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ABSTRACT

Notch has multiple roles in the development of the Drosophila melanogaster wing imaginal disc. It helps
specify the dorsal–ventral compartment border, and it is needed for the wing margin, veins, and sensory
organs. Here we present evidence for a new role: stimulating growth in response to Hedgehog. We show
that Notch signaling is activated in the cells of the anterior–posterior organizer that produce the region
between wing veins 3 and 4, and we describe strong genetic interactions between the gene that encodes
the Hedgehog pathway activator Smoothened and the Notch pathway genes Notch, presenilin, and
Suppressor of Hairless and the Enhancer of split complex. This work thus reveals a novel collaboration by the
Hedgehog and Notch pathways that regulates proliferation in the 3–4 intervein region independently of
Decapentaplegic.

THE cell-signaling pathways that control cell fate,
proliferation, and patterning during development

are unexpectedly few in number. They are used
extensively among most organs and tissues and are
highly conserved among metazoans. The key pathways
are Hedgehog (Hh), Janus kinase/signal transducers
and activators of transcription ( Jak/STAT), several
receptor tyrosine kinases [e.g., fibroblast growth factor
(FGF) and epidermal growth factor (EGF)], trans-
forming growth factor-b/Decapentaplegic (TGF-b/
Dpp), Wnt/Wingless (Wg), and Notch (N). Evidence
that cross-regulatory interactions between these signal-
ing pathways are essential to their roles has emerged
with our improved understanding of how these path-
ways are constituted, how they are activated, and the
responses that they elicit (Hurlbut et al. 2007). In this
article, we report that activation of the N pathway
downstream of Hh contributes to growth and pattern-
ing in the anterior–posterior (AP) organizer region of
the Drosophila wing.

Hh helps to direct development in most metazoan
tissues, and its role in setting up and maintaining the
wing-disc AP organizer (the region that produces the
area that includes wing veins 3 and 4) has been
particularly well characterized. Hh protein is produced
by and exported from wing-disc posterior compartment
cells and can traverse many cells to be taken up by
anterior cells across the compartment border (Tabata

and Kornberg 1994; Chen and Struhl 1996). Paracrine
Hh signaling in these target cells engages the Patched
(Ptc) receptor and activates the Smoothened (Smo)
protein, which initiates a series of post-translational
modifications of components of the Hh signaling trans-
duction pathway (reviewed by Wilson and Chuang

2010). The output of this cascade changes the form
and intracellular distribution of the Cubitus interruptus
(Ci) protein (Aza-Blanc et al. 1997), which in the
absence of Hh signaling is either a captive, inactive
component of a cytoplasmic multi-protein complex or a
proteolytically cleaved fragment that functions as a
nuclear transcriptional repressor (CiRep). Hh signal trans-
duction inhibits repressor formation and transforms Ci
in the cytoplasmic complex to an active transcription
factor (CiAct). CiAct upregulates or induces expression of a
number of target genes, including ptc, dpp, and vein (vn)
(Basler and Struhl 1994; Tabata and Kornberg 1994;
Schnepp et al. 1996; Biehs et al. 1998; Amin et al. 1999);
Vn is an EGF ligand (Wessells et al. 1999). Dpp
expressed in the band of Hh-receiving cells adjacent to
the AP compartment border disseminates to target cells
in both compartments (Lecuit et al. 1996; Nellen et al.
1996), and by regulating their proliferation and identity,
embodies much of the functionality of the AP organizer.
Dpp does not, however, control all proliferation in the
wing pouch: cells in the AP organizer region show a
direct dependence on Hh (Mullor et al. 1997; Strigini

and Cohen 1997). How Hh carries out this role is not well
understood.

The role of Hh signaling at the compartment border
has been defined by both loss-of-function and gain-of-
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function conditions. Expression of dpp decreases if Hh
signaling is reduced (Strigini and Cohen 1997), and
the consequence is less growth. For example, if CiRep

levels are increased significantly, disc growth is reduced
and wings are small (Aza-Blanc et al. 1997; Ng 2007).
Less severe reductions in Hh signaling lead to more
subtle phenotypes. The disc cells adjacent to the
compartment border produce the region between wing
veins 3 and 4, and these are the cells that are most active
in Hh signaling. Proliferation in this region is strongly
reduced if Hh signaling in the disc is compromised,
although the wings may be otherwise normal in size and
pattern. Mutants defective for fused ( fu) and collier/knot
(col) have wings that are representative of this effect.
Fused is a serine/threonine protein kinase that, to-
gether with Ci, is a component of the cytoplasmic Hh
signaling complex, and it is required for Hh signal
transduction (Robbins et al. 1997). Col is a transcription
factor and a transcriptional target of hh signaling
(Nestoras et al. 1997; Vervoort et al. 1999).

If, on the other hand, Hh function in discs is
increased, discs grow excessively. Broadly expressed
ectopic CiAct leads to exceptionally large discs and large,
abnormally patterned wings (Ng 2007). Ectopic expres-
sion of Hh in clones also causes extra growth, but with
such localized expression that patterned outgrowths
and even wing duplications can result (Tabata et al.
1995; Zecca et al. 1995). These wing duplications are a
consequence of the influence of an ectopic develop-
mental organizer that is induced at the site of ectopic
paracrine Hh signaling where Hh-expressing cells abut
cells that do not express Hh (Tabata et al. 1995).

N signaling also plays key roles in most developmental
systems; in contrast to Hh, however, N signaling appears
to involve communication between cells that either are
immediately juxtaposed or are close neighbors (re-
viewed in Fortini 2009). N signaling often controls
binary cell-fate choices by cells whose developmental
potential is initially equivalent or occurs at borders
between two distinct populations of cells. Signaling can
be initiated by binding between two single-pass mem-
brane proteins at the cell surface of their respective
cells: N and one of its ligands, such as Delta (Dl) or
Serrate (Ser). Binding causes proteolytic processing of
N, leading to release of the N intracellular domain
(NICD) and translocation of this N fragment to the
nucleus. In the nucleus, the NICD forms complexes
with transcription factors such as Suppressor of Hairless
[Su(H)] to regulate target genes.

Known targets of Drosophila N include the 12 genes
of the Enhancer of split [E(spl)] complex, of which 7
encode basic helix-loop-helix (bHLH) transcriptional
repressors (Klambt et al. 1989; Delidakis and Artavanis-
Tsakonas 1992; Knust et al. 1992; Jennings et al.
1994). Disc expression of most of these repressors is N-
dependent (Singson et al. 1994; de Celis et al. 1996;
Wurmbach et al. 1999). While E(spl) genes are required

for some N-dependent functions, they are not required
for others, indicating that the E(spl)-encoded transcrip-
tion factors are not the only effectors of N signaling (de

Celis et al. 1996). The E(spl) repressors appear to be
partially functionally redundant, as no lethal mutations
have been identified in any one (Delidakis et al. 1991;
Schrons et al. 1992; Nagel et al. 2000).

Another known target is wg. In third instar wing discs,
wg is expressed at the dorsal–ventral (DV) compartment
border in cells with enhanced N signaling (Diaz-
Benjumea and Cohen 1995; Rulifson and Blair

1995). The disc cells at the DV compartment border
generate the wing margin, and loss of wing margin cells
(wing notching) is one of the characteristic phenotypes
of N mutants. N-induced wg expression functions to
pattern growth and differentiation along the DV axis
(Diaz-Benjumea and Cohen 1995), a role that is
analogous to that of Dpp in the AP organizer. Later in
wing development, N helps to direct formation of wing
veins and wing-blade sensory organs (Shellenbarger

and Mohler 1978; Parody and Muskavitch 1993).
The work reported here adds another role for N in wing
development.

We came upon interactions between the Hh and N
pathways in the course of a genetic screen for genes that
are involved in Hh signaling. This screen was conducted
in a sensitized background in which the efficiency of Hh
signaling in the cells of the AP organizer was reduced by
expression of smo RNAi. Flies with smo function reduced
in this way have reproducible abnormalities in both the
state and the size of the 3–4 intervein regions. By making
portions of the genome hemizygous in this sensitized
background, we previously identified 26 autosomal
segments that show haplo-insufficiency, and we charac-
terized the roles of two genes that these deficiencies
uncovered (Casso et al. 2008). Here, we extend this
screen to the X chromosome and describe two haplo-
insufficient segments on the X, as well as a new role for
N signaling in the AP organizer region of the wing disc.

MATERIALS AND METHODS

Drosophila lines: smo RNAi is described in Casso et al.
(2008). Su(H)del47 [a 1881-base deletion that removes portions
of Su(H) and l(2)35Bg] is a null allele. All other N pathway
mutants used in this study are listed in Table 1. Two N
reporters were used: Su(H)lacZ reporter [originally described
as Gbe1Su(H)m8 in Furriols and Bray 2001] on the X
chromosome and E(spl)m-a-GFP on the second chromosome
(Castro et al. 2005). UAS-N expresses the full-length wild-type
N cDNA (Lawrence et al. 2000). Two transgenes were used to
express E(spl) complex HLH proteins: UAS-mDh8 expresses mD
and UAS-E(Spl).T3 expresses E(spl)m8.

Deficiency screen: The screen used the Bloomington
Drosophila Stock Center collection of X chromosome defi-
ciencies, which cumulatively delete .95% of the euchromatin.
As diagrammed below, we screened F2’s, first crossing each
deficiency to FM6 Bar1 (B1), followed by a cross to ptcGAL4 smo
RNAi (pWIZ-smo2B) at 29�. Wings from female smo RNAi flies
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carrying deficiency chromosomes (B1) were compared to
wings from sibling female control flies carrying FM6, B1.
Enhancement or suppression of the ptcGAL4, smo RNAi wing
phenotype was scored in the proximal half of the wing in close
proximity to the anterior crossvein by assessing the distance
between veins 3 and 4. This region of the wing was sensitive to
dosage of the Hh pathway regulators smo, hh, en, ptc, and mts
(Casso et al. 2008; Jia et al. 2009), but neither the distance
between veins 3 and 4 in the distal part of the wing nor ectopic
venation phenotypes consistently correlated with changes in
pathway activity. In all genetic interactions reported here,
.90% of the wings scored with the indicated phenotype, and
each cross was scored at least twice. (Secondary phenotypes
such as vein thickness, notching, delta formation, and distance
between veins 3 and 4 in the distal wing blade did not correlate
with the state of Hh signaling in our assays. One exception is
wing notching when ptcGAL4 and RNAi alleles were used, as
noted in the results.)

Mutant and clonal analysis: Negatively marked mutant
clones were made by heat-shocking larvae for 30–45 min at
37� 2–3 days after egg laying. Genotypes of heat-shocked larvae
were hsflp; Su(H)del47, FRT40A/Ubi-GFP(S65T)nls2L, FRT40A for
Su(H) clones, and N55e11 FRT18A/arm-lacZ.VMM1 FRT18A; and
MKRS, P{hsFLP}86E for N clones. Temperature-sensitive
Nl1N-ts1 larvae were raised at 17� and were shifted to 30� for 24 hr
for loss-of-function assays. Assays for vn function were with
vn1/vnC221 larvae and pupae.

Immunohistochemistry: The following antisera were used:
Ptc mouse monoclonal, 1:300 (Capdevila et al. 1994); Ci, rat
monoclonal 2A1, 1:2000 (Motzny and Holmgren 1995);
LacZ, rabbit polyclonal, 1:5000 (Cappel/MP Biomedicals,
Solon, OH); N, mouse monoclonal C17.9C6 that recognizes
the N intracellular domain, 1:100 (Fehon et al. 1990); and Dl,
mouse monoclonal C594.9B that recognizes the Dl extracel-
lular domain, 1:50 (McGlinn et al. 2005).

RESULTS

N is a strong enhancer of smo RNAi: The distance
between wing veins 3 and 4 is sensitive to the state of Hh
signaling, and it increases or decreases if levels of the Hh
pathway components Hh, Ptc, Fu, Cos2, or Ci change. In
our screen, Smo function was reduced by expression of
smo RNAi at the AP organizer, resulting in a clear and
reproducible decrease in the 3–4 intervein region
(Figure 1, A and B). We tested 90 strains carrying X
chromosome deletions that together remove .95% of
the X euchromatin. Two regions, 14C-D and 3C2-D,
enhanced the smo RNAi phenotype. Df(1)FDD-0024486
(14C4-D1) and Df(1)FDD-0230908 (14C6-E1) refined
the region that enhanced the phenotype to 14C6-D1.
The 3C2-D region deficiencies Df(1)RR62 (3C-D),
Df(1)N-8 (3C2-3E5), and Df(1)N-264-105 (3C6-3D5)
yielded the strongest enhancement of smo RNAi of any
of the .300 deficiencies tested in our screening (Figure
1, A–D, and data not shown). Table 1 lists the 14C-D and
3C2-D deficiencies, as well as relevant mutant genes and
RNAi alleles that enhanced or suppressed smo RNAi.
This report focuses on the 3C2-D region.

To identify the genes in the 3C-D region whose haplo-
insufficiency is responsible for enhancing the smo RNAi

wing phenotype, we first tested deletions that partially

overlap 3C-D. Neither Df(1)vt (3C2-3C7) or Df(1)w67k30
(3C2-3C6) on the left flank affected the smo RNAi phe-
notype, nor did Df(1)dm75e19 (3C11-3E4), Df(1)Exel6233
(3D2-3D4), or Df(1)ED6712 (3D3-3F1) on the right flank
(data not shown). These results narrow the enhancer at
3C-D to 3C7-3C11 where 13 genes reside. N is one of them.
The absence of zygotic N function (i.e., N/N ) leads to
embryonic lethality and conversion of much of the
embryo ectoderm to a neural fate. Reducing N gene copy
number [i.e., Df(N)/1] or function (i.e., the amorphic
N55e11/1) results in a semi-penetrant notching of the wing
margin and an increase in the width of veins 3 and 5
(Figure 1, C and E). Similar phenotypes were observed
for the three 3C deletion chromosomes that enhance
smo RNAi (Table 1; data not shown), but wings of flies
carrying deletions (listed above) that flank the 3C smo
RNAi enhancer were not notched at the wing margins,
and the widths of their wing veins were not abnormal.

By crossing N mutant and N RNAi alleles with smo
RNAi, we tested whether N insufficiency can enhance
the smo RNAi phenotype. Strong enhancement similar
to phenotypes of the 3C-D deletions was observed with
the amorph N55e11 (Figure 1, D and F). Among N
hypomorphs that are viable as N/Y males, we found
two that strongly enhanced: Nfa-1 and Nnd-0. No enhance-
ment was observed in Nfa-1/1 or Nnd-0/1 females (data
not shown). Expression of N RNAi at the AP organizer
was also examined. By itself, N RNAi thickened vein 3
and decreased the 3–4 intervein distance, resulting in
the fusion of veins 3 and 4 in the proximal portion of the
wing (Figure 1G). Although heterozygous N null alleles
do not affect veins 3 and 4 in this way, RNAi can reduce
target gene expression by more than half ( Jacobsen

et al. 2006). Co-expression of N RNAi with smo RNAi
generated wings with more fusion of veins 3 and 4 than
with either RNAi alone (Figure 1H). N RNAi also caused
semi-penetrant notching in the wing margin, both alone
and in combination with smo RNAi. Growth reductions
accompanied by ectopic vein tissue formation have also
been observed in N loss-of-function clones between
veins 3 and 4 (de Celis and Garcia-Bellido 1994).

Note that smo RNAi not only negatively regulates
Hh signaling, but also reduces output from the Hh-
dependent ptcGAL4 driver that drives expression of
smo RNAi (Casso et al. 2008). Although the consequent
negative feedback may have dampened the phenotypic
responses that we obtained, this effect may have been
advantageous for the screen, both by masking the
effects of weak modifiers and by decreasing pheno-
typic variability. We observed such dampening in flies
expressing RNAi directed against N pathway genes
such as N, psn, and Su(H) RNAi. The degree of wing
‘‘notching’’ at the DV margin with ptcGAL4 smo RNAi
was reduced compared to ptcGAL4. N, psn, or Su(H)
RNAi (Figure 1, G–L). There is no evidence that
suppressing ptcGAL4 expression compromised our
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conclusions about the interactions between N pathway
genes and smo RNAi.

Loss of genes that activate N signaling enhance the
smo RNAi phenotype: The proteolytic process that
activates N signal transduction requires Presenilin (Psn),
an intramembrane protease (Struhl and Greenwald

1999; Ye et al. 1999). Without Psn, N cannot be activated,
and although loss-of-function mutations (psn/1) or
deletions [Df(psn)/1] did not affect the smo RNAi wing
phenotype, reducing Psn activity by expressing psn RNAi
strongly enhanced it (Figure 1J and data not shown). psn
RNAi expression at the AP border also reduced the

distance between veins 3 and 4, but not as strongly as it
did in combination with smo RNAi (Figure 1, I and J). This
result is consistent with similar effects reported previously
on the size of the 3–4 intervein region caused by large psn
clones (Struhl and Greenwald 1999).

In the absence of N activation, the N co-activator
Su(H) functions as a transcriptional repressor and
suppresses the expression of N target genes (Furriols

and Bray 2001). However, when N is cleaved by Psn, and
thus activated, the NICD binds to Su(H) and the
resulting protein complex upregulates N pathway target
genes (reviewed in Fortini 2009). As was observed with

Figure 1.—N function is
required for Hh-dependent
patterning of the wing. (A)
Control (w�). (B) FM6/1;
ptcGAL4 smo RNAi. (C)
Df(1)N-8/1; note wing-margin
notching. (D) Df(1)N-8/1;
ptcGAL4 smo RNAi; note vein
3–4 thickening and fusion.
(E) N55e11/1 (N null); note
notching at margin and
veins 3 and 5 thickening.
(F) N55e11/1; ptcGAL4 smo
RNAi. (G) ptcGAL4 N RNAi
(NIG.3936R-2). (H) ptcGAL4
N RNAi smo RNAi. (I)
ptcGAL4 psn RNAi
(P{GD4624}v43082). ( J) ptcGAL4
psn RNAi smo RNAi. (K)
ptcGAL4 Su(H) RNAi
(NIG.3497R-3). (L) ptcGAL4
Su(H) RNAi smo RNAi. (M)
ptcGAL4 smo RNAi; E(Spl)/1.
(N) ptcGAL4 UAS-N. (O)
ptcGAL4 UAS-N smo RNAi.
(P) ptcGAL4 Su(dx) RNAi
(NIG.4244R-1). (Q) ptcGAL4
Su(dx) RNAi smo RNAi.
(R) ptcGAL4 UAS-HLH-
mD. (S) ptcGAL4 UAS-
HLH-mD smo RNAi. (T)
ptcGAL4 UAS-E(spl)m8. (U)
ptcGAL4 UAS-E(spl)m8 smo
RNAi.
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psn, reducing Su(H) function by introduction of mutant
alleles did not affect the smo RNAi wing phenotype
(data not shown). However, Su(H) RNAi caused a modest
reduction in the distance between veins 3 and 4 on its
own and strongly enhanced the 3–4 wing-vein fusion
caused by smo RNAi (Figure 1, K and L).

The E(spl) gene complex is a transcriptional target of
N/Su(H) in many N-dependent cell lineages (De Celis

et al. 1996). E(spl) codes for 13 genes, including seven
basic helix-loop-helix transcriptional repressors; its
genes are clustered in close proximity to one another
in region 96F9-10. Df(3R)Espl3 was identified in our
original screen as an enhancer of the smo RNAi wing
phenotype (Casso et al. 2008). While we were not able to
identify a single gene in this region that enhanced
smo RNAi [RNAi directed against the E(spl) complex
genes HLH-mb, HLH-mD, or HLHm8 did not modify
the phenotype (data not shown)], we did identify
four smaller chromosomal deletions in this region that
did [Df(3R)Exel6204, Df(3R)BSC751, Df(3R)BSC495,
Df(3R)Espl1 (Figure 1M and data not shown)]. Each of
these interacting deletions removes the entire E(spl)
complex, while smaller deletions that removed only part
of the E(spl) complex did not interact. The enhance-
ment produced by the E(spl) deletions that we tested was

more modest than that seen with N deletions. The
groucho (gro) gene is adjacent and distal to the E(spl)
complex and is implicated in many E(spl)-mediated
processes. No interaction was observed between smo
RNAi and the loss-of-function alleles of gro (such as gro1,
groC105, and groKG07117) or the deletions of gro that do not
remove the whole E(spl) complex [such as Df(3R)P709,
Df(3R)Exel6204, and Df(3R)ED6232]. All of the E(spl)
deletions that enhanced smo also carry deletions of both
the entire E(spl) locus and gro, indicating that gro
functions with the E(spl) genes in response to N
signaling at the AP border. Although gro has been
shown to affect hh and en expression in wing discs (de

Celis and Ruiz-Gomez 1995), our data indicate that gro
function on its own is not responsible for the inter-
actions of E(spl) deletions with smo RNAi. While the
E(spl) genes are targets of N, they are not likely to be the
only relevant transcriptional effectors of N signaling
(de Celis et al. 1996; Ligoxygakis et al. 1999).

Ectopic activation of the N pathway suppresses the
smo RNAi phenotype: If the function of the AP orga-
nizer is dependent on N function, then increasing the
level of N activation might be expected to suppress smo
RNAi phenotypes. Since levels of N protein correlate
with N pathway activity, and since ectopic expression of

TABLE 1

Notch pathway genes and mutants characterized in this study

Gene Genetic lesion Type ptcGAL4 ptcGAL4 smo RNAi Source

N Df(1)RR62 Del ND E BDSC
N Df(1)N-8 Del ND E BDSC
N Df(1)N-264-105 Del ND E BDSC
N N 55e11/1 Null ND E BDSC
N N fa-1 Mut NC E BDSC
N N nd-0 Mut NC E BDSC
N N NIG.3936R-2 RNAi Fused E NIG
N UAS-N14E RNAi NC L BDSC
N UAS-NFLN Ect exp VT S A. Martinez Arias

(Cambridge University).
psn P{GD4624}v43082 RNAi Fused E VDRC
psn P{GD4624}v43083 RNAi Fused E VDRC
Su(H) Su(H)NIG.3497R-1 RNAi 3/4� E NIG
Su(H) Su(H)NIG.3497R-3 RNAi 3/4� E NIG
E(spl) Df(3R)Espl3 Del ND E BDSC
E(spl) Df(3R)BSC751 Del ND E BDSC
E(spl) Df(3R)Espl1 Del ND E BDSC
E(spl) Df(3R)BSC495 Del ND E BDSC
E(spl) Df(3R)Exel6204 Del ND E BDSC
E(spl) UAS-HLH-m-D Ect exp 3/411 S BDSC
E(spl) UAS-HLH-m8 Ect exp 3/411 S BDSC
vn vnNIG.10491R-1 RNAi 3/4� E NIG
Su(dx) Su(dx)NIG.4244R-1 RNAi ACV� S NIG

Deletions, mutations, and RNAi transgenes are indicated as Del, Mut, and RNAi, respectively. Wing pheno-
types with ptcGAL4 and ptcGAL4 smo RNAi at 29� are described. Del, deletion; Mut, hypomorphic mutation; Ect
exp, ectopic expression; NC, no change; ND, not determined; 3/4�, reduction in distance between veins 3 and
4; 3/4++, increased distance between veins 3 and 4; Fused, fusion of veins 3 and 4; E, enhanced; S, suppressed;
L, lethal; VT, vein thickening; BDSC, Bloomington Drosophila Stock Center (USA); NIG, National Institute of
Genetics (Mishima, Japan); VDRC, Vienna Drosophila RNAi Center.
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N activates N signaling (Doherty et al. 1996), we
increased N expression at the wing AP organizer to test
this prediction. Whereas expression of activated N
(NICD) in the ptc expression domain was lethal under
our assay conditions, expression of full-length wild-type
N yielded viable adult flies. Wings from these ptcGAL4
UAS-N flies were almost normal, with only minor defects
in the anterior crossvein and mild thickening of vein 3
attributable to overexpression of N (Figure 1N).
ptcGAL4 UAS-N smo RNAi flies also had wings with a
fairly normal interval between veins 3 and 4 and very
modest thickening of vein 3 (Figure 1O), indicating that
ectopic N suppresses smo RNAi. Among the known genes
that regulate the levels of N, we tested Suppressor of deltex
[Su(dx)], since its reduced function can lead to increased
N signaling (Fostier et al. 1998). Su(dx) is an E3
ubiquitin ligase that targets nonactivated N to late endo-
somes and lysosomes and limits the amount of N available
for activation (Wilkin et al. 2004). In our system, neither
hemizygosity at the Su(dx) locus (22C1) nor Su(dx) RNAi
changed wing morphology significantly, but Su(dx) RNAi
strongly suppressed smo RNAi, producing wings with only
minor vein defects (Figure 1, P and Q).

The N pathway activates expression of NICD/Su(H)
target genes such as those in the E(spl) complex. To
mimic ectopic N signaling at the AP organizer, we
expressed individual E(spl) complex genes by them-
selves or with smo RNAi. Ectopic expression of either

E(spl)m8 or HLH-mD prevented normal formation of the
anterior crossvein when expressed with ptcGAL4; ec-
topic expression of HLH-mD also increased the 3–4
intervein distance (Figure 1, R and T), mimicking the
effect of ectopic Hh signaling at the AP organizer
( Johnson et al. 2000). E(spl)m8 and HLH-mD strongly
suppressed the smo RNAi phenotype (Figure 1, S and U),
while ectopic expression of other E(spl) complex genes
that we tested did not modify smo RNAi [e.g., E(spl)-mb,
HLHm5, m4.A (data not shown)]. Although HLH-mD is
not known to be expressed in this region of the wing, the
suppression of smo RNAi that we observed may derive
from a functional redundancy with other E(spl) genes.

N signaling is activated at the wing-disc AP organizer:
The genetic interactions between smo and components
of the N pathway suggest that N signaling is activated at
the AP organizer. To assess N signaling directly, we
monitored N pathway activity with a lacZ reporter that
responds to N pathway activation, and since N levels
correlate with activation of the pathway, we also moni-
tored levels of N protein by immunohistochemistry. The
wing develops as an epithelial sheet in a region of the
wing disc called the wing pouch. At the end of the third
larval instar, the wing pouch begins to evert, and as
metamorphosis progresses in the early pupa, the wing
pouch elongates and flattens, bringing the dorsal (D)
and ventral (V) cells together and creating an edge (or
margin) at the DV boundary.

Figure 2.—N signaling
at the AP organizer. Three
stages of wing develop-
ment: (A–C) late third in-
star disc; (D–F) early
pupal wing disc when the
dorsal and ventral surfaces
of the everting disc are
coming into apposition
(�3 hr after pupariation);
(G–I) early pupal wing
(�9–12 hr after puparia-
tion). (A, D, and G) Su(H)-
lacZ expression (green)
indicates N signaling both
at the DV border (yellow ar-
rowheads) and at the AP
organizer (white arrow-
heads). The DV boundary
is in the middle of the wing
pouch (A), near the edge in
a partially everted disc (D),
and at the edge of the pupal
wing (G). As development
advances, Su(H)lacZ expres-
sion increases at the AP bor-
der (white arrowheads) and
decreases at the DV border
(yellow arrowheads). (B, E,

and H) Ci expression (magenta) marks anterior cells; the posterior extent of Ci expression marks the AP border. (C, F, and
I) Merged images show that Su(H)lacZ expression at the AP organizer is in Ci-expressing anterior cells; Ci staining is enhanced
in enlarged views (C9 and F9) to show the position of the AP border and the coincidence of Ci and LacZ expression. (A–F) Ori-
entation: anterior is left and ventral is up; (G–I) anterior is up and distal is right.
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The N-inducible lacZ reporter that we used [Su(H)-
lacZ] has an Hsp70 minimal promoter, three copies of
a grainy head DNA-binding element (included to in-
crease expression in wing discs), and two Su(H) DNA-
binding sites from the E(spl)m8 gene (Furriols and
Bray 2001). In late third instar wing discs, Su(H)lacZ
activity has a complex pattern that includes a prominent
stripe along the DV boundary of the wing pouch (Figure
2A and Furriols and Bray 2001). This DV expression is
consistent with the requirement for N activation to form
the wing margin. Another element of its expression
pattern is a one- to two-cell-wide stripe perpendicular to
the DV boundary and parallel to or coincident with the
AP organizer.

To determine the position of the AP stripe of lacZ
expression relative to the AP border, we stained late
larval wing discs with antibodies directed against LacZ
and Ci. Ci is specifically expressed in all cells of the
anterior compartment and is most abundant in a band
of four to seven cells that are one to two cells from the
anterior side of the AP border (Figure 9A). LacZ
staining was juxtaposed and posterior to this band of
high Ci expression (Figure 2, A–C) and coincident with
the posterior edge of the anterior compartment (Figure
2C9). This indicated that Su(H)lacZ is expressed on the
anterior side of the AP border, and staining these discs
with Ptc (another anterior cell marker) confirmed this
location (data not shown). In late larval stages and
during early pupal development, Su(H)lacZ expression
at the DV margin is stronger than at the AP organizer
(Figure 2A). In pupariating wings, the strength of the
AP stripe increases in relative intensity, while remaining
coincident with the AP organizer (Figure 2, D–I). When
the pupal wing has fully everted, a number of stripes of
lacZ expression parallel to the AP border are visible;

the strongest of these stripes is at the AP border where
its posterior limit coincides with Ci (Figure 2, G–I).

We observed similar AP expression of the N-responsive
E(spl)m-a-GFP reporter (Figure 3, A–C), which carries a
1004-bp genomic DNA fragment from the m-a gene to
direct the expression of GFP (Castro et al. 2005). In this
case, however, expression of the m-areporter was not
observed at the AP organizer until pupariation, possibly
reflecting differences between timing of expression of
different E(spl) genes.

Since N signaling can increase N levels, and N
signaling can be enhanced or ectopically activated by
increasing N expression (Huppert et al. 1997), the
levels of N protein are expected to be elevated at sites of
N activation. We therefore probed wing discs and pupal
wings for expression of Su(H)lacZ and N. High levels
of staining with anti-N antibody were detected coinci-
dent with sites of Su(H)lacZ expression. For example,
high N protein levels were present along the DV margin
of the wing pouch in both late larval and early pupal
stages (Figure 4, A–F). N protein levels were also high in
the anterior compartment in a band approximately five
cells wide at the AP organizer, including the stripe of
LacZ-expressing cells along the posterior side of the N
stripe (Figure 4, A–F, white arrowheads; Figure 9A).
During pupal wing development when Su(H)lacZ ex-
pression increases, a stripe of high N protein expression
was coincident with LacZ expression at the AP organizer
(Figure 4, G–I). Our results are consistent with pre-
viously described N expression patterns in wing discs
and pupal wings (Fehon et al. 1991; Kooh et al. 1993; de

Celis et al. 1997). Although the three readouts that we
used show that N signaling is activated in the AP
organizer, they do not establish if there are cells that
do not activate N signaling, and finer resolution

Figure 3.—Expression of the N re-
porter E(spl)m-a-GFP at the AP orga-
nizer in pupal wings. (A and D)
E(spl)m-a-GFP expression (green). (B
and E) Ci expression (magenta). (C
and F) A merge of GFP and Ci. (A–C)
A control wing. (D–F) A fu1 wing. The
position of the AP border where Ci ex-
pression ends is indicated by a white ar-
rowhead.
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characterization of N signaling awaits better probes of N
activation.

Hh is required for N activation at the AP organizer:
The genetic interactions between the N and Hh path-
ways at the AP organizer do not make it clear whether
these pathways function independently or whether one
is necessary for the other. To investigate their relation-
ship further, we examined Ptc and Ci expression in (and
adjacent to) clones of N55e11, Su(H)del47, Dl, and Ser. We
also examined Ptc and Ci expression in Nl1N-ts1 wing discs
and pupal wings at permissive and nonpermissive
temperatures (Figure 5, A–D and M–P). Clones of par-
ticular interest were those on the anterior side of the AP
compartment border that included the stripes of Ptc and
Ci expression, as well as clones in the posterior compart-
ment that abutted the AP border (Figure 5, E–L, and data
not shown). No defects in Ptc or Ci expression were
apparent under any of these conditions of N pathway
perturbation: these experiments suggest that N signaling
is not required for the activation of Hh target gene
expression at the AP organizer (Glise et al. 2002).

To monitor the N pathway in conditions with com-
promised Hh signaling, we first focused on the Hh target
gene vn. vn is expressed in a stripe of anterior cells at the
AP border (Wessells et al. 1999) (Figure 9A), and in the
third instar, the N ligand Dl is expressed in a pair of
stripes near the AP border (Figure 6A and Figure 9A).
These Dl stripes mark the primordia that will produce
vein 3 (in the anterior compartment) and vein 4 (in the
posterior compartment; Figure 6, B–D; Figure 9A). The

position of the Dl vein 4 stripe is posterior to the AP
border. During pupariation, N is activated in a subset of
cells in the vein 4 stripe that differentiate into a vein (De

Celis et al. 1997; Huppert et al. 1997). We note that, in
contrast to the posterior position of Dl vein 4, the
location of the stripes of Su(H)lacZ and elevated N that
we describe above are anterior of the border and
therefore not associated with the differentiation of vein
and pro-vein tissue within vein 4.

Expression of Dl in these regions is dependent on the
EGF ligand Vn. When vn function was reduced (as in
vn1/vnC221), the vein 4 stripe of Dl expression was absent
in larval discs and the vein 3 stripe of Dl was reduced
(Biehs et al. 1998 and data not shown). Moreover, ex-
pression of Su(H)lacZ at the AP organizer in vn1/vnC221

third instar and pupal wing discs was almost undetect-
able (Figure 7, A–C and E–G), expression in pupal wings
was severely reduced compared to wild type (Figure 7, I–
K), the AP band of N expression was weaker and
narrower, and no peak of expression was present at
the AP border (Figure 7, D, H, and L).

We also tested the Hh dependence on N signaling by
examining fu mutants, since Fu is required for Hh
signaling at the AP organizer. We monitored the
Su(H)lacZ and E(spl)m-a-GFP reporters as well as N
expression. In contrast to wild type (Figures 2 and 3),
fu41 larval and pupal discs had no visible AP stripe of
expression (Figure 8, A–C and E–G), and although
Su(H)lacZ expression was active in the AP border stripe
in fu41 pupal wings, its activity was much lower than that

Figure 4.—N protein levels are ele-
vated at the AP organizer. (A–C) Late
third instar wing disc. (D–F) Pupal wing
disc. (G–I) Early pupal wing. (A, D, and
G) Expression of N protein (red) is
high at both the AP (white arrows)
and the DV (yellow arrows) border re-
gions. (B, E, and H) Expression of
Su(H)lacZ (green) indicates activation
of N signaling at both DV and AP bor-
ders. (C, F, and I) Merged images show
that Su(H)lacZ expression at the AP
border is in cells with high levels of N
protein.
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of wild type (compare Figure 2, G–I, and Figure 8, I–K).
Similar results were obtained with fu1 and fu54 mutants
(data not shown). Assays of N expression gave results
that are consistent with the Su(H)lacZ reporter: N
expression was not elevated at the AP organizer in fu41

wing discs or pupal wings (compare Figure 4 and Figure
8, D and H), and only a thin, weak stripe of elevated N
expression was present at the AP organizer in pupal
wings (Figure 8L). As described above, E(spl)m-a-GFP
expression was present at the AP organizer in pupal
wings (Figure 3, A–C), but was not observed in either
larval or pupal discs. We did not detect E(spl)m-a-GFP
expression in fu1 pupal wings (Figure 3, D–F).

The domains of Dl and N expression correlate with
the AP organizer and the AP compartment border (see
Figure 9A). The Dl vein 3 stripe is produced by cells
close to the AP border that express the high levels of Ci
protein, the Dl vein 4 stripe is expressed in posterior
cells that are immediately juxtaposed to the AP border,
and N is expressed abundantly in a band of five cells on
the anterior side of the border between the Dl stripes.
These expression data are consistent with the notion
that Hh signaling regulates expression of Dl and N at
the AP organizer.

DISCUSSION

A new role for N signaling in the wing disc: In this
article, we show activation of N signaling at the wing AP

organizer by defining with cellular resolution the
expression patterns of N protein and N pathway
reporters in relation to the AP organizer and show
dependence on Hh signaling. We also show strong
interactions between hh- and N-signaling pathways
and confirm that the activation of N signaling is
necessary for the normal growth of the AP organizer.
Our work uncovers a previously unknown activity of the
Hh pathway in mitogenesis at the AP organizer: the
activation of N signaling. Our results are surprising in
that they show that the roles of N signaling in the growth
of the wing are not limited to the function of the DV
organizer and a general growth-promoting function in
the wing: N signaling also induces growth downstream
of hh at the AP organizer.

N is essential for the cells that give rise to the DV
margin, veins, and sensory organs of the wing, and its
expression is elevated in the progenitors that produce
these structures (Fehon et al. 1991). The DV margin
progenitors, which transect the wing disc in a band that
is orthogonal to the Hh-dependent AP organizer,
express wg in response to N (Rulifson and Blair

1995). These wg-expressing cells function as a DV
organizer (Diaz-Benjumea and Cohen 1995), and
several lines of evidence suggest that the AP and DV
organizers function independently: Hh signaling along
the AP axis is not N-dependent, N signaling along the
DV axis is not hh-dependent, and targets regulated by
the AP and DV organizers are not the same. The

Figure 5.—Disruption
of N signaling does not al-
ter Hh signaling. Ci (ma-
genta) and Ptc (red)
expression in third instar
wing discs (A–L) and pupal
wings (M–P). Clones are
negatively marked by lack
of GFP or lacZ expression
(green). (A and B) w� wing
discs. (C and D) Wing discs
from Nl1N-ts1 larvae shifted to
30� (restrictive tempera-
ture) for 24 hr. (E–H)
Clone of null allele N55e11

within the AP organizer.
(I–L) Ventral clone in the
posterior compartment
and a dorsal clone in the
anterior compartment of
null allele Su(H)del47. (H
and L) Merged images
showing the positions of
these clones in relation to
Ptc and Ci expression.
(M–P) Expression of Ptc
and Ci in w� and tempera-
ture-shifted Nts pupal
wings. (M and N) w� pupal

wings. Note that at this stage dorsal and ventral surfaces of the wing are not apposed to each other, resulting in the ap-
parent splitting of the Pct and Ci stripes in the proximal region (left) of the wing. (O and P) Nl1N-ts1 pupal wings shifted to
30� for 24 hr.
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findings that we report here show that, separately from
its roles elsewhere in the wing disc, N signaling has an
essential mitogenic role in the cells of the AP organizer
region.

While N can stimulate growth by inducing expression
of wg (as it does in the DV organizer), hyper-activation of
N signaling near the AP border of the wing pouch causes
overgrowth that is independent of wg (Speicher et al.
1994; Doherty et al. 1996; Go et al. 1998). wg is not
normally expressed along the AP axis, but we found that
N signaling is activated at the AP compartment border
in late third instar discs, pupal discs, and pupal wings.
Through vn expression, Hh signaling at the AP com-
partment border increases expression of Dl flanking the
organizer, and Hh signaling activates N in the 3–4
intervein region. While we have not directly investigated
a role for Ser at the AP organizer, Ser expression in the
wing disc is very similar to that of Dl, with high levels of
Ser in the vein 3 and 4 primordia as well as along the DV
border (Speicher et al. 1994; de Celis and Bray 2000;

De Celis 2003). Our results show that growth of the 3–4
intervein region, long known to be dependent on Hh, is
also dependent on Hh-induced activation of N.

Expression of N pathway reporters and components
and genetic interactions support this model of regula-
tion of the intervein region. The reporters Su(H)lacZ
and E(spl)m-a-GFP express at the AP border in a Hh-
dependent manner (Figures 2 and 3). Elevated levels of
N protein expression on the anterior side of the AP
border require Vn signaling (Figures 4 and 7). This N
region is flanked by Dl expression in the vein 3 and vein
4 primordia; Dl expression is known to be dependent
upon expression of the Hh target vn (Biehs et al. 1998).
Genetic interactions between smo RNAi and N and
between smo RNAi and N pathway components [e.g., the
Psn intramembrane protease, which activates N; the
Su(H) transcriptional co-activator; the Su(dx) E3 ubiq-
uitin ligase, which monitors levels of N protein; and the
E(spl) complex of N transcriptional targets] also indicate a
functional link between the Hh and N systems (Figure 1).

Figure 6.—Dl expres-
sion in the vein 4 primor-
dium is in the posterior
compartment. (A) A wild-
type wing imaginal disc
showing stripes of Dl ex-
pression in veins 3, 4, and
5 primordia. (B–D) High
magnification of the AP or-
ganizer region in the dor-
sal wing pouch. Veins 3
and 4 stripes of Dl expres-

sion (red) flank the AP border indicated by arrowheads. Expression of Ci (green) marks the cells of the anterior compartment.
The Dl vein 3 stripe is anterior of the border, while the vein 4 stripe is posterior and directly adjacent to the border. (A and B–D are
from two different discs.)

Figure 7.—N activation
in the AP organizer de-
pends on vn. N activation
in a vn1/vnC221 mutant (A–
D) late third instar wing
disc. (E–H) Pupal disc.
(I–L) Early pupal wing.
Relative to wild type (Fig-
ure 4), expression of Su(H)-
lacZ (green) and N (red) is
reduced at the AP orga-
nizer (white arrowheads),
whose position is marked
by Ci (magenta). DV
boundary is indicated by
yellow arrowheads.
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Our model for the role of N in the 3–4 intervein
region is consistent with previous reports of expression
patterns of the E(spl) genes E(spl)m8 (Furriols and
Bray 2001), M-b (Nellesen et al. 1999), and M-a
(Castro et al. 2005). Ectopic expression of HLH-mD

and m8 rescues smo RNAi. Although HLH-mD does not
appear to be expressed in the AP organizer in a wild-type
wing because the E(spl) genes are thought to have
partially overlapping functions, the fact that mD pheno-
copies the rescue by m8 reinforces our conclusion that
the function of the E(spl) genes is critical to inducing
growth at the AP organizer. Importantly, our findings
show that the cells that activate N are the anterior cells of
the AP organizer and are not associated with develop-

ment of veins in pupal wings. Vein 4 develops within the
posterior compartment and in many cases has posterior
cells between it and the AP border. Since we never
observed activation of these reporters extending into
posterior territory, their expression correlates better
with the position of the AP organizer than with vein/
intervein territories at the stages that we examined. It
should be noted that no single readout currently avail-
able marks all tissues in which N is activated. The E(spl)
genes, for example, express in a variety of spatial and
temporal patterns in response to N, and these patterns
are only partially overlapping (Nellesen et al. 1999). We
therefore do not exclude the possibility that N signaling
is also activated along the stripe of Dl expression in the

Figure 8.—N signaling
and expression at the AP
organizer depend on fu.
Three stages of wing devel-
opment: (A–D) late third
instar disc; (E–H) early pu-
pal wing disc when the dor-
sal and ventral surfaces of
the everting disc are com-
ing into apposition (�3 hr
after pupariation); and
(I–L) early pupal wing
(�9–12 hr after puparia-
tion). (A, E, and I) Su(H)-
lacZ expression (green)
indicates N signaling both
at the DV border (yellow ar-
rowheads) and at the AP
organizer (white arrow-
heads). The DV boundary
is in the middle of the
wing pouch (A), partially
everted in E, and at the

edge of the pupal wing (I). As development advances, Su(H)lacZ expression increases at the AP border (white arrowheads)
and decreases at the DV border (yellow arrowheads). (B, F, and J) Ci expression (magenta) marks anterior cells; the posterior
extent of Ci expression marks the AP border. (C, F, and I) Merged images show that Su(H)lacZ expression at the AP organizer
is in Ci-expressing anterior cells. (A–F) Orientation: anterior is left and ventral is up. (I–L) Anterior is up and distal is right.

Figure 9.—Expression of key genes at the AP
organizer and a model for N activation by Hh.
(A) Ovals represent the width of expression do-
mains in cell diameters perpendicular to the AP
axis, and oval sizes reflect expression levels. Ex-
pression domains were measured in late third in-
star wing discs in the ventral compartment
intermediate between the edge of the wing
pouch and the DV border. Antibodies were used
except where lacZ insertions are indicated. (B)
Hh-dependent activation of vn at the AP orga-
nizer is required for the expression of Dl in vein
3 and vein 4 stripes. N activation induces cell pro-
liferation within the organizer at least in part
through the activation of the E(spl) genes.
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vein 3 primordium or that signaling could be occurring
in the entire broad stripe of elevated N expression in the
AP organizer. We were not able to see changes in
proliferation using a direct readout such as phosphohi-
stone staining of mitotic cells to visualize increases or
decreases in growth at the AP organizer. These prolifera-
tion assays mark cell cycle progression at a single time
point in fixed tissues, and the changes that we see in the
adult wing could be due to one or two fewer cell division
cycles occurring over the course of days of development.

Figure 9A summarizes expression patterns of Hh and
N pathway genes that we obtained by recording the
levels of expression and the positions of expressing cells
relative to the AP compartment border. Figure 9A
depicts the spatial relationship between Hh, which is
expressed by posterior cells, and its targets Ci, Ptc, Dpp,
Col, and Vn. It similarly depicts the spatial relationship
between N, Dl, and Su(H)lacZ expression. Our findings
indicate a link between the Hh and N pathways and
suggest a model in which the domain of N activation at
the AP border [manifested by Su(H)lacZ expression] is
a consequence both of flanking cells that express high
levels of Dl and of Hh signaling (Figure 9B). Our
proposed role for Hh signaling is multifaceted: Hh is
required for vn expression, which is itself required for
high levels of Dl expression in the vein 3 stripe (data not
shown) and the vein 4 stripe (Biehs et al. 1998 and data
not shown) and for N expression at the AP organizer.
Although we have not directly tested whether Dl
expression in veins 3 and 4 activates N signaling, vn
function is necessary for N activation (Figure 7), and the
reciprocal relationship between cells expressing high
levels of Dl and neighboring cells expressing high levels
of N is well established.

Interactions between the N and Hh pathways: Inter-
actions between the Sonic hedgehog (SHH) and N
signaling pathways have been identified previously in
vertebrates. Particularly noteworthy for their relevance
to the interactions that we found in the Drosophila wing
disc are the increased expression of the Serrate-related
N ligand, Jagged 1, in the mouse Gli3Xt mutant
(McGlinn et al. 2005); reduced expression of Jagged1
and Notch2 in the cerebella of mice with reduced SHH
signaling (Dakubo et al. 2006); regulation of the Delta-
related ligand, DNER, by SHH in Purkinje neurons and
fetal prostate (Dahmane and Ruiz i Altaba 1999;
Wallace 1999; Tohgo et al. 2006; Yu et al. 2009);
activation of N signaling in neuroblastomas in Ptch1/�

mice with elevated SHH signaling (Dakubo et al. 2006);
and Notch2 overexpression in mice carrying an activated
allele of smo (Hallahan et al. 2004). These studies
establish a positive effect of SHH signaling on the N
pathway, consistent with our data.

In Drosophila, there have been several reports of
interactions between the N and Hh pathways. In the
wing pouch, for example, expression levels of the Hh
targets ptc, ci, col, and en are markedly lower at the

intersection of the AP and DV borders than elsewhere in
the AP organizer. This repression is mediated by wg
(Glise et al. 2002). In addition, N and col function
together to determine the position of wing veins 3 and 4
(Crozatier et al. 2003). However, loss of function of
either col or vn did not show interactions with smo RNAi
(data not shown).

Hh, N, and proliferation at the AP organizer: N
functions in two types of settings (reviewed by Fortini

2009). One is associated with binary fate choices; it
involves adjacent cells that adopt either of two fates on
the basis of the activation of N signaling in one cell and
inactivation in the other. In these settings, activation of
N not only induces differentiation in a designated cell,
but also blocks activation of N in the neighbors. The
second type of setting does not induce a binary fate
choice, but instead activates the pathway at the junction
of two distinct cell types. N pathway activation at the DV
border in the wing is one example (Furriols and Bray

2001); in this setting, N is activated in a band that
straddles the DV border and the N ligands Dl and Ser
signal from adjacent domains from either the dorsal
(i.e., Dl) or the ventral (i.e., Ser) side. Activation of N in
the 3–4 intervein region at the AP border appears to be
of this second type: it occurs adjacent to regions of
elevated Dl expression at the apposition of anterior and
posterior cell types. There is no apparent binary fate
choice in this region of the wing.

In ways that are not understood well, development of
the 3–4 intervein region is controlled differently from
other regions of the wing pouch. Whereas Hh induces
expression of Dpp, and Dpp orchestrates proliferation
and patterning of wing pouch cells generally, Dpp does
not have the same role in the 3–4 intervein cells. For
these cells, Hh appears to control proliferation and
patterning directly (Mullor et al. 1997; Strigini and
Cohen 1997). For example, the lateral regions of wings
that develop from discs with compromised Dpp func-
tion are reduced, but their central regions, between
veins 3 and 4, are essentially normal (de Celis et al.
1996; de Celis 2003). Downregulation of Dpp activity
and repression of expression of the Dpp receptor
appears to be the basis for this insensitivity (Tanimoto

et al. 2000). In contrast, partial impairment of Hh signal
transduction that is insufficient to reduce Dpp function,
such as in fu mutants or in the smo RNAi genotypes that
we characterized, results in wings that are normal in size
and pattern except for a small or absent 3–4 intervein
region. Since the 3–4 intervein cells divide one to two
times in the early pupa during disc eversion and wing
formation (Schubiger and Palka 1987; Buttitta

et al. 2007), the direct role of Hh in regulating these
cells may be specific to this post-larval period. N sig-
naling has a well-described mitogenic function in the
wing. Ectopic signaling causes hyper-proliferation, while
clones that impair the activation of the pathway reduce
growth (de Celis and Garcia-Bellido 1994; Speicher
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et al. 1994; Doherty et al. 1996; Klein et al. 1997; Struhl

and Greenwald 1999; Baonza and Garcia-Bellido

2000; Lawrence et al. 2000). Our findings indicate that
Hh regulates proliferation of cells in the 3–4 intervein
region at least in part by activating N signal transduction.

The idea that our model promotes is that Hh-
dependent activation of N at the AP organizer is stage-
and position-specific. This model is consistent with the
complex pattern of N expression and activation in the
wing, since different pathways may regulate N in dif-
ferent locations (Figures 4, 7, and 8). It is also consistent
with the proposed role of N regulating the width and
position of veins 3 and 4 (Crozatier et al. 2003), since
the processes that establish the veins and control pro-
liferation of the intervein cells need not be the same,
even if they are interdependent. The temporal specific-
ity that we describe represents an example of how com-
plex patterns are generated with a limited number of
signaling pathways—in this case by using N signaling for
different outcomes at different times and in different
places. Throughout larval development, Dpp regulates
proliferation and patterning in the wing disc. In the
pupal wing, Dpp takes on a new instructive vein-
positioning function (Ralston and Blair 2005). There
is no evidence that Hh regulates Dpp in the pupal wing,
and moreover, the cells that had produced Dpp at the
AP organizer no longer do so and no longer function as
a AP organizers. Our data show that N also takes on a
new role during late larval and pupal stages: functioning
at the AP organizer to regulate growth in response to Hh
signaling.
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