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ABSTRACT
During the development of the compound eye of Drosophila several signaling pathways exert both positive

and inhibitory influences upon an array of nuclear transcription factors to produce a near-perfect lattice of
unit eyes or ommatidia. Individual cells within the eye are exposed to many extracellular signals, express
multiple surface receptors, and make use of a large complement of cell-subtype-specific DNA-binding
transcription factors. Despite this enormous complexity, each cell will make the correct developmental
choice and adopt the appropriate cell fate. How this process is managed remains a poorly understood
paradigm. Members of the CREB binding protein (CBP)/p300 family have been shown to influence
development by (1) acting as bridging molecules between the basal transcriptional machinery and specific
DNA-binding transcription factors, (2) physically interacting with terminal members of signaling cascades,
(3) acting as transcriptional coactivators of downstream target genes, and (4) playing a key role in chromatin
remodeling. In a screen for new genes involved in eye development we have identified the Drosophila
homolog of CBP as a key player in both eye specification and cell fate determination. We have used a
variety of approaches to define the role of CBP in eye development on a cell-by-cell basis.

THE near-perfect ensemble of unit eyes or ommatidia tor followed by the stereotyped addition of the R2/5,
R3/4, and R1/6 cell pairs. The R7 neuron is the lastcomposing the compound eye of Drosophila melanogas-

ter is the result of a carefully choreographed series of photoreceptor to be recruited and is then followed by
the addition of accessory cone and pigment cells (Readymorphogenetic movements, cell-specific gene expression

patterns, and cell-cell communications (Ready et al. 1976; et al. 1976; Tomlinson and Ready 1987; Cagan and
Ready 1989a; Wolff and Ready 1993).Dickson and Hafen 1993; Wolff and Ready 1993).

At least six signaling pathways, Ecdysteroids, ReceptorThese events begin early in the life of the fly when a
Tyrosine Kinases (RTKs), Notch (N), Hedgehog (Hh),small set of cells are set aside to form the eye anlagen
Decapentaplegic (Dpp), and Wingless (Wg), have beenduring early embryogenesis (Cohen 1993). The earliest
shown to exert positive and negative influences upon aphase of eye development is characterized by rapid cell
plethora of downstream nuclear targets during succes-proliferation, the organization of several thousand cells
sive stages of eye development (Cagan and Readyinto a single epithelial sheet called the eye imaginal
1989b; Basler and Hafen 1990; Shilo 1992; Hafen etdisc, and the stepwise expression of a known set of eight
al. 1993; Heberlein et al. 1993; Ma et al. 1993; He-nuclear factors collectively termed the “eye specification
berlein and Moses 1995; Ma and Moses 1995; Treis-genes” (Baker 2001; Kumar and Moses 2001c; Mitas-
man and Rubin 1995; Pignoni and Zipursky 1997;hov and Koussulakos 2001). During the last larval
Royet and Finkelstein 1997; Brennan et al. 1998; Kur-instar a wave of differentiation begins at the posterior
ata et al. 2000; Kumar and Moses 2001a; Lee and Treis-edge of the disc and sweeps across the eye field. The
man 2001; Baonza and Freeman 2002; Cherbas et al.leading edge of this wave is visualized by a physical
2003). An individual cell within the developing eye willindentation within the epithelium, the morphogenetic
express many cell surface receptors and can expect to befurrow (Ready et al. 1976). As the furrow travels across
presented simultaneously with several diffusible ligandsthe disc, the field of undifferentiated cells is trans-
(Voas and Rebay 2004). The expression patterns offormed into a lattice of organized clusters of cells that
specific DNA-binding factors that control eye develop-self-assemble into ommatidia (Wolff and Ready 1991a).
ment add an additional layer of complexity (Kumar andThe cells within a developing unit eye undergo a precise
Moses 1997). Unlike very early predictions, each cellorder of recruitment starting with the R8 photorecep-
does not express “individualized” or mutually exclusive
sets of transcription factors. Rather, cells within the eye
express transcription factors in a complicated combina-
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ducibly using multiple diffusible signals is an impressive Murata et al. 2001; Coupry et al. 2002; Kalkhoven et
al. 2003). Strabismus, cataracts, juvenile glaucoma, andfeat. A key question is: How does an individual cell

correctly relay the multiple bits of information received coloboma of the eyelid, iris, and lens are among the eye
defects associated with this syndrome (Roy et al. 1968;at the cell surface to the appropriate assortment of spe-

cific DNA-binding transcription factors and how is this Levy 1976; Ramakrishnan et al. 1990; Silengo et al.
1990; Guion-Almeida and Richieri-Costa 1992; vaninformation correctly used during cell fate decisions. A

potential solution to this paradigm is to have a ubiqui- Genderen et al. 2000).
Similarly, mutations within the Drosophila CBP ho-tously expressed protein act as a conduit for linking

signaling pathways to nuclear transcription factors by molog have wide-ranging pleiotropic phenotypes. Dur-
ing embryogenesis alone, CBP (1) interacts with MADinteracting with (1) terminal members of the many signal-

ing cascades and (2) the specific combination of transcrip- protein to induce expression of Dpp pathway target genes
in the dorsal ectoderm, (2) acts to regulate the functiontion factors that are expressed in each different cell type.

Such a system would also allow for several diffusible signals of the homeotic gene Deformed (Dfd) in the maxillary and
mandibular head segments, (3) interacts with TRX pro-to ultimately generate a precise cellular pattern.

Drosophila CREB binding protein (CBP), which is en- tein to maintain the expression of another Hox gene
Ultrabithorax (Ubx) in segments T3 and A1–A7, and (4)coded by the nejire (nej) locus, belongs to the CBP/p300

family of proteins (Akimaru et al. 1997b; Goodman and interacts with TCF to repress the Ubx enhancer in the
embryonic midgut (Akimaru et al. 1997b; FlorenceSmolik 2000). CBP was first identified on the basis of its

physical interaction with the CREB transcription factor and McGinnis 1998; Waltzer and Bienz 1998, 1999;
Bantignies et al. 2000; Petruk et al. 2001; Takaesu etwhile p300 was identified on the basis of its ability to

bind to adenoviral protein E1 (Chrivia et al. 1993; al. 2002; Lilja et al. 2003). The absence of CBP during
embryogenesis leads to both early dorsoventral pat-Kwok et al. 1994; Nordheim 1994). Since then CBP has

been shown to bind to a large array of specific DNA- terning abnormalities and later defects in segmentation
of the head and trunk. Additional studies focusing onbinding transcription factors as well as components of

the basal transcriptional machinery, thereby acting as larval and pupal development have demonstrated roles
for CBP in proper wing vein formation, dendritic andboth a “bridging” molecule and a transcriptional coacti-

vator (Arany et al. 1994; Kwok et al. 1994; Kee et al. axonal morphogenesis, formation of the synapse, and the
release of transmitters at the neuromuscular junction1996; Gu et al. 1997; Chan and La Thangue 2001;

McManus and Hendzel 2001). An additional feature (Marek et al. 2000). Recently, the fly eye has been shown
to be sensitive to the dosage of CBP, as expression of aof this protein family is the presence of several protein

interaction domains that have been shown to bind to full-length form of CBP during eye development results
in a smooth external surface with a corresponding lossnuclear hormone receptors, acetylated histones, and

terminal components of several signal transduction of ommatidia. Interestingly, these defects are not due
to a failure of photoreceptor development but ratherpathways (Bannister and Kouzarides 1996; Chakra-

varti et al. 1996; Akimaru et al. 1997a; Avantaggiati are the result of severe retinal degeneration (Ludlam
et al. 2002). Consistent with these findings is the demon-et al. 1997; Goodman and Smolik 2000; Deng et al. 2003).

Furthermore, CBP can modulate transcription and chro- stration that the addition of CBP can reduce the severity
of retinal degeneration and structural defects in the flymatin remodeling by acetylating histones (Bannister

and Kouzarides 1996; Martinez-Balbas et al. 1998; eye arising from polyglutamine disease (Taylor et al.
2003).Goodman and Smolik 2000). The ability to simultane-

ously bind so many diverse factors has led to the sugges- Here we report that Drosophila CBP is required at
successive stages of compound eye development includ-tion that CBP also functions as a “scaffolding” protein

to link signaling cascades to transcriptional machinery ing photoreceptor cell fate determination. In a genetic
screen designed to isolate new genes that could modifyand thereby influences developmental decisions (Gold-

man et al. 1997; Shi and Mello 1998; Goodman and the no-eye phenotype of a dominant negative allele of
the eye specification gene sine oculis (so D), we identifiedSmolik 2000; Chan and La Thangue 2001). Further

evidence has demonstrated that the ability of CBP to regu- nej as a modifier. Loss-of-function nej mutations acted
as enhancers of soD, while overexpression of CBP sup-late signaling is itself a regulated process (through phos-

phorylation and protein-protein interactions), strengthen- pressed the no-eye phenotype. Using loss-of-function
retinal mosaic clones, heteroallelic loss-of-function com-ing the argument for a role for CBP in patterning and

development (Ait-Si-Ali et al. 1999; Shen et al. 2001). binations, and RNA interference (RNAi) constructs we
have extended our findings to demonstrate that CBP isConsistent with such a role, human patients with lesions

within the CBP gene suffer from Rubinstein-Taybi syn- necessary during eye determination and cell fate speci-
fication. Using a series of CBP variants we have used adrome in which pattern formation proceeds incorrectly

and is characterized by severe facial abnormalities, “pathway interference” approach to determine that CBP
activity is modular and functions during specific cellbroad thumbs, broad big toes, and mental retardation

(Petrij et al. 1995; Tanaka et al. 1997; Oike et al. 1999; fate decisions. In particular, we show that CBP plays a
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F-actin was visualized using phalloidin-TRITC (1:500, Molecu-role in the R3/4 cell fate choice and may also be a
lar Probes, Eugene, OR). Imaginal discs were dissected andnew member of the R7 pathway. Collectively, the data
treated as described in Kumar et al. (1998). Pupal retinas

presented here represent a dissection of the role that were dissected and treated as described in Wolff and Ready
CBP plays during the development of the Drosophila (1991b). Adult eyes were prepared for scanning electron mi-

croscopy as described in Kumar et al. (1998). Adult eyes werecompound eye.
sectioned for light microscopy as described in Kumar et al.
(2001). Embryos were stained with antibodies as described in
Kumar and Moses (2001b) with the exception that secondaryMATERIALS AND METHODS antibodies were conjugated to HRP and detected with the
horseradish peroxidase conjugate substrate kit (Bio-Rad, Rich-Fly stocks, deletion constructs, and plasmid construction:
mond, CA).The following fly alleles and insertions were obtained for the

experiments described here: GMR-GAL4 (Lucy Cherbas), ey-
GAL4 (Walter Gehring), so D, sev-GAL4, lz-GAL4, UAS-GFP,

RESULTSUAS-lacZ, ey-FLP, nej3, nejQ7, nejP (Bloomington Stock Center),
nejTC41, nejS342, nejS103, nejTA57 (Bill McGinnis), nej 131 (Norbert Perri- soD encodes a putative dominant negative allele: Themon), and UAS-CBP FL, UAS-CBP FL-AD (Sarah Smolik). CBP

early development of the compound eye is regulated inis a 3275-amino-acid protein and the coding regions for each
part by a regulatory network of genes that include theof the CBP variants described in Figure 2 were subcloned into

pUAST. Details of the generation of UAS-CBP FL (full-length Pax genes twin of eyeless (toy), eyeless (ey), twin of eyegone (toe),
wild-type version) and UAS-CBP FL-AD (acetylase dead ver- and eyegone (eyg); the founding members of the Dach
sion, F2161A) plasmids can be found within Ludlam et al. and Eya gene families dachshund (dac) and eyes absent(2002) and the cloning strategies for the following deletion

(eya); and the Six class genes optix and sine oculis (Treis-constructs are available on request. UAS-CBP �NZK contains
man and Heberlein 1998; Kumar 2001; Kumar andan ATG followed by amino acids 1030–3275; UAS-CBP �Q

contains amino acids 1–2677; UAS-CBP �HQ contains amino Moses 2001c). Extracellular instructions from the Hh,
acids 1–1998; UAS-CBP �BHQ contains amino acids 1-1501; Dpp, Egfr, Notch, and Wg signaling cascades are inte-
and UAS-CBP KIX contains an ATG followed by amino acids grated into this network at several levels creating addi-800–1090. UAS-CBP RNAi was generated by sequentially clon-

tional layers of complexity (Halder et al. 1995; Cal-ing a 697-bp fragment (269 bp of 5�-UTR � 428 bp of 5�
laerts et al. 1997; Treisman and Heberlein 1998;coding sequence) into pUAST in the antisense and sense

orientations. Expression experiments using the UAS-CBP KIX Kumar 2001; Voas and Rebay 2004). We used a domi-
and UAS-CBP RNAi responders were conducted at 27�, while nant allele of sine oculis, soD, as the starting material for
all remaining experiments using other UAS responders were a genetic screen to isolate new genes involved in eyeconducted at 25�.

specification. The soD allele appears to function as aGenetic screen: We crossed the 235 stocks that constitute
dominant negative mutant. First, soD heterozygotes lackthe Drosophila deficiency kit, which provides nearly 90% cov-

erage of the genome, to so D/CyO flies and assayed the ability compound eyes while heterozygotes of the so 3 null allele
of each deficiency to modify the no-eye phenotype of so D/� have wild-type eyes; thus soD is a dominant mutant. Sec-
heterozygotes. Seven deficiencies scored positive in our assay: ond, embryonic lethality results if the soD mutation issix suppressed and one enhanced the so D/� retinal phenotype.

placed in trans to the so 3 allele (soD/so 3). Third, com-We mapped the suppression and enhancing activities by cross-
pound eye development is restored in soD mutants by theing single-gene mutations that were uncovered by the seven

deficiencies to so D/� and scored the ability of each single- addition of wild-type SO protein via UAS-so transgenes;
gene mutation to mimic that of the overlying deficiency. We thus soD has an inhibitory function. We sequenced the
identified six complementation groups that suppressed (to be open reading frame of the soD mutant and found a singledescribed elsewhere) and the nejire locus that enhanced (this

valine-to-aspartic acid substitution at amino acid 200report) the so D/� retinal phenotype.
(V200D). This mutation occurs within the Six domain,Generation of mosaic clones: Loss-of-function nejire alleles

were recombined onto an X chromosome containing the which is implicated in both DNA-binding and protein-
FRT101 element. FRT101 nej[LOF]/FM7; eyFLP females were protein interactions with EYA (Pignoni et al. 1997).
crossed to either FRT101 Ub-GFP or FRT101 P[w�] males to Mutations within this domain of SO could negativelyinduced retinal clones that could be analyzed within either

affect eye development by either altering its interactionsthe eye imaginal disc or adult retinas, respectively. Clones
with potential binding partners or causing inappropriatewithin the developing and adult eyes were negatively marked

and identified in the imaginal disc by the absence of a GFP transcriptional regulation of downstream target genes.
reporter and in the adult by the absence of red pigment. The retinal phenotypes of the eye-specific so 1 loss-

Antibodies, immunohistochemistry, and light/confocal mi- of-function mutant and the soD dominant negative allelecroscopy: The following primary antibodies were used: rat anti-
differ slightly from one another. SO protein levels areElav (1:100, gift of Gerald Rubin), rabbit anti-Atonal (1:2000,
below detection in so 1 mutant eye discs (Pignoni et al.gift of Andrew Jarman), mouse anti-Dachshund (1:100, gift

of Graeme Mardon), mouse anti-Eyes Absent (1:10, gift of 1997; Halder et al. 1998) while remaining at wild-type
Seymour Benzer), chicken anti-CBP (1:500, gift of Sarah Smolik), levels in soD discs (data not shown). Similarly, the expres-
and rabbit anti-�-galactosidase (1:100, Cortex Biochemical). sion of several other genes that are required for eye
The following secondary antibodies were obtained from Jack-

development, such as dpp and dac, are not reduced inson Laboratories: goat anti-mouse-FITC (1:100), goat anti-
soD mutants while being disrupted in so 1 mutants (tomouse-HRP (1:100), goat anti-rabbit-HRP (1:100), goat anti-

rabbit-TRITC (1:100), and rabbit anti-chicken-FITC (1:100). be described elsewhere). Furthermore, in so1 adults the
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Figure 1.—CBP interacts genetically with so D. Scanning electron micrographs of adult eyes are shown in A–E. Confocal images
of third instar imaginal discs are shown in F–L. All genotypes are at top of each column. Red is F-actin; green is identified in
each panel. Anterior is to the right. G4, GAL4.

region normally occupied by the compound eyes is re- discs are near normal in size and contain large numbers
of photoreceptor cell clusters (Figure 1I), and adult eyesplaced by surrounding head tissue. In contrast, soD flies

have a large nonpigmented and nondifferentiated field are fully pigmented although not normally patterned
(Figure 1D).(Figure 1, A and B, arrow). The lack of retinal tissue in

soD adults can be traced back to a complete lack of Functional dissection of CBP during early eye devel-
opment: CBP is a large protein containing �3200 aminophotoreceptor differentiation during larval eye imagi-

nal disc development as assayed by the absence of ELAV, acids and features several different functional domains
(Goodman and Smolik 2000). The N terminus containsa pan-neural protein (Figure 1, F and G). The presence

of this nondifferentiated field in soD adults allows for the several protein interaction domains including a region
that binds hormone receptors and a domain (KIX) thatisolation of both suppressor and enhancer mutations.

We recovered six complementation groups that sup- binds the CREB transcription factor (Chrivia et al. 1993;
Kwok et al. 1994). Subsequent work has demonstratedpressed (to be described elsewhere) and one comple-

mentation group (this report) that enhanced the soD that this domain binds several other transcription factors
as well (Frangioni et al. 2000). The C-terminal half ofno-eye phenotype. The enhancing locus is nej, the gene

that encodes CBP in Drosophila (Akimaru et al. 1997b). the protein contains three major regions: (1) a BROMO
domain that binds to acetylated lysine residues, (2) aCBP interacts with soD during eye development: Re-

moval of one copy of nej in a soD background results in HAT domain that acetylates lysine 8 of histone H4, and
(3) a glutamine-rich stretch that is implicated in tran-an eye phenotype that is now indistinguishable from so 1

loss-of-function mutants (Figure 1, C and H). Similar scriptional activation (Kraus et al. 1999; Goodman and
Smolik 2000; Manning et al. 2001). To functionallyto so 1 mutants, eye imaginal discs from nej 3/�; soD/�

heterozygotes (nej 3 is a null allele) are small and un- dissect the CBP during early eye development, we made
several CBP variants lacking either single or multipledergo increased levels of cell death (Figure 1H), while

adults lack the nondifferentiated field and instead con- protein domains (Figure 2) and expressed them
throughout the eye in soD mutants. A truncated proteintain only head tissue (Figure 1C). Conversely, expres-

sion of CBP throughout the soD retinal field suppresses lacking the N-terminal half of CBP was insufficient to
rescue soD (�NZK, data not shown) while several pro-the no-eye phenotype (Figure 1, D and I). Eye imaginal
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Figure 2.—Schematic of CBP variants. Each
CBP variant is expressed within subdomains of
the developing eye using the UAS/GAL4 misex-
pression system. See materials and methods for
cloning strategies. Individual protein domains are
coded.

teins that retained the N-terminal portion of CBP (�HQ coexpression of all four proteins ahead of the morpho-
genetic furrow is supportive of a role for CBP in mediat-and �BHQ) rescued the eye phenotype of soD flies to
ing SO-EYA-DAC interactions as suggested by studies inthe same degree as the full-length protein (Figure 1, E
mammalian systems (Ikeda et al. 2002). Posterior to theand J). The CBP variant lacking just the long glutamine-
furrow, CBP can be found in the eight photoreceptorsrich stretch (�Q) functions as a potent dominant nega-

tive protein (see below) and was unable to rescue the
soD phenotype. It is interesting to note that both the
�HQ and the �BHQ variant proteins retain the KIX or
CREB binding domain (Figure 2). In addition to bind-
ing to the transcription factor CREB, the KIX domain
binds the transcription factor Cubitus Interruptus (CI)
the terminal member of the Hh signaling cascade (Aki-
maru et al. 1997a), which functions during successive
stages of eye development and is required for eye speci-
fication (Kumar 2001; Pappu et al. 2003; Voas and
Rebay 2004). Consistent with the above data, expression
of Hh and CI proteins in soD mutant eyes also rescues
the soD phenotype to the levels of full-length CBP (data
not shown). It has been recently reported that mamma-
lian CBP may function within the context of a SIX-
EYA-DAC transcriptional complex by mediating physical
interactions between the mouse DACH1 and EYA1 pro-
teins (Ikeda et al. 2002). Expression of the full-length,
�HQ or �BHQ CBPs is sufficient not only to support
photoreceptor development but also to promote the
expression of the eye specification genes dac and eya
(Figure 1, K and L).

Figure 3.—CBP is expressed in all cells of the developingCBP is expressed in the developing eye: The genetic
eye imaginal disc. Confocal images of third instar imaginalinteractions observed between nej and soD suggested that
discs are shown. Genotypes are listed at the left of each row.CBP is expressed in the eye. We confirmed the expres-
(A and B) Low and high magnification view of CBP expression

sion profile of nej within the developing eye imaginal ahead of and behind the morphogenetic furrow (MF). (C)
disc by using an antibody directed against CBP (gift of Schematic of cells within the eye disc. Gray circles represent

cells ahead of the furrow. Red circles represent ommatidialSarah Smolik; Figures 3 and 4). CBP is detected in all
clusters. Brown circles represent intervening cells. (D–F) CBPcells ahead of the morphogenetic furrow as determined
is present in cone (c) and photoreceptor cells (1–8). (G–I)by either individual staining (Figure 3, A and B) or CBP is present in the intervening cells. (G) CBP; (H) lz-GAL4/

costaining with antibodies against EYA, DAC, and SO UAS-GFP; and (I) merge of G and H. Yellow arrows indicate
intervening cells. Anterior is to the right.proteins (Figure 4, A–C and G–I; data not shown). The
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focused on the expression of the eya, dac, and so genes
since their mammalian counterparts appear to interact
with mouse CBP (Ikeda et al. 2002). Due to the embry-
onic lethality associated with nej loss-of-function muta-
tions we attempted to generate large retinal clones of
seven nej loss-of-function alleles, including the molecu-
larly characterized null allele nej 3. Consistent with null
alleles being cell lethal, only clones of the strong hypo-
morphic alleles nejTC41 and nej S342 survived to be analyzed.
Clones of either allele gave identical results (see below)
and therefore only nejTC41 clones are shown. In nej clones
the level of so-lacZ expression (data not shown) and EYA
protein was dramatically reduced (Figure 4, D–F). Note
that within the clone EYA protein levels are lower com-
pared to the adjacent wild-type tissue. We did not ob-
serve an elevated level of cell death in these clones.
These results are suggestive of a role for CBP in the
regulation of both so and eya during eye specification.
In contrast, the level of DAC protein was not affected
by the loss of CBP (Figure 4, J–L). Note that DAC protein
levels remain the same within the wildtype and clonal
tissue. This result is consistent with reports that some
DAC protein remains in so and eya single and double
loss-of-function mutants (data not shown).

Expression of the “eye specification” genes is not con-
fined to the developing eye but is detected in dynamic
spatial and temporal patterns within several other tissues

Figure 4.—CBP regulates eyes absent but not dachshund ex- (Cheyette et al. 1994; Mardon et al. 1994; Quiring et
pression during eye development. Confocal images of third al. 1994; Serikaku and O’Tousa 1994; Jones et al. 1998;
instar imaginal discs are shown. All genotypes are to the left

Leiserson et al. 1998; Czerny et al. 1999; Seimiya andof each row. (A–C) CBP and Eya are coexpressed. (D–F)
Gehring 2000; Kumar and Moses 2001b). For exam-Eya protein levels are reduced in CBP loss-of-function retinal

clones. (G–I) CBP and Dac are coexpressed. (J–L) Dac protein ple, during the extended germband stages of em-
levels are not regulated by CBP. Molecules visualized are listed bryogenesis EYA protein is present within the clypeola-
in each panel. Arrows mark CBP loss-of-function clones. Ar- brum, the protocerebrum, and the visual primordium
rowheads mark the morphogenetic furrow. Anterior is to the

(Figure 5, A and C). At these same stages DAC proteinright.
is detected within a subdomain of the protocerebrum
and within cells of the maxillary and mandibular head
segments (Figure 5, E and G), while transcription of soand four cone cells of each ommatidium (Figure 3,

D–F). The identity of each cell was determined by their is detected within the visual primordium and within
small groups of unidentified cells at the segmentalstereotyped position within the developing ommatidial

cluster and by their costaining with an antibody against grooves (Figure 5, I and K). While the expression of so,
eya, and dac is restricted to specific embryonic domains,the pan-neuronal protein ELAV (Figure 4, D–F; data

not shown). It remains unclear if CBP is present within CBP appears to be ubiquitously expressed. Although
CBP is maternally contributed, homozygous nej mutantseach pigment cell subtype. Within the eye disc CBP is

also present within the undifferentiated cells as deter- die as embryos and have a characteristic twisted pheno-
type (Akimaru et al. 1997b). In nej mutants, EYA proteinmined by coexpression of CBP and a transcriptional

reporter that faithfully reflects the expression pattern remains within the clypeolabrum and the visual primor-
dium. However, the protein is lost from the protocere-of the transcription factor lozenge (Figure 3, G–I, arrows;

Flores et al. 1998). The presence of CBP within each brum and the mesoderm (Figure 5, B and D). In con-
trast, the expression of so is nearly completely abolishedcell of the developing eye is consistent with its proposed

role as both a “bridging” protein during transcription from the visual primordium (Figure 5, J and L). Further-
more, the level of DAC protein is also drastically reducedand a “scaffolding” protein during signaling.

nejire mutants affect the eye specification genes in the in nej homozygous embryos (Figure 5, F and H), whereas
it remained unaffected in nej retinal clones (Figure 4,eye and embryo: The expression profile of CBP within

the developing eye field (Figures 3 and 4) led us to J–L). These results suggest that the regulatory relation-
ships between CBP and SO, DAC, and EYA proteins aredetermine if the expression of the eye specification

genes are dependent upon nej function (Figure 4). We likely to be tissue and even cell subtype dependent. This
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Figure 5.—Mutations within CBP alter dac, eya, and so ex-
pression in the embryonic visual system. Light microscope
images of wild type (A, C, E, G, I, and K) and nej TC41 mutant
embryos (B, D, F, H, J, and L) are shown. Genotypes are at
the top of each column. Molecules visualized are listed to the
left of each panel. Lateral views of embryos are shown in A,
B, E, F, I, and J and dorsal views are shown in C, D, G, H, K,
and L. Eyes Absent and Dachshund proteins are detected with
antibodies. �-Gal antibodies were used to detect the pattern

Figure 6.—CBP mutants inhibit eye development. (A andof so-lacZ. vp, visual primordium; pc, protocerebrum; m, meso-
C) Scanning electron micrographs of adult eyes. (B and D)derm. Anterior is to the left.
Light microscope sections of adult retinas. (E–J) Confocal
images of third instar imaginal discs. Genotypes are listed to
the left of each row. Wild-type eyes are shown in A and B.

would be consistent with a role for CBP in acting as a CBP clones are shown in C–J. Molecules visualized are listed
within each panel. Red asterisk in D marks center of largescaffolding protein during development to link signaling
clone that is devoid of photoreceptors. Red arrows in D markcascades to specific DNA-binding transcription factors.
ommatidia at the borders of clones. Yellow arrows in E–J mark

nejire is required for photoreceptor specification: The position of CBP retinal mosaic clone. Note the reduction of
expression of CBP within all photoreceptors suggests a Elav staining within the clone. Also note that Atonal expression

within the clone remains normal. Anterior is to the right.role for CBP in their recruitment and/or maintenance.
We sought to determine the requirement for nej in
photoreceptor specification by using loss-of-function
retinal clones, heteroallelic combinations, and RNAi. numbers of photoreceptors (arrows in Figure 6D) and
Retinal clones of the strong loss-of-function alleles nejTC41 we did not observe any ommatidia that were genetically
and nej S342 were generated and analyzed in developing mutant for nej and were also morphologically wild type.
eye imaginal discs and adult eyes using confocal, light, This suggests that CBP is required for the formation of
and scanning electron microscopy (Figure 6). Adult all photoreceptor cell subtypes.
compound eyes containing clones of nej mutant tissue Eye imaginal discs were stained with an antibody that
have a disorganized external surface (Figure 6, A and recognizes the ELAV protein. nej mutant clones showed
C). Retinal sections through mutant eyes show variable a significant loss of ELAV positive cells (Figure 6, E–G),
numbers of ommatidia and photoreceptor cells (Figure which is consistent with the loss of photoreceptor cells
6, B and D). The central domains of large clones are seen in adult sections. Although an analysis of adult
completely devoid of photoreceptor cells and appear clones suggested that nej function was necessary for the
to be replaced by pigment cells, suggesting a cell fate specification of all photoreceptor cells, mutant nejTC41

switch has occurred (asterisk in Figure 6D). The outer retinal clones still maintained normal expression of the
proneural transcription factor Atonal (Figure 6, H–J),edges of the clones contain ommatidia with variable
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down the levels of CBP within the developing eye. We
generated a CBP RNAi snapback construct (see materi-
als and methods) and expressed it both ahead of and
posterior to the morphogenetic furrow using ey-GAL4
and GMR-GAL4 insertions (Figure 7). The GMR ele-
ment (Hay et al. 1995) directs expression to all cells
posterior to the morphogenetic furrow. The external
surface of GMR-GAL4/UAS-CBP RNAi eyes is relatively
smooth, individual facets cannot be distinguished, and
the number of interommatidial bristles is dramatically
reduced (Figure 7C). Although retinal sections confirm
the loss of many ommatidia (asterisk in Figure 7D), a
majority of the retina has photoreceptor clusters. Each
surviving ommatidial cluster appears to have fewer than
the normal number of photoreceptors. The number of
neurons appears to be somewhat variable, suggesting
that each cell is equally susceptible to the loss of CBP.
The remaining photoreceptors appear to have defec-
tively formed rhabdomeres (arrows in Figure 7D). Al-
though the effects of our RNAi snapback construct on
photoreceptor development are somewhat weaker than
those of the loss-of-function mutant phenotypes, the
data are consistent between both experiments. It is likely
that the amount of CBP RNA in photoreceptor cells is
at a very high level and our CBP RNAi construct is notFigure 7.—CBP mutants inhibit eye development. (A, C,
efficiently reducing the levels of CBP in these cells. Theand E) Scanning electron micrographs of adult eyes. (B and

D) Light microscope sections of adult retinas. (F) Confocal smooth external surface does suggest, however, that the
image of third instar imaginal disc. Genotypes are listed to level of CBP RNAi is sufficient to affect the cone, pig-
the left of each row. nej heteroallelic (nej 131/nej P ) eyes are ment, and mechanosensory bristle cells.shown in A and B. GMR-GAL4/UAS-dCBP RNAi is shown in

The ey enhancer element (Hauck et al. 1999) directedC and D. ey-GAL4/UAS-dCBP RNAi is shown in E and F.
expression of the CBP RNAi snapback construct to cellsAsterisk in D marks region of eye that is devoid of photorecep-

tors. Arrows in D mark ommatidia with malformed rhabdo- ahead of the furrow and resulted in the inhibition of
meres. Anterior is to the right. eye development (Figure 7, E and F). Note that the eye

disc is smaller than wild-type discs and there are fewer
ommatidial clusters (compare to Figure 1F). The contin-

which is the primary determinant for selection of the R8 ued presence of substantial retinal tissue may reflect
photoreceptor. These results suggest that nej is not re- either insufficient knockdown of endogenous CBP RNA
quired for R8 selection. However, clonal analysis in eye levels or a partial requirement for CBP in eye specifica-
discs and adult retinal sections indicates that all other tion. A closer examination indicates that the surviving
photoreceptor cell types appear to be affected by the ommatidia are constructed properly and have the nor-
loss of nej function. mal numbers of photoreceptors and accessory cells. This

We looked for heteroallelic combinations of the is consistent with the expression pattern of the eyeless
known nej mutants that would generate adult flies. Two enhancer, which directs expression ahead of the mor-
combinations, nej 131/nej P and nejTC41/nej P, give viable phogenetic furrow. Thus the reduction in the overall
adults (nej 131/nej P �15% and nejTC41/nej P �5%) and number of unit eyes is likely due to the elimination of
have moderately rough eyes, further suggesting that precursor cells ahead of the furrow.
CBP plays a role in eye development (Figure 7A). Sec- Distinct roles for CBP in ommatidial assembly: The
tions of nej 131/nej P adult retinas reveal that ommatidia list of proteins that physically interact with members of
within these mutant eyes have variable numbers of pho- the CBP family of proteins has grown to �100 factors
toreceptors (Figure 7B). Furthermore, it appears that (Goodman and Smolik 2000). While nej loss-of-function
both the R7 and the outer photoreceptors (R1–R6) are mutants have revealed a general role for CBP in fly
affected by loss of nej. This is consistent with our clonal retinal cell fate specification, loss-of-function experi-
analysis indicating that photoreceptor development re- ments are complicated by the effects of such large-scale
quires CBP (Figure 6). No survivors were recovered for disrupted interactions. We used a “pathway interfer-
any other heteroallelic combination (nej S342/nej P, nej S103/ ence” approach to determine if CBP played a more
nej P, nejTA57/nej P, nej 3/nej P, and nejQ/nej P). defined role in ommatidial assembly than that revealed

by the simple analysis of loss-of-function phenotypes.In addition, we have used RNAi interference to knock
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Figure 8.—Expression of individual CBP
variants results in specific effects on photore-
ceptor and cone cell development. (A, E, I, M,
and Q) Confocal images of third instar eye
discs. (B, F, J, and N) Confocal images of pupal
retinas. (C, G, K, O, and R) Scanning electron
micrographs of adult eyes. (D, H, L, P, and
S) Light microscope sections of adult retinas.
Genotypes are listed to the left of each row.
In all cases the CBP variant is expressed from
a UAS construct driven by GMR-GAL4. Eye
discs are stained with an antibody against Elav.
Pupal retinas are stained for F-actin. Yellow
numbers mark the number of cone cells within
an ommatidium. Yellow asterisk in S marks
area that is devoid of photoreceptors. Yellow
arrowheads mark photoreceptor clusters. An-
terior is to the right.

We expressed CBP variants (Figure 2) in the developing eye. This resulted in a severe rough eye with very few,
if any, surviving photoreceptors in freshly eclosed adultseye under the control of the GMR enhancer element,

which drives expression in all cells posterior to the mor- (Figure 8, C and D). Consistent with an earlier report,
the photoreceptor cells appear to be recruited and spec-phogenetic furrow. We then analyzed photoreceptor,

cone, and pigment cell development in eye imaginal ified correctly within the eye imaginal disc (Figure 8A).
The defects in eye development appeared to be thediscs, pupal discs, and adult retinas (Figure 8). The

different truncated proteins are expected to act as “pro- result of two independent events: (1) degeneration of
photoreceptor cells after they are initially specified andtein sinks” by soaking up sets of transcription factors,

thus depleting cells of crucial proteins required during (2) faulty cone cell formation during pupal develop-
ment (Figure 8B). During midpupal development thecell fate specification. Since each CBP truncated protein

retains a different set of protein domains, the expression accessory ommatidial cells form a near-perfect lattice
structure. Overexpression of wild-type CBP appears toof each variant protein is expected to yield a different

phenotype. Collectively, the phenotypes obtained by increase the number of cone cells per ommatidium
from four in wild type to five or six cells (yellow numbersthis set of deletion proteins should provide a deeper

insight into the role played by CBP in cell fate decisions in Figure 8B). A mutation that inactivates the acetyl-
transferase activity of CBP alleviates this phenotypein the fly eye.

Normal adult eyes are characterized by their crystal- moderately (Figure 8R). However, many ommatidia in
the adult retina either are still lacking photoreceptorline-like external appearance and an underlying perfect

arrangement of ommatidia (Figure 6, A and B). The cells (asterisk, Figure 8S) or have gross defects in rhab-
domere development (arrow, Figure 8S).developing photoreceptor clusters are best visualized

within the eye imaginal disc while the accessory cone and The expression of mutant CBPs was surprisingly use-
ful in teasing out potential roles for CBP in eye develop-pigment cells are arranged in a near-perfect array mid-

way through pupal development. As a control we first ment and the roles of individual protein domains. For
example, expression of CBP �NZK (Figure 2) resultedexpressed a full-length version of wild-type CBP in the
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in a slight roughening of the external retinal surface and suggested that the photoreceptors play a role in recruit-
ing the accessory cone cells. Thus the simultaneous lossa loss of ommatidial bristles (Figure 8G). Optical sections

of pupal retinas indicated a normal complement of acces- of photoreceptors and gain of cone cells that results
from expression of CBP FL, �HQ, and �BHQ proteinssory cone and pigment cells (Figure 8F), while adult retinal

sections revealed the recruitment of one to two extra is unusual and may suggest that a cell fate switch has
taken place.photoreceptors per ommatidium (Figure 8H), which can

also be seen in eye imaginal disc preparations (Figure CBP functions in the recruitment of the R3/R4 and
R7 photoreceptors: We sought to further define the8E). These two extra photoreceptors were in the right

anatomical position to be the so-called “mystery cells” be- role that CBP plays in ommatidial assembly by using
the sevenless (sev) enhancer to drive expression of CBPing recruited into the ommatidium. Normally, the mystery

cells leave the assembling ommatidia (Tomlinson and variants in a more restricted pattern (Figure 9). The sev
enhancer directs expression within the R3, R4, R1, R6,Ready 1987). Thus it is likely that CBP is blocking an

inhibitory signal, therefore committing the mystery cells and R7 photoreceptors and cone cells (Basler et al.
1989; Bowtell et al. 1991). Expression of the CBPto a photoreceptor cell fate.

An equally striking phenotype is observed in eye discs �NZK protein appeared to have no effect within the SEV
expressing cells (Figure 9, A and B), while expression ofexpressing the CBP �Q protein, in which the poly(Q)

trans-activation domain has been deleted (Figure 2). the CBP �Q protein variant resulted in the near deletion
of the compound eye (data not shown).Flies expressing this construct died shortly after cessa-

tion of larval development, precluding any study of pu- In contrast, expression of the CBP �BHQ protein
variant led to several surprising and interesting assemblypal and adult eye development. During larval eye disc

development each ommatidium contained only the R8, phenotypes (Figure 9, C and D). The external surface
of the compound eyes was near wild type with the onlyR2, and R5 photoreceptors (Figure 8Q). It appeared

that this mutant protein blocked ommatidial assembly overt defect being the frequent loss or mispositioning
of the interommatidial bristles (Figure 9C). A carefulspecifically at the recruitment of the R3/R4 photorecep-

tor pair. A likely explanation is that CBP �Q is binding analysis of adult retinal sections revealed several defects
in ommatidial assembly. First, many individual putativeto factors that are required for R3/R4 specification but

cannot activate transcription of downstream targets due R4 photoreceptors failed to make the correct choice
and adopted the R3 cell fate (white arrows, Figure 9D).to the absence of the poly(Q) domain. Such a scenario

is consistent with the dominant negative activity of the Second, at a lower frequency the R3 and R4 cells
adopted the opposite cell fates and the ommatidiumCBP �Q protein. This phenotype has been observed in

retinas that are mutant for both the glass and the rough rotated in the wrong direction (diagonal stripe arrows,
Figure 9D). These phenotypes are similar to those ob-loci, two genes previously shown to be involved in photo-

receptor cell determination (Tomlinson et al. 1988; served in alleles of the WNT receptor frizzled (fz ; Zheng
et al. 1995). A possible conclusion is that CBP cooperatesMoses et al. 1989; Treisman and Rubin 1996).

The HAT activity of CBP has also been implicated in with Wnt signaling to establish R3/R4 cell identities.
Third, in some ommatidia the R4 failed to be specifiedregulating transcription during development by ace-

tylating histones at lysine residues (Goodman and (checkered arrow, Figure 9D). Fourth, in many omma-
tidia either the R3 or the R4 cell adopted an R7 cellSmolik 2000; Ludlam et al. 2002). The expression of

CBP �HQ mutant protein, in which both poly(Q) and fate (dotted and horizontal stripe arrows, Figure 9D).
However, in some cases both cells adopted the R7 fate,HAT domains are deleted (Figure 2), within cells poste-

rior to the furrow caused adult flies to have a moderate resulting in an ommatidial cluster containing three R7
neurons (cross hatched arrow, Figure 9D). The transfor-roughening of the external surface of the compound

eye (Figure 8O). Each ommatidium contained a variable mation of R3/R4 cells into R7 photoreceptors impli-
cates CBP as a possible member of the Sevenless signal-number of photoreceptors (Figure 8, M and P) while

often recruiting additional numbers of accessory cone ing cascade. Finally, in rare cases the presumptive R7
cell failed to differentiate (plaid arrow, Figure 9D). Allcells (Figure 8N). Since the activity of the BROMO and

HAT domains appears to be functionally linked, it is of these phenotypes were also observed when CBP �HQ
expression was directed by the sev enhancer elementunsurprising that the retinal phenotypes associated with

expression of CBP �BHQ, which removes the BROMO, (Figure 9, E and F). However, some of these phenotypes,
such as loss of R7 cells and the presence of three R7HAT, and poly(Q) domains (Figure 2), are significantly

more severe than those observed by expression of the cells within an ommatidum, were reduced in frequency.
In addition, expression of a full-length CBP with dramat-CBP �HQ protein. The external surface of the adult

eye was flattened, reduced in size, and covered with ically reduced HAT activity (CBP FL-AD) could also
redirect the presumptive R4 cell into an R3 cell fatesmall bristles (Figure 8K). Many ommatidial clusters

showed a severe reduction in the number of photorecep- and could occasionally transform either the R3 or the
R4 into an R7 photoreceptor (Figure 9, G and H). Ittor cells (Figure 8, I and L) while containing an increased

number of accessory cone cells (Figure 8N). It has been should be noted that the ability to respecify the R3/R4



887CBP in Drosophila Eye Development

Figure 9.—CBP func-
tions during R3, R4, and R7
photoreceptor cell specifi-
cation. (A, C, E, G, and I)
Scanning electron micro-
graphs of adult eyes. (B, D,
F, H, and J) Light micro-
scope sections of adult reti-
nas. Genotypes are listed at
the sides of each row; G4
stands for GAL4. In all cases
the CBP variant is expressed
from a UAS construct driven
by sev-GAL4. (A–H) White
arrows mark ommatidia with
two R3 cells. Diagonal stripe
arrows mark ommatidia that
have opposite chirality. Dot-
ted arrows mark ommatidia
in which the R3 cell has trans-
formed into an R7. Hori-
zontal stripe arrows mark om-
matidia in which R4 has trans-
formed into R7. Checkered
arrows mark ommatidia in
which R4 has not been speci-
fied. Orange arrow marks an

ommatidium in which R7 has been deleted. Crosshatched arrows mark ommatidia in which both R3 and R4 have been transformed
into R7, resulting in three R7 cells per cluster. ( J) Plaid arrows mark the large outer photoreceptor that occupies the R7 cell
position. Arrow key is at bottom right of figure.

fate into R7 is very rare in this situation and, unlike (Figure 10). This suggests that the effects of these vari-
ant proteins are both context dependent and dose sensi-expression of CBP �BHQ and �HQ, expression of CBP

FL-AD never leads to the loss of the R4 or the R7 cells. tive. Interestingly, the relative strength of that inhibition
varies according to the construct (Figure 10), which isTogether, these results suggest that the N-terminal half

of CBP is acting as a protein sink that sequesters fac- not surprising since each variant retains a differing sub-
set of protein interactions domains. We were able to ruletors required for correct R3/R4 specification, and the

C-terminal half of the protein is actively involved in out insertion-specific effects by testing five independent
insertions for each variant type and obtaining similar ifR7 development. It is possible that CBP promotes R7

development by regulating downstream genes through not identical results from each insertion. Expression of
the CBP variant lacking the N-terminal half (CBP �NZK;either the zinc finger domain or the transcriptional

activation domain located at the C terminus. The role see Figure 2) ahead of the advancing furrow appeared
to strongly inhibit eye development within the dorsalthat CBP plays in R7 development may be even more

complicated since expression of just the KIX domain is half of the eye while pattern formation proceeds in the
ventral domain (Figure 10, A and D). The CBP variantable to transform the small inner R7 cell into a large

outer photoreceptor (Figure 9, I and J). The KIX do- lacking just the C-terminal glutamine-rich region (CBP
�Q; see Figure 1) was the strongest inhibitor of eyemain is known to bind the transcription factor CREB.

It would be interesting to determine if the Drosophila development. Expression of this construct blocked initi-
ation of pattern formation within the eye disc, thus com-homolog of the CREB transcription factor functions

during R7 photoreceptor specification. pletely deleting the compound eyes in the adult (Figure
10, B and E). The deleted segment of the CBP �QCBP variants display context and dose-dependent ef-

fects: The complex phenotypes that we observed with variant contains several polyglutamine and polyalanine
stretches. Both glutamine- and alanine-rich domainsthe CBP variants led us to determine the functional

nature of each variant. We expressed each of the CBP have been implicated in the activation of transcription
in several systems. The severe effects of the CBP �Q variantvariants listed in Figure 2 ahead of the morphogenetic

furrow in an otherwise wild-type background (Figure on eye development may be the result of this mutant
protein retaining the ability to bind to and deplete cells10) using an ey-GAL4 driver that faithfully reflects the

expression pattern of the endogenous ey gene. In con- of dozens of transcription factors while lacking the abil-
ity to activate transcription.trast to the rescue of the soD no-eye phenotype, the

expression of each variant protein in an otherwise wild- The expression of variant proteins that retain the
N-terminal half of the protein but lack varying amountstype genetic background inhibited eye development
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Figure 10.—Expression of CBP variant pro-
teins ahead of the furrow inhibits eye develop-
ment. Scanning electron micrographs of adult
eyes are in shown A–C. Confocal images of third
instar imaginal discs are shown in D–F. All geno-
types are at the top of each column. In all cases
the CBP variant is expressed from a UAS construct
driven by ey-GAL4. Anterior is to the right.

of the C-terminal half allowed for the initiation of the dominant negative proteins (Table 1). Surprisingly, the
rough eye phenotypes associated with the expression ofmorphogenetic furrow at the posterior margin of the

disc but inhibited its continuous reinitiation along the the �HQ and �BHQ variants were unaffected by the
removal of one copy of nej (Table 1). This result mightposterior-lateral domains (CBP �BHQ; Figure 10, C and

F; CBP �HQ data not shown). This phenotype is similar suggest that these variants have neomorphic activities.
It will be very informative to determine the exact molec-to situations in which Notch and Egfr signaling is inhib-

ited along the margins of the eye disc. It is noteworthy ular and biochemical role that each CBP domain plays
in retinal development. Of particular interest is the iden-that although the CBP �HQ and �BHQ protein variants

also lack the trans-activation domain, their overexpres- tification of binding partners that also play a role in
eye formation. The construction of the described CBPsion phenotypes were different and significantly less

severe than the overexpression phenotype of the �Q variants has been a good first step toward dissecting the
role that CBP plays in eye specification and photorecep-variant. The increased severity of the �Q variant may

be due to the inability of the mutant protein to activate tor cell determination. The identification of interacting
partners in this process will certainly move our under-transcription while maintaining protein-protein interac-

tions between signaling molecules and the HAT and standing of eye development considerably further.
BROMO domains.

The inhibition of eye development that results from
DISCUSSION

the expression of CBP variants prompted us to deter-
mine the activity of these molecules—i.e., are they func- The optical constraints of the adult Drosophila com-

pound eye require that during development every celltioning as dominant gain-of-function or dominant nega-
tive proteins (Table 1). We expressed each variant listed must make the appropriate cell fate choice and position

itself correctly within the growing retinal lattice. Earlyin Figure 2 in a subset of cells posterior to the morphoge-
netic furrow using the GMR-GAL4 insertion. Expression models predicted that each cell would express an “indi-

vidualized” set of membrane-bound receptors and spe-of each construct altered the structure of the compound
eye (Table 1). We repeated this experiment in a nej 3 cific DNA-binding transcription factors, which would

then be linked to the basal transcriptional machinerynull mutant heterozygote background. As expected, the
severe rough eye that resulted from the expression of by yet another set of “personalized” bridging molecules.

However, experimental evidence points to a much morefull-length CBP was moderately suppressed by the loss
of one copy of nej (Table 1). Removal of one copy of complicated mechanism for producing the fly eye. It is

clear that a cell within the developing eye will be pre-nej led to suppression of the rough eye phenotype that
is associated with the expression of the KIX domain, sented with many extracellular signals and will express

several receptors along with overlapping sets of tran-suggesting a gain-of-function role for the KIX domain
(Table 1). The CBP �Q and CBP �NZK rough eye overex- scription factors. How a cell sorts through this informa-

tion and ultimately makes the correct choice is a prob-pression phenotypes were enhanced by the loss of one
copy of nej, suggesting that these are functioning as lem that is not restricted to the insect eye but rather is
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TABLE 1

Activity of CBP variants

Driver Responder nej � nej 3/� Activity

GMR-GAL4 UAS-CBP FL Severe rough eye Suppress Gain of function
GMR-GAL4 UAS-CBP �NZK Moderate rough eye Enhance Dominant negative
GMR-GAL4 UAS-CBP �BHQ Severe rough eye Enhance Dominant negative
GMR-GAL4 UAS-CBP �HQ Mild rough eye No effect ?
sev-GAL4 UAS-CBP �Q Severe rough eye No effect ?
GMR-GAL4 UAS-CBP KIX Very mild rough eye Suppress Gain of function

Driver Responder Phenotype UAS-ci UAS-Mad UAS-panTCF

GMR-GAL4 UAS-CBP FL Severe rough eye No effect Enhance No effect
GMR-GAL4 UAS-CBP �NZK Moderate rough eye NA Enhance Enhance
GMR-GAL4 UAS-CBP �BHQ Severe rough eye No effect NA NA
GMR-GAL4 UAS-CBP �HQ Mild rough eye No effect NA NA
GMR-GAL4 UAS-CBP �Q Severe rough eye No effect Enhance No effect

NA, not applicable.

a common theme in metazoan development. The fly First, we have shown that CBP is expressed in all cells
within the developing eye imaginal disc. Second, weeye has proven to be a tractable model system for unrav-

eling this paradigm because it has a relatively small have demonstrated that CBP interacts genetically with
a member of the eye specification cascade and that eyenumber of different cell types, its stereotyped develop-

ment has been extensively studied, and it is amenable development is sensitive to the levels of CBP. Third,
loss-of-function CBP mutations affect the expression ofto a wide range of genetic and molecular manipulations.

In a screen for new genes involved in eye development several eye specification genes within the embryonic visual
system, protocerebrum, mesoderm, and the developingwe identified Drosophila CBP as a modifier of a domi-

nant negative allele of the eye specification gene sine eye imaginal disc. Fourth, using viable loss-of-function al-
lelic combinations, loss-of-function retinal clones, andoculis. CBP is encoded by the nejire locus and belongs

to the CBP/p300 family of proteins (Akimaru et al. RNAi interference, we have demonstrated that each cell
type in the developing eye, with the exception of the1997b; Goodman and Smolik 2000). Mutations within

human CBP are the underlying cause of Rubinstein- founder R8 photoreceptor, requires CBP for its specifi-
cation. Finally, using a “pathway interference” approachTaybi syndrome and as such CBP/p300 has been impli-

cated in regulating key events in development including we have shown that CBP likely functions in the R3/
R4 cell fate choice and in the specification of the R7the formation of the eye (Roy et al. 1968; Levy 1976;

Ramakrishnan et al. 1990; Silengo et al. 1990; Guion- photoreceptor.
The results presented here indicate a role for CBPAlmeida and Richieri-Costa 1992; Petrij et al. 1995;

Tanaka et al. 1997; Oike et al. 1999; van Genderen in a myriad of developmental decisions within the devel-
oping fly retina. It remains to be determined if theseet al. 2000; Murata et al. 2001; Coupry et al. 2002;

Kalkhoven et al. 2003). Of particular interest are the effects are through repeated interactions with a small
set of master regulatory proteins or with a larger set ofdemonstrated roles of CBP in (1) bridging specific DNA-

binding transcription factors to the basal transcriptional signaling molecules and cell-subtype-specific transcrip-
tion factors. It is more likely that the latter scenario willmachinery; (2) regulating transcription on a global scale

by acetylating histones; (3) serving as a molecular scaf- be correct. This is based on the large body of biochemi-
cal data that suggest CBP interacts with �100 proteinsfold by interacting simultaneously with a myriad of pro-

teins whose numbers to date have swelled past 100; that are members of many diverse signaling cascades.
Furthermore, to our knowledge no single gene has beenand (4) activating transcription through its alanine- and

glutamine-rich domains. Furthermore, CBP is known to shown to affect all of the processes that require the
activity of CBP. Thus our hypothesis is that CBP func-bind to terminal members of several signaling cascades

that are known to function during retinal development tions as a connecting point for signaling, transcription,
and chromatin remodeling during all phases of fly eyeand is suggested to interact with the mammalian homo-

logs of the eye specification genes sine oculis, eyes absent, development.
The sheer number of potential interactions mediatedand dachshund (Goldman et al. 1997; Goodman and

Smolik 2000; Ikeda et al. 2002). by CBP makes an analysis of this protein inherently
difficult. To circumvent this potential problem, we usedIn this report we have demonstrated that CBP plays

a crucial role in eye development at successive stages. a pathway interference approach to dissect CBP func-
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Figure 11.—Schematic of steps in
eye development regulated by CBP.
CBP has been shown to interact with
the eye specification gene sine oculis
and regulates the expression of eyes
absent. These interactions happen
ahead of the advancing morphoge-
netic furrow (purple text). Behind
the morphogenetic furrow CBP func-
tions during many stages of ommatid-
ial assembly. Interestingly, the devel-
opment of the R8 founder cell is not
dependent upon CBP. We have dem-
onstrated a strong requirement for
CBP in the R3, R4, and R7 photore-
ceptors. We have yet to determine a
requirement for CBP in the R2/R5
and R1/R6 pairs.

tion by expressing a series of truncated CBPs within factor scaffold would interact with terminal members
of signaling cascades and execute these instructions bythe developing eye. The underlying idea behind this

approach is that each protein variant will act as a protein modulating transcription of downstream target genes.
Late in development this would translate into the differ-sink and soak up a unique set of endogenous factors,

thus providing insight into the processes that are af- entiation of specific cell types—photoreceptors, cone
cells, pigment cells, and mechanosensory bristles. Thisfected by CBP. It also provides a first step toward under-

standing the role that each domain of CBP plays in is an attractive model for several reasons. First, the un-
commonly high number of described biochemical inter-the developmental process and lays the groundwork for

identifying critical components using more biochemical actions suggests that CBP may act as a link between
signaling pathways, specific DNA-binding proteins, andmethods. The target proteins are likely to interact with

CBP at stoichiometric levels during normal develop- the basal transcriptional machinery. These qualities
have been shown to be true in vitro. Second, it allowsment. However, by increasing the dosage of CBP, the

amount of these proteins within a cell becomes limiting for individual cells to receive several common-use sig-
nals but then personalize the output. Third, the abilityand loss-of-function phenotypes can be observed. This

approach successfully revealed roles for CBP in the R3/ to interact with members of signaling pathways as well
as remodel chromatin allows for very efficient transduc-R4 cell fate choice and in R7 fate specification.

How CBP functions in any of these processes is still tion of extracellular instructions. This may be important
for the recruitment of photoreceptors into the omma-an unanswered question. Our attempts to identify addi-

tional components of the regulatory network disrupted tidial cluster, a process that occurs over a relatively short
period of time. This model can be extended to earlyby expression of variant CBPs through the restoration

of putative interacting and downstream factors were events in eye specification. CBP is expressed in all cells of
the eye and antennal tissues during early developmentunsuccessful. The addition of any one single factor was

insufficient to rescue the effects of any of the CBP vari- (data not shown), while expression of selector genes is
restricted to the individual tissues (Kumar and Mosesants (Table 1). Although it is possible that none of the

correct factors were tested, it is more likely that the 2001a; Kenyon et al. 2003). Signaling pathways that in-
clude Notch, Egfr, Hh, Dpp, and Wg are known toobserved phenotypes result from the loss of several pro-

teins and adding just one is insufficient to restore nor- influence both eye and antennal development (Heber-
lein et al. 1993; Ma et al. 1993; Ma and Moses 1995;mal eye development.

How are so many developmental decisions in the de- Treisman and Rubin 1995; Hsiao et al. 2001; Kumar
2001; Kumar and Moses 2001a; Baonza and Freemanveloping eye regulated by CBP? On the basis of reported

roles for CBP/p300 in mammalian development, CBP 2002; Voas and Rebay 2004). CBP may mediate the
interactions between signaling pathways and these selec-would appear to be the perfect candidate to act as a

“network manager” during eye development. A scenario tor genes, thereby participating in the process of subdi-
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