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R7 photoreceptor fate in the Drosophila eye is induced 
by the activation of the Sevenless receptor tyrosine 
kinase and the RASIMAP kinase signal transduction 
pathway. We show that expression of a constitutively 
activated JUN isoform in ommatidial precursor cells 
is sufficient to induce R7 fate independent of upstream 
signals normally required for photoreceptor determi- 
nation. We present evidence that JUN interacts with 
the ETS domain protein Pointed to promote R7 forma- 
tion. This interaction is cooperative when both pro- 
teins are targeted to the same promoter and is antago- 
nized by another ETS domain protein, YAN, a negative 
regulator of R7development. Furthermore, phyllopod, 
a putative transcriptional target of RAS pathway acti- 
vation during R7 induction, behaves as a suppressor 
of activated JUN. Taken together, these data suggest 
that JUN and Pointed act on common target genes 
to promote neuronal differentiation in the Drosophila 
eye, and that phyllopod might be such a common 
target. 

Introduction 

Intercellular signaling mechanisms regulate many devel- 
opmental processes, including cell proliferation, specifica- 
tion of cell fate, and differentiation. One commonly used 
signaling pathway is the ligand-induced activation of re- 
ceptor tyrosine kinases (RTKs) and their downstream sig- 
naling cascade, including RAS and RAF, leading to the 
activation of a mitogen-activated protein kinase (MAPK- 
type enzymes) by phosphorylation and its subsequent 
translocation to the nucleus. Ultimately, the MAPK then 
activates (or inactivates) its nuclear targets by phosphory- 
lation on serine or threonine residues (reviewed by Schles- 
singer, 1993; Marshall, 1994, 1995). It is thought that the 
combination of available nuclear target proteins deter- 
mines the particular response that can be induced by RAS 
activation in a specific cell (reviewed by Hill and Treisman, 
1995). 

Induction of photoreceptor R7 during Drosophila eye 
development provides a powerful system to study the RTKl 
RAS pathway in vivo (Dickson and Hafen, 1993; Zipursky 
and Rubin, 1994; Dickson, 1995). Activation of the Sev- 
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enless (SEV) RTK and consequently the RAS/MAPK path- 
way triggers the differentiation of precursor cells as R7 
photoreceptor neurons. Normally this event is restricted 
to a single precursor cell in each ommatidium (reviewed 
by Dickson and Hafen, 1993; Zipursky and Rubin, 1994). 
Nevertheless, several cells within an ommatidium have 
the potential to develop as R7 photoreceptors. These in- 
clude the precursors for R7, the four cone cells, and the 
mystery cells, which together form the so-called R7 equiv- 
alence group (Dickson et al., 1992a). All these cells ex- 
press the SEV receptor tyrosine kinase, and activation of 
the SEVlRAS pathway in these cells is sufficient to induce 
their development as R7 (Basler et al., 1991; Dickson et 
al., 1992a; Fortini et al., 1992). Moreover, the gain-of-func- 
tion allele of the Drosophila MAPK encoded by the m/led 
gene (rl) rP”enmaker, also causes a transformation of all cells 
of the equivalence group to the R7 fate (Brunner et al., 
1994b). 

Three nuclear targets of the SEV pathway have been 
implicated in R7 induction. The ETS (for E26specific) do- 
main protein isoforms encoded by pointed (pnt) and Dro- 
sophila JUN act as positive regulators of R7 cell fate (Boh- 
mann et al., 1994; Brunner et al., 1994a; O’Neill et al., 
1994), and YAN, also an ETS domain protein, acts as a 
negative regulator (Brunner et al., 1994a; O’Neill et al., 
1994; Rebay and Rubin, 1995). Interestingly, JUN is ex- 
pressed in all cells of the R7 equivalence group at the time 
when they are responsive to RAS activation (Bohmann et 
al., 1994). Similarly, PNTPP, one of the two protein iso- 
forms encoded by pnt (Klambt, 1993; Brunner et al., 
1994a), is also present in most (if not all) cells of the equiva- 
lence group and is phosphorylated by RolledlMAPK (Brun- 
neretal., 1994a; O’Neilletal., 1994). Inaddition,phy//opod 
@hyl) mutants have been isolated as suppressors of con- 
stitutively activated RAS or RAF in the R7 equivalence 
group. phyl has been shown to be required for R7 develop- 
ment and to act as a transcriptional target of RAS pathway 
activation (Chang et al., 1995; Dickson et al., 1995). Over- 
expression of PHYL in the eye imaginal disc from the sev 
enhancer appears to be sufficient to induce the transfor- 
mation of the nonneuronal cone cells to R7 photorecep- 
tors, suggesting that phyl is an effector of RAS activation 
in this context. However, it is unclear whether one of the 
known nuclear targets of RAS/MAPK directly regulates 
phyl transcription. 

Biochemical experiments and tissue culture expression 
studies of the proto-oncogene c-iun have shown that RAS/ 
MAPK-mediated phosphorylation activates its transcrip- 
tional transactivation potential (Binetruy et al., 1991; Pul- 
verer et al., 1991). Drosophila JUN and human c-JUN have 
very similar biochemical properties (Perkins et al., 1990; 
Zhang et al., 1990; data not shown). Moreover, a detailed 
mapping and characterization of phosphorylation sites im- 
plicated in the activation of c-JUN by MAP-type kinases 
has been performed (Pulverer et al., 1991; Smeal et al., 
1991; Papavassiliou et al., 1995). Several point mutants 
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were constructed, with the aim of generating a constitu- 
tively active form of cJUN that could mimic the RAS-medi- 
ated phosphorylation and activation of JUN. Replacing six 
serine or threonine residues with phosphate-mimicking 
aspartic acid residues produced a protein, henceforth re- 
ferred to as JUNASp, that behaved in several assays like 
the activated phosphoform of JUN (Papavassiliou et al., 
1995; A. M. Musti and D. B., unpublished data). Con- 
versely, mutating the same residues to alanine (JUNAla) 
created an inactive protein that proved impervious to acti- 
vation by phosphorylation. 

We have shown previously that dominant negative 
forms of JUN are capable of suppressing RAS-induced 
R7 development (Bohmann et al., 1994). Here we took 
advantage of the existing constitutively activated form of 
c-JUN (JUNAsp; Papavassiliou et al., 1995) to ask whether 
RAS-mediated activation of JUN is sufficient for R7 induc- 
tion. We find that the JUNA5p protein, expressed under the 
control of the sev enhancer, can transform the normally 
nonneuronal cone cells to functional R7 photoreceptor 
neurons. Furthermore, we provide evidence from genetic 
interaction experiments and tissue culture studies that 
JUN can interact with the ETS domain protein PNT in a 
cooperative manner and that this effect is antagonized by 
the negatively acting ETS domain protein YAN. In addi- 
tion, we show that phyl acts as a dominant suppressor of 
JUNASp, which is consistent with the model that phyl is 
transcriptionally activated by JUN, possibly through its in- 
teraction with PNT. 

Results 

Mimicking RAS Activation of JUN in Cells of the 
R7 Equivalence Group Is Sufficient 
to Induce R7 Fate 
Drosophila JUN is required for the development of R7 and 
probably also outer photoreceptors Rl-R6. Since JUN 
appears necessary for photoreceptor induction and is nor- 
mally activated by RAS-induced phosphorylation (F. Pev- 
erali, M. M., and D. B., unpublished data), we asked 
whether its activated form is sufficient to induce R7 cells 
in analogy to constitutively activated SEV and RAS pro- 
teins. To this end, the mutant form of c-JUN, JUNAsp, was 
expressed under the control of the eye-specific sev en- 
hancer (henceforth called sf-junA”) during Drosophila eye 
development in cells of the R7 equivalence group. JUNAsp 
mimics the RASIMAPK-dependent phosphorylation of 
JUN and behaves like the active phosphoform of the pro- 
tein (Papavassiliou et al., 1995; see also Experimental 
Procedures). Strikingly, in sf-junAsP flies the external eye 
surface is irregular, and ommatidia often contain addi- 
tional R7-like photoreceptors, as judged by their morphol- 
ogy with small internally localized rhabdomeres (Figures 
18 and 1E). 

In control experiments, wild-type c-JUN and the JUNAra 
mutant, which is impervious to RAS-dependent phosphor- 
ylation, since all MAPK target serine and threonine resi- 
dues have been mutated to alanine residues, were overex- 
pressed in the same cells (SE-junwt and SE-junA”). In 

contrast with SE-junAsp, SE-junw causes a phenotype that 
is indistinguishable from the parental wild-type flies, with 
the regular ommatidial appearance and the correct num- 
ber of six outer photoreceptors and one R7 cell (Figures 
1A and 1 D). On the other hand, SE-jurP, like its SE-junASP 
counterpart, causes rough, irregular eyes. Contrary to the 
phenotype elicited by activated JUNASp, however, R7 cells 
and some outer photoreceptors are often missing, consis- 
tent with a role for JUNAra as a dominant negative mutant 
(Figures 1 C and 1 F). We conclude that the development 
of the ectopic photoreceptors is specifically induced by 
the constitutively activated JUNAsp protein. 

JUNAsP-Expressing Cone Cells Display Neuronal 
and R7-Specific Markers 
To confirm the identity and to determine the origin of the 
ectopic R7-like photoreceptors, we analyzed ommatidial 
assembly in eye imaginal discs of SE-junASp flies by using 
neuronal and R7-specific markers (Figure 2). ELAV (en- 
coded by embryonic lethal, abnormal vision) is a nuclear 
antigen expressed in all cells that have initiated neural 
differentiation. In wild-type ommatidia, ELAV is only de- 
tected in differentiating photoreceptors. In the SE-junASp 
genotype, however, several of the cone cell precursors 
(marked with the letter c in Figures 2A and 28) have initi- 
ated neural differentiation in addition to the endogenous 
photoreceptor precursors. Thus, the ectopic R7-like cells 
originate from cone cell precursors, as judged from the 
expression of the neural marker ELAV (Figures 2A and 
2B) and BP104 (data not shown). 

To examine the identity of these ectopic R cells, we 
used the R7-specific marker H214, which in wild-type eye 
discs is only expressed at high levels in the endogenous 
R7 precursor (Figure 2C). In SE-junASP eye imaginal discs, 
additional cells, the cone cell precursors, express H214, 
demonstrating that these cells have been induced to differ- 
entiate as ectopic R7 neurons(Figure 2D). Taken together, 
the cone cell precursors express neuronal and R7-specific 
markers in a temporal manner comparable to that of wild- 
type R7 cells (Figure 2) and therefore we conclude that 
they are transformed to additional R7 photoreceptors in 
sf-junASp eyes. Moreover, since in sE-jun@ flies JUNASp 
is expressed in cone cell precursors (data not shown), 
this is consistent with these cells being cell-autonomously 
transformed to the neuronal fate by the activated JUN 
isoform. 

JUNA8p Induces Functional R7 Cells 
The above experiments have established that JUNASP can 
transform the nonneuronal cone cell precursors to neu- 
ronal R7 cells, as judged by morphological criteria and 
the expression of R7 markers. Two remaining important 
questions are, first, whether the induction of R7 cells by 
JUNA*p depends on upstream signals, and second, 
whether JUNA”P-induced R7 cells are completely func- 
tional R7 photoreceptors. In a sev background, normally 
no R7 cells develop. Thus, in the seti (a null allele of 
sev); SE-jun**P double mutant background, all R7 photore- 
ceptors, if present, must have been induced, independent 
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of normal signaling, by JUN **p, since there is no SEV pro- 
tein, and thus also no activation of downstream effecters 
by SEV. 

The most reliable assay for functional R7 cells is the 
assay for phototactic behavior. Wild-type adult flies are 
preferentially attracted by ultraviolet (UV) light when given 
a choice between UV and green light. As R7 photorecep- 
tors are the only neurons that provide UV sensitivity, flies 
lacking (functional) R7 photoreceptors (e.g., selr flies) are 
attracted preferentially by green light (Harris et al., 1976). 
The double mutant se@; sE-junAs~ flies are attracted to 
UV light, indicating that functional R7 cells form in this 
genetic background (Figure 3). Microscopic inspection of 
eyes of this genotype also shows the presence of R7 cells 
as judged by their morphology. About 50% of ommatidia 
contain one (or more) R7 photoreceptors (Figure 4B) that 
also express the R7-specific marker H214 (data not 
shown). Therefore, SE-junASp is sufficient to induce func- 
tional R7 cells as determined by the correct phototactic 
UV-sensitive behavior and microscopic analysis, indepen- 
dently of upstream signals (see also Discussion). 

PNT and YAN Affect the JUNAsP-Mediated 
R7 Induction 
The JUNAS%nduced transformation of cone cell precur- 
sors to functional R7 photoreceptors is very similar to the 
transformation observed with constitutively activated com- 
ponents of the RASlMAPK pathway (Basler et al., 1991; 
Dickson et al., 1992b; Fortini et al., 1992; Brunner et al., 
1994b). Thus, our data demonstrate that the (artificial) acti- 
vation of JUN is sufficient at least partially to mimic the 
effects of constitutively activated SEV or its downstream 
signaling cascade, and thus also recapitulates the nuclear 
events required for the induction of the R7 photoreceptor 
fate. This observation is in apparent contrast with the re- 

Figure 1. Eye Phenotypes Caused by Expres- 
sion of Wild-Type, Gain-of-Function, and Domi- 
nant Negative lsoforms of JUN from the sev 
Enhancer in an Otherwise Wild-Type Back- 
ground 

Scanning electron micrographs (A-C) and tan- 
gential histological sections through eyes 
(D-F) of the following genotypes are shown. 
(A and D) sE-junw. Note wild-type appearance 
with the regular ommatidial array and correct 
number of six outer photoreceptors and one 
R7. Outer R cells are numbered, and R7 is indi- 
cated with an arrowhead in one ommatidium. 
(B and E) SE-junASp. Many ommatidia contain 
multiple R7 photoreceptors (indicated with ar- 
rowheads in two examples). 
(C and F) SE-jurF. The external eye surface 
is also irregular, but ommatidia often lack R7 
cells and also some outer photoreceptors (two 
examples are indicated by arrows). In one out 
of seven independent transformants of sE-junn, 
someommatidia with seven instead of sixouter 
photoreceptors in addition to R7 were found. 
This might reflect the weak photoreceptor- 
inducing activity of wild-type JUN when overex- 
pressed by the sev enhancer in the mystery 
cells that can develop as outer R cells in some 
genetic backgrounds. 

ported roles of the ETS domain proteins PNT and YAN 
aseffectorsof SEVsignaling(Brunneretal., 1994a; O’Neill 
et al., 1994). In particular, inactivation of YAN appears to 
be a critical step in photoreceptor induction (Rebay and 
Rubin, 1995). To investigate their roles in the JUNA*p con- 
text and to define the functional relationship between JUN, 
PNT, and YAN, we studied the genetic interactions be- 
tween the constitutively activated jun and pnt or yan. 

Figure 2. Expression of Neural and R7Specific Markers in Eye Discs 
from SE-jurP”p Flies 

(A and 8) ELAV expression in SE-jun*V+ developing ommatidial clus- 
ters. Two representative clusters are shown at two different focal 
planes, R7 level in (A) and R8 level in (8). ELAV, a nuclear antigen, 
is normally expressed only in differentiating R cell precursors. Note 
that several of the cone cell precursors (marked with the letter c) have 
initiated neural differentiation in SE-junms~. The endogenous R cell pre- 
cursors are numbered, according to their identity, l-8. 
(C and D) Expression of the R7 marker H214 (Mlodzik et al., 1992). 
(C), wild-type eye imaginal disc; (D), SE-j&V+ disc. Note that H214 
is only expressed at high levels in R7 precursors in wild type (an 
example is marked with 7) and that additional cells express H214 in 
SE-jut?p discs (a few examples are indicated with asterisks], demon- 
strating that they have been induced to differentiate as ectopic R7 
cells. 
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Figure 3. Color Choice Preference of Wild-Type, sev, and sev‘; 
sf-junAsp Flies 

Flies were tested for light choice preference at 350 nm UV light and 
550 nm green light. Wild-type flies (Oregon-R strain) with functional 
R7 photoreceptors are attracted by UV light, while sev flies do not 
see UV light and are thus attracted by green light. The sev; sE-jutiS~ 
flies again prefer UV light over green light, proving that the SE-jun”+‘- 
induced R7 cells do not only have R7 morphology and express R7 
markers (Figures 1 and 2; data not shown) but are fully functional R7 
cells and make the correct connections in the medulla. 
The phototactic value h is calculated as follows: ), = N(green) - N(UV) I 
N(green) + N(UV). N(green) and N(UV) are the numbers of flies at- 
tracted by green light or UV light, respectively. 

TO this end, the SE-jur@flies were combined with either 
the yan’/+ or the pnt null allele, pntdea/+, genotype. Re- 
moval of one copy of the negative regulator yan (Lai and 
Rubin, 1992; Tei et al., 1992), which has to be inactivated 
by RAS-dependent phosphorylation during photoreceptor 
induction (Rebay and Rubin, 1995), enhances the SE- 
jurF phenotype, leading to an increase in eye roughening 
and the number of ectopic R7 cells. This is apparent in 
both SE-jurPP, yan’I+ (data not shown) and se@; SE- 
junASP, yan’/+ flies (Figure 4C). The number of ommatidia 
with additional R7 cells and the average number of R7s 
per ommatidium are increased by the reduction of yan 
gene dosage. In contrast, a simple gene dosage reduction 
in pnt does not have a dominant effect on the SE-junASP 

phenotype (data not shown). However, when pnt function 
is further reduced, the SE-jur@pphenotype issuppressed. 
Strikingly, even weak viable hypomorphic allele combina- 
tions of pnt, pnf7277/pnf7230 and pnt’277/pnfdsS, completely 
suppress the SE-junA”-induced ectopic R7 cell develop- 
ment (Figures 4E and 4F; data not shown). Moreover, SE- 

j"nASP IS unable to rescue the eye phenotype of such pnt 
mutants, in which R7 and outer photoreceptors often fail 
to develop (Figures 4E and 4F). Therefore, the positive 
regulator PNT is still necessary in addition to activated 
JUN for R7 cell induction. However, in the presence of 
constitutively activated JUNA*p, PNT does not appear to 
require SEV-mediated activation for R7 induction. 

In addition to pnt and yan, we have tested the SE-jurPp 
genotype for dominant genetic interactions with many 
other mutations known to affect eye development and om- 
matidial assembly. Among these genes, we find onlyphyl 
as a modifier of the SE-junASP phenotype. In phy//+ het- 
erozygous flies, the phenotype elicited by activated RAS 
and RAF is dominantly suppressed (Chang et al., 1995; 
Dickson et al., 1995). On the basis of its wild-type expres- 
sion pattern and its transcriptional up-regulation in cone 
cell precursors in the activated RASlRAF genetic back- 
grounds, phyl has been postulated to be a transcriptional 
target of RAS activation during photoreceptor induction 
(Chang et al., 1995; Dickson et al., 1995). In our assay, 
phyl is a strong suppressor of SE-junASP; i.e., removal of 
one functional copy of phyl reverts the rough eye pheno- 
type and the presence of ectopic R7 cells almost back 
to wild type (Figure 4D; data not shown). This result is 
consistent with the proposed idea that phyl is a transcrip- 
tional target of RASactivation in precursor cells and pro- 
vides evidence that this activation is mediated (possibly 
directly) by JUN. 

sev sev; SE-junASp sev; SE-junASp;yan/+ 

sev; SE-jun Asp, phyl/+ sE-junASP;pn?277I’230 pn$277j1230 

Figure 4. Eye Phenotypes of sE-jun”Spin Differ- 
ent Genetic Backgrounds 

Tangential eye sections at the level of R7 are 
shown. All flies carrying SE-jur+ contain one 
copy of the transgene. 
(A) sev. 
(B) sev-; SE-jun49. 
(C) ser; SE-jurPp; yan’/+. 
(D) ser; SE-jur?‘, phyPI+. 
(E) SE-jurW; pnt’Z77/pnt7230. 
(F)pnt’277/pnt’Z30. Analysis of another hypomor- 
phic allelic combination of pnt, pnt’277/pntdss, 
with sf-jun@ gives the same result: complete 
suppression of sE-jutip induction of R7 cells. 
Examples of ommatidia with no R7 cells are 
indicated by arrows, and examples with one or 
multiple R7 cells are indicated by arrowheads. 
Note that yan and phyl mutants dominantly en- 
hance or suppress the SE-Jun@p phenotype, 
respectively. This is evident in the selr; SE- 
junAsp background (C, D) and also in se@; SE- 
jur? (data not shown), both externally and in 
tangential sections, All tested alleles of the re- 
spective genes show a very similar interaction 
with SE-junAsp. Note that even the weakest hy- 
pomorphic allelic pnt combination (E, F), pre- 
viously found to have no mutant phenotype, 
completely suppresses SE-jur9. Neverthe- 
less, there are no dosage-sensitive interactions 
between pnt alleles and SE-jun@‘. 
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JUN and PNT Show Cooperative Interactions 
When Targeted to the Same Promoter 
The above genetic interactions suggest that the decision 
between the R7 photoreceptor and cone cell fate depends 
on the balance of JUN and PNT and possibly also YAN 
activities. Mechanistically, this would be most easily ex- 
plained if PNT and JUN had common target genes, as is 
frequently found in the case of their vertebrate counter- 
parts (e.g., Wasylyk et al., 1990; reviewed by Wasylyk et 
al., 1993). To test this idea, we have analyzed the interac- 
tions of JUN with the PNT isoforms in transient tissue 
culture transfection experiments. Since there are no Dro- 
sophila promoters available for these assays, we used 
reporter target promoters that carry single well- 
characterized composite AP-1lETS promoter elements 
(e.g., the polyoma element) where the AP-1 and ETS bind- 
ing sites are juxtaposed (Wasylyk et al., 1990; see also 
Experimental Procedures) upstream of a luciferase re- 
porter gene. Undifferentiated F9 EC cells were used as 
recipients, because they reportedly have no endogenous 
JUN activity (Kryszke et al., 1987; Chiu et al., 1988). Yan - - ++ - + ++ 

When the reporter constructs are cotransfected with the 
different JUN protein isoforms alone, transcriptional acti- 
vation is observed in the null background of the F9 cells. 
Activation byJUNAspisslightly higherand byJUNAraslightly 
lower than the effect of the wild-type JUN protein (Figure 
5A; Discussion). Cotransfections of either PNTPl or 
PNTP2 alone activate the same promoter element - 15 
fold or 2- to 3-fold, respectively. 

However, when both JUN and PNTproteins aresimulta- 
neously cotransfected, activation of the reporter plasmid 
is increased to 1 OO- to 300-fold in a binding site-dependent 
manner, indicating a strong cooperative interaction be- 
tween JUN and PNT (Figure 5A). In particular, JUNASp and 
PNTPl cause an activation of over 300-fold, and JUNASp 
and PNTP2 lead to an over 1 OO-fold activation of the com- 
mon AP-l/ETS promoter element. Similar degrees of coo- 
perativity are also observed when a different naturally oc- 
curing AP-1IETS promoter element (e.g., as present in the 
collagenase gene) is used in these experiments (data not 
shown). Interestingly, JUNASp together with PNTP2T15iA(re- 
ferred to as PNTP2A1a), the unphosphorylatable PNTPP 
mutant (Brunner et al., 1994a; O’Neill et al., 1994), acti- 
vates transcription also significantly stronger than JUNASp 
alone (Figure 5A). This result may explain why it is suffi- 
cient to activate JUN to induce R7 fate as long as PNT 
protein is present. Moreover, JUNAra with any PNT isoform 
also activates transcription of the common promoter ele- 
ment up to lOO-fold (e.g., when combined with PNTPl), 
and thus significantly higher than either protein alone (Fig- 
ure 5A). These observations might explain why in yan- 
mutants, ectopic R7 cells can form even when the RAS/ 
MAPK pathway is not activated (Lai and Rubin, 1992; Tei 
et al., 1992) (see Discussion). 

Figure 5. Interactions of PNT, YAN, and JUN on Common Promoter 
Elements 

(A) Transcriptional activation of the Polyoma-Col-Luc reporter, con- 
taining a single AP-IlETS promoter element, in response to the pres- 
ence of the different JUN proteins with or without the addition of the 
different PNT isoforms. Note that all combinations of JUN and PNT 
isoforms cause a stronger transcriptional activation than either protein 
alone. The observation that even JUNAiB activates transcription in this 
assay, although it behaves as a dominant negative mutant in viva, is 
not surprising, since no endogenous JUN protein is present in F9 cells, 
and thus the JUNAla expression vector is the sole source of JUN protein 
in this assay. In wild-type eye imaginal discs, however, JUN”‘” is com- 
peting with activated endogenous JUN and causes a reduction in JUN 
activity and the observed phenotypic effect (Figures IC and 1F). 
(B) Activation of the same Polyoma-Col-Luc reporter when JUN or JUN 
and PNT are also cotransfected with the putative inhibitor YAN, as 
indicated by plus signs. All transfected plasmids were at 2 Fglplate, 
except YAN, where plus indicates 1 Kg/plate and double plus indicates 
2 ug/plate. Note increased inhibitory effect on reporter transcription 
by increased concentration of YAN-expressing plasmid. 
In both (A) and (B), the relative luciferase activity (see Experimental 
Procedures) is shown in response to cotransfections of the respective 
proteins as indicated. F9 cells were transfected with 4 @g/plate of a 
Polyoma-Cal-Luc reporter and RSV expression plasmids containing 
JUN, PNT, and YAN coding sequencesorcombinations thereof (2 Kg/ 
plate in [A] and [B], except for pRSV-yan [see legend to(B)]). Luciferase 
activity was determined 12-16 hr later. The results are the average 
of three independent experiments, each done in triplicate. Very similar 
results were also obtained with an AP-1IETS promoter element from 
the collagenase gene (data not shown). The observed cooperativity 
between JUN and the PNT isoforms is binding site-dependent, as 
determined in experiments with mutant Polyoma-Cal-LUC reporter 
(data not shown). 

act as a transcriptional repressor, and its down-regulation 
is critical for photoreceptor induction (O’Neill et al., 1994; 
Rebay and Rubin, 1995). Our results show that yan antag- 
onizes the SE-juf+ effect in vivo (see Figure 4C). To test 
whether YAN can directly inhibit JUN-mediated transcrip- 

YAN Antagonizes the JUN-PNT-Mediated tional activation, we tested its effect in the above cotrans- 
Transcriptional Activation fection assay. By use of the same AP-1IETS promoter 
The yan gene acts as a negative regulator of R7 induction element as reporter construct (see Experimental Proce- 
and encodes (like pnt) an ETS domain protein (Lai and dures), YAN was cotransfected either with JUN or together 
Rubin, 1992; Tei et al., 1992). YAN has shown that it can with both JUN and PNT, and transcriptional activation of 
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the luciferase reporter gene was assayed. In all combina- 
tions analyzed, YAN inhibited the activation of the reporter 
construct (Figure 56). Significantly, increased concentra- 
tion of the YAN expression plasmid caused a stronger 
inhibition of the JUN-PNT-mediated transcriptional acti- 
vation. We conclude that YAN inhibits the transcriptional 
activation of JUN and PNT when targeted to the same 
promoter element. 

In summary, the tissue culture data corroborate the ge- 
netic interactions among JUN, PNT, and YAN in vivo and 
support the hypothesis that they can act on common target 
gene promoters. 

Discussion 

We have shown that mimicking RAS-mediated activation 
of JUN by mutating the respective serine and threonine 
residues to aspartic acid (JUNAsp) is sufficient to induce R7 
photoreceptors during Drosophila eye development and 
to effect partial rescue of the sev eye phenotype, which 
normally lacks any R7 cells. In contrast, a JUN mutant 
where the same serine and threonine residues are mu- 
tated to alanine, which precludes RASIMAPK-mediated 
phosphorylation, behaves as the product of a dominant 
negative mutant allele and blocks R7 formation. Even 
though JUNA’” can activate transcription to a measurable 
base level, as detected in F9 cells where no endogenous 
JUN is present, in the context of R7 induction where it 
competes with endogenous activated JUN, it presumably 
causes a net reduction of JUN activity, which often results 
in the failure of R7 differentiation. The ability of the consti- 
tutively activated JUNASp isoform to trigger R7 differentia- 
tion independent of SEV is remarkable. At least one other 
gene, the ETS domain containing pnt, has been shown 
to act as a phosphorylation target and a positive nuclear 
effector of RASlMAPK signaling in photoreceptor induc- 
tion (Brunner et al., 1994a; O’Neill et al., 1994). In addition, 
it has been demonstrated that the negative regulator YAN, 
also an ETS domain protein, has to be inactivated by RASl 
MAPK-mediated phosphorylation to allow R cell develop- 
ment (Rebay and Rubin, 1995). Nevertheless, our analy- 
ses of genetic interactions between SE-junASp and these 
other nuclear components in vivo indicate that PNT is still 
required for photoreceptor induction, and YAN retains an 
inhibitory influence. On the basis of these data, and in 
correlation with the results from the cotransfection experi- 
ments, we propose a model for the nuclear events and 
regulation of target genes in response to RAS activation 
during photoreceptor induction as shown in Figure 6 and 
discussed below. 

Do JUN and PNT Have Common Target Genes? 
The presented model is based on the assumption that at 
least some genes, which are transcriptionally activated 
following RASlMAPK induction, might be common target 
genes of both JUN and PNT. To date there has been only 
one putative photoreceptor-specific transcriptional target 
of the RASlMAPK pathway described, which isphyl. It has 
been identified asadominant suppressor of activated RAS 

I 1 Ras activation I 

Figure 6. Model for the Action of JUN, PNT, and YAN in Ommatidial 
Precursor Cells Following RASlMAPK Induction or Uninduced 

Upon RAS activation (top), MAPK encoded by the rolled gene is phos- 
phorylated via the RAFIDSOR (MEK or MAPKK) kinase cascade and 
translocates to the nucleus, where it phosphorylates JUN, PNTP2, 
and YAN. These phosphorylation events lead to the inactivation of 
the inhibitor YAN and simultaneously to the activation of the positive 
regulators JUN and PNTP2. This results in the transcriptional activa- 
tion of target genes containing an AP-IIETS promoter element. 
In the uninduced state (bottom), the inhibitor YAN is active and causes 
repression of target gene expression (Rebay and Rubin, 1995; see 
also Discussion). Of the PNT isoforms, only PNTPP has a MAPK phos- 
phorylation site: PNTPl is thought to be a constitutive transcriptional 
activator. Since the PNTPl isoform contains its own promoter in viva, 
it is possible that PNTPl is transcriptionally activated in response to 
PNTPP activation, as proposed by O’Neill et al. (1994). 

and RAF in eye development (Chang et al., 1995; Dickson 
et al., 1995). Transcription of phyl is restricted to R7 and 
Rl-R6, where it is also required. However, in yan mutants, 
in which cone cells develop as R7 photoreceptors, phyl 
expression is also detected in cone cell precursors, sug- 
gesting that YAN might repress phyl transcription in cells 
of the R7 equivalence group (Chang et al., 1995; Dickson 
et al., 1995). It is possible that this is a direct effect medi- 
ated by ETS binding site(s) in the so far uncharacterized 
phyl promoter region. Assuming that YAN and PNT can 
compete for the same binding sites, which is supported 
by genetic experiments (Brunner et al., 1994a) and tissue 
culture cotransfections (O’Neill et al., 1994; Figure 5B), 
phyl transcription might also be activated via pnt. Could 
phyl also be regulated by JUN? Our genetic experiments 
support this notion, since removing one gene dose of phyl 
strongly suppresses the sE-jun **p-induced cone cell trans- 
formation phenotype. Taken together, these data suggest 
that phyl might be a common target of both JUN and PNT. 
It is possible that other similarly regulated genes await 
identification. 

The Sum of the Activities of JUN, PNT, and YAN 
Determines Whether a Precursor Develops 
as an R7 Photoreceptor 
The complete suppression of the SE-jurPp phenotype by 
weak heteroallelic combinations of pnt combined with the 
tissue culture transcriptional activation data strongly sug- 
gests that JUN and PNT interact cooperatively to induce 
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photoreceptor fate. A strong cooperativity is observed be- 
tween JUN and either PNTPl or PNTPP when targeted 
to the same promoter. The JUN-PNTPl pair appears 
stronger than JUN-PNTPP, which is consistent with the 
observation that PNTPl is a strong constitutive transcrip- 
tional activator, while PNTP2 activity depends on phos- 
phorylation of its Thr-151 residue (O’Neill et al., 1994). 
Nevertheless, it is striking that all tested combinations of 
JUN and PNT isoforms, including unphosphorylatable mu- 
tants, display cooperativity. Interestingly, also the JUNAla- 
PNTP2A’a combination, in which neither protein can be 
phosphorylated upon RASlMAPK activation, still activates 
the reporter construct significantly more strongly than any 
isoform of JUN, PNTPl, or PNTP2 alone (at least in the 
absence of wild-type JUN, e.g., as in F9 cells). 

In this context, it is worth noting that in yan mutant flies, 
ectopic R7 photoreceptors develop, even in the absence 
of the sev-mediated RAS/MAPK activation (Lai and Rubin, 
1992). Several R7 cells develop in each ommatidium in this 
genetic background. The cooperative interaction between 
JUN and PNT, however, even in their unphosphorylated 
forms, as observed in the cotransfection experiments, 
might provide an explanation why R7 cells can be induced 
in the absence of RAS pathway activation when also the 
inhibiting YAN protein is absent. Similarly, in the sE-junASp 
background, JUN is constitutively activated and thus can 
(at least partially) override the presence of the inhibitor 
YAN, which normally needs to be inactivated during photo- 
receptor induction (Rebay and Rubin, 1995). In accor- 
dance, reduction of yan gene dosage has an enhancing 
effect on the JUNAsP-induced phenotype. Although the 
cone cell precursors contain a basal level of uninduced 
RAS activity (Gaul et al., 1992; Begemann et al., 1995) 
that is down-regulated by Gapl, the JUNA*p phenotype is 

not sensitive to gene dosage reduction of RAS pathway 
components (data not shown). 

In wild type, YAN activity is probably down-regulated 
by phosphorylation and not completely absent, and then 
the simultaneous activation of the positive regulators JUN 
and PNT would be required to ensure that a given cell 
enters the R cell fate program. Such a double-switch 
mechanism to inactivate a repressor and activate the posi- 
tive regulators appears a safe way to ensure the proper 
developmental fate of the respective precursor. Assuming 
that JUN and PNT act on promoter elements of common 
target genes, all our data from the genetic interactions 
and the cotransfection experiments support the model first 
that JUN and PNT interact in a cooperative manner and 
second that a balance of activities of these positive regula- 
tors and their antagonist YAN determines whether a pre- 
cursor cell becomes a neuronal photoreceptor or not. 

Concluding Remarks 
The strong cooperativity observed between JUN and PNT 
and the probable requirement for the sum of the activities 
of JUN, PNT, and YAN for R7 induction might also explain 
the phenotypic effect of dominant negative mutants for 
either protein (Bohmann et al., 1994; Brunner et al., 
1994a). Similarly, although constitutive activation of JUN 

can be sufficient to induce R7 fate and (at least partially) 
to overcome the presence of the inhibitor YAN, gene dose 
reduction in yan still enhances this effect. Thus, we con- 
clude that inactivation of YAN (Rebay and Rubin, 1995) 
and the cooperative interaction of JUN and PNT are the 
critical steps in R7 induction and differentiation. 

Experimental Procedures 

Generation of Point Mutations in JUN and Fly Strains 
The point mutations in cJUN were generated as described by Papa- 
vassiliou et al. (1995) and verified by sequencing. The JUN”‘p isoform 
contains aspartic acid residues in place of the serines or threonines 
at positions 58,62,63,73,91, and 93; JUNAiBcontains alanine residues 
in place of serines or threonines 58, 62, 63, 73, 89, 91, 93, and 95. 
The respective wild-type or mutant open reading frames were inserted 
into a germline transformation vector carrying the eye disc-specific 
sev enhancer expression module driving expression in the precursors 
for R3-R4, R7, and the cone cells, and somewhat weaker in the mys- 
tery cells and Rl and R6 during ommatidial assembly (Basler et al., 
1991). Germline transformation was performed by standard proce- 
dures. 

Several independent transformants of SE-junAsn were isolated, all 
displaying the same phenotypic effect as shown in Figure 1. However, 
only one insertion was viable and fertile enough to establish a stable 
stock. This is probably due to some leakiness of the expression system 
and the deleterious effects of JUN”P in other tissues. 

Transfections and Luciferase Assays 
F9 cells (100 mm dish) were grown in a 1:1 mixture of Dulbecco’s 
modified Eagle’s medium and F12 supplemented with 10% FCS and 
1 Om4 M (&mercaptoethanol. Cells were transfected by the CaC12 method 
(Graham and van der Eb, 1973). The -60/+63 collagenase LUC re- 
porter plasmid was constructed by inserting the -60/+63 collagenase 
promoter sequence into the Asp-718-Hindlll site of pG12 (Promega). 
Polyoma-Col-LUC is an extension of the -60/+63 Col-LUC reporter 
with the following sequence including the classical Polyoma site (Gut- 
man and Wasylyk, 1990) 5’-ACAGGAAGTGACTAAGTACC-3’, which 
was cloned into the Smal-Asp-718 site of -60/+63 Col-LUC. The ex- 
pression vectors were RSV plasmids with the corresponding coding 
sequence cloned between the long terminal repeat and SV40 polyade- 
nylation signal. The luciferase assays were performed as previously 
described (Smith and Bohmann, 1992). The relative luciferase activity 
as shown in Figure 5 was calculated by dividing actual activity obtained 
in the presence of the respective expression vectors by the activity 
of the reporter when cotransfected with an empty expression vector 
(pRSU;O). 

Histological and Other Techniques 
For scanning electron microscopy (SEM), heads were dehydrated and 
critical point dried and coated with 20 nm gold-palladium mix before 
they were viewed on a prototype SEM. Histological sections of adult 
eyes and antibody stainings on eye imaginal discs were performed as 
previously described (Tomlinson and Ready, 1987). The rat anti-ELAV 
monoclonal antibody was a gift from G. Rubin, and the mouse anti-b- 
galactosidase monoclonal used to detect expression of H214 was pur- 
chased from Promega (dilution, 1:500). 

The UV/green light phototactic behavior assay was performed as 
previously described by Basler et al. (1991). 
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