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SUMMARY

During development, the imaginal wing disc oDrosophila  that a main effector of this confinement is the TGB
is subdivided along the proximal-distal axis into different homolog Decapentaplegic (Dpp), a molecule known to
territories that will give rise to body wall (notum and  pattern the disc along its anterior-posterior axis. At early
mesothoracic pleura) and appendage (wing hinge and second larval instar, the Dpp signalling pathway functions
wing blade). Expression of the Iroquois complex (Iro-C) only in the wing and hinge territories, represses Iro-C and
homeobox genes in the most proximal part of the disc confines its expression to the notum territory. Later, Dpp
defines the notum, since Iro-C cells within this territory becomes expressed in the most proximal part of the notum
acquire the identity of the adjacent distal region, the wing and turns off Iro-C in this region. This downregulation is
hinge. Here we analyze how the expression of Iro-C is associated with the subdivision of the notum into medial
confined to the notum territory. Neither Wingless and lateral regions.

signalling, which is essential for wing development, nor

Vein-dependent EGFR signalling, which is needed to Key words: Iroquois complex, Dpp signalling, Imaginal wing disc,
activate Iro-C, appear to delimit Iro-C expression. We show  Notum developmenDrosophila melanogaster

INTRODUCTION selector gene confers identity to the cells of a compartment.
Cells from apposing compartments do not intermingle because
A salient problem in development is how groups of equivalentf differential affinities. In addition, compartment borders are
cells are allocated to different developmental fates. Isources of signalling molecules that organize both cell
Drosophilg the study of imaginal discs has provided proliferation and patterning of the entire disc (for reviews, see
substantial insights. During the larval stages, each one of thigrook et al., 1996; Teleman et al., 2001; Vincent and Briscoe,
pair of imaginal wing disc grows from approximately 40-502001).
cells to 50,000 cells. Later, during metamorphosis, the discs According to current thinking (reviewed by Klein, 2001), the
undergo eversion and differentiation to form the mesothoracisubdivision of the wing disc along the proximal-distal axis into
body wall (notum and mesopleura) and the dorsabody wall (notum) and appendage (wing) is effected, during
mesothoracic appendages (the pair of wings, each compostn@ early second instar, by the Wingless (Wg) and the EGFR
of wing hinge and wing blade). However, the allocation ofsignalling pathways. The Wg molecule accumulates in the
cells to the different territories that give rise to thesemost distal part of the disc (Couso et al., 1993; Ng et al., 1996)
morphologically distinct structures occurs much earlierand instructs cells to repress the ubiquitously expressed zinc-
during late first or second instar, when the discs have at mdétger transcription factor gerteashirt(tsh) (Wu and Cohen,
a few hundred cells. 2002) and activate wing-specific genes likebbin (nub),

Still, the earliest subdivisions of the wing discs do notvestigial (vg) and scalloped(sd) (Ng et al., 1996; Williams
correspond to these territories but to compartments defined ey al., 1993), thus specifying the wing blade territory.
cell lineage restrictions (Garcia-Bellido et al., 1973) (reviewed@pecification of the medial region of the disc, which will give
by Mann and Morata, 2000). The first subdivision, into anteriorise to the dorsal wing hinge, requires Wigmothoraxand
(A) and posterior compartments (P), is inherited from thedsh although it is unclear how the actions of these genes are
embryo and it is established by the expression of the selectimtegrated (Azpiazu and Morata, 2000; Casares and Mann,
genesengrailedandinvectedin the P compartment. A dorsal- 2000; Klein and Martinez-Arias, 1998). More is known about
ventral (DV) compartmental subdivision, ortogonal to thethe specification of the proximal region of the disc that gives
AP one, occurs during the early-mid second instar. Thisise to the notum. Here, the neuregulin Vein (Vn) molecule is
subdivision is established by the expression of the genexpressed, activates the tyrosine kinase EGF receptor, and this
apterous(ap) in the D compartment. The expression of aautonomously turns on notum genes like the three members of
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the Iroquois Complex (Iro-C) (Simcox et al., 1996; Wang eMitotic recombination clones and misexpression

al., 2000; Zecca and Struhl, 2002a; Zecca and Struhl, 2002kgxperiments

The Iro-C genesaraucan(ara), caupolican(caup andmirror Mitotic recombination clones homozygous for the rkif12 allele
(mirr), encode related homeodomain proteins conserved fromere induced by the FLP-FRT technique (Xu and Rubin, 1993) at
worms to vertebrates (reviewed by Cavodeassi et al., 200134+12 hours after egg lying (AEL) for 1 hour at 37°C. The clones

Their expression in the most proximal region of the secon#ere revealed by staining with anﬁiigalactosida;e antibody in larvae
f the genotypg w hsFLP122tkv212 FRT40A/Minute(2L) arm-lacZ

instar wing disc is essential for notum specification, sinc . b .
clones of Iro-C cells induced early within this territory acquire gs;?n%AyCLosnFefpfgzcilcstiﬁ;/;{:)ép;assﬁg\gacgireU%)Stillr(w\gg/ f y

th_e 'def‘“ty of the z_idjacer_wt distal region, namely, the_promm_tgrvae for 8 minutes at 37°C either at 36+12 hours AEL (after egg
wing hinge and differentiate structures characteristic of thigying) or 72+12 hours AEL. The clones were revealed by staining
region (tegula, sclerites, etc) (Diez del Corral et al., 1999)ith ~antif3-galactosidase antibody. Similarly, clones of cells
Thus, the early domain of expression of Iro-C defines theverexpressingAxin were obtained by treating/ hsFLP122
extent of the notum territory. Actin>y*>Gal4, UAS-GFR+; UAS-Axit+ larvae for 5 minutes at

An antagonistic interaction between the Wg and the EGFR7°C at 36+12 hours AEL and larvae were developed at 25°C. Larvae
pathways might explain the confinement of Iro-C expressiofxpressing transgenes by means of the Gal4 system were raised at
to the proximal region of the wing disc. Thus, it has beerf9°C UAS-dppUAS-brinker UAS-dadUAS-vi), 25°C UAS-dTC
proposed that, in the second instar disc, Wg signalling"dUAS-raPt), or 18C (UAS-ras¥*d.

repressesn. Since Wg signalling is strongest in the distal partyjsiochemistry

of the disc, 't. should restrict expressionvafto the'prc.JXImaI Imaginal discs were dissected and stained as described previously
part of the disc (Wang et al., 2000). Then, activation of thegsmez-Skarmeta et al., 1995). Primary antibodies were: rabbit and
EGFR pathway would be maximal in this territory and thismouse antB-galactosidase (Cappel and Promega); rat anti-Iro-C
would activate Iro-C within it. Hence, the early domain of(Diez del Corral et al., 1999), which reacts with the Araucan and
expression of Iro-C, and therefore the prospective notur@aupolican proteins; rabbit anti-pMad (Tanimoto et al., 2000); mouse
territory, would ultimately be delimited by the negative inputanti-Omb (a gift from G. O. Pflugfelder); mouse anti-Wg, mouse anti-
of Wg emanating from the distal region of the disc. Nub and rabbit anti-Tsh (kindly provided by M. S. Cohen); guinea
expression of Iro-C in the proximal region of the wing diSC_Guerrero). Secondary antibodies were from the Jackson Laboratory

" . - . . -and Amersham. Probe to detect mMRNAs was prepared using the
Our f!ndlngs argue against Wg S|gnalllng being the_ mal IG RNA labelling kit (Roche), as described by the supplier. Whole-
negative regulator of Iro-C expression. Moreover, while w

. . : i ount in situ hybridizations were performed essentially as described
confirm that the Vn/EGFR signalling pathway is necessary fogyeyiously (Jiaa/g et al., 1991). P Y

Iro-C activation, our data, in agreement with recent findings
(Zecca and Struhl, 2002a), indicate that the availability of Vn
does not restrict Iro-C expression to the prospective notunfRESULTS
This appears to be accomplished, instead, by signalling ) ] ) .
mediated by the BMP2/4 homolog Dpgppis expressed in a \Wg and Vn/EGFR signalling are unlikely candidates
stripe of A cells abutting the AP compartment boundary fronio delimit early notal Iro-C expression
very early larval stages (Burke and Basler, 1996), aiWVg signalling, emanating from the distal-most part of the disc,
expression essential for growth and patterning of the wing disappears to repress and thereby confinen expression to the
in its AP axis (reviewed by Affolter et al., 2001; Dahmann andproximal part of the disc (Wang et al., 2000). Since Vn/EGFR
Basler, 1999; Podos and Ferguson, 1999; Serrano astnalling is a requisite for Iro-C expression (Wang et al., 2000;
O’Farrell, 1997). However, Dpp had not been implicated, untizecca and Struhl, 2002a), it seemed possible that Wg might
now, in the initial territorial subdivision of the disc along theultimately be responsible for restricting expression of Iro-C to
proximal-distal axis. We find that during the early-mid secondhe notum territory. Moreover, it is well known that early
larval instar, the Dpp pathway is active only in the wing andlepletion of Wg (as invg“*3wg*4 discs) prevents wing
hinge territories. This activity defines, by repression, the distalevelopment and promotes formation of a second ectopic notum
border of the Iro-C domain and confines the expression of IrqCouso et al., 1993; Ng et al., 1996), a result that could imply
C to the notum territory. Latedpp becomes expressed in the the breakdown of the regulation that confines Iro-C expression
most proximal part of the notum and turns off Iro-C in thisto the proximal region of the disc and, therefore, the expansion
region. This downregulation is associated with the subdivisioof the domain of Iro-C expression. However, when examining
of the notum into medial and lateral regions (Calleja et al.second instawgc*3wgC*4 discs from larvae raised at 18°C (a
2000). condition in which all wing discs showed, at the third instar, the
double notum phenotype), we found that Iro-C expression was
still restricted to the proximal part of the disc (Fig. 1A). This
suggested that such an expansion had not occurred. Later, in the
%arly third instar, a separate expression of Iro-C, clearly
, S , X3h ) CXA , stinguishable from an expansion of the extant Iro-C domain,
e g ariae et i Jas tume on i distal regions of he disc (Fig. 18) During the
notum phenotype. These discs, at second instar, did not haf@ird instar, this distal expression evolved revealing the
detectable Wg proteiMS248-Galddriver (Sanchez et al., 1997) is formation of the ectopic notum (Fig. 1C). When the notum
expressed in the prospective notum at least from second instar digdgplication was complete, the Iro-C expressions in the extant and
(see Fig. 2H,I). ectopic nota were similar to that of a wild-type notum (compare

MATERIALS AND METHODS

All the mutant alleles and transgenes are described in FlyBa


http://flybase.bio.indiana.edu:82/

Fig. 1.Wg signalling
does not delimit the
notal Iro-C domain.
(A-C) Domains of Iro-
C expression in secon
early third and late thii
instarwgCX3wgCx4
wing discs,
respectively. Arrows
indicate ectopic nota;
arrowhead, residual
hinge territory.

(D,E) Early third instar
disc with clones of cel
overexpressing/AS-
Axin (red). The clones
did not affect the dista
border of Iro-C
expression (arrowheau
in green channel imag
E). (F) Early third
instar disc expressing
UAS-dTCH driven by
dpfiskGal4. The dista
border of Iro-C
expression (green) wa
not appreciably
disturbed. Arrow point
to region of maximal
UAS-dTCRA
expression. Red
channel, Wg
counterstaining. (G) A
older disc similarly
expressindJAS-dTCRA
showed abnormal
pattern of Wg (red,
compare with Fig. 2G)
in the wing pouch,
indicating the activity
of the construct.
Control flies expressin
this or theUAS-Axin
construct showed
typical wg insufficiency
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Fig. 2.Vn/EGFR

signalling does not >
delimit the notal Iro-C ¥ ,
domain.

(A-C) Domains ofvn A

expression in second,
early third and mid
third instar
wgCX3wgC*4wing
discs, respectively.
Arrowhead in B
indicates initial ectopi
vnhexpression; arrow i
C, vnexpression in
ectopic nota. Inset: la
third instar
wgCXIwgCX4wing disc
showing symmetrical
domains ofvn
expression (reduced
magnification).

(D,E) Extent of the Iro
C domain (green;
arrowheads) is
essentially not affecte
in UAS-vein; ap-Gal4
(misexpression in the
D compartment)
second and third inste
discs, respectively
(compare with Fig.
4AE). Wg (wing
pouch marker) is in
red. In parallel
experiments, no
significant effects wer
observed using the
C765,tsh-Gal4 omb-
Gal4, dppfiskGal4 and
MS1096 drivers. In E,
the relatively large
extent of the Wg
domain in the anterior-
posterior axis indicates thap was already expressed in the dorsal
compartment (Ng et al., 1996) and, therefore, thaaph€&al4ddriver

phenotypes. (H) Second instar wild-type disc stained for Tsh (red) was active in this disc. (F) Third instar disc overexpressivg-
and Iro-C (yellow or green; green channel shown at right). Note the ras1¥12in the anterior compartmergt¢-Gal4driver). Extent of notal
absence of Tsh protein from the prospective wing pouch Iro-C domain (green; arrowhead) is unaffected. Red: Ptc marker.
(arrowhead). (I) Older late second instafF*¥wgcX4wing disc, (G) Notal Iro-C expression (green) is inhibited and notum territory is
stained as in H. Tsh is almost not removed from the distal part of theeduced (arrowhead, compare with E or FY&S-raPN/MS-248Gal4
disc (asterisk), indicating the failure of the residual Wg to specify thaliscs. Red: Wg marker. Inhibition of Iro-C was also observed using
wing territory (Wu and Cohen, 2002). Compare also with Fig. 41.  the driverdpgiiskGal4. (H,l) Expression of thiS-248Gal4driver, as
revealed byJAS-lacZ(red; separate red channel is shown in H on the

) ) right), in second and late third instar wing discs, respectively.
with Fig. 4E) and were separated by a narrow gap of Iro-C noeounterstaining: Iro-C protein (green). Note strong expression of
expressing tissue (Fig. 1C), presumably a residual hinge (Diefiver in the proximal region of the discs (arrowheads).
del Corral et al., 1999; GOmez-Skarmeta et al., 1996). This
further indicated that the depletion of Wg did not modify the
distal border of the Iro-C domain and that this residual hingsuggesting that it was ineffective in the patterning of the tlilc (
would be independent of Wg signalling. Still, it should berepression is the earliest known effect of Wg signalling in the
stressed thatvg®*3wgC*4 is a strong hypomorphic mutant wing disc) (Wu and Cohen, 2002). We further verified that Wg
combination and that, conceivably, residual Wg activity mighdepletion did not expand the Iro-C domain by examining its
still confine Iro-C expression to the proximal regions of the disadistal border in clones of cells (induced in the first larval instar)
However, this residual activity was essentially incapable irthat overexpressed the Wg signalling pathway antagonist Axin
repressingshin the distal part of the disc, the domain closest tqWillert et al., 1999), or by expressing the dominant negative
the normal Wg source (Fig. 11, compare with 1H and Fig. 4l)form of the pathway effector dTCF (van de Wetering et al., 1997)
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with the dppiskGal4 driver. In both cases, the border was not
significantly affected (Fig. 1D-G). Taken together, these and th
above observations make Wg signalling an unlikely candidat
for Iro-C repression.

Prompted by the above results, we examined whether tt
domain ofvn expression was expandedvilgt*3wgC*4 discs.
The results resembled those obtained by monitoring Iro-C. |
the second instar mutant discs, thedomain was similar to
that of a wild-type disc (Fig. 2A) (Simcox et al., 1996; Wang
et al., 2000). Later, a separate domain of expression appeal
in the distal part of the disc (Fig. 2B,C), which in the late thirc
instar became a faithful mirror-image duplication of the extan
domain (Fig. 2C, inset). We concluded that the depletion of W
signalling did not expand the extant domain, but permitted
formation of a second, distah domain that corresponded to
the ectopic notum.

With the aid of the Gal4 system, we confirmed that EGFF
activity was necessary to activate notal Iro-C expression (War
et al., 2000; Zecca and Struhl, 2002a; Zecca and Strut
2002b). Indeed, blocking EGFR signalling in the notum
territory (UAS-raPN/MS-248Gal3 inhibited Iro-C expression
(Fig. 2G). This suggested that the availability of EGFR activity
might define the distal limit of the Iro-C domain. However,
overactivation of the EGFR pathway in proximal/intermediate
regions of the disc by misexpressiogS-vnor UAS-ras¥12
(a constitutive activation of the EGFR pathway) with severa
different drivers did not expand the Iro-C domain (Fig. 2D-F,
compare with Fig. 4A,E). The inability of the misexpression
of vnto modify the Iro-C domain of late third instar discs has
recently been reported (Zecca and Struhl, 2002a). W
concluded that the EGFR signalling pathway, as activated k
the Vn ligand, while important for Iro-C activation is not the
main candidate to delimit the domain of Iro-C expression and;ig_ 3.Complementary domains of Iro-C expression and Dpp

therefore, the notum territory. activity in the second instar wild-type wing disc. Iro-C protein,
green; Dpp pathway markers, red. (A,Bppexpression (revealed

The Dpp pathway is mostly active in the distal by dpp-lac? preceeds that of Iro-C and it does not occur or it only

regions of the early wing disc occurs at very low levels within the Iro-C domain, the presumptive

In third instar wing discs, the expression dyp in both ~ notum (arrowhead). (C,D) Dpp pathway activity (pMad protein) is
proximal and distal territories (see below) does not suggest'gduced within the Iro-C dqrﬁamh(arrowhead)f.ég}l: ) Iro-C (lye_llow .
function in regulating the domain of Iro-C. However, in theﬁ(r:/dlgé(;?gd'sa%pressed within the domain of high accumulation o

. . . S . L - yellow).
second instar disdpp is expressed in distal regions but it is
absent from the Iro-C domain (Fig. 3A,B) (see also Burke and
Basler, 1996; Masucci et al., 1990). Dpp is a diffusibleactivity (pMad) suggested that the Dpp pathway might repress
molecule and, therefore, we determined its range of activity blyo-C at the early stages of wing disc development. We
monitoring the phosphorylated form of the Mad proteintherefore manipulated the levels of Dpp signalling and
(pMad), an intermediate of the Dpp transduction pathwaynonitored the expression of Iro-C. In the strong hypomorphic
(Tanimoto et al., 2000). pMad accumulated in the cells near tfapF1%7dppl4 combination, the Iro-C domain comprised most
source of Dpp, but it was reduced or absent within the Iro-Cells of the early wing disc (Fig. 4B) and its distal border was
domain (Fig. 3C,D). Another useful indicator of Dpp activity very close to a small area that corresponded to the wing pouch
is the type | TGPB receptor Thick veins (Tkv), since its (Fig. 4B, arrow), as identified by the Nubbin (Nub) marker (Ng
expression is negatively regulated by Dpp signalling (Lecuiet al., 1995). Since the Iro-C and the Nub domains are well
and Cohen, 1998). In addition, high levels of Tkv can limit Dppseparated in wild-type discs of similar age (Fig. 4A,
diffusion and help to confine the region in which the pathwayrrowhead), this suggested that the Iro-C domain was distally
will be activated (Lecuit and Cohen, 1998). We find that thexpanded in thep@1ddpl4discs and covered at least part
Iro-C domain is located within a region of high accumulationof the hinge/proximal-wing territory. However, it might be
of Tkv (Fig. 3E,F), a result compatible with Dpp activity beingargued that the expansion of the Iro-C territory was an illusion

strongly reduced or absent from that domain. caused by the apposition of an essentially normal notum to a
hinge/wing territory dwarfed by reduced Dpp signalling

The Dpp pathway negatively regulates Iro-C in the (Serrano and O’Farrell, 1997). This was not the case. By

early wing disc following the development of these discs, we observed that Iro-

The complementary territories of Iro-C awigp signalling  C proteins were gradually removed from part of the putative
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the effect of the complete loss of reception of the Dpp signal
by generating, during the first instar, clones mutant for the
null tkv@12 allele. Owing to the difficulty of detecting cell
clones in second instar discs, we were forced to examine
them in third instar discs. In thel@?12 clones, the domain
of Iro-C expression appeared distally expanded, as detected
by comparison with the domain of Tsh expression (Fig. 5I,
compare with Fig. 4E). This, however, was not the case for
clones located in the more anterior part of the disc (Fig. 5G,
arrowhead). Note again that this region coincides with that
in which Iro-C is first expressed and later removed in
dpP1Zdppfl4 discs (Fig. 4B-D). This suggests that after
the initial restriction of Iro-C by Dpp signalling, additional
factors contribute to maintain the anterior part of the Iro-C
border.

We next increased Dpp signalling by misexpressiA&-
dppin the proximal region of the disdAS248-Galddriver;
Fig. 2H,1), and found that it downregulated Iro-C in a large
part of the notum territory (compare Fig. 5A and 5B).
Misexpression in cell clones of a constitutively activated
form of Tkv (UAS-tk®P) also suppressed Iro-C expression
autonomously (Fig. 5C,D), although not completely in some
regions (see below). We conclude that Dpp signalling must
be absent (or strongly reduced) from the notum territory for
Iro-C expression. Consistently, misexpression of the Dpp
Fig. 4. Insufficiency ofdppexpands the Iro-C domain (green). pathway antagonistdAS-brinkeror UAS-daughters against
(A) Second instar wild-type wing disc: notum (green, Iro-C), wing  dpp(Affolter et al., 2001) within this territoryMS248-Gal4

pouch (red, Nub protein) (Ng et al., 1995), hinge (unlabelled territory, did not detectably affect the expression of Iro-C in second
arrowhead). (B-D) Second, early third and late third instar instar discs (not shown).

dpP12dppl4 discs stained as in A. Iro-C ectopically accumulates in
the hinge territory (arrowhead in B); later it is removed from part of it ey
(arrowk?eads in E:y[()) (E,F) Tshin )vvild-type aﬂmtﬁlzldppﬂl“latrt)e ngigfﬁogﬁmway downregulates Iro-C in the
third instar discs, respectively, accumulates most strongly in the hinge_ . ) .
territory (arrowheads). (G,H) Sensory organ mother cells (anti- During the third instar, after Iro-C has specified the
Senseless antibody, red) in wild-type aipg#1%dpp#14late third instar ~ Prospective notuntppis turned on in this territory and helps
discs, respectively. Presumptive hinge groups (arrowheads) are showieffect its patterning (Mullor et al., 1997; Sato and Saigo,
at higher magnification in insets. (1,J) Tsh (red) and Iro-C in wild-type 2000; Tomoyasu et al., 2000) (Fig. 5E,F, arrows). The
(1) anddpp'1%dpp'14(J, merged and separate channels) second instar activation of dpp in the proximal-most region of the
diSCS..TO e_mphasize detail, discs are reproduced at different prospective notum is accompanied by a gradua' removal of
magpnifications. Iro-C (Fig. 5E,F), a repression essential to specify the medial
versus the lateral notum (Calleja et al., 2000). Dpp was
ectopic domain (arrowheads, Fig. 4B-D). The region in whichresponsible for this downregulation, since it was prevented by
Iro-C was gradually switched off was identified as hingedecreasingdppl%dppil4mutant; compare Fig. 4D with 4E,G)
territory by two criteria. First, it accumulated the Tsh proteinor abolishing (clones mutant for a ntkV allele; Fig. 5G) Dpp
very strongly (Fig. 4F), similarly to a wild-type hinge (Fig. 4E). signalling. In contrast, constitutive activity of the Dpp pathway
And second, it developed a group of several sensory orgam cell clones autonomously inhibited Iro-C in the lateral
precursor cells (Fig. 4G,H); such characteristic groups develaptum, except in a region overlapping or very close to an
in the hinge, but never in the notum. However, ectopic Iro-&ndogenous source of Dpp (compare Fig. 5F with 5H; see also
expression was maintained in other distal regions (Fig. 40C, arrowhead). Thus, while in the medial notum there is a
arrow). Consistent with the distal expansion of Iro-C in secondorrespondence between Dpp expression and Iro-C repression,
instar dppf19dp14 discs, the Iro-C domain was coextensivethis correlation does not hold everywhere in the lateral notum,
with that of Tsh, which includes the territory fated to becomevhere the appearance of Dpp expression may not result in
hinge (Fig. 4J, arrowhead). This coexpression was neveéurning off Iro-C (Fig. 5F, arrowhead; Fig. 5H, circled).
observed in wild-type discs (Fig. 1H, Fig. 4E and 4l,Interestingly,vnis also maximally expressed in the region of
arrowhead). Note that the gradual removal of Iro-C proteiroverlap ofdpp and Iro-C expressions (Simcox et al., 1996)
from the prospective hinge bipp19dp@14 discs (Fig. 4B-D)  (our unpublished data), and might antagonize, through the
indicates that, even under conditions of strong Dppctivation of EGFR signalling, the repression of the Iro-C
insufficiency, the distal border of the Iro-C domain can begenes by the Dpp pathway. We conclude that, in the third instar
generated, at least in part. This could be due to residual Dplisc, the levels of Dpp signalling are critical to establish the
signalling and/or to additional uncharacterized factors, whiclmedial-lateral subdivision of the notum by its negative
would normally contribute to maintain and refine this borderregulation of Iro-C in the medial region. This negative
To help distinguish between these alternatives, we examinedgulation should be mediated jpgnnier(Calleja et al., 2000),
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Fig. 5. Dpp pathway inhibits Iro-C (green).

(A,B) Early third instar wild-type ant¥1S-248 Gal4;
UAS-dppdiscs, respectively. Iro-C is downregulated in
the notum territory (arrowhead). Wing pouch marker:
Wg (red). (C,D) UAS-tk®P (red,lacZ marker)
autonomously inhibits Iro-C in cell clones. Inhibition
fails in a region of the lateral-posterior notum
(arrowhead in C). Inhibition is also observed in late
third instar discs (D, arrowhead). (E,F) Early and late
third instar wild-type wing discslpp-lacZexpression
(red) increases during the third larval instar in the
most proximal region of the notum (arrows) and Iro-C
is gradually inhibited (M, medial notum; L, lateral
notum). (G) tkva12cells (absence of red label)
ectopically express Iro-C in the medial notum
(asterisk, compare with F). In addition, Iro-C ~
expression is increased within the clone, as comparedi.
with the contiguous wild-type territory (arrow).
Arrowhead points to the anterior part of the border of
the Iro-C domain, which is not modified by the
presence of the clone. In contrast, expansion of the
Iro-C domain has occurred in the region of the
posterior border (red arrow; see also I). (H) Late
inducedUAS-tkRP clones facZ marker, red) do not
express Iro-C, except at the region within or close to &
lateral Dpp source (circled, compare with F) tkip12
clone (absence of blue marker) showing a distal
expansion of Iro-C expression (arrow), as indicated b
the overlap with the Tsh marker (red). Imaginary line
between arrowheads would run along the normal
border of the Iro-C domain.

which is activated bgppin the medial notum (Sato and Saigo, of vn expression was apparently expanded into the distal
2000; Tomoyasu et al., 2000). regions invg/wgtX4second instar discs. Our results, however,
do not support a role for Wg signalling as the main effector of
the notum/wing subdivision. Using the stronger hypomorphic
DISCUSSION combinationwg®*3wgC*4 (Lindsley and Zimm, 1992) under
conditions in which all wing discs develop into double nota,
During larval development, the wing imaginal disc iswe find thatvn and the notum-defining Iro-C genes are still
subdivided in the proximal-distal axis into territories that will confined to the proximal region of the second instar disc.
give rise to notum, dorsal wing hinge, wing blade, ventral windvioreover, although these discs lack expression of wing-
hinge and mesothoracic pleura. While many aspects of thapecific genes and do not repressin their distal region (Ng
genetic control of this subdivision remain obscure, it is cleaet al., 1996; Williams et al., 1993; Wu and Cohen, 2002) (our
that activation of the Wg signalling pathway in cells located atlata), this region is apparently normal in size and morphology.
the distal part of the disc during the early second instar (Cougonly later, at the begining of the third instar, ectopic domains
et al., 1993; Ng et al., 1996) promotes specification of the wingf expression of bottin and Iro-C appear, well separated from
territory. This is accomplished by activation of wing-specifictheir extant domains, within the distal region. Evidently, they
genes in the distal region of the disc (Ng et al., 1996; Williamsare associated with the generation of an ectopic notum in
et al., 1993) and the repression of more ‘proximal’ genes likenirror-image disposition to the extant one. We conclude that
tsh (Wu and Cohen, 2002). Wg signalling is also important toNg signalling, while essential for wing and wing hinge identity
define the wing hinge territories (Klein and Martinez-Arias,to the distal regions of the disc (Ng et al., 1996; Williams et
1998). With regards to notum specification, it has beeml., 1993), is not a key effector of the notum/appendage
proposed that Wg signalling would antagonize and therebterritorial subdivision. Our results indicate that a main effector
restrictvn expression to the proximal region of the disc (Wangof this subdivision is the Dpp signalling pathway.
et al., 2000). This would lead to high EGFR activity and Iro- Indeed, we find that in the second instar difap is
C activation in this territory. Hence, Wg signalling would expressed only in its distal regions and that the activity of the
ultimately be responsible for defining the notum territory. ThiDpp pathway, as measured by pMad accumulation, is reduced
conclusion was derived from the observation that the domaiim or absent from the proximal part of the disc, where Iro-C is
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hands they died at higher temperatures), these observations
indicate that, at least in third instar wing discs, sufficiently
strong activation of the EGFR/Ras pathway is able to activate
Iro-C almost anywhere in the disc. Zecca and Struhl (Zecca
and Struhl, 2002a; Zecca and Struhl, 2002b), based on these
observations and in the absolute necessity of EGFR activity for
Iro-C expression and notum development (Simcox et al., 1996;
Wang et al., 2000; Zecca and Struhl, 2002a; Zecca and Struhl,
2002b), propose that this pathway would be maximally
activated in the proximal region of the disc and would thus turn
on and maintain Iro-C expression in the prospective notum.
However, direct comparative measurements of the activity
of the pathway (for instance, by examining the levels of
phosphorylated MAP kinase) (Gabay et al., 1997) in the
prospective notum and in other region of the second and third
_ ) _ _ _ _ instar wing disc have not been performed. Thus, it is not clear
Fig. 6. Dpp signalling sequentially establishes the notum-hinge —\\hather there is indeed a gradation of EGFR pathway activity
boundary in second instar wing disc (L2) and the medial-lateral along the proximal-distal axis of the disc (Wang et al., 2000

subdivision of the notum in third instar wing disc (L3). A and P, i .
anterior and posterior compartment. Dpp source is hatched in b|ue_Zecca and Struhl, 2002a; Zecca and Struhl, 2002b) and, if

During the second instar, Iro-C is activated by Vi/EFGR in the mostPresent, whether it does help effect the notum/hinge
proximal part of the wing disc (Wang et al., 2000; Zecca and Struhl, Subdivision. Regardless of its presence and functional
2002a; Zecca and Struhl, 2002b). The distal border of the Iro-C ~ significance, our data indicates that the Dpp pathway, by
domain, which defines the notum-hinge boundary (Diez del Corral enegatively regulating the expression of Iro-C, is an important
al., 1999), is established by repression by Dpp signalling, which at player in establishing the early distal border of the Iro-C
this stage only functions in the distal parts of the disc. In the third domain and, therefore, the notum_hinge subdivision. In the
instar,dppis expressed in the notum territory and again negatively jld type, this repression would be sufficient to counteract the
s e et o o 2602l by the EGER pattway and prevent 1o-C expressin
the notum’-hinge border of Iro-C exp?ession, since this b%rder is N the hinge. However, strong experimental oyeraCtIVIty of the
generated, at least in part, under conditions of strong depletion of EGFR pathway WOUI.d overrule _the repression by_ Dpp and
Dpp signalling (Fig. 4D, Fig. 5G). allow ectopic expression of Iro-C in the hinge and wing (Zecca
and Struhl, 2002a; Zecca and Struhl, 2002b). Whether these
two pathways act antagonistically and in parallel on the Iro-C
expressed. When Dpp signalling is reduced or abolished ior negatively regulate each other is not known. Note, finally,
dppfl9dpl4 discs or tkv!2 clones, respectively, Iro-C that in the earlydpg1%dppil4 discs, Iro-C expression, while
expression is distally expanded. Conversely, increalfgdl occurring in an expanded domain, is still excluded from the
expression or constitutive activation of the pathwbBM%-  prospective wing territory (Fig. 4B). This suggests the presence
tkvRD clones) repress Iro-C expression within the prospectivef additional repressors and/or the absence of essential
notum. These data, together with previous findings (Wang etctivators within this domain.
al., 2000), suggest that the Iro-C domain of expression, and Later in development, even under conditions of complete
hence the notum territory of the wing disc, is defined durindoss of Dpp signal receptiotk{?12 clones), the distal border
the early larval stages by two antagonistic signals: Vn/EGFRyf the Iro-C domain can be generated at least in the anterior
which activates Iro-C, and Dpp, which constrains its expressiopart of the disc (Fig. 4D, Fig. 5G). This is most likely due to
to the proximal region of the disc by repressing it in theadditional uncharacterized factors, independent of Dpp
neighbouring (hinge) territory (Fig. 6). While we have signalling, that would normally contribute to maintain and
confirmed that Vn/EGFR is necessary for Iro-C activation, theefine this border (Fig. 6). In the posterior part of the disc,
localised expression ofn does not appear to be instrumentalloss of the reception of the Dpp signal leads to a distal
in confining Iro-C expression to this territory, since ectopic Vnexpansion of the Iro-C domain, detectable even in third instar
does not significantly expand the Iro-C domain. Afterdiscs. While this could reflect a continuous requirement for
submission of this manuscript, Zecca and Struhl (Zecca arfdpp signalling throughout the second and third instars for
Struhl, 2002b) similarly reported that misexpressiommfoes  maintaining the Iro-C border, it is also possible that this
not modify Iro-C expression. However, these authorsignal is only required during the early establishment of the
additionally show, using overexpressing cell clones (Zecca arfibrder and that its early disruption is irreversible in later
Struhl, 2002b), that a constitutively activated form of EGFRstages. So, these results are still compatible with the idea that
can autonomously activate Iro-C in particular subregions of thadditional unknown factors are helping maintain this part of
prospective hinge, and that R&& a presumably stronger the border.
activation of the pathway, can do so anywhere within the
prospective wing hinge and even in some clones within th&ignalling pathways in notum development
wing blade. While we have not observed ectopic activation dfrom very early in the development of the wing disc, the
Iro-C with UAS-ras¥12 expressed with several Gal4 lines, Hedgehog (Hh) signalling pathway is active in a stripe of
probably because we have used milder overexpressiranterior cells adjacent to the AP compartment border. This
conditions (i.e., larvae were cultured at 18°C, since in oustripe extends from the proximal-most part of the disc to the

distal
A

\j
proximal



3822 F Cavodeassi, |. Rodriguez and J. Modolell

tip, as revealed by Hh targets likeand ptc (Dahmann and Dahmann, C. and Basler, K(1999). Compartment boundaries at the edge of
Basler, 1999; Podos and Ferguson, 1999; Serrano ancHevelopmentTrends Genetl5, 320-326.

) ; iai iez del Corral, R., Aroca, P., Gbmez-Skarmeta, J. L., Cavodeassi, F. and
O'Farrell, 1997) (our unpublished data). Surprisingly, we have Modolell, J. (1999). The Iroquois homeodomain proteins are required to

Observe_d that '_n thes? early _dlsi&p, aUOther tz_arget of Hh, is specify body wall identity irDrosophila. Genes Det3, 1754-1761.
not activated in their proximal region. This suggests thesabay, L., Seger, R. and Shilo, B. Z(1997). In situ activation pattern of
presence of uncharacterized negative regulators that blockDrosophilaEGF receptor pathway during developmétience277, 1103-
transcription of dpp in this territory. Although the a][ril'O:.BeIIido A., Ripoll, P. and Morata, G. (1973). Developmental
complementary domains of Iro-C and pMad (Flg..3C,D) m|ghf3 compartimentalisation of the wing disc Bfosophila Nature New Biol.
suggest that Iro-C could be one of these negative regulatorspss 251-253.
we find that misexpression of the Iro-C gemaucandoes not  Gémez-Skarmeta, J. L., Diez del Corral, R., de la Calle-Mustienes, E.,
downregulatedpp (F. C., unpublished). Ferrés-Marcé, D. and Modolell, J.(1996).araucanand caupolican two

Hh, Dpp and Wg signalling pathways intervene in the members of the novel Iroquois complex, encode homeoproteins that control

. proneural and vein forming gene3ell 85, 95-105.
patterning of both the bOdy trunk and the appendages Q;fémez-Skarmeta, J. L., Rodriguez, I., Martinez, C., Culi, J., Ferrés-

Drosophila However, it is clear that the cellular responses to marcs, M. D., Beamonte, D. and Modolell, J(1995). Cis-regulation of
these signals are different in the mesothoracic body wall versusachaeteand scute shared enhancer-like elements drive their coexpression
the wing and the legs (reviewed by Morata and Sanchez-in proneural clusters of the imaginal disGenes Dew, 1869-1882.

- . . ang, J., Kosman, D., Tony-lp, Y. and Levine, M.(1991). The dorsal
Herrero, 1999)' Indeed, in the wing disc, the pathways aré morphogen gradient regulates the mesoderm determinasttin early

essential for the specification and growth of the wing, but not pyosophilaembryosGenes Devio, 1881-1891.

so for the notum, which can develop to a large extent in thelein, T. (2001). Wing disc development in the fly: the early stages.
absence of these signals. Hh, Dpp and Wg are required for latépin. Gen. Devl1, 470-475. . _

events such as the notal medial/lateral subdivision and briSﬂ(é?r:?éert?:r?s '\ﬁaezweeez&ﬁigﬁ' xi-né}ssgss)én%'f\f/eeg?;i;p:‘;ﬁéi%”‘:)rt;?rgglra'
pa_ttermng (Mora_ta an_d Sanchez-Herrero, 1999). Our findings and distal pattern elements of the windirosophila Dev. Biol.194, 196-
reinforce this view since the Dpp pathway appears to be 212,

inactive within the notum territory during its specification (it Lecuit, T. and Cohen, S. M(1998). Dpp receptor levels contribute to shaping
only helps delimit its extent). Thus, to our knowledge, only the the Dpp morphogen gradient in tHrosophila wing imaginal disc.

L PP . Developmenti25 4901-4907.
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