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ABSTRACT
The misexpression of an activated form of the FGF receptor (FGFR) Breathless in conjunction with

downstream-of-FGF-receptor (Dof), an essential signaling molecule of the FGF pathway, in the Drosophila
eye imaginal discs impairs eye development and results in a rough eye phenotype. We used this phenotype
in a gain-of-function screen to search for modifiers of FGF signaling. We identified 50 EP stocks with
insertions defining at least 35 genes that affect the rough eye phenotype. Among these genes, 4 appear
to be specific for FGFR signaling, but most of the genes also influence other signaling pathways, as assessed
by their effects on rough eyes induced by other activated receptor tyrosine kinases (RTKs). Analysis of
loss-of-function alleles of a number of these genes in embryos indicates that in many cases the products
are provided maternally and are involved in germ cell development. At least two of the genes, sar1 and
robo2, show a genetic interaction with a hypomorphic dof allele, suggesting that they participate in FGF-
mediated morphogenetic events during embryogenesis.

FIBROBLAST growth factor (FGF) receptors are li- protein that could bind to Dof and participate in trans-
gand-activated transmembrane glycoproteins that mission of the FGF signal is the protein phosphatase

transmit signals to a variety of intracellular targets. In Corkscrew, but the potential binding site is neither suf-
Drosophila two FGF receptors, Breathless (Btl) and Heart- ficient nor necessary for all aspects of signal transmission
less (Htl), lead to the phosphorylation of MAP kinase (Petit et al. 2004; Wilson et al. 2004). It is therefore
in the mesoderm and the tracheal system, as well as in not presently fully understood how signals generated
a number of other cell types, and are required for the upon activation of the FGF receptors are transmitted to
morphogenesis of these tissues (Klämbt et al. 1992; intracellular targets to promote cellular differentiation
Beiman et al. 1996; Gisselbrecht et al. 1996; Suther- and morphogenesis.
land et al. 1996; Gabay et al. 1997). A cytoplasmic mole- Genetic screens for modifiers of mutant eye pheno-
cule, downstream-of-FGF-receptor (Dof), also known as types have proved successful in identifying components
Heartbroken or Stumps, is important for the proper of signaling pathways regulated by receptor tyrosine ki-
transduction of signals from both FGF receptors nases (RTKs) (Karim et al. 1996; Huang and Rubin
(Michelson et al. 1998; Vincent et al. 1998; Imam et al. 2000; Rebay et al. 2000; Therrien et al. 2000). These
1999). In dof mutant embryos, mesoderm migration and screens were based on the observation that the expres-
tracheal branching are defective and phosphorylated sion of a gain-of-function, ligand-independent form of
MAPK fails to accumulate in these tissues. A constitu- the RTK Sevenless in the Drosophila eye causes all om-
tively active form of Ras can provide a partial rescue of matidial precursors to develop as neurons and leads to
the defects, suggesting that Dof acts upstream of Ras. a rough eye phenotype (Basler et al. 1991). FGF signal-
Biochemical analysis and protein interaction experi- ing is not required for eye development (Casci et al.
ments performed in yeast cells indicate that Dof binds 1999), but we found that the expression of a constitu-
directly to the FGF receptors via an essential protein tively active FGF receptor in the eye together with Dof
domain, the Dof-BANK-BCAP domain, and becomes (also normally absent from the eye) caused a rough
phosphorylated upon activation of the receptor (Bat- eye phenotype. On the basis of this observation, we
tersby et al. 2003; Wilson et al. 2004). Functional stud- performed a gain-of-function screen to identify genes
ies with mutant forms of Dof have suggested that one whose mis- or overexpression might influence this ef-

fect. We screened a large panel of fly stocks (referred
to here as “EP lines”), which carry P-element insertions

1Present address: Institut für Neurobiologie, Universität zu Münster, that allow the tissue-specific expression of nearby genes
Badestr. 9, D-48149 Münster, Germany. (Rørth 1996). In this article, we report the identifica-
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E-mail: i.goetz@uni-koeln.de can affect FGF signaling in the eye and we present fur-
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768 M. Y. Zhu, R. Wilson and M. Leptin

cording to standard protocols (Tautz and Pfeifle 1989; Rob-ther genetic and phenotypic analysis of some of these
erts 1998); adult retinas were stained and sectioned as pre-candidate genes.
viously described (Wolff and Ready 1991). Tracheae were
visualized with the monoclonal antibody 2A12 (diluted 1:20),
kindly provided by N. Patel. Following the staining reaction,

MATERIALS AND METHODS embryos were embedded and mounted in the Araldite (Serva)
and photographed using an Axiophot photomicroscopeConstructs and production of transgenic flies: To produce
(Zeiss) with a ProgRes 3008 (Kontron Elektronik) camera. Toa plasmid encoding an activated form of the platelet-derived
visualize GFP, imaginal discs and ovaries were fixed in 4%growth factor (PDGF)- and vascular endothelial growth factor
paraformaldehyde and mounted in Vectashield (Linaris).(VEGF)-related receptor (PVR), a 2.2-kb fragment coding for
Photos were taken using an Axiophot Photomicroscope withthe transmembrane domain and cytoplasmic portion of the
a Quantic (Photometrics) camera. Images were processed withRTK was amplified in a PCR from the expressed sequence tag
IPlab (Scanalytics) and Photoshop (Adobe Systems).clone SD02957 [Berkeley Drosophila Genome Project (BDGP),

obtained from Research Genetics] with the aid of the primers
5�-ACGGTAGAGATCTCGGATCTGCCCGGAATTA and 5�-

RESULTSGAGGCGCGCCTTAATACCTTCGTTGCTCCTTCTCGTTG
ACG. A Bgl II-AscI fragment generated from the PCR product

The effect of ectopic FGF receptor activation in thewas used to create the plasmid pUAST-�PVR (details available
eye: We expressed constitutively active forms of the FGFupon request). Standard procedures were followed to produce

transgenic flies by mobilizing the P[w�, UAS-�PVR] element receptors Breathless or Heartless (�-Btl or �-Htl) (Lee
of pUAST-�PVR in Drosophila embryos. Stable insertions were et al. 1996; Michelson et al. 1998) in the eye imaginal
assigned to a particular chromosome on the basis of the segre- disc using the driver line GMR-Gal4 (Freeman 1996).
gation of the transgenes from dominant markers on the sec-

Neither construct had an effect on the morphology ofond and third chromosome balancers and sex linkage for the
the eyes of adult flies (Figure 1), although the activatedX chromosome.

Genetics: The fly stock with a rough eye phenotype used receptors dimerize and undergo autophosphorylation
in the screen was produced by the recombination of second in a ligand-independent fashion (unpublished data and
chromosome P[w�, GMR-Gal4], P[w�, UAS-�-Btl], and P[w�, Lee et al. 1996). However, when the activated receptors
UAS-Flag-Dof] P-element insertions (Freeman 1996; Lee et al.

were coexpressed together with Dof, the development1996; Wilson et al. 2004) to synthesize a single chromosome,
of the eye was perturbed. Misrotation of ommatidia aswhich was lethal when homozygous and maintained by using

a CyO balancer. We refer to this as the “GMR��-btl, dof” well as loss of photoreceptors was observed (Figure 1D
chromosome. The screen was performed with 2135 EP lines and data not shown). We refer to this rough eye pheno-
obtained from the Szeged Drosophila stock center (http:// type as the GMR��-btl, dof phenotype. This phenotype
gen.bio.u-szgeged.hu/servlet/jate.genetics.servlet.EPlines).

indicates that the fundamental components for at leastThe GMR��-btl, dof eye phenotype is mild at 18�, but much
some aspects of FGF signaling are present during eyestronger at 18.5� or 19� and does not visibly change at higher

temperatures. Thus, to maximize the sensitivity of the modifier development. We have carried out a gain-of-function
screen, males of each EP line and females of the GMR��-btl, genetic screen in this genetic background to identify
dof stock were crossed and maintained at 18�. The effect on critical components of the FGF-signaling cascade on
the eye phenotype was scored in the progeny when at least

the assumption that the misexpression of additional20 flies had emerged. To eliminate false positives due to the
components in the eye could affect the strength of theeffects of slight fluctuations in temperature upon the GMR�

�-btl, dof phenotype, we retested the enhancers at 18� and ectopic FGF signal and hence the eye phenotype.
the suppressors at 22�. In addition, we tested the candidates Tests of potential candidates of FGF signaling: As a
to see if the EP lines would produce a rough eye phenotype preliminary step, we tested the dosage-sensitive effects
independently of the ectopic FGF signal by crossing the stocks

of loss-of-function alleles of several different groups ofto flies carrying the GMR-Gal4 transgene alone. The effects
known genes upon the GMR��-btl, dof eye phenotypeof the candidate insertions were assigned to specific genes on

the basis of information provided by BDGP and FlyBase for (see Table 1). To our surprise, the only component of
release 3.1 of the Drosophila melanogaster genome. the canonical RTK-signaling pathway that affected the

Standard procedures were followed to mobilize the inser- eye phenotype was Raf. Among the other mutations that
tions of specific EP lines using the stock y 1 w*; CyO H[w�mC

we tested we found that RhoA, RhoGEF, and fmi enhanced�2-3]HoP2.1/Bc 1, Egfr E1. Genomic DNA was isolated from the
the GMR��-btl, dof eye phenotype, while Notch andoffspring with white eyes according to Ashburner (1989). Im-

precise excisions were identified by PCR and the breakpoints of cyclin A had no effect. Hence, the GMR��-btl, dof
the deletions were characterized by DNA sequence analysis (see phenotype can be modified by altering the dose of com-
supplementary data at http://www.genetics.org/supplemental/ ponents of signaling pathways in the eye, but there is
for details). Germline clones were generated using the FLP-

only a limited overlap with the components of RTKDFS technique (Chou et al. 1993), and somatic clones were
signaling identified in previous dosage-sensitive screensproduced with the aid of the chromosomes 2XP[w�, Ubi-GFP]

P[ry� neoFRT]40A and P[ry� neoFRT]82B P[w�, Ubi-GFP3-13-7]. (Rogge et al. 1991; Simon et al. 1991; Karim et al. 1996;
To produce homozygous double-mutant embryos, EP inser- Huang and Rubin 2000; Rebay et al. 2000; Therrien
tions on the third chromosome were linked with the hbr ems7

et al. 2000).
allele by recombination, and a robo2 8/CyO P[ry�, ftz-lacZ],

The gain-of-function screen: To allow the identifica-hbr ems7/TM6B stock was established.
tion of components of the FGF-signaling pathway notHistochemistry and microscopy: Antibody staining, in situ

hybridization, and cuticle preparation were performed ac- normally expressed in the eye, in addition to common
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769Modifiers of FGF Signaling

Figure 1.—Expression of Dof
and �-Btl under the control of
GMR-Gal4. (A) Expression of GMR-
Gal4 alone, (B) �-Btl under control
of GMR-Gal4, or (C) Dof under con-
trol of GMR-Gal4 does not cause a
rough eye phentoype. (D) Coex-
pression of Dof and �-Btl produces
a rough eye phenotype. The eyes
shown in A–D are from animals
raised at 22�. (E and F) Sections of a
wild type (E) and an eye expressing
Dof and �-Btl (F) of animals raised
at 18� adjacent to diagrams showing
the orientations of the ommatidia
seen in the sections. Arrows indicate
the rotation of each ommatidium,
and the red line indicates the equa-
tor. Bars, 25 �m.

components of RTK-signaling pathways expressed in the tors, a mitochondrial protein, RNA-binding proteins, a
ubiquitin E3 ligase, a Na�/Ca2� exchanger, and pro-eye, we decided to perform a gain-of-function screen.
teins involved in vesicle transport.We tested the effect of 2135 EP transposon insertions,

which allow the misexpression of genes that lie immedi-
ately downstream of the point of insertion, upon the TABLE 1
eye phenotype. The eyes of the progeny containing an

Dosage effects of specific mutations on theEP insertion and the GMR��-btl, dof chromosome were
GMR��-btl, dof phenotypecompared to their siblings carrying only the GMR�

�-btl, dof chromosome (see materials and methods).
Gene Alleles tested Phenotypic effect

In the F1 generation we selected 153 EP lines showing
ras85D Ras1 e2f —a modified GMR��-btl, dof eye phenotype as potential
raf raf EA75 Ecandidates; 81 of them acted as enhancers and 72 as

raf C110 Esuppressors. Retesting confirmed 48 enhancers and 24
Dsor1 Dsor1 LH110 —suppressors (see materials and methods). Of the en- rl Df(2R)rl 10a —

hancers, we excluded 22 from further consideration rl EMS698 —
because their effect on the eye phenotype was indepen- csw csw Esev1A–eOP —
dent of the FGF signal. We also found that 4 of the dos dos P115 —

drk drk k02401 —potential suppressors, namely EP1413, EP0355, EP1455,
drk e0A —and EP0622, show a rough eye phenotype in the absence

ksr ksr s721 —of the FGF signal. However, we included these EP inser-
Gap1 Gap1 1-16 —

tions in our further analysis since they had the ability sos sos e4G —
to counteract the roughening induced by the ectopic 14-3-3� 14-3-3� P07103 —
FGF signal. In summary, we found 50 EP insertions in RhoA RhoA72R E

RhoGEF2 DRhoGEF2 l(2)04291 Ethis screen, of which 26 act as enhancers and 24 as
Dock dock P04723 —suppressors (see Table 2).

dock P13421 —In examining the effect of the EP insertions, we as-
dsh dsh 1 —

sumed that insertions mapping to the same regions or fmi fmi E59 E
insertion points probably affect the same gene. On this fz fz 1 —
basis at least 35 genes account for the effect of the Cyclin A CycAC8 —

Notch Df(1) N 81K —EP insertions (see Table 2). The genes that we have
identified as candidates are predicted to encode pro- The genes and alleles tested for an effect upon the GMR��-
teins with functions in diverse cellular processes and btl, dof phenotype are listed in the first two columns. E, en-

hancement of the phenotype; —, no effect.include kinases, membrane proteins, transcription fac-
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TABLE 2

EP insertions that modify the GMR��-btl, dof phenotype

Modification of phenotype caused by:
Gene near Known gene or Genomic

EP line insertion site predicted function region �-Btl dof �-PVR �-Top cdc42 L89 Rac N17

1211 CG8817 lilliputian (lilli) 23B7–C2 E E E E E

0719 CG3542 Formin-binding protein 11 23C5 E e E — —

2510 CG7231 28D3 E E E E E

3659 CG4760 boule (bol) 66F5–6 E E E E ND

3028 CG1090 Na�/Ca2� exchanger 82A5 E E E — —

3634 dynein light chain 90F (Dlc90F) 91A2 E E E — —
(CG12363) or l(3)05822
(CG7129)

1503 CG2446 DNA glycoslyase 10D6–7 E E — — —

2444 CG17950 High-mobility group protein D 57F8–9 E e — — —
0467 E E — — —

1216 skpA (CG16983) or CG13363 or 1B14 E — e — —
no information available 13C7–8

3468 CG18023 Ecdysone-induced protein 78C 78C2–3 E — E E E
(Eip 78C)

0541 Phosphopantothenoylcysteine 57F8 E — — — —
2494 decarboxylase (CG30290) or E — — ND ND
2421 Tim10 (CG9878) E — — — —

3348 Unc-51-like kinase (CG10967) or 69E2–4 E — — — —
SAP130-like (CG11006)

3575 CG7073 sar1 94A4 E — — — —

2516 CG10433 57F3 E — — — —
2034 E S — — —

1342 CG12690 CHES-1-like transcription factor 7B6 E s — — —
1453 E s — — —

1222 Transcription factor (CG10321) 57F5 E s — ND ND
or PTP-ER (CG9856)

2319 CG10082 Inositol hexaphosphate kinase 57F6 E S — — S
0436 E S — S —
0712 E s — — —
2440 E s — — —
2310 E S e — —

1135 CG15010 archipelago (ago) 64A11–12 S E e — —

0595 b BTB/POZ transcription factor 66D5 S E — ND ND
(CG6765) or Pus7-like pseudo-
uridine synthase (CG6745)

(continued)
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771Modifiers of FGF Signaling

TABLE 2

(Continued)

Modification of phenotype caused by:
Gene near Known gene or Genomic

EP line insertion site predicted function region �-Btl dof �-PVR �-Top cdc42 L89 Rac N17

0355 a CG12223 Dorsal switch protein 1 (Dsp1) 14B14–15 S E? — — E

2571 CG12845 Tetraspanin 42Ef 42E5 S ND ND — —

1200 c Annotation incomplete. Close to 3F2 S — — — —
1408 CG12462, CG32781, and the
1413 a region matching the predicted S s — E E

kinase encoded by BcDNA GH7910. S S — E E

1340 c Zinc-finger gene (CG9650) or 7A1 S S — — —
unknown (CR32730)

1207 CG1691 IGF-II mRNA-binding protein (Imp) 9F2–4 S S — — E

1390 CG11172 Transcription factor NFAT 12A9–B2 S S — E —
1508 S S — E —
1353 S S — E —
1335 S S s E —

1323 d S S — — —

2582 CG5481 robo2 22A2 s S — — —

2171 Smg5 (CG8954) or Ance (CG8827) 34E2 S S — — —

0622 a CG10897 toutatis (tou) 48A2–3 S S — — E

0988 CG4903 Misexpression suppressor of ras 4 (MESR4) 54C3–7 s S — — —

2258 CG4266 RNA splicing factor 57C6–7 S S — — —

3443 CG9936 skuld (skd) 78A2–5 S S — — —

0863 CG6386 Vaccinia-related kinase 97D5 S S — — —

3280 CG2048 discs overgrown (dco) 100B2 S S — E E

1455 a CG14217 Ste20-like kinase 18D1–3 S S S E —

2204 CG18251 Muscle-specific protein 300 (Msp300) 25C7–8 S S S — S

The EP insertions are grouped by insertion sites and then sorted by their effects on the phenotypes caused by expression of
�-btl and dof, �-EGFR, or �-PVR. Columns 2–4 indicate the predicted or known genes near to which the EP elements are inserted,
their predicted or known functions, and the region of the genome. From the position of the EP insertions we were able to assign
the effect of 36 of the EP lines to 26 genes. We found that 13 of the remaining EP lines mapped to nine regions of the genome.
In these cases it was impossible to assign the effect of the EP element to a single gene just from the sequence information, so
we have listed two candidate genes in the vicinity of the EP element. E, strong enhancement; e, weak enhancement; S, strong
suppression; s, weak suppression; —, no effect; ND, not done.

a These insertions cause roughening of the eye in the absence of FGF signaling (but suppress the GMR��-btl, dof phenotype
and were therefore included in the analysis).

b This stock contains a second insertion according to Abdelilah-Seyfried et al. (2000).
c This region of the genome contains a sequencing gap and the annotation is incomplete (see FlyBase for details).
d This stock is likely to contain an additional mutation responsible for the phenotype, since other EP stocks with an insertion

at exactly the same position, such as EP0367, did not modify the phenotype.
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The effects observed in the screen could be due to
either overexpression or inactivation of the genes near
the point of the EP-element insertion. In some cases,
for example, CG10082, we found several insertions at
the same position, but in opposite orientations, which
all have the same effect upon the phenotype (Figure
2), suggesting that the insertions have disrupted a gene.
While in other cases, for example CG11172 and toutatis,
only EP insertions in the same orientation have an effect
(Figure 2), implying that overexpression of the down-
stream gene is likely to be responsible for the pheno-
type.

Specificity of the observed effect for FGF signaling:
To determine whether the candidates specifically af-
fected FGF signaling we tested their effect upon the
rough eye phenotypes caused by constitutively active
forms of the PDGF- and-VEGF-related receptor and the
EGF receptor (�-PVR and �-EGFR) (Table 2). In this
assay four genes appear to be specific for the FGF path-
way, eight are common to all three pathways, and the
majority are shared by the FGF- and PVR-signaling path-
ways, consistent with the closer evolutionary relationship
between these receptors.

Analysis of the candidate genes: If the gene products
act in the FGF pathway during normal development or
physiology, their products must be present in cells that
respond to FGF signaling. In the case of robo2, this has
been shown (Englund et al. 2002); however, the expres-
sion pattern of most of the candidates has not been
examined. We therefore used in situ hybridization to
examine the expression patterns of a subset of the candi-
date genes. These were selected because they had clear
homologs in other species and were closely associated
with an EP insertion. We excluded transcription factors
from this group, because our primary interest was to
identify components that act higher up in the signal
transduction pathway. Embryos hybridized with probes

Figure 2.—Multiple EP elements with insertion sites near
the same genes. (Left) EP insertions that modified the
GMR��-btl, dof phenotype. (Right) Diagrams of the genomic
regions in which the EP elements are inserted, which also
include insertions that had no effect upon the GMR��-btl,
dof phenotype. Genes transcribed from the top strand are
shown as boxes above the line depicting the DNA sequence;
genes transcribed from the bottom strand are shown under-
neath the line. Similarly, EP insertions from which the top
strand is transcribed are shown as arrows above the line, and
those from which the bottom strand can be transcribed are
shown below the line. The type of arrowhead denotes whether
the EP insertion acted as an enhancer or suppressor of the
GMR��-btl, dof phenotype (solid and open arrows, respec-
tively) or had no effect (solid circles). The intron/exon struc-
ture is shown only in those cases where EP elements were
inserted in an intron, and only one splice form is indicated
for each gene. CG32781 was formerly annotated as CG2829.
The annotation is incomplete as the gene spans a large gap
in the DNA sequence (cf. flybase.bio.indiana.edu/.bin/fbidq.
html?FBan0032781).
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773Modifiers of FGF Signaling

Figure 3.—The RNA expression pat-
terns of CG4266, CG14217, and Tim10.
(A and B) CG4266 is present at an ele-
vated level in the ventral nerve chord at
stage 16 (A, lateral view; B, ventral view).
(C and D) CG14217 is present at high
levels in the pole plasm and is taken up
by the pole cells. (E and F) Tim10 is
expressed in the posterior and anterior
midgut primordia from stage 10 onward.

derived from the cDNAs of CG2829, ago, CG3542, CG6386, the embryonic phenotypes caused by those EP inser-
tions that were lethal when homozygous. Since the effectsar1, CG14217, CG4266, and Tim10 all showed mater-

nally deposited RNA (Figure 3 and data not shown). In of the EP insertions on the downstream gene is not well
defined, we also generated loss-of-function mutations foraddition to the early expression pattern, transcripts of

CG4266 also accumulate in the central nervous system three of our candidates, namely the Drosophila homolog
of sar1, which encodes a GTPase required for vesicularat stage 16. CG14217 is present at high levels at the

posterior pole before and during cellularization of the transport; CG3542, which encodes a homolog of human
formin-binding protein 11; and CG6386, which encodesblastoderm and is taken up into the pole cells, while

Tim10 is expressed in the posterior and anterior midgut a kinase. We mobilized the P-element insertions EP3575,
EP0719, and EP0863 to generate deletions by impreciseprimordia from stage 10 onward. If the maternally pro-

vided RNAs are translated in the embryo, these protein excision of the transposons (Figure 4 and supplementary
data at http://www.genetics.org/supplemental/). In allproducts would be expected to be present at least in the

first cells responding to FGF signaling, the presumptive three cases we found that the lethality of the EP line
was associated with the P-element insertion, since themesodermal cells. Whether they are also present at later

stages, for example, during tracheal development, viability of the chromosome was restored upon precise
excision of the P element. The deletions generated bywould depend on the stability of the protein.

Creation of loss-of-function mutations: Genes that the excisions are shown in Figure 4 and described in
detail in supplementary data at http://www.genetics.are important for FGF signaling should show a mutant

phenotype that recapitulates, at least in part, the loss- org/supplemental/.
As an initial test of the effect of the loss-of-functionof-function phenotype of the FGF receptors. We de-

tected no defects in FGF signaling when we examined alleles of sar1, CG3542, and CG6386 upon FGF signaling,

Figure 4.—P-element-induced dele-
tions of CG3542, CG6386, and Dmsar1. (A)
The imprecise excision of EP0719 gener-
ated six internal deletions of CG3542. (B)
Imprecise excisions of EP863 generated
two deletions of CG6386, while (C) impre-
cise excisions of EP3575 generated two
deletions of sar1 (CG7073). Predicted
transcripts (CG3542-RA, CG6386-RA, and
sar1-RA) are shown as open boxes; the
predicted ORFs are shaded. Solid arrows
indicate enhancers and the shaded arrow
denotes a suppressor. The genomic re-
gions of the mutant chromosomes were
amplified by PCR and sequenced; for fur-
ther details, see FlyBase.
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774 M. Y. Zhu, R. Wilson and M. Leptin

Figure 5.—Phenotypic analysis
of deletions of CG3542, CG6386,
and Dmsar1. (A–D) Clonal analysis
of deletions of CG3542, CG6386,
and Dmsar1 in eye imaginal discs.
Homozygous mutant clones are
marked by the absence of GFP,
while the corresponding homozy-
gous wild-type clones exhibit a
more intense fluorescent signal.
(E) A white (w	) mutant egg (top)
and an egg from a germline mu-
tant clone of Dmsar1 71 that
yielded only a few eggs, all of
which had some defects in the dor-
sal appendages. (F–H) Similar re-
gions of mutant embryos stained
with the antibody 2A12, which re-
veals the tracheal system, show-
ing examples of the phenotypes
scored in K. The images were cho-
sen to show representative exam-
ples of the dorsal branches. The
breaks in the dorsal trunk also
show a large range of variation,
and the number of breaks seen in
these images is not representative
for the whole phenotypic class. (I
and J) Examples of the fraction
of hbr, sar1, and hbr, robo2 double-
mutant embryos with defects in
germ-band retraction, stained
with the 2A12 antibody. (K) Ge-
netic interaction of sar1 and robo2
mutants with the endogenous FGF
signaling pathway. The defects in
dorsal branch formation were as-
sessed in stage 14–15 embryos with
the indicated genotypes. For each
genotype, 160 or 100 branches (8
or 5 embryos) were evaluated. The
variation in the number of the de-
fective dorsal branches within em-
bryos of the same genotype is indi-
cated as “variation/side.”

we examined the effect of the deletions upon the eye mutant germline clones (Perrimon 1998). For CG3542,
eggs were recovered from homozygous mutant germlinephenotype caused by the misexpression of the activated

form of Breathless and Dof. We found that the deletions clones of alleles 15.5 and 18.2, but not from alleles 3.3,
9.4, 35.1, and 9.3 (see Figure 4), suggesting that alleleswithin sar1 and CG6386 did not modify the rough eye

phenotype, suggesting that the effects of EP3575 and 15.5 and 18.2 represent weak hypomorphic alleles. In
the case of CG6386, germline clones of both alleles (43EP0863 upon the GMR��-btl, dof phenotype were due

to overexpression rather than inactivation of the genes. and 53) failed to produce mature eggs (see Figure 4).
Thus, the function of these genes is essential for theBy contrast, in the case of CG3542 we found that the

deletions enhanced the phenotype, indicating that the development of the oocyte. To examine whether
CG3542 and CG6386 are required for cell survival, weeffect of EP0719 is due to a reduction in the dose of

CG3542 rather than the overexpression of this gene or generated clones in imaginal discs. We recovered large
mutant clones in the eye disc with the CG3542 allelea neighboring gene.

Role of the candidate genes during embryonic develop- 15.5 (Figure 5A), but the 3.3 allele produced only very
small clones (Figure 5B). This is consistent with thement: Embryos homozygous for sar1, CG3542, and CG6386

mutations showed no defects in tracheal or mesodermal CG3542 allele 3.3 being a stronger hypomorphic allele
than the 15.5 allele and indicates that CG3542 has andevelopment (data not shown). To test whether mater-

nally supplied RNA or protein masks a requirement for influence upon the growth or survival of cells. For
CG6386, we recovered mutant clones of both alleles inthese zygotic gene products, we generated homozygous
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eye imaginal discs that were similar in size to the wild- shown), which do not occur in hbr ems7 or robo2 8 mutant
embryos. Thus, robo2 enhances the tracheal phenotype,type twin clones (Figure 5D), implying that this gene

has no effect upon general cell growth or survival. In the and the double mutant reveals a requirement for the
two genes during germ-band retraction that had notcase of sar1, females with a mutant germline produced a

few eggs in the first few days after the induction of previously been recognized.
Although there was no previous evidence for Dmsar1mitotic recombination (Figure 5E). Later, no eggs were

produced, indicating that the perdurance of wild-type being involved in tracheal development, Dmsar1EP3575

also enhances the hbr ems7 phenotype. Thirty-one percentSar1 protein and mRNA in the mutant germline clones
is likely to account for the early production of eggs. We of dorsal branches are missing in stage 14–15 embryos

that are homozygous for both Dmsar1EP3575 and hbr ems7,did not recover mutant clones of sar1 in imaginal disks
(Figure 5C), consistent with an essential role of sar1 while 5% are stalled (Figure 5F). In addition, 24.5% of

the double-mutant embryos show defects in germ-bandin cell survival or proliferation. Thus, in view of the
requirement for these three genes in oogenesis, their retraction (not shown).
potential role in FGF signaling cannot be studied in
embryos lacking the maternally supplied gene products.

DISCUSSION
One way of analyzing the zygotic requirement for a gene
product in such a situation is to generate somatic clones The hyperactivation of the Sevenless RTK-signaling

pathway in the Drosophila eye causes the ommatidialduring embryonic development and score the results at
a stage when maternal products are likely to have been precursors to differentiate as neurons and results in a

rough eye phenotype (Basler et al. 1991). A numberdegraded. Studies using the MARCM system (Lee et
al. 2000) to analyze gene function during late tracheal of genetic screens for identifying molecules that func-

tion in RTK signaling have been based upon the modifi-development showed that clones defective in FGF signal-
ing survived until the third larval instar (A. Bilstein, cation of this rough eye phenotype (for example, Rogge

et al. 1991; Simon et al. 1991). An extension of thisM. Baer and M. Leptin, unpublished data), whereas
no clones were observed in animals carrying the FRT approach includes screens designed to identify mole-

cules that modify eye phenotypes generated by the mis-chromosome with the sar1 loss-of-function allele, ar-
guing that even at late stages Sar1 provides an essential expression of genes. Screens particularly pertinent to

the work described here have identified previously un-cellular function in tracheal cells (not shown).
robo2 and sar1 mutations enhance the tracheal defects known components of the Ras-MAPK cascade (Karim

et al. 1996; Huang and Rubin 2000; Rebay et al. 2000;of hbr ems7 mutants: Even though it is difficult to examine
the effect of the complete loss-of-function phenotype Therrien et al. 2000). In this article we describe a screen

that takes advantage of an eye phenotype caused by theof some of the candidate genes upon FGF signaling, an
alteration in the dose of proteins that act in FGF signal- misexpression of an activated form of the FGF receptor

Breathless together with the signaling molecule Dof.ing might become critical if the signal itself is partially
compromised. To examine this idea, we tested whether FGF signaling is not necessary for normal eye develop-

ment (Casci et al. 1999), and notably, unlike otherthe defects in the tracheal system of the hypomorphic
dof allele hbr ems7, in which FGF signaling in the tracheal RTKs, the activated form of the FGF receptor on its own

caused no defects. However, in the presence of Dofsystem is reduced but not abolished (Michelson et al.
1998), could be exacerbated by the loss of the candidate efficient signaling occurs, indicating that other mole-

cules required for FGF-dependent signal transductiongenes. We generated double homozygous mutant em-
bryos of hbr ems7 with robo2 8, sar1EP3575, CG6386EP0863, dcoEP3280, are already present in the eye. It is likely that additional

molecules involved in the regulation of FGF signalingand Dlc90F EP3634 and analyzed their tracheal system. We
found that DcoEP3280, CG6386 EP0863, and Dlc90F EP3634 had that are not expressed in the eye could exist, but one

of the advantages of the misexpression approach thatno effect, but the loss-of-function mutations robo2 8 and
sar1EP3575 exacerbated the tracheal defects of hbr ems7 mu- we employed in this gain-of-function screen is that it

should be possible to identify such genes.tant embryos (Figure 5G). Robo2, which we identified in
the screen as a weak suppressor (EP2258), has previously In the developing Drosophila embryo, FGF receptor

function can be partly replaced by other RTKs or evenbeen shown to be required to prevent the ganglionic
branches of the embryonic tracheal system from cross- by activated Ras (Reichman-Fried et al. 1994; Gissel-

brecht et al. 1996; Lee et al. 1996; Michelson et al.ing the ventral midline (Englund et al. 2002). Mutants
also show slight defects in the dorsal branches (18% 1998; Vincent et al. 1998; Imam et al. 1999; Dossenbach

et al. 2001). Thus, the ectopic FGF signal in the eyestalled or missing). Examination of the dorsal branches
showed a significant increase in loss or stalling of could simply mimic the function of other RTKs in the

eye and lead to the overactivation of their target genes.branches in embryos homozygous for both robo2 8 and
hbr ems7 compared to the single mutants (Figure 5F). However, most of the known components identified in

related screens (Karim et al. 1996; Huang and RubinWe also note that 60% of the double-mutant embryos
show severe defects in germ-band retraction (data not 2000; Rebay et al. 2000; Therrien et al. 2000) did not
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function as modifiers of the GMR��-btl, dof eye pheno- Interestingly, the function of Robo2 during outgrowth
of tracheal cells toward sources of Slit appears to requiretype. Furthermore, only Raf acted as a modifier of the

phenotype caused by the ectopic FGF signal when we FGF signaling, since the misexpression of Slit was able
to induce ectopic branch outgrowth only in wild-typedirectly tested the components of the canonical RTK/

MAPK-signaling pathway. We believe that the effect of embryos but not in embryos mutant for the Drosophila
FGF Branchless (Englund et al. 2002). However, theRaf upon the GMR��-btl, dof eye phenotype is not due

to its role in the Ras-MAPK cascade, since in a large nature of the interaction between the FGF-signaling
pathway and Slit/Robo2-signaling pathway has not beenscreen to identify modifiers of RasV12 (Karim et al. 1996)

only one Raf allele was isolated whereas �100 Rolled established. robo2 is known to interact genetically with
Abl, which encodes a kinase involved in the regulation(MAPK) alleles were recovered. This implies that, in

the context of the MAPK cascade within the eye, Rolled of actin dynamics (Wills et al. 2002). Notably, the activa-
tion of Abl correlates with tyrosine phosphorylation (seerather than Raf is limiting. It is thus more likely that

the effect that we observed on FGF signaling represents Hernandez et al. 2004), and phosphorylation of Abl is
observed following the activation of Src family kinasesan independent function of Raf. It is notable that Raf

appears to function as a downstream effector of the by several RTKs (Plattner et al. 1999). Thus, Abl could
represent one point at which the FGF- and Slit/Robo2-Drosophila Sterile-20 homolog Slik, which promotes cell

proliferation and cell survival via a pathway that is inde- signaling pathways interact in vivo, and this will be an
interesting aspect to explore.pendent of the canonical ERK pathway (Hipfner and

Cohen 2003). We are very grateful to J. Curtiss and M. Mlodzik for their comments
Only a small subset of our candidates modified a and help with the analysis of the GMR��-btl, dof eye phenotype. We

thank I. Stüttem for allowing us to screen her copy of the EP collection;rough eye phenotype caused by ectopic EGFR signaling.
S. Roth, D. Montell, and B. Dickson for fly stocks; N. Patel for theThis observation suggests that the overlap in the compo-
2A12 antibody; and the Bloomington and Szeged Drosophila Stocknents that have a major effect on most RTK-signaling
Centers and FlyBase for providing excellent resources. We are also

pathways is small and, specifically, that the FGF recep- very grateful to E. Vogelsang for assistance with the generation of the
tor/Dof pathway triggered in the eye differs from that P[w�, UAS-�-PVR] insertions. T. Hummel, C. Klämbt, and K. Johnson

were kind enough to read the manuscript critically prior to its submis-triggered by the EGF receptor. Many more of our candi-
sion. This work was supported by the Deutsche Forschungsgem-dates were able to modify the defects in eye development
einschaft Research Training Group 296 Genetics of Cellular Systemsassociated with misexpression of an activated form of
program, the Deutsche Forschungsgemeinschaft grant LE-546/3, and

PVR, indicating that the targets of these receptors may the Sonderforschungsbereich 572.
overlap to a much greater extent.

The predicted proteins encoded by the genes identi-
fied in this screen act in many distinct cellular processes,
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