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SUMMARY

The gene homothorax (hth) is originally expressed function) signal expresshth in the wing pouch. We have
uniformly in the wing imaginal disc but, during identified vestigial (vg) as a Wg and Dpp response factor
development, its activity is restricted to the cells that form that is involved in hth control. In contrast to its repressing
the thorax and the hinge, where the wing blade attaches to role in the wing pouch,wg upregulates hth expression in
the thorax, and eliminated in the wing pouch, which forms the hinge. We have also identified the gerteashirt(tsh) as
the wing blade. We show thathth repression in the wing a positive regulator of hth in the hinge. tshplays a role
pouch is a prerequisite for wing development; forcinghth specifying hinge structures, possibly in co-operation with
expression prevents growth of the wing blade. Both the Dpp hth.

and the Wg pathways are involved in htirepression. Cells

unable to process the Dpp (lacking thick veinsr Mothers  Key words: Wing dischomothorax, wingless, decapentaplegic,
against Dpp activity) or the Wg (lacking dishevelled vestigial, Drosophila

INTRODUCTION Gonzalez-Crespo et al., 1998), which activates the response
genesDistal-less(DIl), dachshunddac) (Lecuit and Cohen,
In the body oDrosophila, there is a clear distinction between1997) and possibly others, which determine the characteristic
the main body trunk and the cephalic and thoracic appendage&evelopment of the appenda@dl in particular is a principal
These are formed by the derivatives of the imaginal discs thdeterminant of ventral appendage development: in absence of
also contribute to the body trunk (see Morata and Sancheits function ventral appendages do not form (Cohen et al.,
Herrero, 1999, for a review). Some developmental genes989) and ectopidIl expression induces leg or antennal
appear to play a role in establishing the differences betweatevelopment, depending on the local genetic context
trunk and appendage. The case best characterised so far is {@&drfinkel et al., 1997). The functions ekd/hthand of the
of extradenticle (exd and homothorax (hth)two related Hh/Wg/Dpp pathway are mutually antagonistic (Abu-Shaar
homeobox genesxdacts as a cofactor of Hox function (Peifer and Mann, 1998; Gonzalez-Crespo et al., 1998; Wu and Cohen,
and Wieschaus, 1990; see review by Mann, 1995), but it alsi®99):exdactivity in the proximal region blocks the response
has other developmental roles (Gonzalez-Crespo and Morataf, Hh/Wg/Dpp target genes suodptomotor-blind(omb) and
1995; Rauskolb et al., 1995). A characteristic featurexdfs  dac, whereas high levels of Wg and Dpp signalling in the distal
that it is regulated at the subcellular level; in the imaginal discsegion eliminate exdfunction by repressinghth. This
exdis transcribed uniformly (Flegel et al., 1993; Rauskolb etepression is mediated by the activity @if and dac(Abu-
al., 1995), but the Exd protein accumulates only in the nuclé&shaar and Mann, 1998).
of cells that give rise to the proximal region of the discs (Mann From the above it can be concluded that one prerequisite for
and Abu-Shaar, 1996; Aspland and White, 1997). The nucleappendage development is the inactivation of éd/hth
transport of Exd depends on the activityhtf, which thus acts genes. This allows full activity of the Hh signalling pathway,
as a positive regulator of exd (Rieckhof et al., 1997). It is nowvhich, in turn, induces the necessary proliferation in the cells
yet clear whether hthas an independent role of its own. Infated to form the appendage. Wherd or hth function is
this work, we assumeexd and hth encode equivalent forced in the domain of Hh signalling in the leg (Gonzalez-
developmental functions. Crespo and Morata, 1996; Mercader et al., 1999), the
In the leg disc, the distinction between body trunk andippendage does not develop and only the proximal structures
appendage is based genetically on the activity oeitu#hth  differentiate.
genes in the proximal region and of the Hh/Wg/Dpp signalling The interactions betweerexd/hth and the signalling
pathway in the distal part. The growth of the appendagpathways in the wing disc have not been studied. This disc
requires full activity of the Hh/Wg/Dpp pathway (Diaz- forms a part of the trunk, the mesothorax and an appendage,
Benjumea et al., 1994; Gonzalez-Crespo and Morata, 1996)e wing blade, which attaches to the mesothorax through a
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proximal region, called the wing hinge. Functional andcorresponding to thepterous, optomotor-blinéind nubbingenes,
expression studies indicate that éxeéxpressed in the nucleus respectively. The line MS1096as been described (Guillen et al.,
and required in the mesothorax, but is largely dispensable #P95); it induces expression mainly restricted to the dorsal wing
the wing, except in the hinge region (Gonzalez-Crespo arfgPmpartment. The MD73%ine found in our laboratory confers
Morata, 1995; Rauskolb et al., 1995). The various signallin§*Pression ('a”d”;fosé]ofo\th?Sglr;bsé)gt(“{jzi""g‘tggfg';’Ség)het#:%‘xgtvg
pathways are very well characterlsed_ (Affolter et aI.., 1994described (Kim et al., 1996) and t&AS-tshwas constructed in our
Neumann and Cohen, 1996) and are similar to those in the |

- S ; . . . oratory by Sergio Gonzalez-Crespo and will be published
disc. A significant difference is that, in the wing, the Dpp an Isewher)(;. y g P P

Wg signals emanate from the anteroposterior (AP) and To generate marked clones of cells containing ectopic expression
dorsoventral (DV) compartment borders, respectively, whereasg any of the UAS chromosomes, we used the sypdk_P£6; UAS-

they both originate in the AP border in the leg disc (Affoltery abx>f>Gal4-lacZ. The abyromoter is an Ubx regulatory element
et al.,, 1994; Diaz-Benjumea et al.,, 1994; Campbell anthat confers _high expression levels in the thoracig discs. C_Iones were
Tomlinson, 1995). This indicates that, in the wing disc, the twdeat-shock induced at 37°C at convenient times during larval
concern the response genes; in the wing disalt (sal), omb from late third instar larvae, fixed and stained as described below. The

. - : . lones of cells arising from FLP-induced recombination in the FRT
andvestigial (vg) are activated by appropriate concentrations . - b
of Dpp (Lecuit et al., 1996; Nellen et al., 1996; Kim et al. Sequences gain Gal4 aladZ activity and lose the wild-type allele of

\ . ) 'forked a bristle and trichoma marker. In the discs, the clones can be
1997) and, of these, onlgmbis expressed in a thin dorsal scored with antp-gal or with antibodies that recognize the protein
stripe in the leg disc (Gonzalez-Crespo and Morata, 1996¢ncoded by the corresponding UAS (hth, vg, geme. In the adult
Conversely,DIl and dac are activated by the Wg and Dpp cuticle, the clones can be scored as they are mutant f6ithkele
signals in the leg but, in the windacis not expressed and DIl and are alsy* because the Gal4 activity triggers thaS-y construct
is activated only byvg in late development. present in the chromosome.

In this report, we describe the regulatory interaction

between the Dpp and Wg pathways andihtthe wing disc Tmmunostaining of discs

nd al xplore th velopmental functi fin the win Wing discs were dissected in_ PBS and fixed with 4%
and also explore the developmental functiohtbiin the gs paraformaldehyde in PBS for 20 minutes at room temperature. They

hinge. We show that the two signalling pathways repinéts were blocked in PBS, 1% BSA, 0.3% Triton for 1 hour, incubated

activity in the wing pouch. This results in the functionaly i, ihe primary antibody (an-gal diluted 1:2000, anti-Hth 1:2000,
elimination of the Exd protein, which accumulates in theyng\wg 1:10, anti-Tsh 1:200, anti-Myc 1:1000) overnight at 4°C,
cytoplasm. We have identified vg, a target gene common {Qashed 4 in blocking buffer and incubated with the appropriate
both pathways (Kim et al., 1996, 1997), as one of the effectofsiorescent secondary antibody for 1 hour at room temperature in the
involved in the control mechanism. In the wing hinge, Wgdark. They were then washed and mounted in Vectashield.
signalling and the gene teashirt (tsh) upregulateskginession. Antibodies were kindly provided by A. Salzberg and H. Sun (anti-
Hth), S. Kerridge (anti-Tsh), Sean Carroll (anti-Vg) and the
Hybridoma Center (anti-WgB-Gal antibody (rabbit) was purchased
from Cappel and Myc antibody (mouse) from BAbCO. Images were
MATERIALS AND METHODS taken in a laser scan Zeiss microscope and subsequently processed
using Adobe Photoshop.
Drosophila mutations _ _
The following mutant strains were used in this work83gR  Preparation of adult cuticle
(Williams et al., 1991),dsh/26 (Perrimon and Mahowald, 1987), The adult flies were dissected in water and cut into pieces. They were
MadBl (Wiersdorff et al., 1996)tkv@12 (Nellen et al., 1996)tsht25 subsequently treated with 10% KOH at 95°C for 3-5 minutes to digest
(Fasano et al., 1991) amf(2L)305, which lacks thishgene (Roder  the internal tissues, washed with water, rinsed in ethanol and mounted
et al., 1992). in Euparal. The preparations were photographed on a Nikon AFK-II
microscope using Fujichrome 64T film.
Generation of mutant clones
The clones were generated by the FRT/FLP method (Chou and
Perrimon, 1992). The following stocks were used that had the FRRESULTS
sequences in the appropriate locatioRRT42 v§3P27R FRT40
MadBl, FRT40 tk#2 and FRT101 dsff® Recombination was . P A : ;
induced in larvae carrying two copies of the FRT insertion and XVlId-type hth expre.ssmn ",1 the wing |mag|nal d'SC_ )
marker for discs (eitherm-lacZ or Myc) intransto the chromosome ~We have analysed in detdith expression in the wing disc
carrying the mutation. The FLP recombinase was provided by a 1 hotisSing a polyclonal antibody (Pai et al.,, 1998). Protein
heat-shock treatment at different developmental stages depending distribution in second and early third instar discs is uniform in
the experiment. The clones were visualized in discs by staining witmost or all the disc (Fig. 1A,B). In late third instdth
either anti-Bgalactosidase or anti-Myc antibodies. For staining ofexpression is modulated in the thoracic as well as in the
Iar:/ae to induce the Myc expression, followed by 1 hour recovery 3he disc, which corresponds to the wing appendage, but the Hth
25°C, before the larvae were dissected. protein accumulates in two concentric peripheral rings, in the
Gal4/UAS experiments region that corresponds to the wing hinge (Fig. 1C).

The Gal4/UAS system (Brand and Perrimon, 1993) was used to |he domain ohth expression has been mapped by double-
induce ectopic function of the different gene products. The followind@Pel experiments in relation to the domainswaf, nubbin
Gal4 lines were used: ap-Gal4, omb-Gakld nub-Gal4Calleja et  (nub) andvg (Fig. 1D-F).hth andwg are co-expressed in the
al.,, 1996; M. C. and G. M., unpublished data) confer the expressidwo rings, whereas hthand vg are expressed in near
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Fig. 1. Domains of expression Gfomothorax A
(A) Second instar wing imaginal disc stained
with anti-Hth antibody showing a general and
uniform hth expression. (B) Early third instar
wing disc stained as the one in A beginning to
show loss of expression in the central region of
the disc. (C) Late third instar disc. In the region
corresponding to the wing blad&his expressed
in two ring domains (arrows). The central part of
the disc contains no expression. (D) Double
staining forhth (red) andwg (green) in the region
of the disc corresponding to the wing blade. Notq
that the two genes are co-expressed in the two
concentric rings, the prospective wing hinge
region (arrows). (E) Double staining foth (red)
andnub(green).nubis expressed in the wing
pouch and extends to the inner rincht
expression (arrow). (F) Double staining fah

(red) andvg (green) in a late third instar disc. The
expression domains are largely complementary
but overlap a little in the sides of the disc.

]

Fig. 2. hthrepression by vg. (A-C) A vgutant
clone (arrows) in the wing pouch showint (red)
expression in some of the cells. The clone is
marked by the absence of arm-lacZ expression
(green). (D-F) A clone (arrows) of-expressing
cells (green) represses lfted) expression in the
wing hinge.

complementary domains that only overlap in the anterior and We induced clones of cells mutant for thg?3P27R (see
posterior sides of the disc. The expression of coders the  Methods for details) and examined lettpression. In the wing
wing pouch but also extends to the inner rindhtbfand wg  pouch, these clones are infrequent and round, suggesting that
expression. The rings efg and hthexpression may be used they sort out from the surrounding wild-type cells. However,
to discriminate between wing hinge and wing pouch; hereaftehose that can be detected show ecttpiicexpression (Fig.

we will refer to prospective wing pouch as the region that doe®A-C). We note that, although all the clones examined show
not express hth, and prospective hinge as the region with htome ectopitth activity, it does not affect all the cells. This
(andwg) expression. observation suggests that, although isginvolved in hth
Negative regulation of hth in the wing pouch irri%rlﬁzsastﬁg. in the wing pouch, there probably are other genes
(1) vg represses hth expression To analyse further the ability ofg to represshth, we
Thevggene is a key element in the development of the wingenerated clones of saxpressing cells. As expected, these
pouch (Williams et al., 1991). Mutant flies lackimgactivity ~ clones have no effect in the wing pouch but, in the hinge, they
show loss of most of the wing, but the hinge region remaingepresshth activity (Fig. 2D-F). In contrast to the loss-of-
(Williams et al., 1991; Lindsley and Zimm, 1992). It is function clones, all the cells expressirgyshow repression of
specifically expressed in the wing pouch cells (Williams et al.hth.

1993) (Fig. 1F) and its ectopic expression in other imaginal o ) )

discs induces wing tissue (Kim et al., 1996). Because of th&) The activities of the Dpp and Wg signalling pathways

near reciprocity of the vandhth/exddomains and the parallel repress hth

with DIl function in the leg (Abu-Shaar and Mann, 1998;The preceding experiment indicates thatis part of the
Gonzalez-Crespo et al., 1998), we tested the possibility that vgechanism controlling hthexpression in the wing. The

is involved in the repression bth in the wing pouch. transcription ofvg in the wing is under the control of two
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Fig. 3.hthrepression by the Dpp and W¢
signalling systems. (A) Late third instar
wing disc with atkv mutant clone (arrow)
in the wing pouch showing ectogith (red)
expression. The clone is marked by the
absence of Myc expression (green). (B)
dshmutant clone (arrow) located close tc
the AP border, marked by the absence c
Myc expression. Ectopigath (red)
expression is not detected in the clone. (@GsAmutant clone (arrow) located far from the AP border. The clone is marked by the absence of
Myc expression (green) and shows ectdyicexpression (red) in some cells.

different enhancers, the boundary and the quadrant enhancespression in the hinge is not activated de novo but inherited
(Kim et al., 1996). The activity of the boundary enhancefrom embryonic cells. Nevertheless, we have studied the role
depends on Notch signalling arising from the DV axis (Kim eof some of the genes co-expressed Wwithin the maintenance
al., 1996; Klein and Martinez-Arias, 1999); Notch induaggs  and regulation of the high expression levels observed in late
whose product diffuses from the border and activBiesnd  third instar discs. In particular, we considerveglandtsh. The
vgin third instar wing discs (Diaz-Benjumea and Cohen, 1995xpression ofwg in the wing hinge may be regulated
Kim et al., 1996). The quadrant enhancer is responsiblgfor differently from the expression in the DV border and is likely
expression in the wing pouch away from the DV border and i perform a different developmental role. The zinc-finger gene
activated by Dpp (Lecuit et al., 1996; Kim et al., 1997). Thudshis co-expressed with hih the outer ring (Fig. 4A-C) and
both the Dpp and the Wg signals activateang are likely to it is also known that, in the leg didgshis entirely coincident
be involved in the control dfth expression in the wing pouch. with nuclearexd expression (Gonzalez-Crespo and Morata,
The role of Dpp was tested by inducing clones of cells that996), suggesting it may have some functional interaction with
were either mutant fahick veing(tkv) or for Mothers against hth.
Dpp (Mad). In the first case, the cells are unable to respond to The role ofwg was studied as in the previous experiments
the Dpp gradient and, in the second, do not transduce the Dpp inducing clones of cells mutant fash¥26allele. The mutant
signal (Newfeld et al., 1996; Wiersdorff et al., 1996). Bothclones generated in the prospective hinge region show
experiments gave the same result: eitih@ror Mad mutant  reduction, but not elimination, dfth expression (Fig. 4D-F).
cells showed ectopitth expression in the wing pouch (Fig. 3). This observation suggests that vggnecessary for the high
A significant difference with vgnutant clones is that, itkv  levels ofhth expression in the hinge, but is not the only factor
and Mad clones, all the cells shotth derepression, whereas necessary for hthctivity.
vg mutant clones only activateh in some cells of the clone.  We have also examined the possible roltsbfn regulating
We searched faikv mutant clones in the adult cuticle as theyhth. The effect of the loss dfh function was not studied
were marked with yellow, but the great majority of them failbecause the necessary FRT- tefcombinant chromosome
to develop in the distal and medial wing blade. Sometimesould not be constructed (due to the very proximal location of
round vesicles of invaginated tissue, which are possibly formetsh). The effect of ectopic expression was studied using the
by mutant cells, are present. In contréist,clones are readily Gal4/UAS method (Brand and Perrimon, 1993). Driviah
found in the Costa and alula region, where their differentiatioactivity in the wing disc with thap-Gal4, MS1096, omb-Gal4
is normal (data not shown; Burke and Basler, 1996), suggestimmnd nub-Gal4lines (Calleja et al., 1996; Guillen et al., 1995)
that the Dpp gradient does not pattern this region. results in ectopitith expression in the pouch (Fig. 4J-L), and
The involvement of Wg signalling was tested by inducinga reinforcement of its expression in the wing hinge (Fig. 4J-L,
clones of cells mutant fodishevelled(dsh), one of the and data not shown). We also induced marked clon¢éshef
intracellular transducers of the pathway. The lossdsii  expressing cells. These clones tend to be round suggesting that
activity affectshth expression differently, depending on their they sort out from surrounding cells; those in the wing hinge
position with respect to the AP axis. As observed in Fig. 3Care of normal size considering the time of induction and show
hth is ectopically activated only idsh clones localised far increased levels of htkxpression (Fig. 4G-I). In the wing
from the AP border, but inside the prospective wing pouclpouch, they are more heterogenous; those near the DV border
region.dsh cells at the AP axis, or close to it, do not show hthare small and show no h#ctivity, whereas those closer to the
expression (Fig. 3B). hinge are larger and have ectoptb expression.
Taken together, these observations suggest that the Dpp and ) )
Wg signalling pathways repress hththe prospective wing Developmental effects of ectopic expression of  hth
pouch, probably by activatingg and maybe other response and of tsh

gene(s). Both hth andtsh are strongly expressed at high levels in the
N ) ) ] . wing hinge region but their respective developmental roles are
Positive regulation of  hth in the wing hinge not clarified. There is good evidence for the requirement for

As described above (Fig. th expression is uniform in the hth/exdfunction in the hinge; clones bth or exdmutant cells
early wing disc, and it is also known (Rieckhof et al., 1997develop aberrant structures in the hinge and produce
that it is uniformly expressed at high levels in the thoracioutgrowths (Gonzalez-Crespo and Morata, 1995; Casares and
segments of the late embryo. Thus it is likely thdh  Mann, 2000). In contrast, tshutant phenotype in the wing is
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not known, although its strong expression in the hinge suggestsSince both the effects on growth and on the proximodistal

a function. To study the developmental rolestbfandtsh, we

pattern may be due to an interference of the Hth product with

have induced their ectopic activity in the wing pouch. Athe production or diffusion of the morphogenetic signals Wg
number of Gal4 lines were used to force expression in variolend Dpp, we examined wgnd dpp expressions in the
regions of the wing (Brand and Perrimon, 1993). In othegenotypes above. The overall result is thgtexpression is

experiments, marked clones of fgkpressing and ofsh
expressing cells were induced (see Methods).

The principal result concerning ectopith expression is that
it prevents growth; in lines conferring high and ovetdh
activity (nub-Gal4/UAS-hth, 1096/UAS-htt C765/UAS-hth

altered but thatlpp expression is not. As shown in Fig. 6A-

C, ap-Gal4/UAS-hthwing discs show loss ofig expression
along the DV border. This is accompanied by an enhancement
of wg expression in the inner ring in the hinge. This distinct
effect of Hth on wgexpression in the hinge and in the wing

genotypes), the wing pouch does not develop,

but proximal structures like sclerites or cc
are normal (Fig. 5). In lines inducing loce
restricted expression, the effect on growt
mainly limited to the region containing Gi
activity. For example, the line omb-Ge
confers Gal4 activity only to the central reg
of the wing pouch. In omb-Gal4/UAS-Httes,
the central region of the wing pouch grows \
little and differentiates only proximal patte
elements (Fig. 5D). In contrast,
anteriormost and posteriormost wing regi
are much less affected.

In addition, some of these genotypes pre
an excess of proximal pattern elements |
reported in Mercader et al., 1999), probabl
the expense of the more distal ones, sugge
that the presence of the Hth product
influencing the cellular response to
proximodistal signals. For example, in
genotypeMS1096/UAS-htthe number of alul
(a proximal posterior wing structure) bristle
29.5 (=14), which is higher than in the w
type (23.5, n=10). We have studied tt
“proximalizing” effect in some detail using t
Gald line C735, that confers a gen
expression in most or all the wing pouch
whose activity responds readily to tempera
changes between 18°C and 29°C.
phenotype ofC735/UAS-hthwings shows
distal-proximal gradation depending on
temperature; weak hthactivity (at low
temperature) only affects the distal wing,
stronger activity affects the distal and me
regions (Fig. 5F-H). In the strongest phenot)
only proximal wing elements remain.

Few clones ofhth-expressing cells can
recovered in the differentiated cuticle,
majority of them probably sort out and
eliminated. Many of those that can be sci
are in the proximal wing. In the margin they
associated with loss of marginal elements |
51,J), while those located closer to the
border are associated with the loss of |
portions of the middle of wing blade (Fig. 5
suggesting an effect on growth in
proximodistal axis. A few cases were fol
near the medial DV wing margin; they o
differentiate wing trichomes, but appear
induce local duplications of wing marg
elements (Fig. 5L, see below).

Fig. 4.tsh and the Wg signalling positively regulatéin the wing hinge. (A-C) Wild-
type third instar wing disc showing co-expressiotsbfgreen) and hth (red) in the

outer ring (appears as yellow in the merged A). (D-F)rdgtant clone (arrow) in the
wing hinge showing decreased level$tif expression (red). The clone is marked by
the absence of Myc expression (green). (G-1) Clones of tsh-expressing cells (arrow) in
the wing disc marked by the presenc@afal expression (green). Increased levels of
hth expression (red) in the wing hinge. Clones in the wing pouch near the DV border
show no httexpression (red), whereas those close to the hinge ectopically aethvate
(J-L). Third instar haltere and wing discs of genotype omb-Gal4/UAS-tsh, stained for
tsh(green) and hth (red). Driving t&xpression in the omb domain of the wing pouch
ectopically activatebthin the same domain. Note that both discs are reduced in size.
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Fig. 5. Effects ofhth expression in the adult wing. (A) Wild-type wing showing the normal costa and hinge structures. (B) Wing rudiment of an
ap-Gal4/UAS-hthily. The high and uniform expressionagin the dorsal wing compartment prevents growth of the wing. (C) Wing of the
genotype MS1096/UAS-hth. The wing is reduced in size predominantly in the distal region, but no reduction is seen in the proximal region.
(D) Wing of genotypemb-Gal4/UAS-hth showing lack of the distal medial region. The deleted part corresponds largely to the area of
expression obmb, which includes the central and distal part of the wing blade. (E-H) A series of wings of genotype C765¢ud\@hdh

18° (E), 22° (F) 25° (G) and 29°C (H) to illustrate the response to different levatls axdtivity. Note the gradual “proximalization” of the

wing; the effect of htlis stronger in the distal than in the proximal structures. (I-K) Three cab#s-ekpressing clones (marked withand

369, The clones are localized (arrows) in the proximal regions but appear to reduce or eliminate growth of the distal pamgofithe

small hth-expressing clone that appears to induce the formation of a duplication of the wing margin in the vicinity.

Fig. 6. Effect of ectopic
expression ofhth on wganddpp.
(A-C) Third instar wing disc of
the genotype ap-Gal4/UAS-hth
wg-lacZ stained fohth (red) and
B-gal (green). Ectopic expressi
of hthin the wing pouch
represses wg expression in the
DV border. In the hinge, gain-o
functionhthreinforces wg
expression in the inner ring, bu
not in the outer one. (D-F) A
clone (arrowhead) dfth-
expressing cells (red) in the wi
pouch represses locab
expression (green) and induce
ectopicwg activity adjacent
cells. (G,H) The arrowhead
points to a clone dfth-
expressing cells (red) in the wi
pouch. This clone exhibits
normalvg expression (green).
(J-L) Third instar wing disc of the genotypmb-Gal4/UAS-hth; dpp-lac&ained fohth (red) and3-gal (green). Ectopic expressiontdh in
the omb domain does not altispexpression in the AP border.




hth function and regulation in the wing disc 2691

pouch illustrates the different regulation of wgthe two MS1096/UAS- tsh
domains. A _

Clones of hth-expressing cells (see Methods) also have
similar effect on wgactivity. As shown in Fig. 6D-F, hth
expressing clones in the DV border repress loea)
expression, but, surprisingly, they cause ectogj@ctivity in
cells located in the vicinity. This is consistent with the
observation above (Fig. 5L) that hth-expressing cells ar
associated with wing margin duplications. Despite the effec
on wg, hth-expressing clones do not represgrig. 6G-I).

The effect ordpp expression was studied in the Gal4 lines
described above and is illustrated in the genotgpeb- .
Gal4/UAS-hth(Fig. 6J-L). Wing discs of this genotype show r ' =
normaldppexpression. This result was anticipated asir- B MS1096/UAS-tsh
Gal4/UAS-htHlies, the anterior and posterior patterns are nee -
normal (Fig. 5D) and this requires norngp activity. The
lack of effect on dppprovides an explanation for the lack of
effect of ectopic hthon vgexpression, as the latter is also
activated by Dpp signalling (Kim et al., 1997).

Ectopic expression dkh strongly modifies the adult wing
pattern. In genotypeap-Gal4/UAS-tstor 1096/UAS-tshthe
dorsal wing compartment differentiates hinge structures (Fic
7A,B, data not shown), especially sclerites and proximal costi
elements, that derive from a region of the disc with high level
of hthandtsh In wing discs of these genotypes, the expressio
of wgin the DV border disappears, although it is likely due tc
the activation otth described above (data not shown). The
behaviour of clones ofsh-expressing cells also point to a
similar conclusion; although most of the clones fail to
differentiate properly, we frequently observe vesicles o
differentiated tissue bearing the genetic markers of the clon
In favorable cases (Fig. 7C), the pattern differentiated by the:
clones can be identified as proximal hinge structures.

DISCUSSION

Negative regulation of ~ homothorax in the wing Fig. 7. Effects of the ectopic expressiontshin the wing disc.

pouch (A) Wing of the genotyp&S1096/UAS-tsiChe dorsal wing

In the second instar wing disc, the Hth product accumulatesmpartment differentiates a large number of hinge structures.

uniformly in the thoracic and appendage regions of the dis@®) Higher magnification of a wing of the same genotype as in A.

(Fig. 1A), but throughout the third larval peribth expression The arrows point toward sclerites (typlgal hinge structures) and some

is downregulated and, by the late third instar, Hth only appeafﬁox'ma' pattern elements that appear in the dorsal compartment of

in the presumptive regions of the thorax and the wing hingé € Wing. (C) Wing with 3" *>clone (arrow) otshrexpressing

: . . . . Cells. The arrowheads indicate the presence of sclerites associated

The central part of the disc, which gives rise to the wing pouchliii, the clone

shows no hthexpression (Fig. 1C). The repression tdh '

function is important for wing development since, hith

activity is forced in the wing pouch, the wing does not formexpressed at high levels (Fig. 3A). SimiladgiT cells, in which

(Fig. 5B). A similar observation has been made in the leg disthe transduction of Wg is blocked, show ectdpltactivity and

hth or exd expression in the distal part results in truncatedconsequently nuclear erdpression. These results also indicate

appendage in which all the distal components are missirtfpaththis latently active in the wing cells and has to be repressed

(Gonzalez-Crespo and Morata, 1996). In the leg, théy the continuous activity of the Dpp and Wg signals. The

subdivision between distal and proximal regions results frormability of cell clones, in which the Dpp or the Wg pathways

the antagonism between Hh signalling and exdftiction  have been totally eliminated, to proliferate may be due to high

(Gonzalez-Crespo et al., 1998). Hh response genes such as IBllels of hthexpression. Our results also indicate that the Dpp

and dac are instrumental in repressing htAbu-Shaar and and Wg pathways reprekth expression independently. This is

Mann, 1998; Wu and Cohen, 1999). illustrated by the experiments inducirdgh mutant clones:
Our results indicate that the downregulatiohtbfin the wing  ectopichth expression is only observed in clones located away

pouch is a consequence of the activity of the Dpp and the Wigom the AP border. Our interpretation is that the high levels of

signaling pathways. Cells in which the response to the DpPpp expression near the AP border are sufficient to imp#de

signal is prevented, as itkv or Mad mutant cells,hth is  expression despite the removal of the control by Wg.
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We have identified vgs one of the factors involved in the 1997). The loss of hthctivity during adult patterning results
downregulation ofhth: the elimination ofvg activity in the in changes in segmental identity and morphogenetic alterations
wing pouch (Fig. 2) results ihth activation and its ectopic that appear to be similar or identical to those produced by
expression in the hinge region represses the normal activity efiminatingexd(Gonzalez-Crespo and Morata, 1995; Rauskolb
hth. As a principal role ofg is to specify wing development et al., 1995). Thusth andexdcan be considered to perform
(Williams et al., 1991), it appears that a component of thishe same developmental function.
function is to eliminatéath activity and thereforexdfunction. In the wing disc, httand exdare only required in the wing
As vgis a target gene of both the Hh and the Wg pathways ihinge region and, in their absence, the cells proliferate but form
the wing, it seems that the downregulationhti by both  aberrant patterns (Gonzalez-Crespo and Morata, 1995; Casares
pathways is mediated by vg. One question that is not fullgnd Mann, 2000) indicating thlath/exdfunction is involved in
understood about the role @f is that, although it is able to specifying the wing hinge region. The experiments inducing
represshth, there is someg activity normally in the wing ectopichth expression suggest that it has a role in controlling
hinge that coincides with that dith. The levels of the Vg growth, for hthis able to prevent the formation of the wing
protein appear to be similar in the pouch and the hinge regiop®uch. It is also consistent with the observation (Casares and
so that different levels of product do not seem to be a likelfvlann, 2000) that htmutant clones in the hinge may reach very
reason. We believe that there may be other factors in the hindarge size. The finding thath suppresses wagtivity in the DV
tshis a likely candidate that counteracts the repression by Vdporder may be related with the repression of growth, a process

Althoughvg clearly has a regulatory role, we note that, inwith which wg has been shown to be involved (Zecca et al.,
contrast with the observed in tend Madclones, not all the 1996). The lack of effect of hibn dppexpression emphasizes
cells lacking vg activity in the wing pouch express hth the independence of the AP wing axis frath/exdfunction.
suggesting that there probably are other response genedOne aspect that we do not fully understand is the effect of
involved in the repression dith. We have not checked other hthon the proximodistal pattern, which has also been observed
Dpp response genes, such as amgpalt Gal) (Nellen et al., on the leg disc and on the chicken limb (Mercader et al., 1999).
1996; Lecuit et a., 1996) that may mediate this coniblis  In our experiments, the presence of the Hth product influences
a Wg target gene in the wing blade but, unlike in the leg disthe reading of proximodistal signals by the cells towards
(Abu-Shaar and Mann, 1998)]I mutant clones do not affect differentiating more proximal patterns. We do not know which

hth expression (R. S. Mann, personal communication). factors are responsible for the proximodistal pattern in the
) o ) ) wing, but as htipreventswg response to Notch, it is possible
Maintenance of hth expression in the wing disc that a Wg response element or some other Notch response gene

The negative regulation of hthidiscussed above is a may be involved in patterning.

modification of the original uniform expression found in the It is also not clear what is the rolelthin the specification
early wing disc. As the wing disc derives from the seconaf the wing hinge, where it is expressed at high levels. Its
thoracic embryonic segment, which shows high and unifornectopic expression in the pouch does not produce any specific
levels ofhthexpression (Rieckhof et al., 1997), the initial levelstransformation towards hinge structures, but rather a general
of hthin the thoracic region and the wing hinge are likely toproximalization of the whole pattern. This is in contrast with
be inherited from the progenitor cells. The mechanistntlof  the effect of ectopic tsthat induces sclerites and very proximal
activation during embryogenesis is not known, although ithinge structures. Sindshactivates hthin the hinge (Fig. 4G-
expression is modulated by the activity of the BX-C gene$), it suggests that the formation of proximal hinge requires the
(Azpiazu and Morata, 1998). activity of the two gene products.

Our results suggest that, at least during the larval pdribd, Altogether, the results presented here suggest the
expression in the wing disc is positively regulated by tsh. Thisubdivision of the non-thoracic part of the wing disc into two
is based on two findings. (1) An increase of Tsh levels in thmajor domains: the wing hinge, whehméh is expressed and
hth domain results in increased levels of Hth product; possiblgxd is functional (nuclear), and the wing pouch whateis
one of the normal functions da$h in the wing hinge is to not expressed, Exd is cytoplasmic and therefore inactive. By
maintain highhthlevels. (2) Ectopitshexpression in the wing homology with the leg disc (Gonzalez-Crespo and Morata,
pouch causes ectopith activity, at least in the clones located 1996; Gonzalez-Crespo et al., 1998), the latter would be the
close to the hinge (or far from the DV border) and in the Galgienuine appendage part of the disc. These two regions are
lines. The fact that clones located close to the DV border afermed by two antagonistic genetic systems: in the hinge, the
not able to induchth activity, whereas the Gal4 lines do, could high levels ofhth, inherited from the embryo and probably
be due to a timing effect. However, our results also indicatemaintained by wg, tsand may be other regulators, prevent
thattshis not the only factor involvedith and tshare normally  response to Notch signalling, which is necessary for the
co-expressed only in the proximal ring bth expression, development of the wing pouch. In the wing pouch, the
therefore there should be other factor(s) maintairlily  activities of the Wg and Dpp pathways suppresso that
expression in the distal ring. Since dsaltant clones show a Notch may inducevg activity and the appendage is formed
reduction inhth expression in the hinge, a wgsponse gene is (see also Casares and Mann, 2000).

likely to be involved. In addition, the fact th&gh cannot In addition to its role in preventing excessive proliferation,
activatehth near the DV border in the wing pouch may suggeshth may also contribute, together witsh, wgand nub, to the
that other factors are required. partition of the wing hinge into two regions that correspond to
. ) ] the outer and inner rings of hexpression. The outer ring
The developmental role of  hth in the wing disc domain expressesh, wg and hth, has nuclear Exd and does

The main role of htlis to regulateexdfunction (Riekhof et al., not expresyg and nub. The inner domain expresses nij
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and hth, has nuclear Exd and does not exprests The  Guillen, I., Mullor, J. L., Capdevila, J., Sanchez, H. E., Morata, G. and
individual role of these genes is not yet established, but it is Guerrero, I. (1995). The function oengrailedand the specification of

ible th hev function in m mbin rial manner. _Drosophilawing pattern Developmenfi21, 3447-3456.
poss ble that t ey functio some combinatorial manne Kim, J., Johnson, K., Chen, H. J., Carroll, S. and Laughon, A(1997).
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