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Repression of Teashirt marks the initiation of wing development
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SUMMARY

The wing imaginal disc comprises the primordia of the repression of the zinc-finger transcription factor Teashirt
adult wing and the dorsal thoracic body wall. During (Tsh) is the earliest event in wing specification. Repression
second larval instar, the wing disc is subdivided into of Tsh by the combined action of Wingless and
distinct domains that correspond to the presumptive wing Decapentaplegic is required for wing pouch formation and
and body wall. Early activity of the signaling protein  for subsequent repression of Hth. Thus, repression of Tsh
Wingless has been implicated in the specification of the defines the presumptive wing earlier in development than
wing primordium. Wingless mutants can produce animals repression of Hth, which must therefore be considered a
in which the wing is replaced by a duplication of thoracic secondary event.

structures. Specification of wing fate has been visualized by

expression of the POU-homeodomain protein Nubbin in

the presumptive wing territory and by repression of  Key words: Imaginal disc, Teashirt, Homothorax, Wing, Pattern
the homeodomain protein Homothorax. We report that formation,Drosophila melanogaster

INTRODUCTION pouch marker Nubbin and uniform expression of the body-wall
marker Teashirt throughout the disc (Ng et al., 1996). Using
The appendages @frosophiladevelop from invaginations of temperature-sensitive alleles wfy, it has been possible to
the larval ectoderm to form imaginal discs. In leg and winghow that this requirement is fulfiled during second instar
imaginal discs the distal-most tip of the appendage is forme@ouso et al., 1993; Williams et al., 1993; Ng et al., 1996). Wg
by cells in the center of the disc, with peripheral tissues initially expressed in a ventroanterior wedge in the wing
contributing to more proximal structures. The secretedlisc. At this stage, Wg represses expression of the neuregulin-
signaling proteins Wingless (Wg) and Decapentaplegic (Dpp)ke ligand Vein in the ventral region of the disc (Schnepp et
instruct cells to adopt distal identity. Distal leg segments aral., 1996; Wang et al., 2000). Vein activates the EGF receptor
lost in wg or dpp mutants (Diaz-Benjumea et al., 1994; Held and controls the localized expression of Apterous, to specify
et al., 1994). The combined activity of Wg and Dpp controlglorsal cell identity. Vein does not regulate Wg expression but
the expression of several transcription factors in specifidoes suppress wing development in the notum, apparently by
domains along the proximodistal (PD) axis of the leg, therebfplocking responsiveness of notum cells to Wg. Ectopic
determining PD cell fates (Lecuit and Cohen, 1997). The initia¢xpression of Wg in the notum causes transformation to wing
subdivision of the disc into leg and body wall depends offate (Ng et al., 1996). Activation of Apterous in turn leads to
activity of the homeodomain protein Distal-less (DIl), which isactivation of Notch signaling in cells along the dorsoventral
required at early stages for formation of all leg structure¢DV) boundary and to induction ofvg and the vestigial
(Cohen et al., 1989; Cohen and Jirgens 1989). Specificationlmbundary enhancer (Diaz-Benjumea and Cohen 1995; Couso
the leg also requires repression of the homeodomain protegt al., 1995; Rulifson and Blair, 1995; Kim et al., 1995; Kim
Homothorax and the zinc-finger protein Teashirt (Abu-Shaaet al., 1996; de Celis et al., 1996; Doherty et al., 1996).
and Mann, 1998; Wu and Cohen, 1999; Wu and Cohen, 2000). The antagonistic interaction between Vein and Wg in early
Wg and Dpp activity are required for both activating DIl andstages is necessary for the separation of wing and notum, but
repression of Homothorax and Teashirt. is not sufficient to explain how the wing field is specified. Vein
Wg and Dpp are also required for wing development, bulimits the ability of Wg to induce wing fate in the notum, but
how they specify distal wing fate is less well understood. Theloes not explain how the size and shape of the wing field are
wgl mutant provides the most striking evidence for an earlylefined by ventrally expressed Wg. Control of Vestigial
role of Wg in specification of the wing (Sharma and Chopraxpression has been proposed to be an important step in this
1976; Morata and Lawrence 197%g! mutant flies often process (Klein and Martinez-Arias, 1998). To date the earliest
replace the wing with a duplication of the thorax. This ispositively expressed marker for wing fate is the POU-
reflected in the imaginal discs by loss of expression of the winjomeodomain protein Nubbin, which is induced in the
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presumptive wing field under Wg control in late second instapreviouslywg! is a disc specific regulatory allele (Sharma and Chopra
(Ng et al., 1995; Ng et al., 1996). At this stage, Vestigial iS976).wgt7B40aZjs a lethal allele caused by insertion of a P-element
expressed in both presumptive wing and body wall territoriedacZ reporter (FlyBase).
Wg activity also represses expression of Teashirt a”8|ona| analvsi

ysis

Homothorax. Repression of Tsh is important for the bbin mutant clones were induced at 72- to 96-hour-old larvae
glstaElIStf;]m?;;l/t of distal wing ];attﬁ’ %Svegmp'% expreSdSIQT Off T of genotypewHSflp; 30A nub FRT40A/arm-lacZ FRT4QA30A
OCks the Wg expression at the ounaary and INterterég, 15,y qotes are viable and do not have defects in the véstigial

with wing pouch development (Casares and Mann, 2000}, iant clones were induced at 48-72 hours AEL in larvae of genotype
Repression of Hth in the distal region is also important. EctopigHsfip; FRT42 #b27/FRT42 arm-lacZ.

expression of Hth in the wing pouch causes defects in the wing

(Ryoo et al., 1999; Azpiazu and Morata, 2000; Casares arfdip-out clones

Mann, 2000). We examine the earliest stages of wingrm>'Qexpressing clones were induced at 24-48, 48-72 and 72-96
specification with reference to the expression of Nubbin, Tshours (first, second or third instar stages) in larvae of the genotype

and Hth. We find that repression of Tsh in response to Wg aid W act>CD2>Galdly w HSfipl; UAS-arifiJUAS-GFP.  thv*
xpressing clones were induced in second and in third instar between

Dpp signaling occurs well in advance of both the onset 0 _ i
Nubbin expression and repression of Hth, which must therefof A:;igﬁ‘;&i’g_'ggge of the genotypav act>CD2>Gal4/y w HSflpl;

be considered secondary events in determination of the wing.

MATERIALS AND METHODS RESULTS

Antibodies Expression of Teashirt, Nubbin, Vestigial, Wingless

Mouse anti-Nubbin and rat anti-Nubbin (Averof and Cohen, 1997)and Homothorax in the nascerjt. er_lg prlmordlu_m . o
anti-Vestigial (Williams et al., 1993), rabbit anti-Hth (Kurant et al., 10 understand the early specification of the wing field within

1998) and mouse anti-Wg (Brook and Cohen, 1996) were used #3e imaginal disc we have examined the patterns of expression
previously described. Rat anti-Hth was raised against His-tagged Htif Wg, Tsh, Hth, Vestigial and Nubbin at very early stages.
protein [the construct was a gift from Dr A. Salzberg (Kurant et al.Vestigial is expressed in every cell of the wing disc primordium
1998)]. Mouse and rabbit anti-Tsh antibodies are described in (Ng @4 the embryo (Williams et al., 1993). In wing discs from early
al., 1996; Wu and Cohen, 2000). and mid second instar larvae, Vestigial expression has begun
to retract from the presumptive notum, but is expressed in both
nubt is a regulatory mutant afubbinthat affects expression in the cell I_ayers in the vgntral part of the disc (Fig. 1A)'. At this stagez
wing disc (Ng et al., 1995)g®27 is a null allele ofvestigial Hth is expressed in every cell. By contrast, Tsh is expressed in
(Williams et al., 1993)act>CD2>Gal4is described in (Pignoni and the presumptive body wall but has already begun to be
Zipursky, 1997) ap?G035is a null allele ofap (Cohen et al., 1992). repressed in the future wing pouch (Fig. 1A).

UAS-arn$10was described in (Pai et al., 1990AS-tkv* (Lecuit et These early gene expression patterns are best visualized by
al., 1996) andJAS-Tsh(Wu and Cohen, 2000) have been describedcomparing the horizontal optical sections (Fig. 1A) with

Fly stocks

Fig. 1. Early expression of Tsh, Ht

Vestigial, Wg and Nubbin. @ 2 (| notum
(A) Expression of Vestigial (blue), E_ E

Hth (red) and Tsh (green) protein: cE ‘

in an early second instar wing dis Qg wing

The overlay is show on the left.
Single channels are shown on the
right. Tsh expression is low in the
area indicated by the arrow. The
white line indicates the position of
the optical cross section shown in
Cells expressing low levels of Tsh
appear purple in the overlay on th
left. The diagram on the right
indicates the orientation of the
optical cross sections.

(C) Expression of Vestigial, Hth ar
Tsh in a mid second instar wing
disc. Tshis repressed in
presumptive wing (arrow). The
white line indicates the position of
the optical cross section shown in
(E) Expression of Tsh, Nubbin
(blue) andwg-lacZ(anti{3-gal, red)
in a mid second wing disc. Tsh is repressed in presumptive wing (arrow) wdndgeZis expressed. Nubbin expression is not detected at this
stage (white in single channel). (F) Cross-section of E.



Repression of Tsh initiates wing development 2413

optical cross sections that cross the two cell layers (Fig. 1Bgxpressed in a band centered on the DV boundary that extends
The cross sections in Fig. 1B are oriented with the cells thdtom the wing primordium into the body wall (Fig. 2B,C).
form the peripodial layer on the left side of the lumen. CellRepression of Hth begins in the presumptive wing and Nubbin
on the right side will form the majority of the wing and body expression broadens. Hth and Nubbin still overlap at this stage.
wall. Until mid third instar the epithelium is cuboidal. Later, Nubbin expression becomes stronger in the presumptive wing
the peripodial layer becomes a very thin squamous epitheliuppuch during mid and late third instar (Fig. 2D).
and the other layer becomes a thick pseudostratified As Hth expression retracts from the wing pouch, it resolves
epithelium, which is highly folded (see Fig. 2E). By mid into three distinct domains in the proximal region (Fig. 2D,E).
second instar, the patterns have resolved further and tfAgvo of the Hth domains overlap with the proximal rings of Wg
subdivisions become more clear (Fig. 1C,D). Tsh is repressexpression that are observed in the presumptive wing hinge
in the presumptive wing territory. Vestigial is expressed in aegion (Fig. 2F) (Neumann and Cohen, 1996a). It has been
larger area, foreshadowing its expression along the DYeported previously that Hth is regulated by Wg at these late
boundary in the body wall, as well as in the wing. Hthstages (Azpiazu and Morata, 2000; Casares and Mann, 2000).
continues to be expressed in all cells. These observatioB®th rings of Wg expression are distal to the Tsh expression
indicate that repression of Tsh and restriction of Vestigialomain (Fig. 2G). The proximalmost ring of Hth, which is
expression are the earliest markers of wing specification. Thesegulated by secreted Wg, overlaps the edge of the Tsh domain
changes occur well before Hth repression is evident. Althouggarrow Fig. 2E). At this stage, Vestigial and Nubbin expression
Tsh and Vestigial end up in approximately reciprocal patternare centered on the stripe of Wg expression at the DV
by late second instar, the dynamics of their expression does rimdundary. Vestigial expression is limited to the distal wing
suggest that they regulate each other's expression. At tipwuch and does not extend as far as the first ring of Hth
earliest stages they overlap considerably. Tsh then begins to be
repressed in a small subset of the region where Vestigial
robustly expressed (Fig. 1A,B).
W(g activity has been implicated in specification of the wing
field in the disc (Ng et al., 1996; Wang et al., 2000). The level
of Wg protein expression are too low to be detected b
antibody labeling during the second instar, so we made use
awg-lacZreporter gene to visualizeg gene expressiong-
lacZ is expressed in the region of the wing disc where Tsh i
repressed, during mid second instar (Fig. 1E,F). Repression
Tsh occurs before expression of Nubbin can be detected. E
late second instar, signaling between dorsal and ventr B
compartments induces Wg and Vestigial expression in cell
adjacent to the DV boundary (Williams et al., 1993). At this
stage Nubbin begins to be faintly detectable within the domai
of Tsh repression (Fig. 2A). By early third instar, Vestigial is

Fig. 2. Expression of Tsh, Hth, Vestigial, Wg and Nubbin at later
stages of wing development. (A) Tsh protein (green) is repressed in
wg-lacZexpressing cells (anfi-gal, red) in a late second instar disc.
Nubbin is faintly detectable (blue in overlay, white in single channel
image). (B) Hth (red), Vestigial (green) and Nubbin (blue/white)
expression in an early third instar disc. Hth begins to be repressed i
the wing pouch. Nubbin is expressed in wing pouch cells. (C) Cross
section of B. Hth is still expressed in some Vestigial-expressing celld
(arrow), suggesting that Hth is repressed after Vestigial is expressed
(D) Nubbin, Hth and Tsh expression in a late third instar wing disc.
The magnification of D is 50% that of the other panels. The spatial
relationships in the proximal regions are better illustrated in the . 4 o R "
cross-section shown in E. Nubbin is expressed in the wing pouch. ' {3t '.;.‘n.hﬁ’fj%ﬁ;}ﬁ?
Hth expression at this stage is different from continuous expression by & b T
pattern at earlier stages shown in B,C. Hth is expressed in three
separate domains as labeled as 1, 2, 3. Nubbin expression overlaps
with Hth domain 1 and 2. Tsh overlaps partly with Hth domain 3
(yellow, arrow). Tsh is expressed proximal to Hth ring 3. Tsh and
Hth are co-expressed in the notum. (F) Cross-section of a late third
instar wing disc showing Hth, Vestigial (blue) and Wg (green).
Vestigial is expressed in the wing pouch. The proximal rings of Wg
expression overlap with Hth domain 2 and 3. (G) Cross of a mid-late
third instar disc. Thevg-lacZrings (anti-gal, red) are distal to Tsh
expression. 2, 3 denote the positions of Hth rings 2 and 3, which
overlap the two rings af’g expression. Nubbin overlaps Hth ring 2
and the firstvgring.

wing pouch . Notum

DIV Wg Wag rings
’_1 .’_I .’/
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the DV border irapterousmutant discs (Williams et al., 1993),
suggesting that Vestigial may not be required for Tsh
repression. Consistent with this, we find that Tsh expression is
repressed normally in the wing pouchvestigialnull mutant
wing discs (Fig. 3B). Likewise, clones of cells mutant for
vestigialdid not show ectopic expression of Tsh, though they
did show ectopic expression of Hth (Fig. 4A). Tvestigial
mutant clones were induced in early second instar, prior to
specification of the wing pouch. Comparable results were
obtained with clones induced later in development, during
second or early third instar and examined in mature third instar
discs (not shown) (Azpiazu and Morata, 2000). We also tested
clones expressing Vestigial for repression of Tsh. As expected,
clones expressing Vestigial did not affect the level of Tsh
expression (Fig. 2F). Nubbin extends more proximallyexpression, but reduced Hth levels to some extent (Fig. 4B).
overlapping the first and second rings of Hth and the first rinfaken together, these observations indicate that Vestigial
of Wg expression (Fig. 2G). Tsh expression is proximal to theontributes to repression of Hth, but not to repression of Tsh.
outer ring of Wg expression, which runs through the base of As nubbinis also required for normal development of the
the wing hinge (Neumann and Cohen, 1996a). Thus, the bordeing blade, we examined the role of Nubbin in repressing Tsh.
of Tsh expression coincides with border between wing and theig. 3C shows that Tsh is repressed normally in the wing pouch
body wall, whereas Hth is expressed in rings in the wing hing® nub! mutants.nub! is a regulatory allele that strongly

Fig. 3. Tsh is repressed normally westigial apterousandnubbin
mutant wings. (A) Tsh expression in ap?G035mutant wing disc.
(B) Tsh expression ineg®3P27rmutant wing disc. (C) Tsh
expression in aub' mutant wing disc.

as well as more proximally in the notum. reduces Nubbin protein expression in the wing pouch (Ng et
o ) ) _ al., 1995). Likewise, Tsh remains repressecum! mutant

Vestigial and Nubbin do not repress Tsh in the wing clones, although Hth can be ectopically expressed in lateral and

pouch proximal clones (Fig. 4C). Thus repression of Tsh is an early

The nascent wing pouch is first marked by the repression efvent that does not require the activity of Vestigial or Nubbin.
Tsh during the second instar. This appears to occur before Wg

expression is activated at the DV boundary (Fig. 1). This wouldVg and Dpp repress Tsh at early stages

suggest that Wg expression at the DV boundary is unlikely tRepression of Tsh appears to be the first identifiable step in
be responsible for repression of Tsh. To test this, we examinagecification of wing fate. Previous reports have indicated that
Tsh expression iapterousnull mutant discsapterousactivity — ectopic expression of Tsh in the wing pouch interferes with
is required to initiate signaling between dorsal and ventraiing development. For example, Wg expression at the DV
compartments and to induce Wg expression along the DWoundary was strongly reduced by Tsh expression, whereas
boundary. Earlier expression of Wg in the ventral anterioectopic expression of Hth had a much weaker effect on Wg
wedge is not affected iapterous mutant discs (Ng et al., expression (Casares and Mann, 2000). Ectopic expression of
1996). Tsh expression is repressed normally in the rudimentafysh in the wing pouch also induced Hth expression in some
wing pouch ofapterousmutant discs (Fig. 3A), indicating that cells (Casares and Mann, 2000; Azpiazu and Morata, 2000).
Wg expression at the DV border is not required in order foWWg expression at the DV boundary is necessary for growth and
Tsh to be repressed. Vestigial expression is also not inducedptterning of the wing pouch (Zecca et al., 1996; Neumann and

Fig. 4. Tsh and Hth expression in genetic mosaics.

(A) vgB3b2rmutant clones were induced between 48 anc
hours after egg laying. Early third instar larvae were
examined 2 days after clone induction, so that the majol
of clones examined were induced in early second instar
Clones were labeled by absenc@dafal (blue). Hth (red)
was ectopically expressed in the clone. Tsh (green) was
Higher magnification views of the boxed region are shov
separately for each channel at right. 11 of 13 clones
examined expressed ectopic Hth, but Not Tsh. The relal
large size of the clone shown here may reflect some grc
prior to wing pouch specification. (B) Clones expressing
Vestigial (Act>Gal4 UAS-Vg UAS-GFP) induced during
second instar and examined in mature third instar discs.
Vestigial-expressing clones marked by co-expression of
(blue). Hth (red) levels were reduced in the mutant cells
(green) levels were unaffected relative to adjacent wild-t
cells. Note that the Vg-expressing clones tend to sort ot
from the disc (arrowhead) and so the nuclei of the cells
not uniformly in the same focal plane. (@bt mutant nubbin-mutant clones

clones induced in early third instar 72-96 hours after egy

laying. Clones were labeled by absenc@-ghl. Hth was ectopically expressed inub! clone whereas Tsh was not (arrow).
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expressing cells also expressed Tsh in these discs. This
indicates Tsh is indeed ectopically expressed wg-
expressing cells. Tsh was not repressed at all in two out of
six second instarwgl/wgl7en40lacZ wing discs. Tsh was
incompletely repressed in two out of six wing discs and
repressed normally in two out of six discs. This is consistent
with the frequency with which adult wings were missing and
replaced by duplicated notum structures in this genotype
(26/80 possible wings were affected in wgl/wgl7en40lacz
adult flies). Replacement of the wing by a duplication of
notum structures is obvious in mature third instar discs (Fig.

5C).

At early stages, Wg and Tsh are expressed in nearly

Fig. 5.Tsh is not repressed img mutant discs in second instar. complementary regions of the disc (Fig. 1E,F), suggesting
(A,B) Second instawvgl/wg!7en40lac4ying disc labeled to visualize  that Wg might repress Tsh directly. To test this, we induced
Tsh (green), Vestigial (red) and vagZ (blue). (B) An optical clones of cells expressing a constitutively active form of

section perpendicular to the lane of the section in A. (C) Third instararmadillo (UAS-Arns19 in first instar discs and examined
o e 1 (heir effcts on Toh expression in eary hird instardiscs, Tsh
A L . . expression was repressed in expressing clones
duplication of the characteristic notum stripe of Wg expression. (Fig. 6A). Homothorax was not repressed. Note that these
discs were examined before the onset of Wg and Hth
Cohen, 1996a; Neumann and Cohen, 1997), so repressionexfpression in the secondary rings that form in the wing hinge.
Tsh is necessary to allow subsequent wing development. ArmS1Cexpressing clones induced in second instar and
How is Tsh repressed in the wing during early wingexamined in slightly older third instar discs also showed
development? We have previously reported that ectopirepression of Tsh (Fig. 6B). Hth levels were increased in
expression of Wg can repress Tsh in the notum and lead smme clones in these older discs, perhaps reflecting regulation
ectopic wing formation and thatg! mutants cause uniform of the Hth rings by Wg, as described previously (Casares and
expression of Tsh throughout the mature wing disc (Ng et alMann, 2000).
1996). This suggested that Wg activity is required in second As already noted, Vestigial and Nubbin do not appear to
instar to repress Tsh. To verify this, we examined Tslbe required for repression of Tsh. We examined #fn
expression in earlywgl/wgl7en40lacZdiscs and found that Tsh expressing clones for ectopic expression of Vestigial and
was not repressed (Fig. 5A,B). We note thaf’en40lacz  Nubbin to see whether their ectopic expression correlated with

Fig. 6.Tsh is repressed by Wg signaliragms1®
expressing clones were induced/iw act>CD2>Gal4/y

w HSflpl; UAS-arml9/UAS-GFPlarvae 24-48 hours after
egg laying (A), 48-72 hours after egg laying (B,C) and 72
96 hours after egg laying (Ddrms12expressing clones
were labeled by co-expression of GFP (red). (A) Optical
section of an early third instar wing disc containing a
clone induced in first instar. Tsh (green) was repressed
autonomously in the clone. Hth (blue) was not. Tsh and
Hth channels shown separately at right. (B) Optical sectig C
of a mid third instar wing disc containing multiglems1
expressing clones. Higher magnification views of the
boxed region are shown on the right. Tsh (green) was
repressed iarmsi®expressing clones (e.g. arrows). Hth
(blue, or white in single channel) expression was not
reduced in these clones. In some clones, Hth was L
upregulated. (C) Optical section of a late third instar wing
disc containing multiplarms1®expressing clones labeled
with anti-Tsh and anti-Nubbin (blue, or white in single
channel). Most clones repressed Tsh but did not express
Nubbin (e.g. arrow). Some clones expressed low levels o
Nubbin (arrowhead). (D) Optical section of a late third
instar wing disc containing multiplrms1expressing
clones labeled with anti-Tsh and anti-\estigial (blue, or
white in single channel). Vestigial was expressed in most |§
clones although not in every cell of the clone
(arrowheads). Some clones do not express Vestigial
(arrow). Tsh was repressed in cells lacking ectopic
Vestigial expression.




2416 J. Wu and S. M. Cohen

Fig. 7. Tsh is repressed by Dpp signaling. Clones expressing
activated Thickveins were induced in larvae of the following
genotypey w act>CD2>Gal4/y w HSflpl; UAS-tkv* /JUAS- .
GFP.Clones were induced at 48-72 hours after egg laying. Ang}
optical section of a late third instar wing disc is shown. Tsh
(green) expression is repressedkivt-expressing clones

(arrows). Hth (blue, or white in single channel) is repressed ing#
some cells of the lateral clones. Hth is not repressed by clone
in the Hth ring 3 (arrowhead). Cells that express both proteing
appear pink.

repression of Tsh. Some Af#-expressing clones expressed suppressed formation of the wing pouch (Fig. 8A). In optical
low levels of Nubbin, others did not (Fig. 6C). Tsh wascross section, Hth expression is evident in all cells of the disc,
repressed in these clones regardless of whether Nubbin wiaslicating suppression of wing pouch fate. Thus, forced
expressed. Vestigial was upregulated in A¥rexpressing expression of Tsh can override the effects of Wg and Dpp
clones in the wing pouch and was ectopically expressed signaling in repression of Hth. This indicates that repression of
some but not all Arfi2expressing clones elsewhere (Fig. Tsh is a necessary primary response to these cues in early wing
6D). Ectopic Vestigial was observed in the hinge region, bupatterning. The effects of ectopic Tsh were less severe than the
did not correlate with repression of Tsh. This confirms thavg! mutation, in that Tsh did not cause complete symmetric
observation that Tsh is not ectopically expresseautsbinor  duplication of the notum, but suppressed formation of the wing
vestigialmutant clones and support the view that Vestigial anghouch. To examine the effects of Tsh on Vg and Nubbin
Nubbin are unlikely to mediate the repressive effects of Wgxpression, we made usedg®@4to direct Tsh expression in
signaling on Tsh expression. a stripe bisecting the wing pouch. Casares and Mann (Casares
veinis another candidate for mediating the effects of Wgand Mann, 2000) have previously reported that Tsh repressed
signaling on Tsh expressiomein is a ligand for the EGF Vg expression. Their experiment addressed repression of Vg
receptor that is normally expressed in the presumptive notuat the DV boundary, where it is under Notch control. By
region and is required for the specification of dorsal anéliminating Vg and Wg expression at the DV boundary as well,
notum fate (Wang et al., 2000). Specification of the winghis has secondary effects on the Wg-dependent expression of
pouch by Wg correlates with repressiorveinexpression in Vg in the wing pouch. When expressed usipga'4, to avoid
the ventral region of the wing disc. We note that althoteih  repression of Wg at the DV boundary, we observed little direct
is not expressed in the ventral pleural region of the wing disegpression, if any, of Vg by Tsh in the wing pouch (Fig. 8B).
Tsh expression is also repressed in A¥rexpressing clones However, Nubbin was repressed in Tsh-expressing cells (Fig.
in this region (Fig. 6D, double arrowhead). Thus, we conside8B).
it unlikely that the repression of Tsh by Wg signaling is
mediated by repression of Vein. This view is supported b
the observations of Wang et al. (2000), who found tha
Tsh is expressed in the notumBdfr's andvnts mutant wing
discs.

In view of the finding that Wg and Dpp work together to
induce DIl and repress Hth in the leg disc, we wondere:
whether Dpp signaling is also required for Tsh repression i
the wing. To test this, we expressed a constitutively active forr
of the Dpp receptor Thickveins in clones of cells (Tkv*)
(Lecuit et al., 1996). Tsh expression was repressed in son
Tkv*-expressing clones in the lateral region of the disc whel
clones were induced in early second instar (Fig. 7) (larva
dissected 3 days after clone induction). Hth expression we

also repressed by Tkv* at this stage, but to a lesser extefiq g Repression of Tsh is required for wing pouch formation.
Clones induced in late second-early third instar larvae did n@h) scallope®a4 UAS-Tshwing disc labeled to visualize Wg (red),
repress Tsh (not shown). These observations suggest that Dig (blue) and Tsh (green). Note the absence of the wing pouch and
signaling cooperates with Wg signaling in repression of Tsh ithe lack of the DV boundary stripe and rings of Wg expression. The
the nascent wing pouch. folding of the discs makes it difficult to get all nuclei in the same
The observations presented so far indicate that Wg and Dggrizontal optical section. The optical cross section at right shows
activity are required during second instar to specify winghat Hth was expressed in all nuclei, indicating that wing pouch
identity and to repress Tsh expression. To ask wheth beclmoclatlor_] ha? be\e/” blogkeﬂ @p;a UASg-'_;_S?]’V'ng disc Nub
repression of Tsh is necessary for wing pouch formation, wig>¢ed to visualize Vg (red), Nub (blue) and Tsh (green). Nub was

d the effects of Hi - fTshin th rtially repressed in the dorsal and ventral compartments. We also
assesse € efiects of preventing repression of 1shinthe € ed stronger repression in a part of the dorsal territory. The basis

stages of wing specification. Tsh was misexpressed using; this difference is not clear, but we noted weak Tsh expression in
scallope@. scallope@3“ is expressed all cells of the wing much of the stronger repression domain. Perhaps this reflects
imaginal disc primordia in the embryo and so directs broaghtrusion of tissue from the hinge region due to ectopic Tsh
misexpression of genes in the early wing disc. Tsh expressi@spression.

sdGald yAS-Tsh dpp Gal4  UAS-Tsh
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1 2 3 al., 1996; Neumann and Cohen, 1996a; Neumann and Cohen,
1997; Cadigan et al., 1998). Wingless also acts at this stage to
regulate growth in the wing hinge and in the wing pouch
(Neumann and Cohen, 1996a; Johnston and Edgar, 1998). This

P ) is mediated in part through Vestigial and its co-factor

@ S Scalloped, which are required for cell survival in the wing

v Vg pouch (Kim et al., 1996; Halder et al., 1998; Liu et al., 2000).
Wg+ Dpp Notch signaling — We have presented evidence that repression of Tsh in the

earliest phase of wing specification appears to be required for
subsequent Notch-dependent induction of Wg at the DV
boundary. Casares and Mann (Casares and Mann, 2000) have

: . . : ted that clones of cells lacking Hth activity cause
Fig. 9. The three major stages of wing development: (1) repression of PO" - .
ngh by Wg and Dppjsignal?ng; ?) LO%S of Tsﬁ aIIows( ,\%Om‘;_ outgrowth of extra wing tissue along the DV boundary. Our

dependent activation of Wg and Vestigial (Vg) boundary enhancer esults suggest that this is unlikely to be due to an early role
expression at the DV boundary; and (3) long-range Wg gradient  Of Hth in specification of the size of the wing field because Hth
induces several genes required for wing growth and patterning, e.g.is expressed in the early presumptive wing well after Tsh is
Vg. repressed. Instead, Hth appears to act in the second stage in
conjunction with Tsh to limit the region in which Notch can
activate Wg at the DV boundary. Wg expression at the DV
DISCUSSION boundary extends proximally into the domain of Hth
expression in the anterior wing hinge but does not extend into
Wing patterning can be subdivided into at least three discretae Tsh domain. In ectopic expression experiments, Hth has a
stages (Fig. 9). The earliest observable changes in gefimited ability to repress Notch-dependent activation of Wg on
expression patterns that indicate specification of the wing fielids own, but is able to do so when co-expressed with Tsh
are repression of Tsh and retraction of Vestigial expressioiiCasares and Mann, 2000). These observations support the
Wg signaling represses Tsh expression at this stage. Dpjew that Hth cooperates with Tsh during later stages to repress
contributes to repression of Tsh. At present, we have only be&fllg activation. We note that this does not exclude a role for
able to address directly the time at which Dpp acts byth as a co-factor in conjunction with Tsh at earlier stages, but
comparing the effects of clones induced at different stage#. so, the positional information would seem to derive from
Clones induced in late second or early third instar areegulation of Tsh expression.
ineffective, whereas clones induced in early second instar arelnterestingly, Hth and Tsh can also repress \thstigial
able to repress Tsh. Interestingly, Wg and Dpp cooperate tuadrant enhancer, which depends on Wg and Dpp signaling
repress Hth in the wing pouch, even though this occurih phase 3 (Casares and Mann, 2000). Homothorax, Tsh and
somewhat later that repression of Tsh (Casares and MaMeastigial appear to form a loop of mutual repression at this
2000; Azpiazu and Morata, 2000). These observations supp®tage, as Vestigial also represses expression of Hth (Azpiazu
the view that Wg and Dpp act in conjunction to specify theand Morata, 2000). Together, these observations suggest that
wing field in a manner analogous to the way they cooperate Wg and Dpp have a complex regulatory interaction with Hth.
leg patterning. Their activities repress it in the pouch, perhaps through
The combined actions of Wg and Dpp are responsible fasictivation of Vestigial and Scalloped. At the same time, the
both dorsoventral and proximodistal patterning of the leguter rings of Wg expression are required for Hth expression
(Brook and Cohen, 1996; Jiang and Struhl, 1996; Thiesen @&t the wing hinge (Casares and Mann, 2000; Azpiazu and
al., 1996; Lecuit and Cohen, 1997). The wing makes use ofMorata, 2000). We suggest that regulation of Hth may be
different strategy from the leg to control DV patterning andsecondary to regulation of Tsh in specification of the wing
outgrowth from the body wall. After the wing field is field.
established, interaction between D and V cells lead to localized
activation of Notch signaling, initially in ventral cells (Ng et We thank anonymous reviewer Ill for constructive comments that
al., 1996). Subsequently Notch is activated in cells on botRelped improve the manuscript. Part of J. W.'s work was carried out
sides of the DV boundary (Diaz-Benjumea and Cohen, 199%? Marek Mlodzik's laboratory at Mount Sinai School of Medicine,
Rulifson and Blair, 1995; de Celis et al., 1996; Doherty et al W York.
1996; Neumann and Cohen, 1996b). Three separate
mechanisms have been implicated in limiting Notch activation
to cells adjacent to the boundary (Axelrod et al., 1996; PaniREFERENCES
etal., 1997; Fleming etal., 1997; Michelli et al., 1997; de Celis u-Shaar, M. and Mann, R. (1998). Generation of multiple antagonistic
anq .Bray’ 1997; Neumann .af‘d Cohen, 1998)' Localized NOt&Pdomains’ along the prox’imodistal axis durihgpsophilaIegpdevelop?nent.
activity turns on the vestigial boundary enhancer and Wg peyelopment 25 3821-3830.
expression in cells adjacent to the DV boundary (Diazaverof, M. and Cohen, S. M.(1997). Evolutionary origin of insect wings
Benjumea and Cohen, 1995; Kim et al., 1995; Neumann andfrom ancestral gillsNature385 627-630. _
Cohen, 1996b). Subsequently, the long-range Wg morphogéﬁelrod, J. D., Matsuno, K., Artavanis-Tsakonas, S. and Perrimon, N.

. - f (1996). Interaction between wingless and Notch signaling pathways
gradient regulates downstream genes, includicitpete-scute mediated by Dishevelle@cience271, 1826-1832.

DII, thevestigialquadrant enhancer, _the Wg receptor DFz2 andzpiazu, N. and Morata, G.(2000). Function and regulation of homothorax
possibly other genes, to control wing development (Zecca etin the wing imaginal disc of DrosophilBevelopment.27, 2685-2693.
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