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ABSTRACT

The formation of the Drosophila wing involves developmental processes such as cell proliferation,
pattern formation, and cell differentiation that are common to all multicellular organisms. The genes
controlling these cellular behaviors are conserved throughout the animal kingdom, and the genetic
analysis of wing development has been instrumental in their identification and functional characteriza-
tion. The wing is a postembryonic structure, and most loss-offunction mutations are lethal in homozygous
flies before metamorphosis. In this manner, loss-of-function genetic screens aiming to identify genes
affecting wing formation have not been systematically utilized. As an alternative, a number of genetic
searches have utilized the phenotypic consequences of gene gain-of-expression, as a method more ef-
ficient to search for genes required during imaginal development. Here we present the results of a gain-of-
function screen designed to identify genes involved in the formation of the wing veins. We generated
13,000 P-GS insertions of a P element containing UAS sequences (P-GS) and combined them with a Gal4
driver expressed mainly in the developing pupal veins. We selected 500 P-GSs that, in combination with
the Gal4 driver, result in modifications of the veins, changes in the morphology of the wing, or defects in
the differentiation of the trichomes. The P-element insertion sites were mapped to the genomic sequence,

identifying 373 gene candidates to participate in wing morphogenesis and vein formation.

ENETIC screens have been instrumental in the
identification of the molecules involved in con-
trolling developmental processes in a variety of model
organisms. The underlying assumption of most screens
is that loss-of-function phenotypes identify the func-
tional requirements of the affected gene and, at the
same time, reveal the genetic logic of the biological
process under consideration. There are many examples
of the power conferred by well-designed mutagenic
screens to dissect complex biological processes, using
organisms as diverse as bacteria, yeast, Caenorhabditis
elegans, Arabidopsis thaliana, Drosophila, and some ver-
tebrates. Classic examples of loss-of-function genetic
screens are those aiming to identify the genes con-
trolling the progression through the cell cycle in yeast
(VERDE et al. 1995), the onset of cell death in C. elegans
(KINCHEN and HENGARTNER 2005), and the genetic
circuitry involved in Drosophila embryonic segmenta-
tion (NUSSLEIN-VOLHARD et al. 1984; ScHUPBACH and
WiescHaus 1986). With the availability of new tech-
niques to manipulate and monitor gene expression, the
search for genes affecting particular developmental pro-
cesses has resulted in a wealth of information (BRAND
and PErRrIMON 1993; NYBAKKEN e¢f al. 2005).
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The development of the veins in the Drosophila wing
is a convenient system to analyze pattern formation
mechanisms, cell differentiation, and the regulation of
the activity of signaling pathways (pE CeLis 2003). The
veins are formed by rows of cells that differentiate
heavily pigmented cuticle and smaller apical size com-
pared to the interveins. The patterning of veins involves
the establishment of proveins and interveins in the
wing disc, in a process regulated by the Hedgehog
and Decapentaplegic signaling pathways (Bier 2000;
DE CELIS 2003). These pathways define the expression
of several transcription factors involved in the partition
of the wing disc epithelium into provein and interveins.
Subsequently, the expression of several members of the
EGFR and Notch signaling pathways is activated within
the proveins, leading to the subdivision of each provein
in a central region that will differentiate as vein, where
EGFR signaling is active, and two adjacent rows of
boundary provein cells where Notch signaling prevents
vein differentiation (Brer 2000; pe CeL1s 2003). During
metamorphosis the expression of dpp is activated in the
developing veins, and its signaling pathway contributes
to vein differentiation (pE CELIS 1997; Bier 2000). In
this manner, the formation of veins in the correct place,
and with a characteristic width, depends on the activity
of well-conserved signaling pathways. All these charac-
teristics make wing vein formation a suitable system to
analyze the interactions between signaling pathways and
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the regulation by their activities of cellular differen-
tiation. Furthermore, changes in the vein pattern, in-
cluding those caused by inappropriate activity of the
key signaling pathways, are easily detected under the
dissecting microscope, facilitating the isolation of mu-
tations affecting vein formation (D1Az-BENJUMEA and
GARcCIA-BELLIDO 1990).

A difficulty in designing genetic screens to identify
the elements participating in wing patterning is that
most amorphic alleles are lethal in homozygosis (R1POLL
and GARCIA-BELLIDO 1973; D1az-BENJUMEA and GARCIA-
BeLLIDO 1990). Approximately 90% of lethal alleles can
be studied in mitotic recombination clones, because
they are cell viable (R1poLL and GARCIA-BELLIDO 1973).
However, this requires the generation of mosaics, which
generally involves several generations of crosses (GARCIA-
BELLIDO and DAPENA 1974). The use of FRT-based mi-
totic recombination (GoLic 1991) coupled with Gal4/
UAS-FLP (BrRanD and PeErrIMON 1993) has overcome
this difficulty by allowing the generation of cells homo-
zygous for a lethal allele in an otherwise heterozygous
individual (Xu and RuBiN 1993; BABcocK et al. 2003;
JaNoby et al. 2004). However, the mutagenic agents
used in such screenings, such as ethyl methanesulfo-
nate (EMS), produce small alterations in the DNA se-
quence that are time-consuming to map, complicating
the assignation of the mutants to the affected genes
(Z1PPERLEN et al. 2005). Therefore, the use of chemical
mutagenesis to isolate genes involved in adult pattern-
ing has been of limited efficiency. An alternative that
has been more widely employed relies on analyzing
the phenotypic consequences of the ectopic and/or
increased expression of genes in a particular tissue of
interest. It has been generally observed that this ma-
nipulation of gene expression results in phenotypes that
are informative about the normal function of the gene
and might uncover genes that, due to functional re-
dundancy, are not easily found in loss-of-function screens
(for example, see BRAND and PERRIMON 1993; SoTILLOS
and De CeLis 2005). Furthermore, coupling UAS se-
quences to a P-transposable element allows targeting
the expression of a considerable fraction of the genome
to the tissues where the Gal4 protein is present. In
general, gain-of-function screens using P-UAS elements
consist of the analysis of the phenotypes resulting from
the combination of a previously established collection
of P-UASs and a Gal4 line expressed in the tissue of
interest (ABDELILAH-SEYFRIED et al. 2000; PENA-RANGEL
et al. 2002; TsENG and HARIHARAN 2002; ScHULZ et al.
2004). These screens have also been adapted to identify
modifiers of particular signaling pathways (BRUMBY
et al. 2004; HALL et al. 2004; RAYMOND et al. 2004; ZHU
et al. 2005).

In this work we present the results of a gain-of-
function screen aiming to identify genes involved in
vein formation. We used a Gal4 driver expressed mainly
in the developing pupal veins (Gal4-shv’*"; SOTILLOS

and DE CEeLIS 2006) and combined it with newly gen-
erated insertions of a P element containing UAS
sequences (P-GS) (Tosa et al. 1999). Among 13,000
new P-GS insertions we isolated 500 that cause alter-
ations in the differentiation of the veins and/or the
general morphology of the wing. The molecular map-
ping of the P-element insertion sites identifies 245 sites
with 373 candidate genes, including ~60% of the known
genes belonging to the Notch, EGFR, and Dpp signaling
pathways.

MATERIALS AND METHODS

Drosophila stocks: We used the following stocks: y w; A2-3
Dr/TM2; w; CyO P-GS/If, the Gal4 lines Gal4-134S8, Gal4-sal,
Gal4-vg"”", Gal4-638, Gal4-shv’**" (SotiLLOs and DE CELIs 2006),
and Gal4-253; and the UAS lines UAS-GFP (ITo et al. 1997),
UAS-N“* (LAWRENCE et al. 2000), UAS-rhoand UAS-Ni (DE CELIS
et al. 1997), UAS-dad (TsunNerzumi et al. 1997), UAS-brk
(MiNamr et al. 1999), UAS-dpp (STAEHLING-HAMPTON and
HorrmanN 1994), UAS-dpp-GFP (TELEMAN and COHEN 2000),
UAS-thv® (NELLEN et al. 1996), UAS-EGFR, UAS-EGFR"™, UAS-
ras'? (BUFF et al. 1998), UAS-h, UAS-shn (MARTY et al. 2000),
UAS-Med (MARQUEZ et al. 2001), UAS-Mef2 (BOUR et al. 1995),
UAS-apt (EULENBERG and ScHUH 1997), UAS-hh (INGHAM and
Fietz 1995), UAS-DI (HUPPERT et al. 1997), UAS-N (LAWRENCE
et al. 2000), UAS-yrt (this work), and UAS-CG11617 (a gift from
Luis M. Escudero). Unless otherwise stated, crosses were done
at 25°. Wings were mounted in lactic acid:ethanol (1:1) and
photographed with a Spot digital camera and a Zeiss Axioplan
microscope. Lines not described in the text can be found in
FlyBase (GELBART et al. 1997).

Generation of new P-GS insertions: We used A2-3
(ROBERTSON et al. 1988) as a source of transposase to mobilize
a P-GS element placed in a CyO chromosome in a w-
background (Figure 1E). Males carrying both CyO, P-GS and
A2-3 were crossed with homozygous w females. The w* CyO*
progeny was crossed in groups of 5-10 w* individuals with
Gal4-shv’**" flies, and the progeny of these crosses was scored
to identify wing phenotypes. Individual stocks were established
using the stock w; CyO/If; Gal4-shv’*"" /TM2 (see Figure 1F for a
summary of the crosses). The Gal4-shv™*" driver (Figure 1D) is
expressed mainly in the developing veins from 6 hr after
puparium formation (APF). This expression is detected at
least until 40 hr APF (Figure 1, A-C). Weak levels of Gal4
expression are also observed in the pupal interveins from 8
until 30 hr APF (SotiLLos and pE CELIs 2006).

Molecular mapping of novel P-GS insertions: To identify
the insertion site of each P-GS, we extracted genomic DNA
from 30 frozen flies that were kept for at least 1 day at —80°.
Genomic DNA was isolated following standard procedures in
150 pl Tris-HCI, 10 mm pH 7.5. Two aliquots of 5 wl of
genomic DNA were digested 4 hr at 37° with the restriction
enzymes Hhal and Mspl, respectively. Following heat inactiva-
tion of the enzymes by 20 min incubation at 65°, 5 ul of each
digestion were incubated for 2 hr at room temperature with T4
ligase in a final volume of 200 pl. We used 5 pl of ligation in
50 pl to set inverse-PCR reactions using the 3’ P-specific
oligonucleotides CTTCTTGGCAGATTTCAGTAGTTGC and
ATTGCAAGCATACGTTAAGTGGA or the 5’ P-specific oligo-
nucleotides CTTCTTGGCAGATTTCAGTAGTTGC and GTG
TATACTTCGGTAAGCTTCG. The PCR parameters were: 95°
for 5 min, 35 cycles of 95° (45 sec), 55° (1 min), 72° (2 min),
and a 10-min extension at 72°. The PCR products were visual-
ized in agarose 1%, purified using the Promega PCR-purification
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kit, and sequenced with the oligonucleotide CGACGGGAC
CACCTTATGTTA. The resulting sequences were nBlast in the
NCBI database, and the adjacent genes were annotated.

EST clones: We used the following EST c¢DNA clones
obtained from the Berkeley Drosophila Genome Project:
LD22609 (CG9056), LD12946 (CG9066), 1LD21622 (shi),
RHO08992 (CG15916), LP05693 (Stat92F), AT20145 (att),
AT12489 (CG5180), RH34302 (CG15922), 1LP04613 (CGI10877),
RE08174 (CG11617), and LD23468 (yrt) y GH14210 (CG5191).

Generation of constructs: To express the yurt (yrf) gene
under control of the UAS promoter we used the fulllength
cDNALD23468. The insert was liberated with EcoRI and EcoRV
and cloned in pBluescript II SK+ (Stratagene, La Jolla, CA).
Of this construct, the insert was liberated with Noil and Kpnl
and cloned in pUAST (BRAND and PERRIMON 1993). Several
UAS-yrt lines were established after germ-line transformation
following standard procedures.

Immunocytochemistry: We used rabbit anti-phosphorylated
Mad (TanmmoTo et al. 2000) and anti-B-galactosidase (Cappel),
mouse monoclonal anti-Bs, and anti-CD2 (Serotec, Oxford).
Secondary antibodies were from Jackson Immunological
Laboratories (used at 1/200 dilution). Pupal wings were
dissected, fixed, and stained as described in DE CELIS (1997).
Confocal images were captured using a Bio-Rad (Hercules,
CA) confocal microscopy.

In situ hybridization: We used digoxigenin-labeled RNA
probes synthesized from the corresponding EST clones. Third
instar larvae were dissected in PBS and fixed 30 min in 4%
paraformaldehide, washed three times for 5 min in PBT-0.1%
Tween20, and refixed 20 min in 4% paraformaldehyde +
0.1% Tween20. After several washes in PBT-0.1% Tween20,
the carcasses were kept at —20° in hybridization solution (HS:
50% formamide, 5X SSC, 100 pg/ml ADN salmon sperm,
50 wg/ml heparin, 0.1% Tween20). The hybridization was
carried out overnight at 55° with 2 ul of probe in 100 wl of HS
(previously denaturalized by 10 min incubation at 80°). Excess
of probe was washed at 55° in HS, and discs were washed
several times in PBT-0.1% Tween20 and incubated for 2 hr
with anti-digoxigenin antibody (Roche, Indianapolis) in a
1:4000 dilution in PBT-0.1% Tween20. The color reaction was
carried out in 100 mm NaCl, 50 mm MgCls, 100 mm Tris—HCI
pH 9.5, 0.1% Tween?20, nitroblue tetrazolium chloride, and
bromo-chloro-indolyl-phosphate (Roche). After the color de-
veloped, the discs were rinsed several times in PBT-0.1%
Tween20, dissected in 30% glycerol, and mounted in 70%
glycerol.

RESULTS

Effects on wing vein formation caused by modifica-
tions in the activity of signaling pathways during pupal
development: The expression of target genes of the
Notch, EGFR, and Dpp signaling pathways is related to
the development of veins during imaginal and pupal
stages. Thus, the expression of argos, Star, MKP3, and dP-
ERK, all members of EGFR signaling, is increased in the
veins during imaginal development, whereas the ex-
pression of E(spl)mP, a target of Notch, is higher at the
boundaries between the veins and the interveins (DE
CeLis 2003). These domains of signaling are main-
tained during pupal development, when the Dpp target
P-Mad is also detected in the developing veins (DE CELIS
2003). The activity of the Notch, EGFR, and Dpp sig-
naling pathways is required for the differentiation of
veins with the correct thickness (DE CeLIS 2003). In fact,

interfering with the activity of these pathways during
pupal development causes very reproducible pheno-
types in the adult wing (SoTiLLos and DE CeLis 2005
and Figure 1, G-L). We have used these phenotypes as
the base for a genetic screen to identify novel elements
belonging to these signaling pathways, as well as other
genes affecting vein formation during pupal develop-
ment. To this end, we mobilized a P-GS element and
looked for phenotypes affecting the wing in flies car-
rying newly generated P-GS insertions and a Gal4 line
expressed in the developing pupal veins (Gal4-shv™™", see
Figure 1, A—C). As a preliminary pilot experiment we
established 180 P-GS stocks and crossed all of them with
Gal4-shv’™", to estimate the viability of the resulting com-
binations and the frequency of mutant phenotypes.
We obtained 95% viability in these combinations, with
10% of lines causing discernible phenotypes in the
wing. The high viability of combinations involving Gal4-
shv’®* allows screening P-GS/ Gal4-shv’™" trans-hetero-
zygotes without previously establishing balanced P-GS
stocks.

Phenotypic classes and distribution of insertion sites
of novel P-GS: We generated 12,853 P-GS insertions as
w* males (5171) and females (7682) and crossed them
to Gal4- shv’™" flies in groups of 5 P-GS/ + individuals to
10 Gal4-shv’*" siblings. Among the progeny we selected
493 P-GS insertions that, in combination with Gal4-
shv’™*", gave a phenotype in the wing. The insertion site
of the P-GS elements was identified for 95% of the in-
sertions by inverse PCR (see MATERIALS AND METHODS).
The 469 P-GS elements mapped to 254 insertion sites,
the majority of them (149) corresponding to single hits
(Figure 2A). This distribution, together with the pref-
erential localization of P-GS elements within the 5’ end
of the affected genes (Figure 2B), and the appearance
of well-known hot spots, are characteristic of Pelements
(L1ao et al. 2000). In general, independent P-GS inser-
tions mapping in the proximity of the same gene or
genes cause similar phenotypes in combination with a
variety of Gal4 lines (data not shown).

The modifications to the wing pattern of P-GS/ Gal4-
shv’™" combinations were grouped into five phenotypic
classes: (1) vein thickening (V+), (2) loss of veins (V—),
(3) defects in dorsal-ventral apposition (B), (4) wing
folding (F), and (5) abnormal trichome differentiation
(CD). The frequency of insertion sites belonging to
each phenotypic class is shown in Figure 2C. The most
frequent phenotype we observed, corresponding to
30% of the insertion sites, consists of the appearance
of thicker than normal veins. This phenotype results
from the differentiation of more than normal provein
cells as vein and might be caused by failures in the lateral
inhibition mechanism restricting the number of vein
cells within each provein. The thickening of veins is
variable and affected all veins or only individual veins
(Figure 3, D-F). The veins were thickened homoge-
neously along their entire length (Figure 3D), or,
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alternatively, they differentiated stretches of vein tissue
irregularly thickened (Figure 3E). The second pheno-
type affecting exclusively the veins consists of the loss of
vein tissue and is characteristic of 16% of insertion sites
(Figure 3, A-C). Individual P-GS insertions combined
with Gal4-shv’**" display different intensities of vein loss,
affecting either individual veins (generally L4, Figure
3C) or the distal ends of all longitudinal veins (Figure 3,
A and B). Because the Gal4-shv’™" driver is expressed
only during pupal development, loss of veins must result
from the failure to differentiate as vein of provein cells
that were previously specified as such in the corre-
sponding imaginal disc. The third and fourth pheno-
typic classes, loss of dorsal-ventral apposition and wing
folding, include 20 and 12% of the insertion sites,
respectively (Figure 2C). In many instances, these two
phenotypes appeared simultaneously in the same wing;
i.e., the wing is folded and the dorsal-ventral apposition
fails (Figure 3, G and H). The apposition between the
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FiGure 1.—Gal4 and P-UAS lines used in the
screen, schematic of the genetic crosses, and
modifications to the vein pattern resulting from
modifications in the Notch, EGFR, and Dpp sig-
naling pathways during pupal development. (A)
Expression of green fluorescent protein (GFP)
in Gal4-shv**""/UAS-GFP pupal wings 36 hr APF.
(B) Higher magnification of the vein L3 showing
expression of GFP in the cell membranes of vein
cells and expression of Blistered (Bs) in the nu-
cleus of intervein cells. (C) Tangential section
of B showing the complementary domains of Bs
and GFP expression in the intervein and vein, re-
spectively. (D) Representation of the Gal4-shv'"
vector. (E) Representation of the P-GS vector
showing the UAS sequences and Hsp70b pro-
moter near the inverted terminal repeats (IR)
at both Pelement ends. The mini-white gene
(white) and the position of the restriction sites
used to map the P-GS insertions (Hhal and Mspl)
are indicated in E. (F) Generation of new P-GS
insertions using A2-3 transposase to mobilize a
P-GS element inserted on a CyO chromosome.
The flies with a novel P-GS insertion were crossed
to Gal4-shv™*" flies to induce the expression of the
genes adjacent to the vector, and flies with a wing
mutant phenotype were selected to establish bal-
anced lines. (G) Ectopic expression in the pupal
veins of a dominantnegative form of Notch
(Gal4-shv’*r"/UAS-N“*; —N) results in strong
thickening of the veins. (H) Ectopic expression
of a dominantnegative form of EGFR (Gal4-
shv**" JUAS-EGFR"™; —EGFR) causes loss of veins.
™ (I) Expression of the Dpp-antagonist Dad (Gal4-
shv’™" /UAS-dad; —Dpp) causes loss of veins. (]J)
Expression of the intracellular fragment of Notch
(Gal4- shv’**" /UAS-N""*, +N) eliminates the veins.
(K) Expression of an activated form of the EGFR
downstream component Ras (Gal4- shv™"/UAS-
Ras"?, +EGFR) causes the formation of thicker
veins. (L) Expression of the ligand Dpp (Gal4-
shv’™"/UAS-dpp; +Dpp) causes the differentia-
tion of most wing tissue as vein.

—

dorsal and ventral surfaces is a complex process that
takes place during pupal development, after the ever-
sion of the wing disc. In this process, the dorsal and
ventral wing surfaces become adhered through their
basal cell membranes, and several molecules involved
in adhesion between cells or between cells and the ex-
tracellular matrix play a preeminent role (BLOOR and
BrownN 1998; WaLsH and BrRowN 1998). Wing folding
and dorsal-ventral defects are also observed upon in-
terferences with the programmed cell death that wing
cells undergo during metamorphosis and eclosion (KIGER
et al. 2001; KiMURA et al. 2004). Thus, genes included in
these categories might affect a variety of processes in-
cluding cell viability, extracellular matrix formation, or
cell adhesion.

In addition to vein differentiation and wing morpho-
genesis, we also identified a number of insertion sites
(22%) that result in cell differentiation defects in com-
bination with Gal4-shv™ (Figure 2C). These phenotypes
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Distance of P-GS insertions to the closest adjacent gene. Most of the insertions are situated within a gene or at a distance
of <1 kb (183). (C) Frequency of phenotypic classes in the combinations between P-GS insertions and Gal4-shv™": 30% of in-
sertion sites result in thicker veins (V+), 16% produce loss of veins (V—), 22% cause alterations in trichome differentiation
(CD), 20% cause defects in dorsal-ventral apposition (B) and 12% result in misfolded wings (F).

include loss or incorrect formation of hairs (Figure 3, 1
and J), differentiation of several hairs per cell, and the
formation of hairs of smaller than normal size (Figure 3,
K-M). Hair morphogenesis relies on the correct poly-
merization of actin in the distal-most apical region of
wing cells (prehair), in a process dependent on the
establishment of correct planar cell polarity (ADLER
2002). Therefore, genes modifying hair morphogenesis
and number might be affecting actin dynamics and/or
planar cell polarity.

Ectopic gene expression associated with P-GS in-
sertions: The P-GS vector carries UAS sequences at
both its 5" and its 3’'ends and may affect genes located at

both sites of the insertion site (ToBA et al. 1999). The
advantage of this disposition of flanking UAS sequences
is that several genes are targeted at the same time by
unique P-GS insertions, increasing the frequency of
phenotypes associated with P-GS in comparison with
other EP elements (ToBa et al. 1999). However, the
simultaneous overexpression of more than one gene by
each P-GS greatly complicates the identification of the
gene responsible for the mutant phenotype. To assess
the range of P-GS effects on adjacent genes, we carried
out n situ hybridization with RNA-labeled probes of
genes adjacent to several P-GS insertions. We found that
in all the cases analyzed (21, data not shown) the genes

FIGURE 3.—Representa-
tive phenotypes obtained in
the combinations of P-GS
lines with Gal4-shv™. (A-C)
Loss of vein differentiation:
strong phenotype (A, Gal4-
shv™"/EP-160), weak pheno-
type (B, Gald-shv™/C502)
and loss of the L4 vein (C,
Gald-shv™"/C495).  (D-F)
Vein  thickening:  strong
phenotype (D, Gald-shv™"/
EP-600), weak phenotype
(E, Gal4-shv™"/C474) and
thickened L3 vein (F, Gal4-
shv™/EP-738). (G) “Blis-
tered” or dorsal-ventral
apposition phenotype (Gal4-
shv™"/C547). (H) Folded
wing (Gal4-shv™/C56). (I)
Vein thickening and loss of
trichome differentiation phe-
notype (Gal4-shv™""/EP-167).
(J-M) Higher magnification
of the L3 vein showing cell dif-
ferentiation defects such as
loss of trichomes (], Gal4-
shv™"/C464), differentiation

of several tnchomes per cell (K, Gal4 shvf“””/ (3125) loss of mchomes a.nd reduced plg'mentatlon (L, Gal4_shv/ C386), and formation of

smaller than normal trichomes (M, Gal4-shv™""/C432).
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(B-E) In situ hybridization with Stat92E (B),
CG5180 (C), and att (D) antisense probes and
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main is detected only for Stat92E (B) and CG5180
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(C) and no expression is detected for the tran-
script oriented “antisense” with respect to the
insertion site (att in D). (F-K) In situ hybridiza-
tion with Stat92E (F), att (G), CG5180 (H), and
CG5191 (K) antisense probes and with sense
probes for the transcripts CGI15922 (I) and
CG10877 (J) in C861/Gal4-sal wing imaginal

CG5191 (AS) discs. Ectopic expression is only detected for

EP-33 / sal™-Gal4
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the transcripts att (G) and CG5180 (H) and no
Gal4-driven expression is detected for the tran-
script with antisense orientation (CG15922 in 1
and CGI10877in]). (L) Schematic of the genomic
region where the P-GS insertion EP-866 (trian-
gle) is localized. (M-Q) In situ hybridization with
| CG9056 (M), CG9066 (O), CG15916 (P), and shi

| (Q) antisense probes and with CG9066 sense
25Kb  probe (N) in EP-866/Gal4-sal wing imaginal discs.
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scripts oriented “sense” with respect the inser-
tion site (CG9056, CG15916, and shi), whereas
no expression is detected for the transcript with
antisense orientation (CG9066).
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located at both ends of a given P-GS insertion are
expressed under UAS control when they are in the
outward transcriptional orientation with respect to the
insertion site (data not shown). In addition, in none
of four cases analyzed did we observe transcription of
antisense RNA, suggesting that most of the observed
phenotypes correspond to the ectopic expression of
sense RNAs and not to RNA interference caused by
ectopic antisense expression. We further analyzed the
range of P-GS effects by in situ hybridization in two
clusters of six and four genes, respectively, placed in
different orientations and spanning ~30 kb of genomic
DNA. In the first case the insertion sites of EP-33 and
C861 are separated by 8 kb of DNA and the genes
Stat92F, att, CG5180, CG15922, CG10877, and CG5191
map in their vicinity (Figure 4A). In the second case, the
EP-866 insertion maps in the vicinity of the transcription

units CG9056, CGY066, CG15916, and shi (Figure 4L).
In both cases no transcription is detected using sense
probes for transcripts oriented toward the insertion site
(att for EP-33, CG15922 and CG10877 for C861, and
CG9066for EP-866; Figure 4, E, I, ], and N, respectively).
Similarly, the genes att and CG9066 are not ectopically
transcribed in EP-33/Gal4-sal and EP-866/Gal4-sal discs,
respectively, despite being adjacent to the EP-33 and
EP-866 insertions (Figure 4, D and O). We find that
two adjacent genes in the forward orientation can be
simultaneously overexpressed (CGI15916 and shi in EP-
866, Figure 4, P and Q), even though they are separated
from the insertion site by a transcription unit (CG9066,
Figure 4, N and O) in the antisense orientation (Figure
4, L, N, and O). In this case the efficiency of transcrip-
tion appears to be higher for the gene localized closer
to the insertion site (compare Figure 4P with 4Q).
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However, in other pairs of genes in the forward ori-
entation to the C861 insertion, CG5180/ CG5191 and
Stat92E/ att, we could detect expression only of the
genes localized closer to the insertion site (Figure 4,
F-H and K). These observations suggest that the range
and efficiency of P-GS insertions to drive expression of
neighboring genes depend on the genomic environ-
ments. With our data we cannot determine the maximal
distance of a P-GS insertion to a gene compatible with
gene expression regulated by UAS sequences. It is clear,
however, that the adjacent genes located within 0-10 kb
of the insertion site in a “forward” orientation are the
best candidates to be affected by UAS sequences and
therefore responsible for the gain-of-expression pheno-
type. The complete list of mapped P-GS insertions and
the candidate genes associated with each of them are
shown in Table 1.

Comparison between P-GS insertion and UAS con-
structs: To assign the gene responsible for the ectopic-
expression phenotype in several insertions, we compared
the phenotypes resulting from combining a Gal4 driver
with either the P-GS or the UAS lines of the candidate
gene/s. In all cases analyzed (26) the phenotype ob-
served in the Gal4/P-GS combination was very similar
to that resulting from the UAS/Gal4 combination
(Table 2, Figure 5, and data not shown). In six P-GS
insertions (C279, EP-36, EP-E, EP-459, C107, and C192;
Table 2) there was only one gene located in the forward
orientation in the proximity of the P-GS insertion (Ta-
ble 2). In all these cases the phenotypes of the com-
binations involving the P-GS and the corresponding
UAS line were very similar (Figure 5, Aand E, B and F,
and D and H). In 3 cases (C166, C865, and EP-23) there
were two candidate genes for each insertion. The
phenotype of these P-GS/Gal4 combinations could be
ascribed, however, to only one of the two ectopically
expressed genes (Figure 5 and Table 2). In 4 cases the
P-GS insertions are flanked by one gene located in the
forward orientation and the other gene in the “back-
ward” orientation. In these cases the analysis of pheno-
types caused by UAS/Gal4 combinations allowed us to
ascribe the phenotype of P-GS/Gal4 combinations to
the gene located in the forward orientation (Figure 5, C
and G). Finally, in 7 cases where two candidate genes
were oriented in the forward orientation with respect to
the P-GS insertion we were able to identify the gene
responsible for the overexpression phenotype either by
using UAS-RNAI of the candidate genes or by mapping
chemically induced reversions (data not shown). In
the first case, the expression of one UAS-RNAI was able
to suppress the mutant phenotype of the P-GS/Gal4
combination, and, in the second case, chemically in-
duced revertants of the P-GS/Gal4 combination map-
ped to the coding region of one of the candidate genes
(see Ruiz-GoMEzZ et al. 2005). These data suggest that,
for most P-GS insertions, it is likely that the phenotype is
caused by only one of the several genes being ectopically

expressed. However, in the annotation of candidate
genes, we took the parsimonious criterion that all genes
located within 10 kb distance to the insertion site and
placed in the forward orientation to this site were
candidates to mediate the phenotypes of P-GS/Gal4
combinations (see below).

Phenotypic specificity of novel P-GS insertions: Most
known genes affecting vein differentiation are also
required in other developmental processes. Thus, it is
expected that the genes we identified affecting vein
patterning or wing morphogenesis when overexpressed
during pupal development will also affect other tissues
in combinations between the P-GS insertions and other
tissue-specific Gal4 lines. This is the case when any UAS
line of known elements of the Notch, EGFR, and Dpp
signaling pathways is combined with a variety of Gal4
drivers expressed at different developmental times and
tissues (data not shown). To evaluate whether the new
P-GS insertions are able to modify other developmental
processes in addition to wing vein formation, we made
combinations between all P-GS insertions and Gal4 lines
expressed in proneural clusters (Gal4-253) and in the
wing blade during imaginal development (Gal4-638).
Forty-five percent of P-GS/Gal4-253 combinations dis-
play mutant phenotypes affecting the macro- and/or
microchaeta in the fly thorax and abdomen (Table
3, Figure 6). These phenotypes were of different ex-
pressivity and include loss of chaetae, apparition of
extra-chaetae, and differentiation of chaetae with ab-
normal size and/or shape (Table 3, Figure 6). The extra-
macrochaetae appear usually close to the normal
macrochaetae, either forming clusters of adjacent mac-
rochaetae or in groups of several macrochaetae sepa-
rated by intervening trichomes, suggesting failures in
lateral inhibition (Figure 6, D, F, and H). About 83% of
P-GS insertions cause wing phenotypes in combination
with the wing-specific driver Gal4-638 (Table 3). These
phenotypes include pupal lethality, loss of wing tissue
accompanied by vein pattern alterations (Figure 6C),
different degrees of wing margin loss (Figure 6, A, C, E,
and G), blistered and misfolded wings, loss of veins, and
differentiation of thicker or ectopic vein tissue (Figure
6, E, G, I, and K). We also combined 70 selected P-GS
lines with the Gal4 drivers Gal4-dlland Gal4-ey, expressed
in the leg and eye imaginal discs, respectively. We ob-
tained a mutant phenotype in 86% (Gal4-dil, data not
shown) and 57% (Gal4-ey, data not shown) of these
combinations. Taken together, these data indicate that
there is no specificity of tissue or developmental time for
most genes selected by their ectopic expression pheno-
types in the pupal wing. However, we could find several
correlations when comparing the phenotypes caused
by P-GS insertions in combination with different Gal4
lines that might be indicative of specificity in the devel-
opmental mechanisms affected (Figure 7). For exam-
ple, most P-GS lines affecting the veins during pupal
development also affect the veins in a similar manner
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TABLE 2

Comparison of phenotypes observed in combinations between P-GS and UAS lines with two
different Gal4 drivers

P-GS line Gene 5’ Gene 3’ UAS line Gal4-shv Gal4-638
Cc279 CG4637 (hh) UAS-hh —-L3 S-P
EP-36 CG3619 (DI1) UAS-DI +V S-P
EP-E CGI764 (yrt) UAS-yrt +V S-P
EP-459 CGH201 (dad) UAS-dad -V S-P
C107 CG6494 (h) UAS-hairy -V -V
C192 CG7734 (shn) UAS-shn Bs S-P
C166 CG11525 (CycG) CG1775 (Med) UAS-Med CD +V
C865 CGI181 (Ptp61F) CG1214 (ru) UAS-ru +V +V
EP-23 CG1429 (Mef2) CG12130 UAS-Mef2 -V N
EP-234 CG11617 CG11490 UAS-CG11617 -V N
C517 CGI886 CGY885 (dpp) UAS-dpp +V SP
EP-704 CG10737 CG7097 UAS-CG7097 +V N
EP-O CG30184 CG5393 (apt) UAS-apt wt S
EP-A CG3653 (kirre) CG3936 (N) UAS-Notch +V +V

The P-GS lines analyzed (P-GS line), the adjacent genes to each P-GS insertion (5" gene and 3’ gene), the
corresponding UAS lines (UAS line), and the phenotypes observed in combinations between the P-GS insertion
or its correspondent UAS construct with the Gal4 lines Gal4-shv’?" and Gal4-638 are shown. The different phe-
notypes are indicated as follows: ectopic or thicker veins (+V), loss of veins (—V), effects on wing size and pat-
tern (S-P), cell differentiation (CD), blistered wings (Bs), and thickened L3 vein (+L3).

when the ectopic expression is induced in the wing disc
(Figure 7, A and C, and Table 3). Similarly, effects re-
stricted to the veins in combination with 638-Gal4 were
rare for P-GS lines, causing wing blistering and folding
phenotypes in combination with Gal4-shv™" (Figure 7,
G and I). These two phenotypic classes also gave a high
frequency of wild-type individuals in combinations with
both Gal4-253 and Gal4-638 (Figure 7, G-J). There is
also a high tendency for P-GS causing loss of veins in
combination with Gal4-shv’*" to eliminate the macro-
chaetae in combination with Gal4-253 (Figure 7D). Fi-
nally, in combinations with Gal4-638 the wing margin
is affected in a high percentage of P-GS lines belonging
to the “thick vein” phenotypic class (Figure 7A and
Table 3). These two phenotypes, thick veins and loss of
wing margin, are typical of a reduction in Notch signal-

EP-459; shv-Gal4

c279;shv-Galt B

UAS-dad; shv-Gal4

i A AT

E UAS-hh; shv-Gald

S

C cs517;shv-Gald D

G

ing at different stages of development (SHELLENBARGER
and MoOHLER 1978).

Molecular classes identified in the screen: The mo-
lecular mapping of the P-GS insertion sites allows a pre-
liminary molecular annotation of the candidate genes
to mediate the observed phenotypes. On the basis of the
data presented in Table 2 and Figure 5, we believe that
the phenotypes of P-GS/Gal4 combinations are due in
most cases to only one of the genes that are ectopically
overexpressed. However, taking a parsimonious approach,
we considered as candidates all genes positioned in a
forward orientation whose 5’ region is within 10 kb
of the insertion site. With these criteria, the number of
candidate genes to mediate the mutant phenotypes is
373, of which 104 correspond to insertion sites with only
one candidate gene, 248 correspond to insertion sites

C107; 638-Gald

H UAS-h; 638-Gald

Ficure 5.—Comparison between the phenotype of P-GS insertion and UAS constructs. (A-H) Representative examples of
P-GS/Gal4 (A-D) and UAS/Gal4 (E-H) combinations. (A and E) Partial loss of L3 vein caused by ectopic expression of Ak in
pupal veins using the P-GS line €279 (A) and UAS-hh (E). (B and F) Similar loss of vein differentiation caused by ectopic expres-
sion of dad in pupal veins using the P-GS line EP-459 (B) and UAS-dad (F). (C and G) Differentiation of extra-vein tissue by ectopic
expression of dpp in pupal veins using the P-GS line C517 (C) and UAS-dpp (G). (D and H) Loss of veins and reduced wing size
observed when hairy is expressed ectopically in the wing imaginal disc using the P-GS line C107 (D) and UAS-h (H).
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TABLE 3

1649

Insertion sites grouped by phenotypic classes in combination with Gal4-shv’**", showing the phenotypes with
Gal4-638 and Gal4-253

P-GS Cytology 638-Gal4 253-Gal4 5’ gene 3’ gene
Vein thickening (shuv-Gal4)

Cc277 39B4 B wt CG31626 CG8676 (Hr39)

EP-720 22C1 F wt CG15378 (lectin-22C) CG4244 (su(dx))

EP-232 29C3 F wt CG13398 CG13388 (Akap200)

C488 30F5 L +Mq CG4722 (bib)

C434.2 44C4 L —Mq

Cc7 49A4 L wt CG8E834 CG8525

C708 67C7 N +Mq CG6767 CG8284 (UbcD4)

Cc717 30B5 N —Mq CG4405 (5p) CG3838

C327.2 57E5 N wt CG9847 (Fkbpl3) CG15669 (Mesk2)

C767 62A1 N wt CGI3916

C343 85D21 N wt CG9375 (Ras85D) CG8161 (Rib1)

EP-536 88D2 N wt CG7425 (eff) CG3563

EP-773 55F6 N wt CGI15098 CGI5083

EP-471 21B2 Ns +Mq CG18497 (spen)

EP-990 50D1 Ns +Mq CG8118 (mam)

€278 88E4 Ns +Mq CG6499 CG4285

C76 9D2 Ns +Mq CGI15302 (0r9a) CGI15304

EP-207 89B12 Ns +Mgq CG6963 (gish)

EP-108 30F4 Ns —Mq CG5838 (Dref) CG4651 (RpL13)

EP-643 85D22 Ns —Mq CG9381 (mura) CG16788 (RnpSI1)

C861 92F1 Ns —Mq CG4241 (at-ORFA) CG5180

EP-M 36Ch Ns wt CG6667 (dl) CG5050

C474.1 77B4 Ns wt CG5585 CG5605 (eRF1)

EP-M68 92F1 Ns wt CG5460 (H)

C407 93B2 Ns wt CG5670 (Atpalpha)

C639.1 56C1 Nw +Mq CG7097

C618 89B12 Nw —Mq CG6889 (tara)

Cc877 36A2 Nw wt CG4952 (dac) CG4599 (Tip2)

C155 4B2 Nw wt CG3665 (Fas2)

EP-822 21D1 S +Mq CG17941 (ds)

EP-730 67C9 S wt CG6721 (Gapl)

C858 8B4 S wt CG10701 (Moe)

EP-24 29A1 S-p +/—Mq CG8049 (Btk29A)

C517 22F2 S-p +Mq CG9885 (dpp)

C933.1 95B1 S-pP +Mq CG33111/CG10192 CR31185 (snRNA:U1:95Cc)

C676 22F1 S-p —Mq CG3664 (Rab5) CG4272

C478 50C14 S-P —Mq CG6671 (AGOI) CG33155/CG30481 (mRpL53)

EP-575 58E4 S-p —Mq CG4444 (px)

EP-820 94E9 S-p —Mq CGI13825 CG6755

EP-284 60E1 S-P wt CG16932 (Epsi5) CG3594 (Eap)

EP-650 87D9 S-p wt CG12360 CG7620 (1(3)87Df)

EP-1152.1 87E11 S-P wt CG9764 (yrt)

EP-167 89C7 S-pP wt CG14895 (Pak3)

EP-36 92A1 S-p wt CG3619 (D)

C427 73D1 S-p —Mq CG9668 (Rh4) CGI11914 (Lmpt)

EP-767.1 89A8 V- wt CGI18740 (mor) CG4261 (Hel89B)

C31 21C2 V—(d) —Mq CG11907 (Entl)

G819 90C1 V+ wt CG7467 (o0sa)

EP-A 3C7 V+ —Mq CG3936 (N)

C840 88C6 V+ —Mgq CG7832

EP-55 92F1 V+ —Mq CGA4257 (Stat92E)

EP-Z 10C9 V+ wt CG1697 (rho-4)

EP-1008 34D4 V+ wt CG7793 (Sos)

EP-880 61C3 V+ wt CG13892 (Cypl) CGI17090

C865 61F7 V+ wt CG9181 (Pip61F) CGI214 (ru)

EP-M32 33B3 V+ wt CR31863 (bft)

(continued)
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TABLE 3
(Continued)
P-GS Cytology 638-Gal4 253-Gal4 5" gene 3’ gene
EP-1 65C3 V+ wt CG10107 CG8549
C909 69A4 V+ wt CG4300 CG10426
EP-87 89F3 V+ wt
EP-165 9E1 V+, B wt CG32676 CG1799 (ras)
EP-600 28D1 V+, Ns +Mq CG7123 (LanB1)
EP-489 3C6 wt —Mq CG3653 (kirre)
C356 46D7 wt wt CG18445 CG2249
C459 53F9 wt wt CG8938 (GsiS1) CG30456
EP-709 56F8 wt wt CG8896 (18w)
EP-644 60EbH wt wt CG9071 (NaCP60E)
EP-297.2 68F1 wt wt CG12277 (rols)
Loss of veins (shv-Gal4)

C500 63C1 E +/—Mq CGI12078 CR33598 (mir-282)
EP-469.2 5B5 N +Mq CG3171 (Trel) CGI15779 (Tre)
EP-234 21B4 Ns —Mq CGl1617
EP-23 46C4 Ns —Mq CG1429 (Mef2)
EP-J63.2 94E1 Ns wt CG17894 (cnc)
EP-M89 45C3 Ns, E —Mq CG2072 (TXBP181-like) CG1975 (Rep2)
EP-435 89E11 S-P +/—Mq CG5201 (Dad)
EP-(19) 32E2 S-P —Mq CG6392 (cmet) CG32955 (Cana)
EP-572 93B3 S-P —Mq CG3593 (1) CG5737 (dmrt93B)
C736 13F17 S-P —Mq CG9056
EP-323 37B11 S-P —Mq CGI5173 CG10473
EP-111 94E9 S-p —Mq CG17077 (pnt) CG6768 (DNApol-epsilon)
EP-160 75F6 S-P —Mq CG14080 (Mkp3)
C279 94E1 S-P wt CG4637 (hh)
C442 98A2 S-P, E +/—Mq CG5643 (wdb) CG5692 (raps)
EP-1152.2 59B6 SP, E —Mq CG3820 (Nup214)
EP-439 57F10 S-P, E —Mq CG30404 CG17952
EP-3 44C2 V- L CG3161 (dpn)
Ch18 56E3 V- —Mq CG9854 (hrg) CG11025 (IsoT-3)
EP-469.1 96F10 V— —Mq CG6096 (m5) CG8361 (m7)
EP-708 60D9 V- —Mq CG13594 CG3616 (Cyp9cl)
EP-256 85C1 V— —Mq CG11988 (neur)
EP-339 35E2 V- —Mq CG4993 (PrL-1) CG4930
C17 35F1 V- —Mq CG7664 (crp) CG4132 (pkaap)
EP-63 3A1 e wt CG14049 (1lp6) CG2845 (phl)
EP-501 72D6 V- wt CG5215 (Zn72D) CG5444 (Taf4)
C747 72F1 V— wt CG4531 (argos)
C495 99D1 V- wt CGI5525 CG11504
EP-899 28D3 V— wt CG7233 (snoN)
C762 33F4 V- wt CG12283 (kek-1)
EP-17 83A5 V- wt CG2899 (ksr) CG31550
C926 85D1 V- wt CG9746
EP-112 31A1 V-, N —Mq CG4799 (Pen)
EP-1013 70E5 V—, Nw wt CG4879 (RecQ5) CG5031 (dlp)
C107 66D9 V-, S —Mq CG6494 (hairy)
EP-158 88F1 V+ wt CG6202 (Surf4) CG31301
EP-65 45F1 wt wt CG1888 CR33010 (mir-14)

Cell differentiation (shv-Gal4)
EP-405 44E3 B +/—-Mq CG8739 (cmp44E) CG8740
C125 60C7 F wt CG4527 (Plkkl1) CG3416 (Mov34)
C436 85D25 F wt CG9399 CG8273
C345 100D2 L —Mq CG2126 CG1945 (faf)
C255 66B3 L —Mq CG7574 (bipl)/CR32358 CG13681
C367 55B7 L —Mq CG5753 (stau) CG12767 (Dip3)

(continued)
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TABLE 3
(Continued)
P-GS Cytology 638-Gal4 253-Gal4 5" gene 3’ gene
C79 53F1 L wt CG9635 (RhoGEF2)
C432 67C4 L wt CG6757 (SH3PX1) CG16707 (vsg)
C18 87D9 L wt CG8031 CG7583 (CtBP)
EP-67 21C6 L wt
EP-687 54F1 N —Mq olf186-M CG11430 (olf186-F)
EP-319 42A4 N —Mq CGI12051 (Act42A) CG7865 (PNGase)
C606 85C4 N —Mq CG9755 (Pum)
EP-476 32F2 N wt CG31705
EP-634.2 57E8 N, V- —Mq CG10496 CG15669 (Mesk2)
C623 37D7 N, V- wt CG10334 (spi)
EP-596 58F4 Ns L CG30217 CG4250
EP-J59 55B8 Ns —Mq CG5748 (Hsf) CG5119 (pAbp)
C480 21C6 Ns wt CG4427 (cabut)
C388 30B8 S —Mq CG4422 (Gdi)
EP-450 62A3 S wt CG12086 (cue) CG1009 (Psa)
EP-620 4E2 S-p L CG32767
C603 51F11 S-pP —Mq CG8171 (dup) CG8174 (SRPK)
C293 61B3 S-p —Mq CG7008 (Tudor-SN) CG13880 (mRpL17)
EP-140 102D1 S-p wt CG11091 (sphinx)
EP-631 16C1 S-P wt CG32556 CG5884 (par-6)
C719.2 9F5 S-p wt CG1655 CG2186
C275 64E5 S-P, E CG10578 (Dnaj-1) CG5486 (Ubp64E)
EP-472 26A1 sW —Mq CG9021 CG14001 (bchs)
EP-689 12E5 sW wt CG12047 (mud)
C935 44F7 sW wt CG8248 CG8243
C411 94E9 sW wt CG4449 CG6755
EP-1052 9F5 sW wt CG11207 (feo) CG2186
EP-603 27F1 V- —Mq CG5261
C174 26A5 e wt CG9553 (chic) CGI075 (ell*4a)
Cl143 35D2 V- S —Mq CG3758 (esg)
EP-M71 27F3 V+ +V CG4971 (Wntl10)
C166 100C7 V+ wt CG11525 (CycG) CG1775 (Med)
Ch45 66C11 V+, B wt CG7163 (mkgp) CG13667
C375 15C4 V+d —Mq CG9089 (wus)
C839 47C1 wt +Mq CGi2342 CG12323 (Pros b5)
C389 57A7 wt —Mq CR33617 (mir-313) CG13425 (bl)
C441 86F7 wt wt CG17342 (LK6)
EP-]76 88E3 wt wt CG6535 (tefu) CG4264 (Hsc70-4)
C386 26B2 wt wt CG908S (lid) CG9093 (Tsp26A)
EP-731 31E1 wt wt CG5355 CG5300 (KIp31E)
EP-654a 95A7 wt wt CG10161 (elF-3p66)
EP-380 67D2 wt wt CG6674 CG11989 (Ardl)
EP-947 57C4 wt wt CG30389
EP-694 11A11 wt wt CG1900 (Rab40) CG17788
Blistered wings (shv-Gal4)

EP-64 36A2 B +Mq CG5953
EP-493 15F4 B wt CG8915 (helicasa) CG12996
EP-500.2 24A1 B wt CG10033 (for)
EP-P 76D1 B wt CG8742 (Gyc76C) CG8522 (HIH106)
EP-J17b 70B1 B wt CG10133
EP-614 56F16 B,S, E wt CG13868 CG8920
EP-179 32E1 L +/—Mq CG4807 (ab)
€923 90A3 L +Mq CG31256 (Brf) CG5851 (sds22)
C167 78B1 L —Mq CG10564 (Ac78C) CG32435 (chb)
C246 92C1 L —Mq CG4413 CG4936
C800 17A8 L wt CG6103 (CrebB-17A)
€282 30C7 L wt CG3998 (2f30c)

(continued)
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TABLE 3
(Continued)

P-GS Cytology 638-Gal4 253-Gal4 5" gene 3’ gene
C403 67B5 N +Mgq CG3445 (phol ) CG3552
C359 38F1 N —Mq CCG31673
C684 7C4 N wt CG10778 CG1524 (RpS14a)
C37 24C3 Ns +/—Mq CG10021 (bowl)
EP-Ib 33A1 Ns, E wt CG14938 (crol)
C790 95D7 Nw +Mq CG5448 (Syx1A)/CG33110 CG10694
C373 13F1 nW —Mq CG8544 (sd)
C677 56A1 S wt CG12758 (sano)
Cc27 52F8 S wt CG8448 (mrj)
EP-241 102C1 S-P wt CG11533
EP-329 64A7 S-P wt CG14995 CGI14991
G371 43B1 S-pP wt CGI1708 (cos) CG11107
C192 47D7 S-P wt CG7734 (shn)
C67 67F4 S-P, +Q +Mgq CG12296 (klu)
EP-610 100B1 S-P, E —Mq CG1715 (1(3)03670)
EP-182 75B1 sW +Mq CG8127 (Eip7B)
C832 16C1 sW wt CG32556
C756 68B1 sW wt CG6190 CG7600
Cc272 75D1 wt +Mq CG13702 (AICR2)
C752 76D3 wt +Mq CG8103 (Mi-2)/CG32217 CG7757
Cb47 86F7 wt —Mq CG31364 (I(3)neo38) CGI14723 (HisCll)
EP-149 88A4 wt wt CG9924 CG3050 (Cyp6d>)
C649 1E3 wt wt
Ch44 25B1 wt wt CG3036
EP-787 25C1 wt wt CG8680
C719.1 38E3 wt wt CG9318 CG2637 (Fs(2)Ket)
Ch596 57Eb wt wt CG10497 (Sdc) CG15667 (sara)
C875 88E1 wt wt
G325 93C7 wt wt CG3337 CG5874
C891 35A3 wt wt CG4551 (smi35A)
EP-878 47A1 wt wt CG3298 (JHI-1) CG12909
EP-298 98F1 wt wt CG33203 CG1658 (Doa)
EP-457 12F4 wt wt CG9533 (rut) CG14411
EP-429 61F6 wt wt CG2211 CG9165

Folded wing (shv-Gal4)
C904.1 92B2 B wt CG4608 (bnl) CG31459
C446 26B3 B wt CG9154 CG9159 (Kr-h2)
C109 42E4 F wt CG3572 (vimar) CG18742 (Tsp42Ea)/CG30159
EP-872 69F4 F wt CG11278 (Syntaxinl3)
C632 100D2 F wt CG2210 (awd) CG1910
EP-686 85E14 F wt CGI12418
Ch6 50E6 L —Mq CG8542 (Hsc70-5) CG8531
C504 42E1 N wt CG3572 (vimar)/CG30156 CG17002
C211 93E9 Ns +Mq CG6376 (E2f)
EP-800 25B3 Ns —Mq CG8890 (Gmd)
C573 42E5 Ns —Mq CG12846 (Tsp42Ed) CG10106 (Tsp42Ee)
C153 74D2 Ns wt CG6311 CG7555 (Nedd4)
Ch503 29C3 Ns wt CGI13398 CG13388 (Akap200)
C549 64D1 nW wt
EP-B5 4C4 S-P +/—Mq CG3578 (omb)
C705 102A3 S-P —Mq CG17964 (pan)
C38 66A13 S-P —Mq CG17888 (Pdpl)
EP-666 73D1 S-P —Mq CG9712 (TSG101)
EP-322 25B10 S-P, E —Mq CG33113 (Rinll)
EP-608 51E3 S-P, V-, +Q +Mq CG11798 (chn)
C607 89D5 sW wt CGI14905 CG6588 (Fasl)
C170 48A2 V+ wt CG10897 (tou)

(continued)
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TABLE 3

(Continued)
P-GS Cytology 638-Gal4 253-Gal4 5’ gene 3’ gene
C242 32B1 wt —Mq CG6647 (porin) CG17085
C575 25B9 wt wt CG8892 CG31653
€207 52A8 wt wt CG8183 (Khe-73) CG30471
EP-332 11D1 wt wt CG33651
C919 95Ch wt wt CG5320 (Gdh)

Phenotypic classes with Gal4-638 (638-Gal4): thicker veins (V+), loss of veins (V—), moderate loss of wing margin (N), strong
loss of wing margin (Ns), weak loss of wing margin (Nw), reduced wing size (S), reduced wing size with defects in vein patterning
(S-P), defects in dorso—ventral adhesion (B), defects in wing expansion (F), defects in epithelial integrity (E), lethal (L), and wild
type (wt). Phenotypic classes with Gal4-253 (253-Gal4): extra bristles (+Mq), loss of bristles (—Mq), and wild type (wt).

with two candidate genes, and 21 to insertion sites with
three or more candidate genes. In six cases we could not
find any annotated gene in the proximity of the P-GS
insertion. Most likely the 131 insertion sites with two or
more candidates have at least one gene included in the
annotation as “candidate” without contributing to the
phenotype. The more represented molecular classes are
cell signaling molecules (83) and transcription factors
(64), which together correspond to 41% of the total
annotated genes. Other molecular classes represented
in high frequency are CG genes without clear structural
homologies, which correspond to 22% of annotated

genes. The frequency with which each molecular class is
represented among phenotypic groups is similar, al-
though some differences are apparent. For example,
60% of the genes corresponding to P-GS insertions
removing the veins in combination with shv-Gal4’*" cor-
respond to the molecular classes cell signaling and trans-
cription factors. In contrast, the frequency of CG genes
in this phenotypic group is only 6% (Figure 8). Other
molecular categories, including cell adhesion, cytoskel-
eton, RNA-binding proteins, and protein phosphatases,
are distributed in a similar manner, comparing different

phenotypic classes (Figure 8).

F1GURE 6.—Representative phenotypes observed in combinations between P-GS insertions and the Gal4 lines 638 and 253. The
phenotypes in the wing (A, G, E, G, I, and K) in combinations with Gal4-638 and thorax (B, D, F, H, J, and L) in combinations with
Gal4-253 of the P-GS insertions EP-687 (A and B), EP-336 (C and D), C76 (E and F), EP-553 (G and H), C861 (I and J), and EP-54
(Kand L) are shown. The effects in the wing consist of loss of veins (A, G, and K), ectopic vein tissue (I), thickened veins (E), and
loss of wing margin and associated wing tissue (A, C, E, G, and I). The phenotypes in the thorax are loss of macrochaetae (B, ],
and L) and ectopic macrochaetae in clusters (D, F, and H).
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FiGUrRe 7.—Frequency of phenotypic classes
obtained in combinations between the P-GS lines
and the Gal4 lines Gal4-638 (A, C, E, G, and I)
and Gal4-253 (B, D, F, H, and J). The P-GS lines
have been grouped after the phenotypes result-
ing in combinations with Gal4-shv’*": thicker
veins (A and B), loss of veins (C and D), cell dif-
ferentiation (E and F), blistered (G and H), and
folded wing (I and J). (A-D) Most P-GS lines af-
fecting the veins in combination with Gal4-shv™*"
also affect the veins when the ectopic expression
is induced in the wing disc with Gal4-638 (A and
C). A high percentage of P-GS insertions causing
thicker veins in combination with Gal4-shv’™*" also
produce defects in the wing margin in combina-
tion with Gal4-638, whereas many P-GS insertions
causing loss of veins in combination with Gal4-
shv’™" eliminate the macrochaetae in combina-
tion with Gal4-253 (C and D, respectively). In
contrast, many P-GS lines causing wing blistering
and folded wing phenotypes in combination with
Gal4-shv’*"" (G and I, respectively) result in wild-
type phenotypes in combinations with both Gal4-
638and Gal4-253 (Hand J). Symbols: V+, ectopic
or thicker veins; V—, loss of veins; S, reduced wing
size; S-P, reduced wing size and altered vein pat-
tern; N, notched wings; nW, absence of wing
blade tissue; B, blistered wing; F, folded wing;
L, larval or pupal lethal; E, epithelial integrity
alterations; wt, normal wings and normal chaetae
pattern; +Mgq, extra-macrochaetae; —Mgq, loss of
macrochaetae.
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Ficure 8.—Molecular classification of the genes identified grouped in the phenotypic classes obtained in combination with
Gal4-shv: thicker veins (A), loss of veins (B), cell differentiation (C), blistered (D), and folded wing (E). The more represented
molecular classes correspond to genes encoding proteins involved in cell signaling (CS) and transcription factors (TF), partic-
ularly for candidate genes causing loss of veins (B). Symbols: CS, signaling molecules; TF, transcription factors; M, metabolism; CA,
cell adhesion; CY, cytosqueleton components; RB, RNA binding proteins; PP, protein proteases; CG, computer-annotated genes
without identified structural domains; CGh, computer-annotated genes with vertebrate homologs; CGd, computer-annotated
genes with a structural motive; snRNA, small nuclear RNA; microRNA, microRNA; tRNA, tRNA.

DISCUSSION

To identify genes regulating the formation of the
Drosophila wing veins, we screened almost 13,000 new
P-GS insertions in combination with a Gal4 driver
expressed during the pupal development of the veins.
We selected a collection of 500 P-GS insertions affecting
the differentiation of the veins or the final steps of wing
morphogenesis. These P-GS insertions were mapped by
inverse PCR to the genomic sequence, identifying ~245
insertion sites. The frequency of P-GS insertions isolated
corresponds to 4.17% of the 12,800 novel insertions
screened, a result similar to other published EP screens.
The viability and fertility of most P-GS/shv-Gal4 combi-
nations was a great advantage of this experiment, be-
cause it allowed carrying out the screen without the
necessity of first establishing stocks of P-GS insertions.
In practice, this permits screening a high number of
insertions, by limiting the time-consuming task of gen-
erating and maintaining stocks to only those insertions
selected by their effects on wing pattern. In this man-
ner, we could overcome the limitation of other pub-
lished screens using established EP collections that
represent an estimated 10% of the 14,000 Drosophila
annotated genes (RORTH et al. 1998).

Screen rationale: The basis of identifying genes by the
consequences of their overexpression is that mutant
phenotypes result from the expression of a gene in a
place where it is not normally present (ectopic expres-
sion) and/or by its expression at higher than normal
levels (gain-of-expression). We focused our analysis on
the wing veins, because in their differentiation the
Notch, EGFR, and Dpp pathways play a prominent role,
by choosing a Gal4 line that is expressed only during the
pupal development of the veins (SoTiLLOS and DE CELIS
2006). In this way, the expression of Gal4 occurs after
the wing disc cells proliferate and acquire their vein or
intervein specifications in the disc (DE CeLIs 2003). The
restricted time window and tissue specificity of Gal4-
shv’™" expression implies that genes involved in vein
differentiation, or able to interfere with the pupal de-
velopment of the veins, are specifically targeted in the
screen. We believe that the use of Gald-shv’**" should
reduce the probability of isolating genes with pleiotro-
pic overexpression effects unrelated to vein formation
and, at the same time, increase the probability of
identifying bona fide candidates to participate in vein
formation. Furthermore, in the pupal veins there is a
good correspondence between the loss-of-function phe-
notype and the alterations caused by ectopic expression
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start.

of known members of the signaling pathways regulating
vein formation (SotiLLos and DE Ceris 2005). Thus,
reducing by mutation the activity of the Notch, EGFR,
and Dpp signaling pathways causes opposite effects on
vein formation than increasing the activity or expression
of members of the corresponding pathways (see, for
example, Figure 1). A large fraction of the P-GS isolated
(46% of insertion sites) affected vein formation, and
among them it is remarkable that we identify ~60% of
the known genes belonging to the Notch, EGFR, and
Dpp signaling pathways (Figure 9). This resultillustrates
the potential of the screen to identify additional com-
ponents of these pathways, even though their actual
involvement in vein formation must be determined by
the analysis of loss-of-function phenotypes.

Limitations of the overexpression screen: There are
several aspects of the presented screen that might limit
its efficiency to identify a large fraction of the genes
involved in vein pattern and wing morphogenesis. First,
it is well known that P elements insert nonrandomly,
with some sites highly preferred (hot spots) and others
very rarely targeted by the Pelement (cold spots) (L1ao
et al. 2000). The P-element bias implies that only a
fraction of genes will be targeted with a reasonable fre-
quency to allow its identification in the screen. Thus,
even though our starting collection was numerous,
12,800 new insertions, it is likely that many genes sus-
ceptible to affecting the veins when overexpressed were
not targeted by P-GS insertions. In fact, the larger pro-
portion of identified sites corresponds to unique in-
sertions (60%), indicating that this screen is far from
saturation. The second limitation of the screen is in-
herent to all searches based on a gain-of-expression
phenotype, and it is related to the uncertainty about
unspecific effects of ectopic expression on a particular

developmental system. In several cases analyzed, where
we could compare the loss- and gain-of-expression phe-
notypes of a given gene, we could find a correspondence
between them. For example, overexpression of Mkp3, a
phosphatase specific for the EGFR pathway member
Rolled, causes the loss of veins, and the loss of Mkp3
results in the differentiation of ectopic veins (Ruiz-
GoMEZ et al. 2005). In some other cases, however, we
observed that the loss- and gain-of-function phenotypes
are not obviously related. Thus, ectopic expression of
LanB1 causes a vein thickening phenotype indistin-
guishable from that of the loss of Notch function, sug-
gesting a functional relation between LanB1 activity and
Notch signaling. However, the loss of LanBI in the wing
causes the formation of wing blisters (C. MOLNAR and
J. F. bE CEeu1s, unpublished results), a phenotype not
obviously related to Notch activity. In this and other
cases, it may happen that the relation of the considered
gene to a particular pathway or network of interactions
is limited to developmental processes distinct to vein
formation, and only a careful analysis of the loss-of-
function phenotype in other developmental processes
might validate the functional inference made from
adult phenotypes. Finally, not all genes required for
vein formation previously characterized result in a mu-
tant phenotype when overexpressed in the pupal veins
(J. F. pE CELIS, unpublished results), limiting the subset
of genes susceptible to be identified. With all these
caveats in mind, we believe that the results of the screen
include a large number of candidates that might prove
instrumental to broaden our understanding of vein
patterning and wing morphogenesis.

Developmental specificity of the novel P-GS in-
sertions: The fact that vein formation is controlled
by signaling pathways and transcription factors with
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requirements in other developmental processes, such as
imaginal disc growth and patterning, implies that many
of the newly identified P-GS insertions should display
phenotypes in combination with other Gal4 lines. This
is indeed what we observed when the genes affected by
the P-GS insertions were overexpressed in the wing
blade or the proneural clusters. Thus, 86 and 53% of
selected P-GS lines show a phenotype in combination
with the drivers Gal4-638 and Gal4-253, respectively (see
Table 3). Similarly, we obtained a mutant phenotype in
87% of combinations with Gal4-dll and 57% of the
combinations with Gal4-ey. The phenotypes in the leg
(Gal4-dll) consist of the fusion of adjacent segments,
the loss of distal tarsal segments, and pattern disorga-
nization. These phenotypes are also observed upon
interference with the Notch and EGFR signaling path-
ways (DE CELIS et al. 1998; GALINDO et al. 2002). In the
combinations with ¢y-Gal4, the most frequent alterations
were reductions or absence of the eye, phenotypes also
observed when Notch activity is reduced before omma-
tidial recruitment (DoMINGUEZ and DE CEL1Ss 1998). In
general, and for each P-GS insertion analyzed, there was
good agreement between the phenotypes obtained by
overexpression in different imaginal discs. Thus, by
comparing these phenotypes to those obtained using
UAS lines of known elements of the Notch, EGFR,
and Dpp pathways, many P-GS lines can be tentatively
ascribed to individual pathways. Therefore, although
the driver used to select P-GS insertions is expressed
only in the pupal wing veins, most genes affected by
overexpression are required in other developmental
processes controlled by similar networks of interactions.

Gene annotation of P-GS insertions: The use of the
P-GS element in combination with several Gal4 lines
results in a higher frequency of mutant phenotypes
than the same combinations using other P-UAS ele-
ments (TosA et al. 1999). The ability of the P-GS to tar-
get genes localized at both ends of the insertion site
increases the number of insertions with an overexpres-
sion phenotype, but complicates the assignment of the
individual gene responsible for this phenotype. Thus,
in all cases analyzed where two genes were present in
the outward orientation with respect to the P-GS, we
observed efficient transcription of both genes. By car-
rying out in situ hybridization in two clusters of genes
targeted by several P-GS insertions we could define some
rules that help in the annotation of the candidate genes.
Thus, we did not observe transcription of antisense
RNAs, suggesting that most phenotypes are due to the
overexpression of genes in their normal transcriptional
orientation. In addition, we find transcription in the
Gal4 pattern of expression of genes separated from the
P-GS insertion site by other coding regions. In one case
we also observed Gal4/UAS-mediated transcription of
two adjacent genes located at one end of the P-GS
insertion site. In all cases analyzed, as expected, the level
of ectopic expression was much higher than that of

the endogenous expression of the gene, although no
attempt was made to quantify the amount of ectopic
expression. Thus, although our in situ data are limited
to only a few cases, it seems clear that the efficiency of
P-GS insertions to drive expression of adjacent genes
varies depending on their genomic localization. Be-
cause there are no criteria a priori to discard adjacent
genes as candidates on the basis of their molecular
identity, we decided to incorporate in the annotation,
presented in Table 1 and Figure 8, all genes oriented
outwardly with respect to the P-GS insertion site and
located within 10 kb from this site. By using these
criteria, ~52% of insertion sites have two candidate
genes to contribute to the gain-of-expression pheno-
type. We are aware that by these criteria many genes
included in our annotation are not related to the cor-
responding overexpression phenotype, even though
they will be overexpressed. Furthermore, in the cases
that we were able to analyze in more detail, we could
unambiguously ascribe the phenotype to only one of the
annotated candidate genes. Thus, in 21 cases where two
candidates fulfilled our criteria, and on the basis of
the use of individual UAS lines, coexpression of inter-
ference RNA, or mapping of chemical revertants, the
phenotype is caused by only one of the overexpressed
genes. We expect this to be the case for a majority of
P-GS insertions, although some cases with more than one
gene contributing to the phenotype are also expected.

Molecular classes identified: The genes included in
our annotation as candidates include a representation
of most molecular categories, as well as a large number
of computer-generated (CG) genes without significant
structural homology to be included in a gene ontology
(GO) class. Interestingly, the proportion of identified
genes belonging to each GO class is very different from
these frequencies in the Drosophila genome. For ex-
ample, the fraction of CG genes with unknown function
in the Drosophila genome is ~63% (ApaMSs et al. 2000),
and the same genes constitute between 18 and 28% of
those identified in the screen. In contrast, the fraction
of transcription factors in the Drosophila genome is
7% (Apams el al. 2000), and these genes constitute
between 14 and 26% of the screen candidates. A similar
difference is observed in the cell signaling class, with
10% in the genome (ADAMS et al. 2000) and between
16 and 32% of the screen candidates. These data in-
dicate that the genes identified in the screen are not
a random sample of the genome, because individual
molecular classes are either under- or overrepresented.
For the genes affecting the veins, the main objective of
our screen, the two molecular classes most represented
were signaling molecules and transcription factors.
Most of these genes, as expected, also showed gain-of-
expression phenotypes in other imaginal discs, imply-
ing a broad requirement during cell proliferation,
pattern formation, and vein differentiation. We also
found a number of genes whose possible implication in
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a particular signaling pathway was not anticipated by
previous functional assays. For example, the genes caus-
ing phenotypes reminiscent of loss-of-Notch signaling
in different imaginal discs include LanBl1, Tre, yurt,
ATPalpha, and CG6499, and to our knowledge none of
them have been previously related to Notch signaling.
In all these cases the putative relationship to Notch sig-
naling needs to be further established by the analysis
of loss-of-function mutations. The possibility of gener-
ating small genetic deficiencies using the available col-
lections of Pand Hobo elements (HUET et al. 2002), the
use of interference RNA, as well as the feasibility of
isolating loss-of-function alleles as revertants of the
original P-GS phenotype, would be invaluable in the
functional analysis of these newly identified genes.
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