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ABSTRACT

Dorsoventral (DV) patterning is essential for growth of the Drosophila eye. Recent studies suggest that
ventral is the default state of the early eye, which depends on Lobe (L) function, and that the dorsal fate is
established later by the expression of the dorsal selector gene pannier (pnr). However, the mechanisms of
regulatory interactions between Land dorsal genes are not well understood. For studying the mechanisms of
DV patterning in the early eye disc, we performed a dominant modifier screen to identify additional genes
thatinteract with L. The criterion of the dominant interaction was either enhancement or suppression of the
Lventral eye loss phenotype. We identified 48 modifiers that correspond to 16 genes, which include fringe
(fng),agene involved in ventral eye patterning, and members of both Hedgehog (Hh) and Decapentaplegic
(Dpp) signaling pathways, which promote L function in the ventral eye. Interestingly, 29% of the modifiers
(6 enhancers and 9 suppressors) identified either are known to interact genetically with pnror are members
of the Wingless (Wg) pathway, which acts downstream from pnr. The detailed analysis of genetic interactions
revealed that pnrand L mutually antagonize each other during second instar of larval development to restrict
their functional domains in the eye. This time window coincides with the emergence of pnrexpression in the
eye. Our results suggest that L function is regulated by multiple signaling pathways and that the mutual

antagonism between L and dorsal genes is crucial for balanced eye growth.

MAGINAL discs of Drosophila are sac-like epithelial
structures that represent developing fields. The
patterning of a developing field involves generation of
compartments that are specified by the domain-specific
expression of “selector” genes (CurTIss et al. 2002;
ManN and CArRroLL 2002; Brair 2003b; MirLAN and
ConeN 2003). The boundary between the two compart-
ments is the site of complex signaling that results in
the growth and differentiation of an undifferentiated
imaginal disc to its adult counterpart. Anteroposterior
compartments are formed prior to dorsoventral (DV)
patterning in most imaginal discs (COHEN 1993). How-
ever, in the eye disc, the formation of the DV axis is the
first lineage restriction event (BAKER 1978; DOMINGUEZ
and DE CELIS 1998; SINGH and CHO12003). Therefore, it
is important to understand how DV patterning and
growth is regulated in the early eye disc.

The eye imaginal disc differentiates into the adult
compound eye comprising precise arrays of ~800 om-
matidia. Each ommatidium contains eight photorecep-
tors that are arranged in a hexagonal lattice. At the end
of the second larval instar, retinal differentiation ini-
tiates from the posterior margin of the eye disc and
progresses anteriorly during the third instar stage as a
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wave of differentiation referred to as the morphogenetic
furrow (MF) (Worrr and Reapy 1993). The photore-
ceptor clusters of ommatidia in the dorsal and ventral
halves of the eye exhibit opposite chiralities and gener-
ate a mirror-image symmetry at the DV midline of the
eye called the equator (WoLrr and REaDY 1993).

In the dorsal eye, a GATA-type zinc (Zn)-finger do-
main transcription factor, Pnr, which initiates Wg sig-
naling, is expressed (MAUREL-ZAFFRAN and TREISMAN
2000). Wg signaling in turn promotes the expression of
members of the Iroquois complex (Iro-C), namely araucan
(ara), caupolican (cawp), and mirror (mirr) (HEBERLEIN
et al. 1998). pnrand members of Iro-Cact as selectors for
the dorsal eye fate (GOMEZ-SKARMETA el al. 1996;
MCcNEILL et al. 1997; CAvoDEASSI el al. 1999). The bound-
ary between the dorsal and ventral compartments is the
site of Notch (N) signaling, which is required for cell pro-
liferation and differentiation of the eye (CHO and CHoOI
1998; DoMINGUEZ and DE CELIS 1998; PAPAYANNOPOULOS
et al. 1998; DoMINGUEZ and CasARrEs 2005). The activa-
tion of N signaling at the DV boundary is mediated by
the function of Fringe (Fng), a glycosyl transferase pre-
ferentially expressed in the ventral domain of the early
eye disc (CHO and CHO1 1998; DOMINGUEZ and DE CELIS
1998; PAPAYANNOPOULOS et al. 1998; MOLONEY et al.
2000; HAINES and IrRVINE 2003). Iro-C genes restrict the
expression of fngto the ventral eye, thereby establishing
the DV boundary (CHo and CHo1 1998; DOMINGUEZ and



170 A. Singh et al.

DE CELIS 1998). Thus, DV patterning is a crucial event
for the growth of the early eye disc.

Apart from the genes expressed in a domain-specific
pattern, there are genes that are expressed ubiquitously
in the eye but exhibit a domain-specific function (CHERN
and CHO1 2002; SINGH and CHO1 2003; SINGH ¢t al. 2004).
For example, Lobe (L), which encodes a novel protein, is
expressed ubiquitously in the eye disc butis required only
for ventral eye development. Genetic epistasis analysis
suggests that L acts downstream of N signaling and is re-
quired for expression of Serrate (Ser), which is expressed
preferentially in the ventral eye (CHO and CHoI 1998)
and is essential for ventral eye disc growth and develop-
ment (CHERN and CHo1 2002; SINGH and CHor 2003).
Earlier studies showed that prior to the onset of pnrgene
expression, the entire eye disc is ventral in fate and re-
quires L and Ser gene function. Subsequently, pnrexpres-
sion appears in the dorsal margin of the early second
instar eye disc to establish the DV pattern (SINGH and
Cnort 2003). Thus, the functional domain of L and Seris
either the entire eye field or restricted to the ventral
domain, depending on the time ofinitiation of pnrexpres-
sion in the dorsal eye margin (SINGH and CHoI 2003).

This raises two questions: (1) How is the ventral eye
domain maintained without being entirely dorsalized by
the function of the dorsal selector gene? and (2) How
does L regulate the survival and growth of tissue in the
ventral eye disc? To address these questions, it is
necessary to identify additional genetic components
that either antagonize or promote L functions. One of
the major hurdles to employing conventional classical
genetic screens that rely on the loss-of-function (LOF)
phenotypes is that nearly 66% of the Drosophila genes
are functionally redundant and phenotypically silent
(RUBIN et al. 2000). Thus, itis possible that heterozygous
conditions for LOF mutations in potential modifier
genes may be insufficient to alter the L mutant
phenotype. However, these functionally redundant
genes can be identified by an alternative and powerful
gain-of-function approach (BrLaIr 2003a). This approach
uses a collection of EP element lines (RorTH 1996),
which allows misexpression of genes in specific tissues in
a sensitized genetic background to reveal phenotypic
enhancement or suppression.

EP lines harbor a P-transposable element containing
the upstream activation sequence (UAS) that binds
GAL4 and a basal promoter to direct the expression of
genes downstream from the EP insertion site (RORTH
1996). Using specific GAL4 driver strains, EP-mediated
targeted misexpression can generate more recognizable
phenotypes than the ones elicited by LOF mutations in
the same gene (RORTH 1996; RORTH et al. 1998; HUANG
and RuBiN 2000; ABDELILAH-SEYFRIED ef al. 2001;
KRrRAUT et al. 2001; PENA-RANGEL et al. 2002; TSENG and
HariHARAN 2002). Another advantage of this gain-of-
function (GOF) strategy is that the genes associated with
EP insertion lines can be rapidly identified (BrLAIR

2003a). Therefore, once the modifier genes are identi-
fied, itis possible to testfor reciprocal genetic interactions
using available LOF mutations in these identified genes.
On the basis of this rationale, we devised a GOF strategy to
identify genes affecting L function in ventral eye growth
and development. Since Lis necessary for DV patterning
and growth of the ventral eye tissue, genes interacting
with L may be grouped into two main categories: (i) the
genes that show asymmetric expression or function in the
dorsal or ventral domain and (ii) the genes that either
regulate orare regulated by L to promote eye growth. The
genesin the second category may not necessarily function
asymmetrically in the dorsal and ventral domains. Both
groups of genes would provide important clues to un-
derstanding the mechanism of L function in patterning
and growth control.

In this study, we performed an EP-based genetic
screen to look for modifiers of L gene function in DV
patterning and/or growth. Since the majority of the
modifiers identified in our screen are known to interact
genetically with pnr or are members of the downstream
Wg signaling pathway, we further analyzed the genetic
interaction between L and pnr. Here, we show that dur-
ing DV patterning of the eye, L and pnr act antagonis-
tically to each other in the time window spanning
through the second instar of larval development to
restrict the functional domains of each other. Further-
more, this relation coincides with the initiation of pnr
expression in the dorsal eye margin. Our results suggest
that the antagonistic interactions between genes in-
volved in patterning and growth of DV domains are
essential for balanced eye growth and that the L func-
tion in eye growth is regulated by interaction with Hh
and Dpp signaling pathways, which have not been docu-
mented previously.

MATERIALS AND METHODS

Fly stocks used: Stocks used were ey-GAL4 (HAZELETT et al.
1998), UAS-GIP, y w; 17/CyO, L/CyO, y w; FRT42D, and L'/
CyO. 17 is a dominant mutation, which is lethal when homozy-
gous or when heterozygous over Df (2R) trix deficiency. Mutant
alleles used in this study are emc¢'?, an amorph allele of
emc (BROWN et al. 1995); Bar'(B')/FM7, a dominant gain-of-
function mutation generated by duplication of the 16A region
containing BarHI and BarH2 genes, referred to as Bar (B);
Df(1)Bar>***, a deficiency in which both B genes are deleted
(HicasHIIMA et al. 1992); sgg'/FM7a Dp(1;2;4) w*, a lethal
recessive X-ray allele of sgg (Bourouis et al. 1990); Df (2L)
BSC7/Cy0, UAS-pnr”* (HAENLIN et al. 1997); y w; FRT82, pnr™°/
TM6B (HEITZLER et al. 1996); UAS-pnr®™™, a dominant-negative
form of pmr, which contains the repressor domain from En-
grailed (amino acids 2-298) (KLINEDINST and BoDMER 2003);
UAS-ush (FOSSETT et al. 2001); Df (3L) Iro-C*™” FRT80/TM6B, a
deficiency for ara, caup, and promoter for mir; UAS-ara
(GOMEZ-SKARMETA el al. 1996); UAS-mirr (McCNEILL et al.
1997); y w ey-FLP (NEwsoME et al. 2000); and pnr-GAL4
(CALLEJA et al., 1996). All stocks are described in FlyBase
(http://flybase.bio.indiana.edu).
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Temperature-shift regimen: We followed a commonly used
strategy of exploiting the temperature sensitivity of GAL4 ex-
pression (CHO and CHoO1 1998; KumaARr and MosEs 2001; SINGH
and CHo1 2003) to block pnrgene function by overexpressing
ush (ey-GAL4, UAS-ush) during different stages of eye devel-
opment. Eggs were collected for 2 hr from the cross of L°/CyO;
e)-GAL4 flies with y w, UAS-ush flies. Each egg collection was
divided into several batches. These independent batches were
reared at 18° (blue line, Figure 9A) except for a single shift to
29° (red line, Figure 9A) in a 24-hr time window during dif-
ferent periods of development spanning from embryogenesis
to the late third instar. From each egg collection we generated
aset of cultures. For controls, we maintained (a) ey-GAL4/UAS-
ush (ey>ush) and (b) L?/+; ey-GAL4/UAS-ush (L?/~+; ey>ush)
cultures at 18°, 25°, and 29° during the entire course of eye
development.

Strategy of EP screen: This GOF screen employed the
GAL4/UAS system for overexpression of EP lines (BRAND and
PERRIMON 1993; RorTH 1996). The EP transgenic line collec-
tion comprising 2296 EP lines (RorTH 1996) was obtained
from the European Drosophila Stock Center and the Bloomington
Stock Center. In our screen, y w; L?/CyO; ey-GAL4 flies were
mated individually to EP lines (Figure 1, G and H). We scored
F, progeny from each cross for any modification in the loss
of the ventral eye phenotype of the L?°/+ mutant. EP lines
showing the complete elimination or reduction of the L?/+
eye phenotype were classified as enhancers, and the lines that
significantly rescued the loss of the ventral eye phenotype were
classified as suppressors of the L mutant phenotype (Figure
1H). Since the L? mutation was balanced over CyO, we could
compare experimental (L°/+; ey>EP) vs. control (+/CyO;
¢y>EP) phenotypes within the same progeny population. We
found that ey- GAL4driven UAS-GFP (ey> GI'P) is expressed in
the entire eye during all stages of eye disc development (Figure
1,D-F). We noted that GAL4 expression by ey-GAL4in the third
instar eye disc differs from EY protein localization, which is
expressed anterior to the morphogenetic furrow in undiffer-
entiated cells (HALDER et al. 1998; SINGH et al. 2002). We
checked if this ey>GFP expression is due to perdurance of
GFP by using overexpression of homothorax (hth) as a test. Hth,
a transcription factor, which is expressed anterior to the fur-
row, blocks eye development when misexpressed in the dif-
ferentiating eye (Par et al. 1998). We found that ¢y-GAL4driven
UAS-hth (ey> hth) results in complete elimination of the eye, a
phenotype similar to the one exhibited when hthis ectopically
induced in the differentiated eye. These results suggest that,
in e)-GAL4 flies, GAL4 proteins are present in the region
posterior to the furrow where photoreceptor differentiation
takes place during third instar larval eye development.

Scanning electron microscopy: We prepared the flies for
scanning electron microscopy by dehydration through a series
of increasing concentrations of ethanol. Dehydrated flies were
dried in a Samdri-780 critical point dryer and mounted for
electron microscopy. Fly samples were coated with silver using
a Denton vacuum sputter coater and analyzed using a Jeol-
6100 scanning electron microscope.

LOF clones: LOF clones were generated using the FLP/
FRT system of mitotic recombination (Xu and RusIN 1993).
To generate LOF clones of Lin the eye (NEWSOME et al. 2000),
ey-FLP, FRT42 ubi-GFP females were crossed to FRT42D, L’
males. To generate the clones of pnr™® males of y w; FRT82,
pnr™®/TM6B were crossed to ey-FLP; FRT82 ubi-GFP females.

Immunohistochemistry: Eye-antenna discs were dissected
from wandering third instar larvae and stained as described
earlier (SINGH et al. 2002). The antibodies used were rabbit
anti-DLG (1:200) (a gift from Kyung-Ok Cho), rabbit anti-
HTH (1:300) (a gift from Y. Henry Sun), rabbit anti-EY (1:500)
(a gift from Uwe Walldorf), rat anti-ELAV (1: 20), mouse anti-

WG (1: 20), and mouse anti-22C10 (Developmental Studies
Hybridoma Bank). Secondary antibodies (Jackson Laborato-
ries) were donkey anti-rat IgG conjugated with Cy5 (1: 200),
donkey anti-rabbit IgG conjugated with Cy3 (1:400), or goat
anti-mouse IgG conjugated with Alexa Fluor 488 (1:200). pnr
expression was detected using pnrGAL4>UAS-GIP (P1cHAUD
and Casares 2000; SINGH and CHo1 2003).

RESULTS

Gain-of-function strategy to identify EP lines that
suppress the L mutant phenotype: We used the L” mu-
tant, which exhibits a strong, consistent phenotype of
preferential loss of the ventral eye pattern in hetero-
zygotes (Figure 1, B and C; SINGH and Cno1 2003). To
check the dorsal vs. ventral fate of ommatidia in the .2/+
mutant eye, we used mirr®"?, an enhancer trap line with a
Pelement insertion in the merr gene (CHOI el al. 1996),
which serves as an excellent marker for dorsal eye fate
(Figure 1A). We found that except for a few cells along
the ventral eye margin, nearly all ommatidia in ?/+
mutant eyes are dorsal in fate (Figure 1B). This loss of
ventral eye pattern in the 1?/+ mutant can also be ob-
served in the eye imaginal disc (Figure 1C) and adult eye
sections (data not shown).

The genes represented in the EP lines collection
(RorTH 1996) were overexpressed in L?/+ background
using the ey-GAL4 driver (HAZELETT et al. 1998), which
drives GFP reporter gene expression in the entire eye
(Figure 1, D-F) in both differentiating cells posterior to
the morphogenetic furrow and undifferentiated pro-
liferating cells anterior to the morphogenetic furrow
(Figure 1F; see also MATERIALS AND METHODS). Of the
2296 EP lines tested, 33 lines (~1.4%) with EP inser-
tions in 10 genes were identified as modifiers that can
suppress the L°/+ mutant eye phenotype upon over-
expression (Figure 1, H and I; Table 1). Nearly 27% (9/
33) of these modifiers either were found to interact with
pnr (PENA-RANGEL et al. 2002) (Table 1) or were mem-
bers of the Wg signaling pathway. To eliminate the
possibility of nonspecific interactions, we retested these
genetic interactions with LOF mutations in the identi-
fied modifier genes. Since the initial screen was based
on the interaction of L?/+ and EP-mediated overex-
pression of modifier genes, we would expect to see
opposite genetic interactions with LOF mutations. Here
we present the phenotypes of a few selected suppressors.

The overexpression of escargot (esg), using EP in-
sertion in an esg gene, rescued the L°/+ ventral eye loss
phenotype to a near wild-type eye (Figure 2, B and C)
whereas the overexpression of esgalone does not affect
the eye size (Figure 2A). esg encodes a Zn-finger tran-
scription factor involved in imaginal disc development
(HavasHI et al. 1993; FUSE et al. 1994). We stained the eye
discs (L?/+; ey>esg) with anti-Bar antibody, a marker for
RI and R6 fate, and confirmed that the planar polarity
of the ommatidia in the rescued portion of the eye disc
is ventral (Figure 2B inset). We also verified the rescue
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FIGURE 1.—Schematic of the gain-of-function screen. (A)
Adult eye of mirr®'?, an enhancer trap line showing dorsal-
eye-specific expression of the mini-white reporter gene. (B)
In L2/+; mirr®'2 /+ flies, almost all w~ ventral ommatidia
are lost showing only w" dorsal ommatidia. (C) Eye imaginal
disc of L?/+ mutant shows selective loss of ventral eye pattern.
(D-F) (ey>GIP), ey-GAL4 driven UAS-GI'P reporter gene ex-
pression in (D) first-, (E) second-, and (F) third instar larval
eye imaginal disc. D shows a pair of early eye imaginal discs.
GFP is expressed in the entire eye primordium during all
stages. Unlike Ey protein that expresses anteriorly to the furrow
in the third instar disc, ey> GIP is expressed in the entire eye
disc. (G) Schematic of F; screen where flies of pattern line
(L?/Cy0O; ey-GAL4) were crossed to various EP target lines.
(H) The criteria used for classification of the L modifiers into
enhancer and suppressor categories. The modifiers that upon
overexpression enhance the L mutant phenotype to no or sig-
nificantly reduced eyes were referred to as enhancers whereas
the ones thatsuppress the Lmutant phenotype from partial res-
cue of the ventral eye to near wild-type eye were classified as sup-
pressors. (I) Summary of the data generated from the screen.
All eye discs are oriented with anterior on the rightand dorsal at
the top. AN, antenna.

of the ventral eye phenotype on the basis of the
ommatidial polarity in the adult eye sections (data not
shown). All five independent EP insertions in the esggene
(EP633, EP683, EP2159, EP2370, and EP2408) showed
suppression of the L?°/+ mutant phenotype, support-
ing the fact that the interaction of L and esg is specific

(Table 1). Nearly 20% of the adult progeny showed com-
plete eyes whereas the remaining 80% partially suppressed
the L?/+ mutant phenotype to varying degrees. These
results suggest that esg may act downstream or function
in parallel to L. Furthermore, reducing levels of esgin a
heterozygous background of esgmutant allele (esg”/+)
enhanced the L?/+ mutant phenotype of ventral eye loss
to no eye in ~21% (10/48) of flies observed.

The overexpression of EP1576, an insertion at the
shaggy (sgg)/Drosophila GSK-3B gene, could suppress
the L?/+ mutant eye phenotype; however, the over-
expression of sgg (ey>sgg) in the eye results in a normal
looking eye (Figure 2D). sggacts as an antagonist of the
Wg signaling pathway (PEIFER et al. 1994; SIEGFRIED et al.
1994). The suppression did not extend completely to
the anterior ventral margin of the eye disc (Figure 2E)
and was also observed in ~16% (11/69) of adult flies
(Figure 2F). The genetic interaction of L and sgg was
also confirmed by using a LOF mutation of sgg. The ge-
netic interaction of sgg’ and L’ in heterozygous combi-
nation (sgg’/+; L?/+) resulted in the complete elimination
of the eye field in ~15% (7/48) of observed flies (Figure 3,
A and B), whereas sgg'/+; L*’/+ mutant female flies
showed a loss of the ventral eye phenotype (data not
shown). Notably, L’ in a heterozygous combination
(L*?/+) shows a normal wild-type eye. These results sug-
gest that Wg signaling acts antagonistically to L function.

We also identified fringe (fng), a member of the N
signaling pathway involved in DV patterning of the eye,
as asuppressor of the L?/+ mutant phenotype (Table 1).
The overexpression of fngusing the EP3082 line partially
rescued the loss of the ventral eye phenotype of the 1.7/+
mutant as seen in the eye disc and the adult eye (Figure 2,
H and I), whereas the overexpression of fng (ey>fng)
results in a small eye (Figure 2G; CHO and CHor 1998).
These results suggest that fngmight act downstream from
or parallel to L during early eye growth.

Our data also suggest that L genetically interacts with
the Hh signaling pathway. First, EP1220, an insertion at
smoothened (smo) that encodes a receptor of the Hedge-
hog (Hh) signaling pathway, can suppress the L?/+ eye
phenotype (Figure 2, K and L). The overexpression of
smo (ey>smo) in a wild-type background did not affect the
eye (Figure 2J). Second, the overexpression of Ak with
EP3521, an insertion at hh, also suppressed the L*/+
mutant phenotype (Table 1). Furthermore, the double
mutant of L?/+ and hh, (L* /CyO; hh'/hh'), showed com-
plete elimination of the eye. Similar phenotypes were
seen with L™*7/CyO; hh'/hh' (data not shown), which
further supports the fact that Hh signaling promotes L
function.

Cullin-4 (Cul-4) is a key component of the E3 ubiquitin
ligase complex that is required for DNA damage control
(ZuoNG et al. 2003). The overexpression of cul-4 by
EP2518, an insertion at the cul4 gene, rescued the L?/+
mutant phenotype (Figure 2, N and O), whereas ey>cul-4
did not affect eye size (Figure 2M). Transheterozygous
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TABLE 1

Modifiers affecting the L mutant’s phenotype of loss of the ventral half of eye

173

Effect of
EP line Cytological location Gene Description modifier
1576 3B1-3B1 sgg Glycogen synthase kinase 3, protein +
serine/threonine kinase activity
1643 7B2 sarcoplasmic Calcium ion-binding activity +
calcium-binding
protein
950,1149 8F9 nej CBP Acetyl transferase, CREB-binding protein -
1179, 1410
1235 1427 9E2 raspberry (ras) Ionosine-5" monophosphate dehydrogenase +
activity, interacts genetically with pnr
1353 1508 12A9-B2 Misexpression Transcription factor involved in cellular defense ++
Suppressor of Ras 1 response
(NFAT)
1324 15E2-3 CG16700 Gamma amino butyric acid transporter activity ++
1350 16A1 B Transcription factor - -
1220 21B7 smo G-protein-coupled receptor activity, Hedgehog +
receptor activity
2500, 598 22D1 anlerior open (aop) ETS-binding domain transcription factor, - —
or yan negative regulator of EGFR pathway
2454 27B1 nruvl Sodium/potassium-exchanging ATPase activity +++
655 34A1 kekkon-1 (kek-1) Transmembrane receptor protein, serine/ +
threonine kinase activity
2173 35B2 no ocelli (noc) Zn finger, C2H2 type, transcription factor +
633, 683 35D2 esg Zn finger, C2H2 type, transcription factor +++
2159, 2370 involved in neuroblast cell division, interacts
2408 with pnr
2518 44B1 cul-4 Ubiquitin protein ligase activity ++
2208 45D5 wunen (wun); Phosphatidate phosphatase activity, ++
wunen 2 (wun2) G-protein-coupled receptor protein
2316 52B2 EP1229 Unknown, interacts genetically with N and pnr ++
2012 2031 53F8-9 Glutathione S transferase Glutathione transferase and glutathione +
S1 (Gst S1) peroxidase, interact genetically with pnr
2452 60E1 CG16936 Glutathione transferase activity +++
415, 3166 61C9 eme Helix-loop-helix dimerization domain for -
3614, 3620 protein-binding activity, interacts genetically
3087 with pnr
3168 66E1-3 dally Cell adhesion molecule, interacts genetically -
with wg
3152 68F5-6 RhoGAP6SF Rho GTPase activator +
3622 69E2-3 CG17667 Cell adhesion molecule, serine threonine kinase activity +
3123 73E4 CG6664 Encodes a protein with chromatin binding and +
involved in cell cycle
3082 78A1 fng UDP-glycosyl transferase, dorso-ventral polarity of eye ++
3387 89A6 CG4225 ATP-binding cassette, transporter activity +
3196 89E11 Dad Domain A of Dwarfin protein, SMAD/FHA - —
domain, antagonist of Dpp signaling
1230 93D2 CG3308 Deoxyribonuclease activity ++
3521 94E1 hh Progression of MF ++
3285 95C8 Transcription factor- Transcription factor ITA ++
1IA-S (TIIA-S)
3096 99D1 CG7920 4-Hydroxybutyrate CoA-transferase ++
3280 100B2 dco Casein kinase activity, serine/threonine kinase activity +
3408 100C6 pygo PHD finger domain, transcriptional regulator, - -
Wg signaling pathway
3309 100B8 CG12054 Unknown +

Suppressors (+): +++, ~40% of flies show complete rescue of eye; ++, ~30% of flies show 75% rescue of ventral eye; +, ~30-
40% flies show weak rescue. Enhancers (—)—Note that loss-of-function mutations of these enhancer genes act as suppressors
of the L phenotype: — —, no eye, high penetrance (~40%), very strong pupal lethality; —, no eye (~20%) and 30% show a very

small eye.
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esg (EP633)

]

ey>esg

ey>sgg

ey>fng

ey>smo LZ/+; ey>smo

L2/+; ey>cul-4

ey>cul-4

L2/+; ey>nrv1

ey>nrv1 L2/+; ey>nrvi

Ficure 2.—Modifiers that suppress the L mutant phenotype
in the ventral eye. (A—C) Overexpression of esg (EP633) in eye
(A) (ey>esg), (Band C) in L?/+; ey>esg can fully rescue the ven-
tral eye loss phenotype of the L?/+ mutantin (B) the eye disc and
(C) the adult eye. Inset in B shows that ventral eye pattern is re-
stored in the rescued eyes upon esg overexpression on the basis
of Bar (B) staining, which marks R1 and R6 photoreceptor cells
in the eye. R1 and R6 cells demonstrate mirror-image symmetry
in the dorsal and ventral eye domains and B expression marking
these photoreceptor cells is commonly used to distinguish DV
fate in the eye disc. Overexpression of modifiers that suppress the
I’/+ mutant phenotype are (D-F) EP1576 (sgg), (G-I) EP3082
(fng), (J-L) EP1220 (smo), (M-O) EP2518 (cul4), and (P-R)
EP2454 (nrv 1). For controls, (D) ¢y>cul4, (]) ey>sgg, (M) ey>nrv
1, and (P) ey>smo have no visible effect on the eye whereas (G)
ey> fngresultsin asmall eye. Neuronal marker ELAV that marks pho-
toreceptor nuclei was used for marking the eye fate. Other markers
used were DLG (membrane), B (R1 and R6), Sens (R8), and Wg.

sgq/+; L2+ sgg'/+; L2/+

~

»
AN
Py
C -
L2/Df Nrv L%/Df Nrv

F1GURE 3.—Genetic interaction of loss-of-funtion mutations
in L and suppressors. Reducing gene function levels of sup-
pressors, namely sgg (sgg’/+) (A and B) and Nrv (Df (2L)
BSC7/+) (C and D) enhances the L?/+ mutant phenotype
of ventral eye loss to no eye as seen in the eye disc marked
by DLG and ELAV in A and C and in the adult eye in B
and D. Note that sgg’ is a hemizygous lethal mutation and that
these phenotypes have been observed only in the eyes of fe-
male flies.

combinations of cul-4 and L mutants (cul-4/L?) resulted
in variable reduction of the adult eye when a different L
allele was used (data not shown). When cul-4 mutant
clones were generated by the FLP/FRT method, the
mutant cells could not grow in either dorsal or ventral
domain and were out-competed by the surrounding wild-
type cells, suggesting that Cul-4 is essential for cell survival
and/or growth (data not shown).

EP2454, an insertion in the nervana 1 (nrv 1) gene that
encodes a subunit of sodium/potassium ATPase (Sun
and SALVATERRA 1995), rescued the ventral eye loss of the
L?/+ mutantin the eye disc (Figure 2Q) and the adulteye
(Figure 2R). ey>nrv I in a wild-type background did not
affect eye size (Figure 2P). We found a dominant genetic
interaction between various mutant alleles of L and Df
(2L) BSC7, a deficiency that uncovers nrv 1. In the
heterozygous combination of L°/Df (2L) BSC7, the eye
field was completely eliminated (Figure 3, C and D).
Although the mechanisms of specific interactions of cul-¢
and nrv I with Lremain to be studied, their strong genetic
interactions with L by LOF and GOF approaches suggest
that they may be involved in I-mediated eye growth
function directly or through a common target gene.

EP lines that enhance the L mutant phenotype: We
screened 2296 EP lines and identified 15 (~0.7%) modi-
fiers in 6 genes, which, when overexpressed in the eye,
enhanced the severity of the L?°/+ mutant eye pheno-
type (Figure 1E; Table 1). These modifiers are referred
to as enhancer modifiers throughout the text. As seen in
the case of modifiers that suppress the L?°/+ mutant
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F1GUre 4.—Modifiers that enhance the L mutant pheno-
type in eye. (A) Overexpression of EP3408, an insertion at pygo
in wild-type disc (ey>pygo) causes reduction in eye size. (B)
Overexpression of pygo in L°/+ mutant eye disc (L*/+;
ey>pygo) enhances the ventral eye loss phenotype to no eye
in eye disc (B) and adult eye (C). Overexpression of (D-F)
emc using EP415 and (G-I) B using EP1350 in the eye. (D)
ey>emcresults in a small eye. (E and F) L?/+; ey>emc enhances
the L?/+ mutant phenotype to no eye. (G) Overexpression of
Bin eye (ey>B) strongly reduces the eye size. (H and I) L?/+;
ey>emc strongly enhances the L mutant phenotype to no eye.

phenotype, 54% (7/13) of enhancer modifiers interact
genetically with pnr (PENA-RANGEL et al. 2002) . We carried
out additional tests to see whether the L°/+ phenotype
can be suppressed by LOF mutations in the enhancer
genes (Figure 5) and verified the specific interaction of
the modifiers using their LOF mutations. We present
here only the modifiers whose LOF mutations domi-
nantly enhanced the phenotypes of the various L mutant
alleles. These enhancer modifiers include extramacrochae-
tae (emc), B, nejire (nej), pygopus (pygo), and division ab-
normally delayed (dally) (Table 1). Of these, pygo and dally
are members of the Wg signaling pathway.

The overexpression of EP 3408, an insertion at the pygo
gene, strongly enhanced the /?/4+ mutant phenotype to
no eye (Figure 4, B and C). However, ey> pygoin wild-type
background reduced the eye size but did not generate
no-eye phenotypes (Figure 4A). Pygo contains a plant
homeodomain (PHD) finger at its C terminus, a motif
often found in chromatin-remodeling factors, and is
required for Wg signaling throughout Drosophila de-
velopment (THOMPSON et al. 2002). We also checked the
interaction using the LOF mutant allele of pygo and L
and observed the rescue of the ventral eye loss phenotype
seen in the L mutant (data not shown).

L2/+; emc2/+

Df (1)Bar/+; L%/+ Df (1)Bar/+; L%/+

FiGUre b.—Genetic interaction of loss-offunction muta-
tions in L and enhancer modifiers. (A-D) Trans-heterozygous
combinations of the L?/+ mutant with (A and B) the emc mu-
tant (L?/+; emc"?/+) and (C and D) the deficiency of B (Df (1)
Bar/+; 1?/+) result in partial rescue of the ventral eye loss
phenotype as seen in the eye disc (A and C) and in the adult
eye (B and D).

Five independent insertions in the emc gene (EP415,
EP3166, EP3614, EP3620, and EP3087) enhanced the L
mutant phenotype. emc encodes a helix-loop-helix pro-
tein and acts as a negative regulator of the morphoge-
netic furrow (BROWN et al. 1995). The overexpression of
emc using EP lines or UAS-emc enhanced the L?/+ mu-
tant phenotype of ventral eye loss to no eye with normal
antennae (Figure 4, E and F). ey>emc resulted only in
small eyes (Figure 4D). We also verified these interac-
tions using b0i-GAL4 (data not shown). bi-GAL4 is an
insertion at the optomotor blind (omb) locus, which
expresses on both the dorsal and the ventral polar
margins of the eye (CALLEJA et al.1996; SINGH et al.
2002). Furthermore, reducing the levels of emc gene
function in transheterozygous combinations of L and
emcmutants (L°/4+; emc”?/+ ) resulted in partial rescue of
ventral eye loss generated by L?/+ mutations (Figure 5,
A and B). These results suggest that the observed ge-
netic interactions are not due to an additive effect of
overexpression of emcand the L?/+ mutant background
and that emc acts as an antagonist of L gene function.

We found that the overexpression of the homeodo-
main gene B using the EP1350 insertion strongly en-
hanced the L?/+ mutant phenotype and caused a very
strong pupal lethality. These pharate adults had a no-eye
phenotype, whereas the antennal field was not affected
(Figure 4, H and I). We used B mutant alleles to check
the specificity of the genetic interaction. The B'is a GOF
mutant (HIGASHIJIMA et al. 1992). B'/+; L?/+ females
exhibited a no-eye phenotype (data not shown) similar
to the one observed by overexpression of EP1350 in the
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L?/+ mutant background. In contrast, the reduction in
B gene dosage by removing one wild-type copy of Bin a
deficiency of the B locus, Df (1) Bar***° w*/+, signifi-
cantly rescued the loss of the ventral eye pattern in the
L?/+ mutant (Figure 5, C and D). The B mutants also
demonstrated similar interactions with the L7 and L™
mutations (data not shown).

Weidentified B, emc, and members of the Wg signaling
pathway as enhancers, whereas esg, fng, cul-4, and mem-
bers of Dpp and Hh signaling pathway were suppressors
of the Lmutant phenotype. An important outcome from
our screen was that nearly 29% of the modifiers of both
the enhancer and the suppressor category were either
genes that interact with pnr or members of the down-
stream Wg signaling pathway. Thus, it would be in-
teresting to study the genetic interaction between L
and pnr.

L and pnr are mutually antagonistic: It has been
shown that L is essential for growth of the ventral eye
tissue butis dispensable in the dorsal region specified by
pnr function (SINGH and CHo1 2003). However, it has
not been tested whether overexpression of pnr is suf-
ficient to antagonize L function in the ventral eye and
whether L can act antagonistically to the dorsal eye
selectors to restrict their functional domain to the dorsal
eye. Therefore, we tested the genetic interaction of pnr
and Lusing combinations of GOF and LOF approaches.

We used the L”/+ mutant, which exhibits preferential
loss of the ventral eye pattern (Figure 6A and Figure
1E). Misexpression of pnr in the entire eye using ey-
GAL4 driver (ey>pnr) results in a small or no eye with
30% penetrance (Figure 6B) (MAUREL-ZAFFRAN and
Tre1sMAN 2000). It has been suggested that loss-of-eye
phenotype by overexpression of pnris due to elimina-
tion of the DV boundary of the eye as the entire eye field
is dorsalized (MAUREL-ZAFFRAN and TreismMaN 2000),
but these flies do not show pupal lethality.

The no-eye phenotype of pnroverexpression (ey>pnr)
was further aggravated from 30 to 100% when L gene
function (L?/+; ey>pnr) was reduced. The overexpres-
sion of pnrin the L?/+ mutant background resulted in
the loss of the eye field (Figure 6, C and D). In these
cultures very strong pupal lethality was observed as nearly
59% of the progeny failed to eclose. Only ~41% (36/88)
of the flies of the I?/+; ey>pnr genotype eclosed, and
these flies had highly reduced heads with no-eyes but
normal antennae (Figure 6D, arrowhead). This suggests
that L and pnrmay have a mutually antagonistic relation.
Thus, in the presence of L' wild-type function, the
overexpression of pnr cannot effectively dorsalize the
ventral region of the eye disc. We verified these results
using b-GAL4. The overexpression of pnr on the DV
margins of the eye by bi-GAL4 (bi > pnr) resulted in a very
small eye but in the L?°/+ mutant background it
enhanced the phenotype to no eye (data not shown).

To further test the specificity of the antagonistic
relation of Pnr and L, we checked whether the loss of

Lo+

L%/+; ey>pnr

L2/+; ey>pnr

FIGURE 6.—Overexpression of pnr can enhance the L mu-
tant phenotype. (A) L?/+ eye disc showing selective loss of
ventral eye indicated by dotted line. (B) Overexpression of
prnr in the wild-type eye, using ey-GAL4 driver (ey>pnr), re-
sulted in reduction of the eye field. (C and D) Overexpression
of pnrin the L?/+ mutant eye background (L?/+; ey>pnr) re-
sulted in loss of complete eye field as seen in the eye imaginal
disc (C) and the in adult eye (D). Note that antennal struc-
tures (arrowhead) and the mouthparts of adult flies are not
affected.

the ventral eye phenotype of the L mutants can be res-
cued by reducing the level of pnrgene function. We used
prr*, a null allele of pnr for these studies (HEITZLER
et al. 1996). In pnr* heterozygotes (pnr**°/+) where pnr
gene function is reduced to half, eye development oc-
curs normally. However, the loss of ventral eye pheno-
type of L?/+ (Figure 7A) was partially rescued by pnr™®/+
as seen in eye discs (Figure 7B, arrow) as well as in
~22% (5/23) of observed adult eyes (Figure 7C, arrow).
The sections of the adult eye of the L?/+; pnr™°/+ flies
showed rescue of the ventral eye on the basis of the
planar polarity of ommatidia in the ventral eye (data not
shown). We also verified this relationship using the weak
allele LY (data not shown).

LOF clones of pnrchange the fate of dorsal eye cells to
ventral and result in dorsal eye enlargements due to the
generation of an ectopic equator (MAUREL-ZAFFRAN
and TREISMAN 2000; SINgH and CHo1 2003) (Figure 7, D
and E, arrows). However, there is no effect of pnr LOF
clones in the ventral eye as pnris not expressed in the
ventral eye. To test whether the pnr function in DV
patterning depends on the L™ function, we generated
LOF clones of pnrin the heterozygous background of a
null allele of L (L*’/+). When LOF clones of pnrwere
generated in the L'*’/+ background, they failed to
induce such enlargements in the dorsal eye (Figure 7F).
These results suggest that the dorsal eye cells, which
acquire ventral eye fate upon loss of pnr gene function,
become sensitive to the reduced L gene dosage in the



Interactions of DV Patterning and Growth Control Genes 177

L=

L2/+; pnr*6/+
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FIGURE 7.—pnr acts as an antagonist of ventral eye growth.
(A) L?/+ eye imaginal disc . (B and C) In transheterozygous
combination of L?/+; pnr**/+, the L?/+ mutant phenotype
of ventral eye loss showed partial rescue in (B) eye disc and
(C) adult eye (arrow). LOF clones generated by the FLP-FRT
approach (Xu and RuBIN 1993) were marked by loss of GFP re-
porter in eye imaginal disc and by loss of mini-white reporter
gene expression in adult eye. (D and E) LOF clones of pnrin
the dorsal (D) eye disc and (E) adult eye showed dorsal eye en-
largements (arrows). Clone boundaries are marked by dotted
lines. However, LOF clones of pnrin the ventral clones have no
effect. (F) In the L'/+ background, the LOF half of eye of pnr
no longer showed dorsal eye enlargements. (G) LOF clones of
Lin adult eye cause preferential elimination of the ventral eye
pattern. Note that the LOF clone of L' (shown as L") in the
dorsal eye has no effect (clone boundary marked by white dot-
ted line). (H and I) In 30% of eye discs containing LOF clones
of Lin the pnr*/+ background show ventral eye tissue and ret-
inal differentiation within the clones as seen in the eye disc (H)
and the adult eye (I). (H) The inset shows ELAV-positive cells
within the clone in the ventral eye. Note that nearly 100% of L™
clones show loss of the ventral eye.

L'#%?/+ background. Thus the L function may be in-
hibited by pnrin the dorsal eye.

LOF clones of L result in elimination of the ventral
eye (Figure 7G; clone boundary is marked by a black
dotted line), whereas LOF clones in the dorsal eye have
no effect (Figure 7G, arrowhead) (CHERN and CHOI
2002; SiNGH and CHor 2003). However, the heterozy-
gosity of pnr™® (pnr*°/+) prevented the loss of the
ventral eye phenotype in nearly 22% of the LLOF clones
(Figure 7H; clone boundary marked by dotted line; inset
shows ELAV-positive photoreceptors in the magnified
ventral clone). Similarly, the phenotype of the LOF
clones of Lin the adultventral eye was suppressed by the
pnr/+ background (Figure 71, arrow). These results

Wild type

12/+

L2/+

FIGURE 8.—L restricts the expression domain of pnr (A)
pnr>GFP expression (green) marks the dorsal lateral margin
of the third instar eye imaginal disc. (A") In the dorsal eye
margin, the pnr expression stripe is composed of approxi-
mately 16 = 3 cells, based on an average from 17 eye discs.
(B and C) In the L?/+ mutant background, the pnrexpression
domain is broadened. (B’ and C’) Thickness of the pnr
expression stripe in the dorsal eye margin, which comprises
nearly 29 * 4 cells, based on an average from 11 eye discs,
shows an ~1.8 fold increase from that in the wild-type pnr
expression domain.

suggest that the levels of pnr are instrumental in the
manifestation of the L mutant phenotype and that Land
pnract antagonistically to each other in the eye.

Pnr expression broadens in the L mutant back-
ground: Pnr is expressed in the dorsal margin of the eye
in the peripodial membrane (Figure 8A) (MAUREL-
ZA¥FRAN and TreisMaN 2000; SINGH and CHo1 2003).
One possible mechanism for I-mediated inhibition of
pnr function may be restricting the pnr expression
domain to the dorsal margin. We tested this hypothesis
by checking pnr expression in the L mutant back-
ground. We used the pnr-GIP reporter gene construct
to examine pnrexpression in the eye disc (Prcaaup and
Casares 2000; SIngH and CHO12003). The GFP-positive
nuclei of the pnrexpressing cells were counted in wild-
type and L mutant eye discs for approximate quantita-
tion of the pnrexpression domain. We found that in the
L?/+ mutant background pnr expression in the dorsal
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margin broadens significantly (Figure 8, B and C). On
the basis of the average taken from 17 wild-type eye
discs, pnr expression was confined to 16 = 3 cell widths
from the dorsal margin. In contrast, the pnrexpression
domain extends to 29 = 4 cells in the L mutant discs (on
the basis of the average from 16 eye discs). This
corresponds to a nearly 1.8-fold increase in the width
of the pnrexpression domain. We also used the “image
J” program to count the number of nuclei in the control
vs. experimental eye discs and found similar results.
Other Lmutant alleles also showed similar expansion of
the pnr expression domain (data not shown). In the
wild-type eye disc, the pnrexpression in a small group of
dorsal margin cells is sufficient to dorsalize the entire
dorsal domain by activating Wg signaling (MAUREL-
ZAFFRAN and TreisMaN 2000). Thus, the near 1.8-fold
expansion of the Pnr expression domain in L mutant
eye discs may be sufficient to affect the ventral domain,
resulting in the loss of ventral eye as seen in L mutants.

Time window of Pnr and L interaction: We looked
for the time window when the antagonistic interaction
between Pnr and Lis crucial for DV patterning of the eye.
We blocked the activity of pnr during different de-
velopmental time windows by misexpressing U-shaped
(Ush), an inhibitor of Pnr activity. Ush, a zinc-finger
protein that is normally not expressed in the eye
(MAUREL-ZAFFRAN and TrREIsMAN 2000; FOSSETT et al.
2001), dimerizes with Pnr and acts as a negative
regulator of Pnr transcriptional activity (HAENLIN ef al.
1997). Misexpression of ush in the eye has been used to
inhibit pnr activity. It was shown earlier that ey-GAL4
used to drive UAS-ush (ey>ush) generates no-eye phe-
notypes in 80% of the flies whereas 20% of the flies show
extremely small eyes (FosseT et al. 2001; SINGH and
CnHor 2003). We exploited the temperature sensitivity of
the GAL4 driver (BRAND and PERRIMON 1993; CHO and
CHor 1998; KuMAR and Mosks 2001; SINGH and CHOI
2003) to misexpress ush conditionally at desired times
during eye development (see MATERIALS AND METHODS).

To conditionally regulate pnractivity, we used 29° (red
lines in Figure 9A) and 18° (blue lines in Figure 9A) for
high and low levels of pnr expression, respectively. For
controls, we maintained the cultures of ey>ush at 29°
throughout development (Figure 9A, experiment 1),
which resulted in a very small eye field, whereas the
antennal field was relatively normal (Figure 9B). When
pnr activity was blocked throughout eye development
in the L?/+ mutant background (Figure 9A, experiment
2), the frequency of the no-eye phenotype as seen in
the ey>ush eye imaginal discs increased from 80 to
nearly 98% (Figure 9C) and the adult flies failed
to eclose.

In experimental samples, we blocked pnr activity by
exposing each batch of cultures to a single shift at 29° in
a 24-hr time window. This allowed us to test the effects of
temperature shifts in different time windows extending
from embryo to late third instar larval stages. We found

Blocking pnr activity during different stages
of eye development in L mutant background.

#no eye (B)
# no eye (C)

— Le—————pp-half eye(D
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FIGURE 9.—Antagonistic interaction of pnrand L is crucial
for DV patterning during second instar of larval eye develop-
ment: (A) Schematic for the conditional blocking of pnractiv-
ity by overexpression of ush in the eye by ey-GAL4 (ey>ush).
Temperature sensitivity of GAL4 drivers was used to control
the time window of expression of Ush. Cultures were shifted
to 29° to induce ush expression in a specific time window. Cul-
tures were otherwise maintained at 18°. (A) Five different
experimental conditions listed as 1-5 were used to block pnr
activity. (B) Control showing overexpression of ush in the
eye. ey>ush (A, experiment 1) throughout eye development
showed no eye in 80% of the eye discs observed. ELAV was
used as a marker for eye fate. (C) Overexpression of ush in
the L?/+ eye (L?/+; ey>ush) throughout development com-
pletely eliminates eye field in nearly 100% of flies observed
(A, experiment 2). (D) Blocking pnr activity by ush overex-
pression in L?/+ background during first or third instar of
larval eye development results in loss of the ventral eye (A,
experiments 3 and 4), a phenotype similar to that of the
L?/+ mutant eye. (E) Blocking pnr activity during second
instar of larval eye development by overexpression of ush
results in rescue of the L mutant’s ventral eye phenotype (A,
experiment 5).

that the L?/+ mutant phenotype of ventral eye loss was
not affected when pnr activity was blocked from em-
bryogenesis until the first instar of larval development
(Figure 9A, experiment 3) or during the third instar of
larval development (Figure 9A, experiment 5) and
resulted in a phenotype similar to that of the L?/+
mutant phenotype of ventral eye loss (Figure 9D).
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However, when pnr function was blocked during the
second instar stage (Figure 9A, experiment 4), the L?/+
mutant phenotype was significantly rescued in the eye
(Figure 9E). We also found similar results by overex-
pressing Pnr*®, a dominantnegative form of Pnr
(KLINEDINST and BopMER 2003), which blocks pnractiv-
ity in the eye discs (data notshown). These results suggest
that the second instar of larval development is the time
window for mutually antagonistic interaction between L
and Pnr during DV patterning of eye.

Iro-C genes act antagonistically to L: We tested
whether the antagonistic relation of L and pnr is
exclusive or if it extends to other downstream dorsal
eye selectors such as members of Iro-C. Since all three
members of Iro-C showed similar effects upon over-
expression, we present the overexpression phenotype of
ey>ara as a representative control, which shows small
eye phenotypes in nearly 33% of eye discs and adult eye
(Figure 10, A and B). Overexpression of ara (Figure 10,
C and D) or mirr (Figure 10, E and F) using ¢y-GAL4 in
the 1’/+ mutant background resulted in no-eye phe-
notype in the disc and in the adult with high pene-
trance. In the case of ara overexpression (L?/+; ey>ara),
~96% (67/70) of the flies showed similar no-eye
phenotypes.

We also tested whether the eye phenotype of the L°/+
mutant can be suppressed by reducing the ro-C func-
tion. fro-C"™" deficiency, which uncovers ara, caup, and
miry, was used to reduce the dosage of all three Iro-C
genes (GOMEZ-SKARMETA ef al. 1996). We found that the
loss of the ventral eye phenotype in the L°/4+ mutant eye
disc (Figure 7A) as well as in the adult eye (Figure 1E)
could be partially rescued in the L°/+; Iro-C "™ /+
background (Figure 10, G and H). Nearly 18% (7/39)
of the flies showed rescue of the L°/+ eye phenotype.
The homozygous phenotype of a weaker allele, L, was
suppressed at a higher frequency (64%, 32/50 flies
observed). These results suggest that L function is an-
tagonistic to Pnr as well as to Iro-C. Our studies dem-
onstrate that the mutually antagonistic relationship
between the dorsal eye selectors and the ventral eye
growth control genes is crucial for regulating the DV
patterning in the eye. The time window for their
antagonistic relationship is during the second instar
of larval eye development and at that stage optimum
levels of these genes are required for DV patterning of
the eye.

DISCUSSION

Axial patterning plays a crucial role in organizing
growth and in differentiating developing fields. To
understand how the DV pattern is established in the
Drosophila eye, we analyzed the genetic relationships
between dorsal and ventral eye genes. We also identified
a group of new genes that modify the L mutant eye

EXE

ey>ara

C

L2/+:ey>ara

=

L%/+;ey>mirr

A

L2/+; [ro-CPFM3/4

L2/+; Iro-CPFM3/4

F1GUre 10.—Members of Iro-C act as antagonists of L func-
tion in the ventral eye. (A and B) Overexpression of arain eye
(ey>ara) results in small eye as seen in the eye imaginal disc
(A) and in the adult eye (B). In the L?/+ mutant background,
ey-GAL4-driven overexpression of ara (L*/+; ey>ara) (C and
D) and mirr (L?/+; ey>mirr) (E and F) results in elimination
of the eye field in eye disc as well as in adult eye. (G and H)
Transheterozygous combination of L?/+; Iro-C"™"/+, a defi-
ciency uncovering ara, caup, and the promoter of mirr rescues
the ventral eye loss phenotype of L mutant in eye disc (G) and
in adult eye (H). 22C10 is a neuronal marker marking photo-
receptor clusters.

phenotype not only by misexpression but also by re-
duced gene function.

Jng act as a modifier of L function: In the early eye
disc, fng is preferentially expressed in the ventral eye
(CHO and CHor 1998). The DV domain specification by
Fng is also important for growth of the eye disc as its
ubiquitous overexpression in the eye disc blocks eye
development (CHo and CHor 1998). Even though L
and fng play important roles during ventral eye growth
and patterning, the developmental interaction between
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F1Gure 11.—A model for early DV patterning in Drosophila
eye. Pnr expression in the dorsal eye disc margin induces Wg,
whichisrequired for expression of /ro-Cgenesin the dorsal half
of the eye disc (HEBERLEIN et al. 1998; MAUREL-ZAFFRAN and
TrEISMAN 2000). Iro-Cgenes restrict Fng expression to the ven-
tral eye and establish dorsal and ventral domains (CHO and
CHo1 1998; DoMINGUEZ and DE CeLIs 1998). Our results show
that pnr and L act antagonistically to each other and restrict
their functional domains to the dorsal and ventral eye, respec-
tively. The antagonistic behavior of Pnr can be direct or medi-
ated through Wg signaling. Partial rescue of the L mutant
phenotype by overexpression of fngsuggests that L may act up-
stream of fhgduring early DV patterning. In the ventral eye, fng
and L can regulate Ser expression (CHERN and CHor 2002).
(Earlier known relations are shown in black whereas new addi-
tions from our studies are shown in red.) Arrows do not neces-
sarily indicate direct actions.

the two has been unknown. Here, we showed that
overexpression of fng can partially compensate for the
loss of L gene function in the eye (Figure 2, H and I).
This suggests that fng works either downstream or
parallel to L in the growth of the ventral eye. It is
possible that Land fnginteract through the induction of
a common target, Sex; in the eye (Figure 11).

Wg signaling pathway negatively affects the ventral
eye growth function of L: Like several other pathways,
Wg signaling has multiple functions during eye de-
velopment. We identified Sgg, a serine/threonine
kinase (also know as Zeste-white 3), as a modifier that
suppresses the L mutant phenotype upon overexpres-
sion (Figure 2, Kand L). Sgg is known to inhibit the Wg
signaling pathway by downregulating Armadillo (Arm)
via ubiquitin-mediated proteosomal degradation (PEIFER
el al. 1994; SIEGFRIED el al. 1994; ABERLE ef al. 1997). We
also identified other components of the Wg signaling
pathway such as pygo (Figure 4, B and C) and dally as
modifiers, which, upon overexpression in the eye, en-
hanced the L mutant phenotype (Table 1). Our results
suggest that Wg signaling acts antagonistically to L
function in the ventral eye. The genetic interaction of
these EP lines with the L mutations represents specific
enhancement rather than additive effects, since antago-
nists of Wg signaling were identified as suppressors,
whereas members required for Wg signaling were iden-
tified as enhancers of the L mutant phenotype in our
EP screen.

Gain of Hh and Dpp signaling suppresses the L
mutant phenotype: In this screen, we found that the
overexpression of Daughters against Dpp (Dad), an
antagonist of Dpp signaling (TSUNEIZUMI ¢t al. 1997),
enhances the L mutant phenotype (data not shown),
whereas EP insertions at hh and its receptor gene smo
were identified as suppressors of the L mutant pheno-
type. The members of these two signaling pathways are
known to be involved in eye growth and differentiation
(GREENWOOD and STRUHL 1999). These results raise
another interesting possibility of the possible role of Hh
and Dpp signaling pathways in early eye growth and
patterning.

During Drosophila eye development, Hh controls
progression of the furrow by inducing the expression
of dpp and atonal (ato), a proneural gene responsible
for R8 photoreceptor formation (JARMAN et al. 1994;
DomiINGUEZ 1999). In the eye, hhand dppare involved in
a positive feedback loop for the initiation and move-
ment of the MF whereas Wg signaling acts antagonis-
tically to Dpp signaling to block MF movement and
progression (MaA and Mosks 1995; TREISMAN and RUBIN
1995; RoyET and FINKELSTEIN 1997). This antagonistic
relation may be present even during early eye develop-
ment (RoyET and FINKELSTEIN 1997; KENYON ef al.
2003) since wgand dpp are localized to opposing regions
of the undifferentiated younger eye primordia: dpp
along the posterior margin and wg across the dorsal
anterior region (CHO et al. 2000). These results suggest
that the early function of Hh and Dpp signaling is to
promote I-mediated ventral eye growth whereas Wg
signaling acts as an antagonist.

Other modifiers of the L mutant phenotype: We iden-
tified BarHI and BarH?2 as enhancers of the L mutant
phenotype. BarH1 and BarH?2 are a pair of homeobox
proteins that express in a subset of photoreceptors
(HricasHIJIMA et al. 1992) and in the basal undifferen-
tiated cells of the eye disc (Lim and Cuor 2003). B is
required for the negative regulation of eye development
by repressing the expression of the proneural gene ato
(Lm and CHo1 2003). However, it is not known whether
B plays a role in early eye growth, prior to retinal dif-
ferentiation. Clonal analysis has not yet revealed evi-
dence for B function in DV asymmetric eye patterning.
However, our data showed genetic interactions of L
mutants with GOF and LOF mutants of B (Figure 4, H
and I; Figure 5, C and D). The suppression of the L?/+
eye phenotype by a LOF mutation of B (B~ /+; L°/+),
which by itself (B~/+) has no defects in the eye, raises
the possibility that Bitself may not have DV asymmetric
function but needs to be downregulated by Lfor normal
growth of the early eye disc. This is also consistent with
the dramatic eye reduction observed when ey-GAL4
drive B (ey>B) is overexpressed during early eye de-
velopment (Figure 4, G-I). It has been shown that Wg
and B have both positive and negative regulatory rela-
tionships in prepatterning of the notum. B expression is
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activated by Wg in the scutum whereas B represses Wg
expression in the most anterior part of the notum (SaTo
et al. 1999). L mutants respond to GOF and LOF of both
Wg signaling and B in a similar fashion, suggesting that
Wg and B may be regulating each other positively
during early eye development.

L1is known to act downstream of N (CHERN and CHOI
2002). In the eye, emc and £, the repressors of ato, are
downregulated by N (Baonza and Freeman 2001).
During eye development, emc acts in collaboration with
hairy (h) as the negative regulator of the morphogenetic
furrow by repressing ato (BROWN et al. 1995). Therefore,
identification of emcas an antagonist of L-mediated early
ventral eye growth seems possible. Interestingly, both
emc and B have also been identified as modifiers of pnr
(PENA-RANGEL et al. 2002).

Some of the genes that we have identified as L
modifiers, such as B, emc, and smo, have been well
characterized, but their roles in early eye disc growth
and/or DV asymmetric function have not been studied.
We also identified genes involved in cell survival and
growth such as disc over grown (dco), a member of the
serine/threonine protein kinases family (Kross et al.
1998), and genes involved in vesicular trafficking,
including RhoGAPG6SE, an ion transport such as nrv 1
(Sun and SALVATERRA 1995), and the acetyl transferase
nej (KUMAR et al. 2004). It is possible that potential DV
asymmetric function of these genes might have been
missed by LOF analysis because of functional redun-
dancy or these genes may be modifying the early growth
function of L in the eye. More in-depth studies will be
necessary to explore these possibilities. However, it is
important to note that both GOF and LOF of these
genes exhibit specific genetic interactions with L mu-
tant backgrounds. In addition to the well-characterized
genes, we have identified a few novel genes like EP1229
and EP1595 whose functions are not known. These
genes were not listed here as we have not tested the
specificity of their genetic interaction with L by using
LOF mutations.

Antagonistic relation of dorsal eye selectors and
ventral eye growth genes: Our results demonstrate that
the level of pnr gene function is a crucial factor for DV
patterning of the eye as increased levels of pnr gene
function enhance the L mutant phenotype of ventral
eye loss to no eye (Figure 6, Cand D), whereas reduction
of pnr gene function rescued the loss of the ventral eye
phenotype of the L mutant (Figure 7, B and C). Further,
the phenotypes of LOF clones of L where only the
ventral cells are lost (Figure 7G; SINGH and CHo1 2003)
can be rescued by reducing the levels of pnr gene
function (Figure 7, H and I). These results suggest that
pnr acts antagonistically to the ventral eye growth
function of L. However, we also found that the antago-
nism of pnrand Lis mutual (Figure 11). This conclusion
is based on the fact that the gain-of-function phenotype
of pnr in the eye is significantly enhanced when L

function is reduced (Figure 6). We also validated our
conclusions by showing that the dorsal eye enlarge-
ments associated with LOF clones of pnr can be
prevented by reducing the levels of L gene function
(Figure 7F). These results suggest that optimal levels of
pnrand Lare necessary for DV patterning and growth of
the eye. We also found that the downstream dorsal eye
selectors, Iro-Cmembers (ara, caup, mirr) are involved in
a mutually antagonistic relationship with L (Figure 10).
Our studies demonstrate that the antagonism of L holds
true for key components involved in dorsal fate selec-
tion during early eye development.

Developmental time window of the pnr and L
antagonistic relationship: We also identified the time
window of the second instar of larval development
during which mutual antagonistic interaction of L and
pnris required for DV patterning and growth in the eye
(Figure 9). Previously, we have shown that the pnrfunc-
tion in eye development is critically required during the
second instar larval stage (SINGH and CHor 2003). This
time window is coincident with the one that is required
for the antagonism of pnrand L as shown in this study,
suggesting that a major function of L in early eye de-
velopment is to establish the DV domains by negatively
regulating the dorsal selectors. Our studies also support
the physiological relevance of this mutually antagonistic
interaction in DV patterning.

It is not known how L antagonizes Pnr function. One
possibility is that L. may be required for restricting the pnr
expression domain to the dorsal margin of the eye disc.
It was difficult to check whether L is cell-autonomously
required for pnr repression because LOF clones of L
result in the elimination of the entire or ventral eye,
depending on the time when the clones are generated
(SIngH and Cno1 2003). Alternatively, we studied the
effectofa L mutation on pnrexpression (Figure 8, Band
C). Interestingly, pnr expression, which is restricted to
the dorsal eye margin in wild type eye discs (Figure 8A),
shows a nearly twofold expansion in L?°/4+ mutant discs
(Figure 8, Band C). Itremains to be studied whether Lis
required for the repression of pnrexpression or for the
inhibition of growth of pnrexpressing cells. On the basis
of our data we suggest that during early DV patterning,
the onset of pnrexpression might restrict the functional
domain of L and Serto the ventral eye. It is possible that
pnr may also suppress L gene function via the Wg sig-
naling pathway (Figure 11).

Our results support the view that various develop-
mental pathways cross-talk with each other to define the
final form of a developing eye field. Such genes are
likely to interact with both pnrand L. It is interesting to
note that we identified several pnrinteracting genes
(Table 1) as L modifiers in our screen. This illustrates
the importance of the interaction of L and pnr pathways
and also the efficacy of our screen. Further study of
new modifiers of L may provide important clues to
the mechanism of pnrL interactions in the control of
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growth and/or DV patterning of the eye. Since the
compound eye of Drosophila shares some similarities
with the vertebrate eye (HARTENSTEIN and ReH 2002;
PeTERS and Cepko 2002) and genetic machinery is
highly conserved, it would be interesting to see if these
antagonistic interactions between the dorsal eye selec-
tors and the ventral eye genes play roles in the DV
patterning and growth of vertebrate eyes.
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