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SUMMARY

The Drosophilagenewinglessencodes a secreted signalling initially activated by a secreted signal that requires the
molecule that is required for many patterning events in  genesvestigial rotund and nubbin. Later in development,
both embryonic and postembryonic development. In the winglessexpression in the wing hinge is maintained by a
wing winglessis expressed in a complex and dynamic different mechanism, which involves an autoregulatory
pattern that is controlled by several different mechanisms. loop and requires the genefromothorax and rotund. We
These involve the Hedgehog and Notch pathways and the discuss the role ofwvinglessin patterning the wing hinge.
nuclear proteins Pannier and U-shaped. In this report, we

analyse the mechanisms that drivevinglessexpression in

the wing hinge. We present evidence thatvinglessis  Key words:Drosophila Pattern formationyingless Wing hinge

INTRODUCTION the leg. This early expression is required for the specification
of wing fate (Morata and Lawrence, 1977) and is under the
Members of the Wnt family of secreted glycoproteins arecontrol of Hedgehog signalling pathway (J. D.-B.,
involved in numerous developmental events in manwnpublished). Unlike in the leg, this expression later fades
organisms, from the nemato@eelegango mammals. Among away andwg starts to be expressed in a wide stripe that
functions provided by Wnt proteins are embryonic patterningcorresponds to the presumptive wing margin. The Notch
cell fate specification, cell polarity, cell proliferation and signalling pathway also controls this enhancer. In this way,
pattern-organising activity (Cadigan and Nusse, 1997). W is involved in the specification of the wing margin, which
In Drosophilathe best characterised Wnt genaviagless is required for the promotion of cell proliferation and
(wg), one of the first members of this gene family to bepatterning of wing cells (Phillips and Whittle, 1993; Diaz-
identified (Sharma and Chopra, 1976; Baker, 1987; RijsewijBenjumea and Cohen, 1995; Zecca et al., 1996; Neumann and
et al., 1987). Wg function is required throughout developmentohen, 1997). In the mesothoraxg is expressed in an
in a wide range of patterning events at different times and ianterior/posterior stripe, and is required for the specification
different tissues. These include the development of embryonif dorsocentral bristles. The enhancer that positions this stripe
epidermis, the head, the CNS, midgut, the heart, muscles asdems to be controlled by the GATA protein Pannier and the
malpighian tubules (reviewed by Cadigan and Nusse, 19963inc-finger protein U-shaped (Garcia-Garcia et al., 1999).
In imaginal discswg is expressed in a very complex patternis also expressed in two concentric rings that surround the
(Couso et al., 1993), and one interesting feature is that distinaing pouch. The inner ring (IR) is activated in early third
enhancers control the different expression domains; enhancénstar, and the outer ring (OR) is activated in late third instar.
that are themselves activated by different signalling pathway3hese two rings define the wing bases (also called wing
In ventral discs (legs and antennal is expressed in a sector hinge), which is the region that joins the wing and thorax. This
that corresponds to ventral/anterior cells. The secreted proteiagion has a complex structure that is required for the
Hedgehog activates the enhancer that drives this expressifiattering of the wing. In some&vg mutants, this region is
domain, which defines ventral fate and provides organisindeleted and the wing is joined directly to the thorax. The
activity for the development of the proximodistal axis (Struhlenhancer that drivesvg expression in the IR has been
and Basler, 1993; Basler and Struhl, 1994; Diaz-Benjumea &tentified within a 1.2 kb DNA fragment located about 9 kb
al., 1994). In the wing diswg shows a very dynamic pattern 5' of the wg promoter (Neumann and Cohen, 1996). This
of expression. In second instar larvagy is expressed in a fragment is sufficient to direct reporter gene expression in the
ventral/anterior sector in a pattern similar to that displayed itR. wg alleles that specifically affect this enhancer have been
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characterised aspademutants (Couso et al., 1994; Tiong andal., 1995); rabbit anti-Vg (Williams et al., 1991); mouse anti-Wg
Nash, 1990). (Brook and Cohen, 1996); and rabbit gvifalactosidase (Cappel).
We have analysed the mechanisms that dviyexpression
in the IR. We present evidence that indicates that the genes
vestigial (vg), rotund (rn) andnubbin (nub) are required, and RESULTS
that wg expression in the IR is driven by two independent ) ) )
mechanisms. The first initiatesg expression in early third The genes wingless , rotund and nubbin are required
instar larvae, and depends on cell interactions betwgen for the development of the wing hinge
expressing and vg-non-expressing cells. The secondThe adult Drosophila wing is formed by a continuous
mechanism is required for the maintenancevgexpression, monolayer of epidermal cells that folds to form the dorsal and
and depends on an autoregulatory loop that requires thentral surfaces of the wing pouch. The two surfaces contact
function of the geneomothorax(hth) andrn. hth expression at the margin of the wing and extend proximally through the
in the IR seems to be controlled by Wg signalling, tut wing hinge to the dorsal notum and the ventral pleura. In the
expression depends on a signal secreted bygtexpressing presumptive wing region of the wing diseg is expressed in
cells. Thus,wg expression in the IR is not maintained by a narrow stripe of cells that run all along the wing margin and
lineage. We also present evidence that indicates that Wg two rings that surround the wing pouch (Fig. 1A,B). We have
function in the IR promotes the patterning of the hinge byexamined the phenotypes amgexpression in several mutants
generating different domains, which are defined by differenin which the wing hinge is deleted.
combinations of gene expression. The effects of removingvg expression in the IR can be
observed irspadespd mutants (Tiong and Nash, 1990; Couso
et al.,, 1994).spd mutations are a type ofg alleles that
specifically removeg/g expression from the IR, with no effects
on other expression domains (Fig. 1C).sjd? wings, the
hinge region is deleted, and the wing pouch appears directly

MATERIALS AND METHODS

Fly strains

The following fly strains were usedpd@dandspd-lacZ(Neumann ;i more proximal cells. In th win
and Cohen, 1996)n42-2 rn-lacZ, UAS-rnandrn-GAL4 (St Pierre et joined to more  proximal cells. these gs, botg

al., 2002)nub andnut? (Ng et al., 1995)ygP®27R(Williams et al. expressing cells and surrounding cells are missing. It has been
1993); Ns (Shallenberger and Mohler, 1978)t+lacZ (Rieckhof et shown that this phenotype IS not Qau_sed k_)y ceI_I death is rat_her
al., 1997): UASvg and vgRE-lacZ (Kim et al, 1996):UAShth & consequence of underproliferation in this region, suggesting
(Casares and Mann, 1998)pp-GAL4 (Wilder and Perrimon, 1995); that one of the functions of Wg in the IR is to promote local
ap-GAL4 (Calleja et al., 1996); anehrGAL4andwg-lacZ(Kassis et~ cell proliferation (Neumann and Cohen, 1996).

al., 1992). Therotund (rn) gene is a member of the Krippel family of

) zinc-finger encoding genes (St Pierre et al., 2002). Among
Clonal analysis _ _ other phenotypesin mutations delete the wing hinge and
To induce clones of ectopic expressipms-FLP122; Ac>y>GAL4 removewg expression from the IR (Fig. 1D).

UAS-GFPfemales were crossed either WilAS-vgor UAS-rnmales. Thenubbin(nub) gene encodes a member of the POU famil
o y
Embryos were collected after 24 hours and heat shocked at 34.50(|?. transcription factors (Ng et al., 1995). In strongb

for 12 minutes at 3612 hours of development. tati . tioial. but oh i Vsi f
To induce loss-of-function clones, embryos from the appropriaté!alions wings are vestigial, but:phenotypic analysis o

crosses were collected for 24 hours and heat shocked at 37°C foNeaker _alleles S_hOWS thé_lt th(_-:‘ wing h_lnge is deleted a_nd the
hour at 3612 hours of development. The genotype examined wer@Xpression ofvg in the IR is missing (Fig. 1E). We examined
for rn clones,y hs-FLP122rn422 FRT[80] / Ubi-GFP FRT[80]; for the hinge phenotype of the triple mutaptld nut?; rn#2-2 and
nubclonesy hs-FLP122 nub! FRT[40A] / Ubi-GFP FRT[40A]; and it is similar to the phenotype of all of them, suggesting that the
for hth clones y hs-FLP122hthP2 FRT[80] / Ubi-GFP FRT[80]. main cause of the phenotype is the lackvgfexpression in

. . the IR (data not shown).
Lineage tracing

Ac>y*>GAL4 UAS-GFP UAS-FLP; rn-GAL4 rn-lacZ larvae were vg, and nub genes are expressed in three
generated, dissected and stained with gigalactosidase for analysis ~gncentric domains in the wing pouch

under the confocal microscope. This experiment lineage-tagged ceLlsh ticiial d | tei ith
that expresserh at any time during the development of the disc. FLP e genevestigial (vg) encodes a nuclear protein with no

recombinase is expressed in cells expressi@AL4, and mediates nomology with other identified families of nuclear proteins
excision of the flip-outy* cassette from the inactive construct to (Williams et al., 1991). Based on its interaction with scalloped

generate an activec>>GAL4 transgene that will expresAS-GFP  (sd), a transcription factor with a TEA/ATTS DNA-binding
After excision of the cassett§&AL4 expression is regulated by the domain, it has been suggested that the function of Vg is to
actin promoter and is clonally inherited in all the progeryneéBAL4  mediate transcriptional activation by Sd (Paumard-Rigal et al.,
expressing cells (Struhl and Basler, 1993; Weigmann and Cohen998; Simmonds et al., 1998)g expression in the wing is
B-galactosidase expression that shows the final patterrm of (BE) and the quadrant enhancer (QE). The BE is activated by
Expression. the Notch signalling pathway and drives expression at the
Immunostaining dorsal/ventral boundary in middle/late second instar larval

Discs were dissected in PBS + 0.1% Tween and fixed with 4o5t@g€. The QE is activated by the combined action of Wg and
formaldehyde in PBS for 20 minutes at room temperature. StandafdPpP (& TG homologue), and drivesg expression in the rest
protocols for immunostaining were followed. The antibodies used®f the wing pouch from early third instar larval stage (Williams
were: mouse anti-DIl (Vachon et al., 1992); mouse anti-Nub (Ng eet al., 1994; Kim et al., 1996; Neumann and Cohen, 1997).
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A rest of the cells of the disc, which do not exprags express
e Y the geneteashirt(tsh) (Ng et al., 1996; Fasano et al., 1991).
ey ™ wgis expressed only in a stripe of cells that corresponds to the
. presumptive wing margin (Fig. 2C). In early third instar larvae,
wg starts to be expressed in the IR (Fig. 2D). This expression
domain corresponds to cells that expmesandnubbut do not
express/g. wg expression in the IR promotes the growth of the
hinge (Neumann and Cohen, 1996) and, in third instar larvae,
gives rise to the expression patterns described above, for
andnuh At this stage, the cells that express the IR enhancer
are located at the limit of the domain 3 (Rn + Nub), and are
several cells away from the boundaryvof expression (Fig.
2E). To investigate how the IR enhancer would be expressed
in spdd discs, we examineldcZ expression in transgenic flies
carryinglacZ driven by the DNA fragment that contain the IR
enhancer (Neumann and Cohen, 1996). In wild-type discs the
spd-lacZconstruct is activated in a ring around the wing pouch
that corresponds to the IR but also in the wing margin
(Neumann and Cohen, 1996). $pd? discs of third instar
larvae thespd-lacZ expression remains adjacent to the Vg
domain as a consequence of local underproliferation, and the
Rn and Nub domains, which contain the cells that express the
spd-lacZ are only slightly broader than the Vg domain (Fig.

2H-J).
Expression of wg, rn and nub in the wing pouch
1 requires Vg
E /“J”M - As vg, rn and nub are expressed in the wing pouch in very
i d,‘d_z "'h,,/ & s similar domains, we wanted to determine whether they could
B T~ w be placed in a regulatory cascadg’3P27"is considered a null
5 N \ allele and produces flies with no wings (Williams et al., 1993).
/ N We observed that img38°27"wing discs expression afg, rn
nub and nubwas not detected in the wing pouch, although other

_ ) _ ~domains of expression in notum or legs were not affected (Fig.
Fig. 1.wg expression and phenotypes of wild-type and mutant wing 3a_C). We observed the same result in earlier discs, suggesting
hinges. (A) Adult wing and third instar larval wing imaginal disc 1 v/q is required to initiate the expressiomaf rn andnub
showingwg expression detected by antibody staining. Bars indicate in the wing pouch

the regions amplified in B-E. (BYg expression detected by X-gal ; S
staining in adult wing and by anti-Wg antibody in the wing pouch. To confirm these results and to test whethgxpression is

Red arrows indicate the inner ring (IR): black arrows indicate the ~ Sufficient to activatewg, rn and nub, we made use of the
corresponding region in the adult wing. The arrowhead indicates thdJAS/GAL4system (Brand and Perrimon, 1993) to ectopically
outer ring (OR). (C-E) Mutant phenotypesspidd (C), rn42-2 expressvg. vg misexpression in the notum does not activate
(D) andnuk? (E). In all cases the hinge is deleted and the expressiomeitherrn nor nub, so we tested other discs. In the eye discs of
of wg, which is detected by staining of antibody to Wg, in the IR is  wild-type larvae, Rn and Nub are not expressed, and in the
missing. antenna discs they are expressed in the same pattern as in the
leg, with Rn in a broad ring and Nub in several narrow rings
(Fig. 3B,C). Indpp-GAL4/UASvg eye/antenna discs, Rn and
We examined the expression patterny@frn andnub. In Nub are detected both in the eyes and in the antennae in the
mature wing discs/g, rn and nub are expressed in three Dpp domain (Fig. 3E,F).
concentric domains, with the Vg domain the smallest one. At We also examined the expression of Vg and Rl discs
this stage the wing hinge is lined with several anterior/postericaand the expression of Vg and Nulrim?-2 discs. In both cases
folds (Fig. 2K). The boundary afg expression coincides with we did not detect changes in the expression patterns of these
the distal-most fold of the disc (Fig. 2E,K). The Rn domain iggenes (data not shown). Ectopic expression of either nub
slightly broader and its boundary coincides with a second foldid not drive the expression of the other gene (data not shown).
in the disc (Fig. 2F,K). The Nub domain contains the RrFrom these results, we conclude that Vg is necessary and
domain and coincides with the third fold in the disc (Fig.sufficient to activate the expressionrafandnubin the wing
2G,K). The IR domain corresponds to the proximal-most arepouch.
of the Rn domain (Fig. 2F inset, K). Although, in late second instar larvae Vg, Rn and Nub are
We next examined the expression of these genes in earfigund in almost coincident domains, in third instar the Rn and
larval development. In middle/late second instar larvae thBlub domains include two sectors that do not expvgg&ig.
expression domains of), rn andnubin the presumptive wing 2K, domains 2 and 3). This observation suggests either that the
pouch are slightly broader than trggdomain (Fig. 2A,B). The activation ofrn and nub is mediated by a non-autonomous
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that lies several cells away from the
A Domains of boundary of the clone (Fig. 4C). We

:’;:;ess'm conclude that the behaviour of these
4Tsh +OR clones and their surrounding cells
3 Nub reproduces the normal development
2 Nub, Rn + IR . .

1 Nub, Rn, Vg of wg expression in the IRwg

expression is first activated in cells
abutting the Vg domain, and this
ring of expression later moves
away from the Vg domain. We
propose that a signal from the
vg-expressing cells inducesvg
expression in surrounding cells. As
a consequence of Wg-promoted cell
proliferation, the IR moves several
cells away from the boundary wd-
expressing cells. Because W
expressing clones the cells that
expressvg are related by lineage,
Fig. 2.vg, rn andnubexpression patterns and their relationship to the IR. Wild-type wing disc frofde must assume that some cells
late second (A-C), early third (D) and late third (E-G) instar larvae. @ge) mature wing discs.  |pse the expression of Wg and that
In late second instar larvas, rn andnubexpression domains are almost coincident (A-B),wad g happens at least in the internal
is expressed in a stripe that delimits the presumptive wing margin (C). In early third instar Iarvaﬁ'order of the IR (see Discussion)
wgis also expressed in a ring of cells that do not exm@é3, white arrow). (E-G) In mature wing To assess the role of Rn i.n
discsvg, rn andnubare expressed in three concentric domains (arraggndwg (E), rn andwg . . ) .
(F), andnubandwg (G). (H-J)spd-lacZ vg, rn andnubexpression patterns spdd discs. Note that thiS signalling, we examined the
the IR co-expresses with (1) andnub(J), but abuts theg domain (H). Because of different focal €xpression ofrn in these vg-
planes it is not possible to merge the different channels over the whole of the Wg domain at thi€xpressing clones. Clones of
magnification. (K) Summary of patterns of gene expression. The mature wing hinge has five expression in domain 3 (Nub)
characteristic folds (arrows) that coincide with domains of gene expression. Vertical bars represggtivate rn expression.  This
the domains of expression i, rn, vgandwgin the IR and the OR. Note that although domain 2expression is not limited to the cells
includes the IR, only the cells in the proximal-most sector exprgsi all discs, anterior is of the clone, but the surrounding
leftwards and the dorsal notum is upwards. The wing margin, identified bypression, is cells also expressn (Fig. 4D,E).
considered the distal-most region of the wing. Considering that Vg is a nl,JcIear

protein, a Vg-dependent signalling
mechanism, or that although Vg is required to initieie may be required to activate expression. The activation of
and nub expression, Vg-independent mechanisms might ben in these clones seems to be restricted to domain 3 (Nub).

required to maintain them (see below). One explanation could be that Nub is required. Nevertheless,
) . rn expression was not altered fmub! discs, in which Nub

Requirement for the activation of ~ wg in the inner protein is detected by antibody staining in only a few cells

rnng (Ng et al., 1995; Cifuentes and Garcia-Bellido, 1997). We

In vgB3b27R|arvae, the IR is missing, but misexpression in  therefore think that the activation oh by Vg-dependent
the eye/antenna disc is not able to activegexpression. This signalling may be repressed tishrexpressing cells (domain
suggests that a more sophisticated mechanism may drive the Similar to the observed dynamics wf expression, we
expression ofvg in the IR.vg is not expressed in the hinge. found clones in whicln is only expressed within the cells of
When vg is misexpressed in the IR domain by any one othe clone, and clones in whiain is also expressed in the
several different GAL4 linesyg expression is lost (Fig. 41 and surrounding cells. It is interesting to note that only clones in
data not shown). This indicates that Vg, although required farhich rn expression is non-autonomously activated shay
the IR activation, represses the IR when both are co-expressexpression (Fig. 4F). These results suggest that in early third
in the same cells. instar larvae, a Vg-dependent signalling pathway non-
To better assess the role of Vg in the activatiorwgf autonomously activates expression in neighbouringnon-
expression in the IR, we made cloneygexpressing cells in  expressing cells, and this makes these cells competent to
the different expression domains of the wing hinge (Fig. 2K)activate the IR enhancer.
These clones behave differently depending on the domain To determine whether Rn is by itself able to activate wg
where they appear. In domains 2 (Nub + Rn) and 4 (Tgh), expression in cells that do not expregss we examined the
expressing clones did not induegy expression. In domain expression ofvgin clones ofn-expressing cells. These clones,
3 (Nub), clones ofvgexpressing cells produce a non-when induced in domain 3 (Nub), activatgy expression.
autonomous expression @fg. In these clones, induced at Unlike vg-expressing clones, in these clomegexpression is
36+12 hours of development, we found three distinct resultsestricted to cells of the clone (Fig. 4G,H). In addition, within
first, wg is expressed in a line of cells surrounding the cloneghe clones the only cells that expreggare those lying close
(Fig. 4A); second, the domain of cells expressigghecomes to the Vg domain. This suggests that Rn, although required for
broader (Fig. 4B); and thirdyg-expressing cells form a ring wg expression, it is not sufficient. We think that when the IR
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{ 5A,B). rn clones that straddle the wing margin do not affect
A B C the expression ofvg.
leg leg nubt is a viable and recessive strong loss-of-function allele
. that causes a dramatic reduction in wing size and the deletion
o leg of wing hinge (Fig. 1E) (Ng et al., 1995). We induced clones
of nubt cells in an otherwise wild-typaubl/+ background.
wing . These clones remoweg expression. The phenotype is strictly
\ | \ cell autonomous, indicating that Nub is only required in the IR
expressing cells (Fig. 5C,D). It therefore appears that Rn and
Nub, although expressed iag-expressing cells, are not
Vg m nub required in these cells.

haltere

D ) E F - wg expression in the inner ring requires cell

antenna \ ” " g interactions between vg-expressing and vg-non-
~ ‘ﬁ 5 expressing cells

As we have seen aboweg expression in second instar larvae
z drives the expression ai andnub, two genes that are required
. both for the development of the wing hinge and for the
eye " activation of thevg IR enhancer. Clones gfrexpressing cells
in the Nub domain activate the IR enhancer. These ectopic IR
domains, although generated in cells that abut the clone

wg m nub boundary, end up several cells away. This behaviour
reproduces the normal development of the IR, which is initially

Fig. 3.vgis required to activate the expressiomf rn andnubin expressed at the boundaryvgfexpression, but later, as a result
the wing pouch. (A-Cyg?3b27R The expression afig (A), m (B) of Wg-induced cell proliferation, moves several cells away.

andnub(C) in the wing pouch is missing (arrows; see Fig. 1F,G for These observations suggest that a signal coming frgm

wild-type expression). The expression in notum and legs was not o, yressing cells activates the IR enhancer in the surrounding
affected. Ectopic expression\ajis sufficient to activaten andnub.

i Ils.
(D-F) dpp-GAL4/UAS-vgPatterns of expressionwfy (D), rn ce . . -
(E) andnub(F) in the eye/antenna disc. Arrowheads indicatelfipe To test this hypothesis, we generated a new artificial
expression domain in the antenmaandnubare expressed in boundary ofvg expression at an ectopic position, by removing
similar patterns in leg and antenna. In D-F, ventral is leftwards. vg expression in cells within theg domain.vg mutant clones

do not generate this situation, as they do not proliferate for
more than a few cell divisions (Azpiazu and Morata, 2000). We
was activated, some of these clones had a few cells, but ortlyerefore misexpressed the gdmmothorax(hth) in the Vg
the cells that lie close to the Vg domain activatad After ~ domain. hth encodes a homeodomain protein of the Meis
several cell divisions, some of these cells lie out of the IRamily (Rieckhof et al., 1997). In the winfgthis expressed in
domain but, because they exprasghey retain the expression two rings that overlap with the IR and the OR of Wg (Casares
of wg. and Mann, 2000; Azpiazu and Morata, 2000), and it has been
In view of these results, we propose a two-step model, isuggested that Hth interferes with Wg signalling (Abu-Shaar
which Vg first non-autonomously activatesexpression both and Mann, 1998).
within the Vg domain and in surrounding cells. This generates In dpp-GAL4/UAS-hth the Wg-dependentg expression
two adjacent domains:vgrn-expressing cells andmn-  was repressed in the Dpp domain (Fig. 6A, note that the N-
expressing cells. Cell interactions between these two groups dépendent BE is not affected, indicating that Hth does not
cells then drive the activation of the IR enhancerrmn interfere with N signalling). In these discep and nub

expressing cells. expression are not affected (Fig. 6B,C), and two new stripes of
) wg expression appear (Fig. 6D-F, note that not all cells that

Rn and Nub are cell autonomously required for the expresshth activatewg expression). These two new stripes

activation the wg expression in the IR of Wg are clearly seen in middle third instar larvae, and

The results presented above indicate that Rn and Nub arerrespond to Dpp-expressing cells that abutvgexpression
required for the activation of the IR and that this activatiordomain. In mature larvae the epithelia is folded, and only a
depends on a signal fromg-expressing cells. To identify in stripe of Wg is detected (Fig. 6F).
which cells Rn and Nub functions are required for IR To confirm that this ectopic expressionwajis driven by he
activation, we performed genetic mosaic analysis of stronfR enhancer, we examindistal-less(DIl) expression and N
loss-of-function alleles afn andnub. function. DIl is normally expressed in the wing pouch but
rn42-2js considered to be a null allele (St Pierre et al., 2002)s not expressed in the IR. Its expression dependsigf
422 homozygous flies are viable, and display as wingexpression in the wing margin (Neumann and Cohen, 1997).
phenotypes the deletion of the wing hinge and a nick in thin dpp-GAL4/UAShth, DIl expression is missing in the Dpp
posterior proximal wing margin (St Pierre et al., 2002). Cloneslomain, wher&\Vgis being ectopically expressed (Fig. 6®).
of rn42-2 cells in arn42-2+ background removerg expression is required for the expression wfy in the wing margin but is
from the IR. This phenotype is strictly cell autonomousnot required for the activation of the IR enhandd?f.is a
indicating that Rn function is only required in the IR cells (Fig.thermosensitive allele which at a restrictive temperature (30°C)
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Fig. 4.vgandrn mediate the activatio
of the IR. (A-F) Clones ofg-
expressing cells. Clone cells are
labelled green (GFP), Wq is labelled
blue (wg antibody) and Rn in reth¢
lacZ). When we examine the
expression ofvgin these clones we
found three distinct results: (g is
expressed in a narrow ring of cells t
abuts the clone border (A); (8)gis
expressed in a broader ring of cells 1
still abuts the clone border (B); and (
wgis expressed in a ring that stands
several cells away from the clone
border (C). We infer that these three
distinct results represent three stage
and reproduce the process of actival
of the IR throughout normal
development. (D-Fyg-expressing
clones activaten expression within th
cells of the clone and in surrounding
cells. This activation is restricted to t
Nub domain. (D) Non-autonomous
activation ofrn in avg-expressing
clone. The arrow indicates the fold tt
delimits the expression aiub. (E) Two
clones out of the Nub domain
(arrowheads) and a clone within the
Nub domain (arrow). Owing to different planes of focus, not all the cells of the clonesleapression. (Fyg-expressing clones that do not
activatern expression in cells out of the clone do not expvasgrrowhead). (G,H) Clones afi-expressing cells: clone cells are red (GFP)
and Wg is blue. Rn autonomously activatggexpression, but only in the Nub domain and in cells that are close to the Vg domadn. (1)
expression irap-GAL4/UAS-vgving disc. Note the lack of dorsaly expression (arrow).

behaves as a strong loss-of-function allele. N¥; dpp in which Wg signalling was compromised, it has been
GAL4/UAShth, the expression ofvg in the wing margin is proposed thahth is a target of Wg signalling in the hinge
missing, but neither the ectopigg expression in the Dpp (Casares and Mann, 2000ith expression is missing in the
domain nor thavg expression in the IR is affected (Fig. 6H). spd9 mutant (Fig. 7B). Clones dfth mutant cells prevenwg
This result suggests that both domains are independent of éXpression at the late third instar stage (Fig. 7D) (Casares and
signalling. Mann, 2000). Buthth clones do not blockvg expression

For final confirmation that cell interactions betwegp  observed in early third instar larvae (Fig. 7E). These
expressing andvg-non-expressing cells activate the IR observations suggest thag expression, although induced by
enhancer, we tested whetheth misexpression was able to a Vg-dependent signal, is maintained by a different mechanism
activatewg directly by examiningvg expression irengrailed-  that requires Hth.
GAL4/UAShth. In these discdhith is expressed in the whole  Although wg-expressing cells in the IR move several cells
posterior compartment, but Wg is only detected in posterioaway from the Vg domain during the growth of the hinge, the
cells that abuvg-expressing cells in the anterior compartmentproximal limit of the IR always coincides with the border of

(Fig. 6l). rn expression. Clones ofi-expressing cells in domain 3 (Nub)
_ o maintainwg expression in the proximity of the IR (Fig. 4G,H).
Hth mediates wg autoregulation in the IR Taken together, these results suggest that Rn is also required

Once the IR enhancer is activated, Wg-induced local cetb maintainwg expression. In this modelg would maintain
proliferation moves the IR several cells away from thdts own expression by an autoregulatory loop that requires Hth
boundary ofvg expression. This cell proliferation generatesand Rn.hth expression depends on Wg, but expression
three new domains defined by different combinations of gengepends on a signal froug-expressing cells. When IR cells
expression. These are: cells expressing Nub+Rn; cellwoliferate and drop out of range of Vg-dependent signals, they
expressing Nub+Rn+IR; and cells expressing Nub (Fig. 2K)would losern expression and, as a consequence ofwlgsnd
This raises the question of hamg expression is maintained hthexpression may also be lost. Thwg,expression, although
far from the Vg boundary. To address this we examined thmaintained by an autoregulatory loop, would not be maintained
role of hth. by lineage alone.

In second instar larvagthis expressed in the wing disc at  To confirm this model, we conducted a lineage-tracing
low levels, in a pattern complementaryug In early third experiment to examine if cells at the border of the Rn domain
instar larvae, aftewg is expressed in the IRth starts to be have a tendency to lose expression. We compared the pattern
expressed at higher levels in two rings that overlap with the IRf rn expression in mature discs with the distribution of cells
and the OR oivg expression (Fig. 7A). Based on experimentsthat expresgn at any time during larval development (see
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Fig. 5.Rn and Nub are required faig expression in the
IR. (A-B) rn42-2 clones, revealed by the absence of GFP
(green), cell autonomously remowg expression (red) in
the IR. Other domains efg expressions are not affected.
(C,D) nubt clones, revealed by the absence of GFP
(green), also remoweg expression (red) in the IR. As it
has previously been reporteudy expression in the wing
margin is expanded in these clones (Neumann and Cohen,
1998). Arrows indicate the IRvg expression is detected
with antibody to Wg. Dorsal is upwards and anterior is
leftwards.

Materials and Methods for details). When compared, weegulated by two different mechanisms, one to initiate and the
observed that the final domain ot expression was smaller other to maintain its expression. These processes involve the
than the domain of cells that expresseth larval stages (Fig. genesvg, rn, nubandhth, and other as yet unidentified genes.
7C). This indicates that in development cells are dropping out
of the Rn domain. A Vg-dependent signal activates  wg expression in
Interestingly, wg expression in the IR plays a role in the IR
maintainingvg expression. The sharp border of the Vg domainAt middle second instar larvagg gene, as detected by Vg
becomes less well defined Bpd? wing discs, but is not antibody staining, is expressed in the wing disc in a horseshoe-
affected in N (30°) disc, in which bothvg BE andwg like domain. The centre of this domain corresponds to the
expression from the wing margin have been removed (Fig. 7fpresumptive wing pouch (Klein and Martinez-Arias, 1999;
H). This implies that Wg from the IR helps to maintain theWilliams et al., 1991). The results presented here indicate that
expression of theg quadrant enhancer. Vg is required to activate the expressiorrmfandnub genes

DISCUSSION } A q\B
m

The very precise spatial and temporal control of gen

expression plays an important role in pattern formation. On vg

of the best-characterised examples of this is the developme p )# .
s .

of theDrosophilaembryo, in which sets of genes can be placec.

in a regulatory hierarchy, and have a very precise expressit r
that is spatially and temporally regulated. In several case =
these genes are expressed at different times under the con
of different enhancers, which in turn are activated by differen

X H
developmental mechanisms (Pankratz and Jackle, 1993). Tt - '
precise control of gene expression is not restricted to ear ' ' -~
DIl »

0. b

‘.‘ -
stages of development, and to some extent post-embryor \ :
development introduces increased complexity, as pattel - il
formation is associated with the control of cell proliferation

(Day and Lawrence, 2000). . . . . :
. . . Fig. 6.Cell interactions at the boundary\af-expressing cells drive
Thewg gene has been exhaustively studied, and it has bey, 5 expression of the IR enhancer. (AdppGAL4/UAShth

reported that Wg plays multiple roles in the development oremoves/gexpression (A), but does not affect expressiomof

imaginal discs. In many cases, Wg has an instructive functioi) or nub(C) (arrows). Note that the activation of the N-dependent

as its very precisely regulated expression is required for normvg BE is not repressed (arrowheads inW.is ectopically

development (Klingensmith and Nusse, 1994; Martinez-Ariaexpressed within the Dpp domain in two stripes of cells thatvaput

et al., 1999). One interesting feature is that an equally complexpressing cells (D-F, arrows). In second instar larvae, the two stripes

regulatory region controls the complex pattern wf  of Wg are more apparent (D). In third instar larvae, only one stripe is

expression in the development of imaginal discs (Neumann arS€€n because of a fold in the epithelium (F). (G,H) Two results

Cohen, 1996) (K. Johnson and J. P. C., unpublished). indicate that the new Wg stripe _coyresponds to the activation of the
wg is expressed in the wing in two rings that are requirenIR enhancerDIl expression is missing (G); and\¥; dpp

! . . . . . . .~ GAL4/UAS-htHH), wg expression in the wing margin is missin
for patterning the wing hinge. This flexible region is requireC arowheads) rlgut)theglR gnd the new stripw%fs nc?t affected (rgd

for wing flapping and for the movement of extension ancarrow). (1)hthis unable to directly activateg expression: irer
flexion over the abdomen at rest (Snodgrass, 1935). We hagAL4/UAS-htronly posterior cells in the AP boundary activate the
examined the mechanisms that dnivg expression in the IR R (red arrow), indicating that cell interactions witlrexpressing

of the hinge. Our results indicate the expressiorwgfis  cells are required.
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Fig. 7.(A,B) hthexpression detected with antibodyfto
galactosidase ihth-lacZ wing discshthis expressed in
the wing hinge in two rings (A). The inner ring (red arrc
and the outer ring (red arrowhead) overlap with the IR
the OR of Wg. (B) Irspdddiscs, thenth expression in the
inner ring is missing but the outer ring is not affected.
(C) rn lineage tracing. Expression of visualised byrn-
lacZ (red) and byn-GALAUAS-FLP Act>>GAL4UAS-
GFP (green), which labels all the cells that expregseat
any time during the development of the disc. Note that
green channel shows a broader domain, indicating cel
that have lostn expression. This result suggests that in
border of Rn domain, cells have a tendency tonse
expression. (D,ElthP2 clones, revealed by the absence
GFP (green), remowsg expression (red) in the IR (white
arrows) when observed in mature wing discs (D), but ¢
not do so when observed in earlier discs (E). This indi
that the maintenance, but not the initiationygf
expression requires Hth function. (F-WY expression in
the IR is required to maintain sharp borders invipe
expression domain. Expressionvgf QE-lacZin wild-type
(F), spd9 (G) andNs (H) [at restrictive temperature
(30°C)] wing discs detected with antibody@alactosidase. The border of the Vg domain (black arrows) is sharp in wild-type larvae or when
wgis removed from the wing margin (H), but less well defined whgis removed from the IR (G).

in the wing disc. This activation is restricted to the cells thaeither that the Vg-dependent signalling is able to activate the

will take wing fate and takes place in the cell that expvgss IR over a long range (Liu et al., 2000), or that a different, Vg-

and also in the surrounding cells, suggesting that a Vgndependent, mechanism maintains the IR.

dependent short-range signal activatesndnub expression. . . o

At this time, the expression ofibandtshin the wing disc are Hth mediates the maintenance of  wg expression in

complementary and cover the whole disc (Ng et al., 1996) (Fighe IR

8). When artificial Vg/Rn-Nub interfaces are generated
The expression of these genes in a domain broader than teeperimentally, the IR enhancer is activated rimnub

Vg domain creates a ring of cells that expmesandnubbut  expressing cells that abut the Vg domain (Fig. 6D-F). This

not vg. We have presented evidence indicating that a signactopic IR is around four cells wide, indicating the active range

from vg-expressing cells activates thveg IR enhancer in of the signal that activatesg expression. Our results indicate

adjacentrn/nub-expressing cells. Unlike the activation f  that at distances greater than this, a VVg-independent mechanism

andnuh, the activation ofvg expression by the IR enhancer is maintainswg expression in the IR.

repressed in cells that also expregsSo, the IR enhancer is  Several results presented here, plus others reported

activated only in cells that surround the Vg domain. elsewhere, indicate that Wg signalling activédittsseexpression,
During the development of the disc, the position of the IRvhich is in turn required to maintaing expressionwg and

moves several cells away from the Vg domain. This impliesith are co-expressed in the IR and OR, avglexpression

Fig. 8 A model for the development of the wing hinge. Th

figure represents the evolution of gene expression during - - 2ndinstar
development in cells of the dorsal wing hinge. In second i 1 2
larvaevg (red) andsh(grey) are expressed in complement:
patterns (1). Theg-expressing cells correspond to the P
presumptive wing pouch. A signal coming from thie 00 00020 ) - O%gcoo
expressing cells activatesibandrn expression in slightly g.gg‘bg)% [
broader domains (2). In early third instar larvae, cells “é
expressingn andnubbut notvg (green) are competent to ® Teh
activate theavg IR enhancer (yellow) when induced by a sic @ Nw
coming from therg-expressing cells (3)vg expression © Nub+Rn+WR +Hth
stimulates local cell proliferation that expands the differen O Nub+Rn+WgIR
domains and moves the IR domain several cells away\p © Nub+Rn

. L . - . @ Nub+Rn+\Vg
expressing cells (4). At this time, Wg signalling activéis \ /

expression in the IR (orange). The combination of both W,
dependent Hth and Vg-dependent Rn activates a Vg-independent mechanism that majetginsssion in the IR. As soon as local cell
proliferation movesn-expressing cells away from the Vg domain, they fosexpression, and consequently also g@andhth expression.
Thus,wg expression in the IR is maintained at the border of the Rn domain, which proximally restricts the IR domain. In this ecess th
domains have been generated by local cell interactions that do not involve any cell lineage restriction. Note thatahéelelfgytto the new
domain ofrn-expressing cells between the IR and the Vg domain (green cells in 4) loses the ability tovagtiyaéemechanism that, we
propose, involves a Vg-dependent repressor. Therefore, the IR domain is proximally and distally restricted.
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precedeshth expression. Furthermorehth expression is our results suggest that at least four different target genes are
missing inspdd discs, andvg expression is lost inthmutant  independently activated by one or more signals that emanate
clones. Neverthelesspd? discs show activation of the IR from vg-expressing cellstn andnub are activated in second
enhancer, as revealed by 8pal-lacZconstruct (Fig. 2H-J) and instar larvaewg is activated in early third instar larvae (this
wg expression is not affected inth mutant clones when activation requires the function of Rn and Nub and is repressed
observed in early third instar larvae (Fig. 7E). This indicate®y Vg); and finally the repressor, which would be activated in
that Hth, while required to maintain IR activation, is notmiddle third instar larvae.
required to initiatavg expression. _ . .

Thern clonal analysis indicates that Rn is also required forf he role of Wg in patterning the hinge
wg expression. One interesting observation is that, when the I&ne interesting observation that can be made our results relates
moves away from the Vg domaimg-expressing cells are to how the hinge is patterned. As a result both of local cell
always maintained at the limit ofi expressiontn is activated interactions and Wg-promoted cell proliferation, several
by a Vg-dependent signal. This implies that the activity rangdomains, which are defined by different combinations of gene
of the signal and the lifetime of the Rn protein together limitexpression, are established (Fig. 8). The generation of these
the domain ofn expression. So one explanation for why thedomains is, in part, a consequence of that the expression of
IR is always maintained in the limit afi expression is that, as these genes are not maintained by lineage, but also because
a consequence of cell proliferation, cells drop out of the rangiere is not evidence of lineage restrictions. Thus, cells at the
of the Vg-dependent signalling. Thus, cells simultaneouslyorders of both the IR domain and the Vg domain Vegand
lose the expression of both andwg. The result of then  vg expression, and fall into adjacent domains. However the
lineage-tracing experiment supports this prediction (Fig. 7E)expression in cells within a given domain, away from the
Taken together, these results suggest that an autoregulatdygrder, must be more efficiently maintained by a phenomena
loop involving Hth and Rn maintaingg expression. Although similar to the reported community effect (Gurdon et al., 1993),
hth expression depends on Wg, expression depends on Vg, because no holes are detected in the pattern of expression.
sowg expression in the IR is not maintained by lineageg.
autoregulation has been reported in embryo deve|0pmentWe thank Natalia Azpiazu, Sean Carroll, Steve Cohen, Richard
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