL, Amersham) was used
to visualize bands.
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