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Summary

Appendages are thought to have arisen during evolution as legs. Given that insect legs and wings have a common
outgrowths from the body wall of primitive bilateria. In developmental and evolutionary origin, we sought to
Drosophila subsets of body wall cells are set aside as identify genes that underlie the specification of all
appendage precursors through the action of secreted appendage primordia. We present evidence that the zinc-
signaling proteins that direct localized expression of finger proteins encoded by theelbowand no ocelligenes act
transcription factors. The Drosophila homeodomain in leg and wing primordia to repress body wall-specifying
protein Distal-less is expressed in the leg primordia and genes and thereby direct appendage formation.

required for formation of legs, but not wings. The

homeodomain protein Nubbin is expressed in the wing Key words: Homothorax, Distal-less, Nubbin, Limb development,
primordia and required for formation of wings, but not Imaginal disc

Introduction Thus, different transcription factors appear to be used in leg

The progenitors of the adult body region®isophilaare set  &"d wing primordia to confer distal identity.
aside in the embryonic ectoderm as discrete groups of cells Given that there is a common evolutionary origin of legs and

known as imaginal discs. The disc primordia contain thdVings (Averof and Cohen, 1997), and that legs and wings

it f both the adult bod Il and th d erive fr_om a common imaginal disc primprdium in the
progenriors of bo © adUt body wa® an © appen ag(ig/WOsophllaembryo (Cohen et al., 1993), we might expect that

the wing imaginal disc for example forms the wing and th L
dorsal thorax (reviewed by Cohen, 1993). Subdivision of the//9 and Dpp would act through the same transcription factor(s)

imaginal discs into presumptive appendage and body walp specify the appendage-formmg.reglon In t.he leg :?md wing
territories results from the activity of conserved signaling@iSCS: In this context we became interested in the zinc-finger
proteins (summarized in Fig. 1B). The combined activities oPfOt€ins encoded by trebow(el) andno ocelli(nog) loci. We
Wingless (Wg) and Decapentaplegic (Dpp) specify proximaPrese”t ewdence that Elbow and Noc proteins are ex_pressed in
and distal domains in the leg imaginal discs, thereby defininl€ Presumptive distal cells of both leg and wing imaginal
the appendage fields (Campbell and Tomlinson, 1995; DiaflSCS, where they are required to repress the. expression of the
Benjumea et al., 1994; Lecuit and Cohen, 1997). In the wingody wall geneshomothorax (hth) and teashirt (tsh) and
disc, signaling by the EGFR ligand Vein (Vn) antagonizes W¢romote appendage formation.
activity to limit the appendage-forming region to the ventral
part of the imaginal disc (Wang et al., 2000; Zecca and Struh|, .
2002a; Zecca and Struhl, 2002b), whereas the appendagkg—ate”als and methods
forming region is centered in the leg disc. Drosophila strains

Wg and Dpp signaling activities restrict the expression ofp-gal4(Calleja et al., 1996)pp-gald UAS-wg UAS-sggand UAS-
the homeodomain protein Homothorax and the zinc-fingeprinker are described in FlyBasel! is described by Davis et al.
transcription factor Teashirt to the presumptive body wall byDavis et al., 1997)EP(2)203directs Gal4-dependent expression of
repressing them in distal domains (Abu-Shaar and Mann, 1998 protein (not shown) and produces a wing defect adtilope'
Wu and Cohen, 1999: Wu and Cohen, 2000; Wu and Coheﬁ‘,Ot shown). The enhancer trap Imlegal4has_ a Gal4-containing P-
2002). Wg and Dpp also activate expression of genes requir ment 950 bp upstream of the transcriptional stael.dflocGal4

- . o . ntains a Gal4-containing P-element 285 bp upstream of the
for appendage formation, includirgistal-less (DII) in the transcriptional start ohoc The loss-of-function mutargi-3-1was

distal leg primordium (Cohen and Jurgens, 1989a; DiaZwcoyered by EMS-induced reversion of this phenotygi@3-!
Benjumea et al., 1994; Lecuit and Cohen, 1997)wastigial  contains a stop codon in exon 2, leading to truncation of the protein
(vg) and nubbin (nub) in the distal wing primordium (wing at Q262.noc?4is a 848 bp deletion within the Noc ORF (Dorfman
pouch) (Ng et al., 1995; Ng et al., 1996; Wu and Cohen, 2002t al., 2002). The double mutant chromosome was generated by
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Fig. 1.el andnocexpression in presumptive appendages. (A) Genomic organizationadbtiveandno ocelliloci. Theel transcript consists of
three exons spanning 3.3 kb [EST clone RE67722 (Dorfman et al., 200@§.located 83 kb downstream&lfand consists of two exons.
Theel! deletion removed ~25 kb of DNA between the two coding regions and specifically affects expression of both genes in thenging imag
disc, suggesting that it removes a common regulatory element shared by the tel@fahocwere coexpressed at all stages examined.
(B) Diagram of the proximal-distal subdivision of both wing and leg primordia by signaling molecules. In the leg imagitted dmmbined
activity of Dpp and Wg induces the expression of DIl in the presumptive appendage primordium (blue) and restricts the expitdssiothe
periphery of the disc, which will give rise to the adult body wall (red). In the wing imaginal disc, Wg activity inducezéissier of Nub in
the wing primordium (blue) and Vein (Vn) activity induces the expression of Hth in the periphery of the disc, which wiegivéhe adult
body wall (red). (C) Second instar leg disc labeled with antibodies to visualize DIl protein (blue), El protein (green)paottidt{red). Noc
expression was identical to El expression (not shown). (D) Second instar wing disc labeled to visd#tzasingUAS-GFP(green), Nub
protein (blue) and Hth protein (red). Note that the expression domain of Noc is slightly broader than the domain of Nubamtithve
expression. Hth repression lags behind Tsh repression and thus underestimates the size of the wing field at early staGeb¢W2aad).
(E) Mature third instar leg imaginal disc labeled as in C. Note the change in the relative expression pattern of El &ne:Epkwaitto the
earlier stage in C. (F) Mature third instar wing disc labeled as in (D). El and Noc are expressed in a ring correspondiimgjtbitige and in
wedge shaped domains centered on the dorsal-ventral boundary.

inducing male-specific recombination in & nocA64/L™ eP-31  36hs-FLP (I); ef-3-Inoc®4 FRT40/P(f+) FRT40.

EP(2)2039;A2,3 Shgenotype (Preston et al., 1996). Recombinants36ehs-FLP (1); eP-3-Inoc?%4 FRT40/ P(f+) M(+) FRT40.

lacking both dominant markers were stocked and analyzed by PCR Clones were generated by giving a 1 hour heat shock at 38°C at the
for the presence of theoc deletion and thel point mutation. The indicated stages.

integrity of the recombination region was verified by PCR (data no . .
shown). UAS-el and UAS-noc were constructed by cloning full-length enotypes of larvae used for ectopic expression of el and

cDNAs into pUAST (Cheah et al., 1994; Dorfman et al., 2002). noc
ap’®/+; uas-el uas-noc

Antibodies dpp-gal4/uas-el uas-noc
El and Noc protein expression was visualized using polyclonal
antibodies raised against full-length proteins in rat (El) or guinea pigpesults
(Noc). The protein expression patterns were faithfully reflected by the
noc>al4 andel®a“4 enhancer trap lines, which were useful for double-e/ and no ocelli expression in appendage primordia
la??egtng . i eh mouse anti-Nub and rat anti-il wera 1€ €120W (ellandno ocelli (noc)genes are located in close
nti- abbit anti-Ts use anti-Nub and rat anti-DIl wer Fon ;
_ g : roximity on chromosome 2L and encode closely related zinc
described previously (Wu and Cohen, 1999; Wu and Cohen, 2000; ; : . .
and Cohen, 2002). Other antibodies are commercially available. H19er prc_>te|ns_ (Fig. 1A). The prEd'CtEd E.I and Noc _prOtemS
are 50% identical. We became interested in the functions of El

Genotypes of larvae used for genetic mosaic analysis and Noc because of their expression patterns in the developing

hs-FLP (1);no@%4 FRT40/arm-lacZ FRT4O0.
hs-FLP (1); eP-3-1noc®4 FRT40/arm-lacZ FRT40.
hs-FLP (1); eP-31noc264 FRT40/ M(+) arm-lacZ FRT40.

wing and leg imaginal discs. In second instar larvae El and Noc
proteins are co-expressed in the presumptive distal regions of
the leg and wing imaginal discs where the appendages are
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mutants. A mutant allele @l was produced in amScreen by
EMS-induced reversion of a phenotype caused dly
overexpression (using an EP-element inserted atltioeus,

see Materials and methods)-3-1truncates the protein before
the zinc-finger domain and is probably a null allele (Fig. 1B).
Nonetheless, flies homozygous for t@-3-1 mutation were
viable without obvious defects in phenotype from wild type
(data not shown). Faroc, we made use of a small deletion that
removes exon 1 of the gene and is embryonic lethal (Dorfman
et al., 2002) (Fig. 1B). Clones of cells homozygous for the
noc2%4 allele develop without any observable defect in legs and
wings (data not shown). Asl and noc encode homologous
proteins, this suggested that they might function redundantly
in imaginal disc development. Consequently, it was necessary
to generate aal nocdouble mutant chromosome and examine
Fig. 2.Regulation of El and Noc at early stages. ¢ap>2“-driven clones of cells lacking both. Although the two loci are located
expression of the Wg-pathway inhibitor GSK3/Shaggy (Sgg) in an oy 83 kb apart, this was possible using P-element-mediated
early third instar wing dIS.C. Anti-El staining (purple)'ls reduced in male recombination (Preston and Engels, 1996; Preston et
thedppexpression domain (GFP, green). (pp>t\-driven al., 1996), because thel?-3-1 mutant was induced on a

expression of Wg in a late second instar wing disc. El staining is h . Ep-el t pt induced
ectopically induced in body wall regions in a hon-autonomous chromosome carrying an -€lement. F-transposase indauce

manner close to the dpp expression domaindf@§a-driven recombinants between the EP2a893-1 and thenoc®4 FRT
expression of the Wg-pathway inhibitor GSK3/Shaggy in an early chromosome were recovered and tested for the presence of
third instar leg disc. El is reduced in ttigp expression domain both alleles by PCR. The double mutant chromosomes were

(arrow). (D)dpg@a-driven expression of the Dpp-pathway inhibitor analyzed by PCR to ensure that no additional alterations were
Brinker (Brk) in an early third instar leg disc. El is reduced inthe  induced adjacent to the P-element in the course of
dppexpression domain (arrow). recombination. Antibody labeling confirmed that the El and
Noc proteins were not expressed in cloneslgf-1 nocit4
double mutant cells (not shown).
specified (Fig. 1C,D). In second instar leg discs, El and Noc To assess their role in early wing development, clones of
expression coincided with DIl (Fig. 1C), which marks the leg-€eP-3-1 noc264 double mutant cells were generated in early
forming part of the disc at this stage (Cohen and Jirgensecond instar larvae and their distribution was compared with
1989a; Diaz-Benjumea et al., 1994; Lecuit and Cohen, 1997heir wild-type twins in the wing disc (e.g. Fig. 3A). The
At the earliest stages, the El and Noc domain appears slighthomozygous mutant cell and its wild-type “twin” are products
broader than the DIl domain, perhaps reflecting a slight delayf a single cell division, so the two clones are normally
in the onset of DIl expression relative to El and Noc. A similarecovered at equal frequency and in close proximity to one
result was observed in second instar wing discs, where the &hother after a period of growth. This was the caselfand
and Noc expression domain included the nascent Nub domaimpcdouble mutant clones in the presumptive body wall portion
where Hth was beginning to be repressed (Fig. 1D). Later iaf the wing disc (Fig. 3B, 26/26 pairs). When the clone pair
development the expression patterns of El and Noc changeas close to the edge of the endogenous Nub expression
(Fig. 1E,F), suggesting that they are used again under differeddmain, mutant clones were recovered outside the Nub domain
regulatory control to fulfill secondary functions (see below). while their twin clones were found in the Nub expression
The early onset and position of El and Noc was consistemtomain (8/8 pairs). In some cases the mutant clone was
with their genes being early targets of Wingless (Wg)separated from its twin (Fig. 3A), suggesting that the mutant
and Decapentaplegic (Dpp), which specify the appendagdone had been displaced to the edge of the Nub domain. In
primordia. Expression of GSK3/Shaggy, a repressor of the Wgther cases, the mutant clones appear to have been lost. Only
signaling pathway (Diaz-Benjumea and Cohen, 1994), dfive double mutant clones were recovered for 31 wild-type
Brinker, a repressor of the Dpp signaling pathway (Campbetivins within the Nub domain. These observations suggested
and Tomlinson, 1999; Jazwinska et al., 1999; Minami et althatel andnoc double mutant clones sorted out from the Nub
1999), under control ofipp-Gal4, repressed El and Noc domain.
expression (Fig. 2A,C,D and not showmhjkewise ectopic Although few clones oél andnocdouble mutant cells were
expression of Wg caused ectopic expression of El and Naecovered in the wing pouch, those that were examined had lost
(Fig. 2B and not shown). These observations indicate that Wexpression of Nub and showed ectopic expression of Tsh,
and Dpp signaling are required for inductionedfand noc  which is normally limited to the body wall (Fig. 3C; Hth was
expression in early leg and wing discs. The late expression afso misexpressed; not shown). These clones rounded-up and
elandnocin the wing disc (Fig. 1F) is also under Dpp and Wgappeared to extrude from the wing epithelium, suggesting that
control, with Wg signaling inducing their expression and Dppaffinity differences were causing them to sort out. In some

repressing it (data not shown). cases clones of mutant cells were recovered as vesicles of
mutant tissue between the wing surfaces (data not shown). We

el and noc define the appendage-forming domain of next produced discs with very large areasl@dnocmutant

the imaginal discs tissue, using the Minute technique to give mutant cells a

We sought to analyze the functionsebndnocby producing relative growth advantage (Morata and Ripoll, 1975). Despite
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Fig. 4. Truncated appendages. (A) Cuticle preparation of a wild-type
leg. (B) Cuticle preparation of a wild-type adult wing. (C) Cuticle
preparation of a leg with Minute*-3-1noc64 double mutant clones
marked withforked induced early in development (60 hours AEL).
Distal elements are deleted (co, coxa, tr, trochanter; fe, femur; ti,
tibia; ta, tarsal segments). (D) Cuticle preparation of a wing carrying
large Minute el¥-3-1noc®64 double mutant clones marked with

forked,induced early in development (60 hours AEL). The remaining
wing tissue is heterozygous. The notum was not affected.

the proximal region of the disc (Fig. 5A,B; 21/21 pairs).
Double mutant clones were not recovered in the distal-most

part of the disc (O clones for 6 twins). When induced in late
Fig. 3. Early el nocdouble mutant clones in the wing. (A,C) Wing ~ Second instar, only four double mutant clones were recovered
discs with clones of cells lackirgbowandno ocelli (ef-3-1noc264) distally. These clones ectopically expressed Hth, rounded up
at an early stage. Nub protein is shown in green; Tsh protein in red.and sorted out from the epithelium (e.g. Fig. 5E). These
Clones are marked by the absencg-ghl (blue). (A) Mutant clones  observations again suggest that El/Noc activity is required
(asterisks) sorted out from the Nub-expressing wing pouch. Twin  downstream of Wg and Dpp to repress Hth expression in the
clones (arrowheads) remain in the Nub-expressing domain. leg disc. In contrast to the wing, ectopic expression of Tsh or
(B) Summary of the relative positions of clones of cells lacking  Hth does not repress DIl expression in distal leg (Abu-Shaar
i reay o e o (6 v 2 Mann, 1995 Wu and Cohen, 2000), and conseguenty DI

gp g Y : g expression was not lost in teeandnocdouble mutant clones

with a largeePR-3-1noc%4 double mutant clone in the wing pouch. . . :
Tsh (red) was ectopically expressed and Nub (green) was lost in the(nOt shown). Ectopic expression of Tsh and Hth can in some

clone. Comparable clones also showed ectopic Hth expression (notCases cause ectopic expression of DIl (Wu and Cohen, 2002),

shown). (D) Wing disc with large MinuteR-3-1noc264 double as in the example in (Fig. 5E).

mutant clones. Asterisks mark clones abutting the wing pouch and ~ Double mutant clones given a growth advantage were
remaining in the body wall region. Hth protein is shown in red. excluded from the presumptive tarsus (Fig. 5C,D). The
(E) Summary of the location of Minutel-31noc’64 double mutant  relationship between proximal and distal domains of gene
clones in the body wall region of wing imaginal discs. expression differs somewhat in the leg from that in the wing.

Lineage tracing experiments have shown that cells born in the

body wall portion of the leg dists{*a4 expression domain)

normally contribute significantly to forming the femur and tibia
the large size of the double mutant clones, they were alwagegments of the leg, but do not contribute to the tarsus
located outside the domain of Nub expression, in the HtfMWeigmann and Cohen, 1999). To do so the cells must lose
expression domain (Fig. 3D,E). In some cases the Nulproximal gene expression (elgth) and acquire distal gene
expressing area was very small, but all mutant cells expressegpression [e.dll and/orDac (Wu and Cohen, 1999)]. In this
Hth. We examined adult flies from these crosses to evaluate thentext it is interesting thal and noc double mutant clones
effects on the adult wing. Although few larvae with many largeoccupied large proximal areas and extended distally into femur
clones survived to adulthood, those that did displayed a nearnd tibia segments (Fig. 5C,D), but were not recovered in the
complete loss of wing tissue (Fig. 4B,D). In such cases all thearsal segments of the adult leg (Fig. 5A). Apparently, during
remaining wing elements were composed of heterozygous cellsird instar,el and noc mutant cells can migrate distally and
expressing one wild-type copy ef andnoc In the thorax, contribute to formation of femur and tibia. This correlates
clones of mutant tissue were recovered without defects (netith a distal-ward retraction of the DIl expression domain
shown). (Campbell and Tomlinson, 1998). The finding tbandnoc

The behavior oél andnocdouble mutant clones was similar mutant cells do not contribute to wing at all may suggest that

in the leg imaginal disc. When induced early in developmentomparable distal migration of mutant tissue does not happen
double mutant clones were recovered at normal frequenciesiimthe wing. Lineage tracing of proximal cells in the wing has
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A DIl the domain in which El and Noc are required may retract
) distally as the disc develops (Campbell and Tomlinson, 1998;
fo ti t 21/21 : Cohen et al., 1989; Cohen and Jirgens, 1989a; Gorfinkiel et
B |2 4/4 al., 1997). Dll is required early for formation of tibia and femur
‘ as well as tarsus, even though DIl mutant clones induced later
can be recovered in tibia and femur.

These observations suggest that the combined activity of El
and Noc is required to prevent Tsh and Hth expression in the
presumptive appendage-forming region of the early leg and
wing imaginal discs. As neither gene produces a defect when
mutated alone, it appears that either protein is sufficient to
mediate repression of Hth and Tsh. We have attempted to test
this by Gal4-dependent ectopic expression of UAS-noc or
UAS-el constructs. To our surprise, ectopic expression of El or
Noc or both together, resulted in a reduced expression of Nub
and up-regulation of Tsh (data not shown). As these effects are
the same as those produced by the loss-of-function mutant
clones, we infer that overexpression of either protein causes a
paradoxical dominant negative effect, reducing net activity.
While unexpected, this is not unprecedented. For example,
when overexpressed, dLDB/CHIP, a cofactor of Apterous,
behaves as a dominant negative, apparently by disrupting the
stoichiometry of a multi-protein complex that is required for
transcription factor activity (Fernandez-Funez et al., 1998;
Milan and Cohen, 1999).

Taken together our observations suggest that the early
activities ofel andnoc are required for specification of both,
wings and legs iDrosophila In the wing disc, repression of
Fig. 5.Early el nocdouble mutant clones in the leg. (A) Schematic Hth and Tsh is required to allow Wg and Dpp to induce Nub
representation of a leg showing the distribution of Minute[3-- expression in the early wing primordium. In the leg Wg and
nocA64 double mutant clones induced early in development (60 h  Dpp repress Hth and Tsh and independently induce DIl and
AEL). Co, Coxa; Tr, Trochanter; Fe, Femur; Ti, Tibia; Ta, tarsal Dac (Abu-Shaar and Mann, 1998; Gonzalez-Crespo et al.,
segments. (B) Summ_ary of the relative pos!tion_of clones o_f cells 1998; Wu and Cohen, 1999; Wu and Cohen, 2000). We suggest
lackingel andno ocelli(grey circles) and their twins (black circles) ¢ Wg and Dpp act throughl and noc to define the
when born in the proximal or distal leg. ta, tarsal segments. (C) Leg appendage-forming region of the early wing disc by repression

disc with Minute[+]el-3-1noc264 double mutant clones. Mutant cells f bod I i Cells lacking EIN tivit
were found in femur and tibia, but not in the tarsal segments (ta). Hf! Pody-wall specilic genes. Lells facking oc aclivity

protein (red). Clones are marked by the absenf@af (blue). appear to adopt proximal identity by default, by virtue of not
(D) Summary of the locations of Minutel3-31nocA64 double being able to repress Hth and Tsh.

mutant clones in the proximal region of leg imaginal discs. The . .

position of each clone is depicted as one semi-transparent layer of Late functions of el and no ocelli

grey. The darker an area is, the more clones were found inthat ~ Transformation ofl and noc mutant cells toward body wall
region. (E) Leg disc with aeP-31nocA64 double mutant clone identity occurred when clones were induced in first or early
induced early in development (60 hours AEL). Hth (red)was ~ second instar. Clones induced later did not alter their proximal-
ectopically expressed in some clones (arrow). Note that the twin sPQistal identity, indicating that the role &l and noc in

cannot be seen in this picture becauseth! nocA64 double repressing body wall-specific genes is transient. This is
mutant clones sort out from the epithelium and are therefore found in”" - R . .
a different focal plane. Clones induced earlier were not recovered. consistent with the alterat_lon in their pattems Of. EXpression as
development proceeds (Fig. 1E,F). In the wing disc, El and Noc
expression shifts to a ring near the base of the wing pouch and
to a wedge shaped stripe along the dorsal-ventral boundary.
shown that cells born proximally in the hinge region normallyConsistent with these changes, clones induced during early
do not contribute to the wing blade (K. Weigmann and S.M.Cthird instar lost proximal (hinge) structures (Fig. 6B,C). These
unpublished data) phenotypes resemble those seen in the wings of the
Few larvae in which we generated laglendnocdouble  homozygous viablel! mutant (compare Fig. 6C and D) (Davis
mutant clones survived to adulthood and we did not recovest al., 1997)el! is a deletion that removes approximately 25
adult flies in which all derivatives of the leg disc were mutantkb of DNA from the region between tred and noc genes
The most severe defects recovered corresponded to neafAshburner et al., 1999; Davis et al., 1997), but does not affect
complete loss of distal leg tissue, including reduction of femuthe coding region of either gene. By antibody labeling, we
and tibia (Fig. 4A,C). Although El and Noc activity are notfound that theel' deletion causes loss of El and Noc protein
strictly required in femur- or tibia-producing cells, the defectsexpression in the wing pouch, while their expression in the
observed in these segments in discs with large areas of mutdiimge region seems to be broader than in wild-type discs (Fig.
tissue presumably reflect a requirement at earlier stages. As foy. On this basis we conclude thalt deletes a common




772 Development 131 (4) Research article

Co
L Fe
Hod o
Tr SRS
Vi .
Fig. 6. Phenotypes of latexi nocdouble mutant 3
clones. (A) Cuticle preparation of a wild-type , ,{f‘
wing (left) and magnification of the wing hinge Ti f
(right). PCo, MCo and DCo indicate proximal, !
medial and distal costa; Teg, tegula; veins are -
numbered vl-V. (B,C) Cuticle preparations of 1st
wings with large MinutéelR-3-1nocA64 double : ond
mutant clones induced at 84 hours (early third wild SF3rd
instar time in theMlinutegenotype). Clone type 51h4t

marked byforked(shaded pink). Note the
reduced size of the wings compared to the wild
type wing in A (same magnification). Right:
detail of the wing hinge regions. Note deletion
of hinge structures. (D) Cuticle preparation of
anel mutant wing (left) and amplification of
the wing hinge (right). Note deletion of hinge
structures and reduced wing size compared to
wild-type wings. (E) Cuticle preparation of a
wild type adult leg. (F) Cuticle preparation of a
leg carrying a double mutant clone extending
through coxa, femur and tibia, but not tarsal
segments. The trochanter is missing. Mutant
tissue is shaded pink. Arrowheads indicate
joints (not visible at this magnification; Co,
Coxa; Tr, Trochanter; Fe, Femur; Ti, Tibia;
1st-5th, tarsal segments).

regulatory element that controls expressioel@ndnocin the  wing imaginal discs into presumptive body wall (proximal) and
wing pouch. As suclel' should be considered a regulatory presumptive appendage regions (distal) during the second

allele of both loci and not just as an alleleeb{Davis et al., instar. Initially the entire discs express both Tsh and Hth, and
1997). The broader ring of El and Noc expression in the hingdaeir repression by Wg and Dpp signaling is required for
might explain the adult hinge phenotype (Fig. 6). subdivision of the disc into proximal and distal domains (Abu-

We also noted thatl nocdouble mutant clones had a non- Shaar and Mann, 1998; Dong et al., 2001; Gonzéalez-Crespo et
autonomous effect on growth of the wing, which was simila@al., 1998; Wu and Cohen, 1999; Wu and Cohen, 2000). We
to that described previously faub mutant clones in the wing have provided evidence that tleé and noc genes serve as
(Cifuentes and Garcia-Bellido, 1997; Ng et al., 1995). It ismediators of the function of the Wg and Dpp signaling systems
possible that the effects observedehnoc double mutant in specification of the appendage field within the imaginal
clones resulted from loss of Nub expression in the proximaldiscs. El and Noc are induced by Wg and Dpp and are required
part of the wing, where Nub is directly required for patterningo repress the proximally expressed proteins Hth and Tsh.
proximal wing elements and indirectly for normal growth of Previous work had identifie®ll as a gene required for
the wing pouch. appendage formation in leg and antenna, iamdas a gene

In the leg, largeel andnoc double mutant clones extended required for wing. This report identifies El and Noc as a pair
from coxa, through femur and tibia and caused failure of legf zinc-finger proteins that function in both ventral and dorsal
segmentation (Fig. 6E,F). These defects resembled thosppendages. However, there are interesting differences in the
produced byhth or exd mutant clones, which fail to maintain way that they do so, when examined in detail.
an affinity border between body wall and leg (Gonzalez-Crespo DIl expression is required for the formation of all leg and
and Morata, 1996; Wu and Cohen, 1999). Thustladnoc  antenna elements in the ventral (leg) discs, and until this work
genes appear to serve distinct functions in proximal wing anBll was the earliest known marker for the distal region leg
proximal leg later in development that differ from their primarydisc (Cohen et al., 1989; Cohen and Jirgens, 1989a; Diaz-
early role in appendage specification. Benjumea et al., 1994; Gorfinkiel et al., 1997; Panganiban et

al., 1994). Previous work has shown that repression of Hth and

. . Tsh by Dpp and Wg was not required for expression of DIl in
Discussion the leg, nor could DIl repress Hth and Tsh (Wu and Cohen,
Insect legs and wings have a common developmental ari®99). Thus an essential mediator of the effects of Wg and Dpp
evolutionary origin. The appendage primordia are specified bywas missing. Our results present evidence that El and Noc
the Wg and Dpp signaling proteins, which subdivide leg anderve this function, as their removal leads to ectopic expression
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repressed and limited to proximal areas in the antenna.
However, loss okl andnoc activities in the leg disc leads to
loss of distal leg tissue without any evident transformation into
antennal tissue. Thus, El and Noc may regulate the expression
of other ‘trunk genes’, whose restricted expression are required
to make the remaining leg and antenna disc competent to form
the appendage.

The regional requirements for EI and Noc highlight another
interesting difference between leg and wing disc development.
el nocdouble mutant cells were excluded from contributing to
the tarsal region of the leg but not from contributing to the
femur and tibia. As summarized above, lineage tracing has
shown a considerable net flux of cells from the proximal (Tsh-
expressing domain) into femur and tibia (Weigmann and
Cohen, 1999). While there is no boundary of lineage restriction
separating these domains, cells must be able to change from

Fig. 7.elbowt is a regulatory double mutant of batandnoc. expressing the proximal marker Hth to expressing the distal
(A) Immunostaining of wild-type third instar wing imaginal discs ~ marker DIl in order to move from one territory to the other (Wu
with anti-El (red) and anti-Noc (green) antibodies. and Cohen, 1999). The wing in contrast does not appear to
(B) Immunostaining o&l* homozygous mutant third instar wing normally exhibit this large net flux of cells from proximal to

imaginal discs with anti-El (red) and anti-Noc (green) antibodies.  distal (K. Weigmann and S.M.C., unpublished data) aneélthe
Note that the mutant does not show the wedge-like staining along th§ocdouble mutant cells were excluded from contributing to the
dc_JrsaI-_ventra! boundary that is charact_er_istic of wild-type third instarantire wing region. Our clonal analysis has suggestedethat
wing discs. Since both, El and Noc stainings are affected, we noc double mutant cells attempt to sort out toward proximal
conclude thael is a regulatory double mutant affecting both genes. territory, or if that fails they can be lost from the disc,
apparently by sorting out perpendicular to the epithelium.
These observations suggest that EI and Noc activity may
of Hth and Tsh. Removal of El and Noc does not cause log®ntribute to the production of proximal-distal differences in
of DIl expression, so we conclude that Wg and Dpp ace¢ell affinities and thereby may help to maintain segregation of
independently to induce EI and Noc expression and DIl téhese cell populations during development.
define the distal region of the leg disc. o _ _ o
The situation differs slightly in the wing. Repression of Tsh We thank Lidia Pérez for technical assistance, Ann-Mari Voie for
is the earliest marker for specification of the distal wing regio§eneration of transgenic flies and members of the lab for comments
(Wu and Cohen, 2002), preceding the onset of Hth repressi(? the manuscript. M.W.'s work was carried out in Claude Desplan’s

; . - . at NYU. R.D.'s work was carried out in Benny Shilo’s lab at the
or of Nub induction (Azpiazu and Morata, 2000; Casares an eizmann Institute. We thank them for their contributions and their

Mann, 2000; Ng et aI.,' 1996). Loss of Tsh and _ch are requireqnport. Anonymous reviewers helped to improve the manuscript.
to allow Nub expression. We observed ectopic expression of
Hth and Tsh and loss of Nub in clones lacking El and Noc
activity. Thus in the wing, expression of the distal marker NulReferences
cannot be demonstrated to be mdependent of El and No%u Shaar, M. and Mann, R. (1998). Generation of multiple antagonistic
(bec_ags,le eCtQplcl Ht.h can re?ress. Nudb’ bIUI not D”)a ghé domains’ along the pr0><’imodistal axis duridgosophilaleg development.
vestigialgene is also important for wing development and has pevelopment 25 3821-3830.
been proposed to be a wing specifying gene (Kim et al., 199@shburner, M., Misra, S., Roote, J., Lewis, S. E., Blazej, R., Davis, T.,
Simmonds et al., 1998; Williams et al.,, 1991). However, Dfoylﬁy C., Galle, R-,feorg% 55 Harris, N-fet 3(1999)- An eX][JIIIJDration .
] H 1 of the sequence of a 2.9- region of the genome o rosopnia

VeStlglal IS express_ed a". along th.e DV boundary of the wing, melanogaster: the Adh regioBeneticsl53 179-219.
both in the wing prlmordlpm and ,'n_ the_ bOdy Wal_l' This Iea_'dSAverof, M. and Cohen, S. M(1997). The evolutionary origin of insects wings
us to suggest that while Vestigial is essential for wing from ancient respiratory appendagsature385, 627-630.
development, its expression cannot be taken as a molecuksapiazu, N. and Morata, G.(2000). Function and regulation of homothorax
marker for wing identity per se, particularly at early stages [ag In the wing imaginal disc of Dsroso%h;\'ﬂa-evf'o%”(“fggg)z 20852008

. . . eja, M., Moreno, k., Felaz, 5. an orata, . Visualization o
discussed previously (Wu and Cphen, 2002)]‘_ For t_hIS reasé%?tgene expression in living adult Drosophificience274, 252-255.
we have not focussed on analysis of the relationship betwe@Rmpbell, G. and Tomlinson, A.(1995). Initiation of the proximodistal axis
El, Noc and Vestigial in this report. in insect legsDevelopmeni 21, 619-628.

Is the repression of trunk genes needed to specify appenddégmpbell, G. and Tomlinson, A.(1998). The roles of homeobox genes
as opposed to the body wall in wing and leg discs? In the winggg?;'gs;zﬁzfgsﬂggﬁgsPattem'ng legs and wings ddrosophila
0_”50 the_answer appears to be yes; reDr_es_Sion of ‘trunk gen%%mpbell, G. and Tomlinson, A.(1999). Transducing the Dpp morphogen
like hth is necessary to make the remaining part of the disc gradient in the wing of Drosophila: regulation of Dpp targets by brinker.
competent to form the appendage. However, in the leg theCell 96, 553-562.
situation is more complex. Coexpression of DIl and Hth doe§%5:\/'§|56pnﬁ-e r?tnlcr‘] E';"rgg(’)‘bhﬁ@ astjrlffg)fz‘é"?zt?' of antennal versus leg
not d|s'rupt prOX|maI7d|staI axis .formaj[lon’ but Ieads toCasares, F. and Mann, R. S2000). A&ual role for homothorax in inhibiting
homeotic transformation of leg tissue into antennal tiSSUE wing blade development and specifying proximal wing identities in

(Casares and Mann, 1998; Dong et al., 2001). Hth is not Drosophila Developmeni27, 1499-1508.



774 Development 131 (4) Research article

Cheah, P. Y., Meng, Y. B., Yang, X., Kimbrell, D., Ashburner, M. and Chia, Carroll, S. B. (1996). Integration of positional signals and regulation of
W. (1994). The Drosophila I(2)35Ba/nocA gene encodes a putative Zn finger wing formation byDrosophila vestigiayene.Nature 382, 133-138.
protein involved in the development of the embryonic brain and the adultecuit, T. and Cohen, S. M.(1997). Proximal-distal axis formation in the

ocellar structuresviol. Cell Biol. 14, 1487-1499. Drosophila legNature 388 139-145.

Cifuentes, F. J. and Garcia-Bellido, A(1997). Proximo-distal specification Milan, M. and Cohen, S. M. (1999). Regulation of LIM homeodomain
in the wing disc of Drosophila by the nubbin geReoc. Natl. Acad. Sci. activity in vivo: a tetramer of dLDB and apterous confers activity and
USA94, 11405-11410. capacity for regulation by dLMMol. Cell 4, 267-273.

Cohen, B., Simcox, A. A. and Cohen, S. M1993). Allocation of the thoracic ~ Minami, M., Kinoshita, N., Kamoshida, Y., Tanimoto, H. and Tabata, T.
imaginal disc primordia in thBrosophilaembryo.Development17, 597- (1999). brinker is a target of Dpp in Drosophila that negatively regulates
608. Dpp-dependent geneldature 398 242-246.

Cohen, S. M.(1993). Imaginal disc development.Dnosophila Development  Morata, G. and Ripoll, P. (1975). Minutes: mutants of Drosophila
vol. 2 (ed. A. Martinez Arias and M. Bate), pp. 747-841. Cold Spring autonomously affecting cell division rateev. Biol.42, 211-221.

Harbor, New York: Cold Spring Harbor Press. Ng, M., Diaz-Benjumea, F. J. and Cohen, S. M1995).nubbinencodes a
Cohen, S. M., Bronner, G., Kittner, F., Jurgens, G. and Jéckle, H1989). POU-domain protein required for proximal-distal patterning in the

Distal-lessencodes a homoeodomain protein required for limb development Drosophilawing. Developmenf21, 589-599.

in Drosophila Nature 338 432-434. Ng, M., Diaz-Benjumea, F. J., Vincent, J. P., Wu, J. and Cohen, S. M.
Cohen, S. M. and Jirgens, G(1989a). Proximal-distal pattern formation in (1996). Specification of the wing by localized expression of wingless

Drosophila: cell autonomous requirement f@istal-lessgene activity in protein.Nature381, 316-318.

limb developmentEMBO J.8, 2045-2055. Panganiban, G., Nagy, L. and Carroll, S. B(1994). The role of thBistal-
Davis, T., Ashburner, M., Johnson, G., Gubb, D. and Roote, J1997). lessgene in the development and evolution of insect linthsr. Biol. 4,

Genetic and phenotypic analysis of the genes of the elbow-no-ocelli region 671-675.

of chromosome 2L of Drosophila melanogastareditas126, 67-75. Preston, C. R. and Engels, W. R.(1996). P-element-induced male
Diaz-Benjumea, F. J., Cohen, B. and Cohen, S. NIL994). Cell interactions recombination and gene conversion in DrosophBanetics144, 1611-

between compartments establishes the proximal-distal axisosbphila 1622.

legs.Nature372 175-179. Preston, C. R., Sved, J. A. and Engels, W. RL996). Flanking duplications
Diaz-Benjumea, F. J. and Cohen, S. M(1994).winglessacts through the and deletions associated with P-induced male recombination in Drosophila.

shaggy/zeste-white l@nase to direct dorsal-ventral axis formation in the  Geneticsl44, 1623-1638.

Drosophilaleg. Developmeni20, 1661-1670. Simmonds, A. J., Liu, X., Soanes, K. H., Krause, H. M., Irvine, K. D. and

Dong, P. D., Chu, J. and Panganiban, G(2001). Proximodistal domain Bell, J. B. (1998). Molecular interactions between Vestigial and Scalloped
specification and interactions in developing Drosophila appendages. promote wing formation in Drosophil&enes Devl2, 3815-3820.
Developmenfi28 2365-2372. Wang, S. H., Simcox, A. and Campbell, G2000). Dual role for Drosophila

Dorfman, R., Glazer, L., Weihe, U., Wernet, M. F. and Shilo, B. Z2002). epidermal growth factor receptor signaling in early wing disc development.
Elbow and Noc define a family of zinc finger proteins controlling Genes Devl4, 2271-2276.
morphogenesis of specific tracheal branch2evelopmentl29, 3585- Weigmann, K. and Cohen, S. M.(1999). Lineage tracing cells born in
3596. different domains along the PD axis of the developirgsophila leg.

Fernandez-Funez, P., Lu, C. H., Rincon-Limas, D. E., Garcia-Bellido, A. Developmeni26, 3823-3830.
and Botas, J.(1998). The relative expression amounts of apterous and it®illiams, J. A., Bell, J. B. and Carroll, S. B.(1991). Control oDrosophila
co-factor dLdb/Chip are critical for dorso-ventral compartmentalization in  wing and haltere development by the nuckesstigialgene productGenes
the Drosophila wingEMBO J 17, 6846-6853. Dev.5, 2481-2495.

Gonzalez-Crespo, S., Abu-Shaar, M., Torres, M., Martinez, C., Mann, R.  Wu, J. and Cohen, S. M.(1999). Proximodistal axis formation in the
S. and Morata, G.(1998). Antagonism between extradenticle function and Drosophila leg: subdivision into proximal and distal domains by
hedgehog signalling in the developing linNature 394, 196-200. Homothorax and Distal-lesBevelopmeni26, 109-117.

Gonzéalez-Crespo, S. and Morata, G(1996). Genetic evidence for the Wu, J. and Cohen, S. M.(2000). Proximal distal axis formation in the
subdivision of the arthropod limb into coxopodite and telopodite. Drosophila leg: distinct functions of teashirt and homothorax in the proximal

Developmeni22 3921-3928. leg. Mech. Dev94, 47-56.
Gorfinkiel, N., Morata, G. and Guerrero, |. (1997). The homeobox gene Wu, J. and Cohen, S. M(2002). Repression of Teashirt marks the initiation
Distal-less induces ventral appendage development in Drosogtglzes of wing developmentDevelopment29 2411-2418.
Dev.11, 2259-2271. Zecca, M. and Struhl, G.(2002a). Control of growth and patterning of the
Jazwinska, A., Kirov, N., Wieschaus, E., Roth, S. and Rushlow, CL999). Drosophila wing imaginal disc by EGFR-mediated signalidevelopment
The Drosophila gene brinker reveals a novel mechanism of Dpp target genel29, 1369-1376.
regulation.Cell 96, 563-573. Zecca, M. and Struhl, G.(2002b). Subdivision of the Drosophila wing

Kim, J., Sebring, A., Esch, J. J., Kraus, M. E., Vorwerk, K., Magee, J. and imaginal disc by EGFR-mediated signalifizevelopmeni29, 1357-1368.



