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msh specifies dorsal cell fate inthe  Drosophila wing
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SUMMARY

Drosophila limbs develop from imaginal discs that are compartments and (3) specification of dorsal cell fate. Here,
subdivided into compartments. Dorsal-ventral subdivision we report that the homeobox genansh (muscle segment
of the wing imaginal disc depends ompterousactivity in homeoboy acts downstream ofapterousto confer dorsal
dorsal cells. Apterous protein is expressed in dorsal cells identity in wing development.

and is responsible for (1) induction of a signaling center

along the dorsal-ventral compartment boundary (2) Key words:msh apterous Differentiation, Identity, Selector gene,
establishment of a lineage restriction boundary between Drosophila melanogastekVing, Dorsoventral patterning

INTRODUCTION lacking engrailedalone have milder defects than cells lacking
both genes, suggestirangrailedand invectedhave partially
Drosophilalimbs are subdivided into adjacent cell populations,overlapping functions. However, misexpressiormjrailedor
known as compartments (Garcia-Bellido et al.,, 1973)invected alone in anterior cells revealed distinct activities
Compartments are specified by localized expression dSimmonds et al., 1995). Misexpression efgrailed in
transcription factors. The homeodomain proteins Engrailednterior cells induced an ectopic signaling center and a change
and Invected specify posterior identity (Garcia-Bellido andn the mixing properties of the cells, but it caused only a mild
Santamaria, 1972; Morata and Lawrence, 1975; Tabata et adgfect in compartment identity. In contrast, misexpression
1995; Zecca et al.,, 1995). The LIM-homeodomain proteirof invected in anterior cells only induced a change in
Apterous (Ap) confers dorsal identity (Diaz-Benjumea andcompartment identity. Thus, although boémgrailed and
Cohen, 1993; Blair et al., 1994). The genes that encode theiswectedare required to specify posterior cell fateyected
transcription factors are called selector genes because the@ems to play a stronger role in this process.
activities confer compartment-specific properties. Three DV subdivision of theDrosophilawing is mediated by the
distinct features of compartments have been shown to depeadtivity of apterousn dorsal cells (Diaz-Benjumea and Cohen,
on selector gene activity. First, they control segregation of th&993; Blair et al., 1994)apterousactivity is required and
two cell populations to prevent intermingling of cells at thesufficient for locating the signaling center along the DV
compartment boundary. Second, they establish signalingpmpartment boundary, for maintaining the lineage restriction
centers at the compartment boundaries. Third, they specifyoundary and for conferring dorsal cell fate. Dorsal cells
compartment-specific cell differentiation. lacking apterous activity or ventral cells misexpressing
Selector genes act in different ways in anterior-posterioapterousinduce an ectopic signaling center and are able to
(AP) and dorsal-ventral (DV) subdivision of the wing. AP cross the DV lineage restriction boundary. Cells expressing
subdivision ofDrosophilalimbs is mediated by the activity of apterous differentiate dorsal structures and cells lacking
the engrailed and invected genes (Garcia-Bellido and apterousdifferentiate ventral structures. Here we show that
Santamaria, 1972; Morata and Lawrence, 1975; Tabata et apterous confers dorsal identity through regulation of the
1995; Zecca et al.,, 1995)ngrailed and invected are  homeobox genemuscle segment homeob@xsh. msh is
responsible for all three compartment-specific propertiesexpressed in dorsal cells in the embryonic neuroectoderm and
Posterior cells lackingngrailedandinvectedare able to cross muscle precursors (D’Alessio and Frasch, 1996; Isshiki et al.,
the AP compartment boundary and they differentiate anteridt997; Lu et al., 2000). In the wing disoshis expressed in
structures. When located in the posterior compartment, mutadorsal cells under the control of Apterous activityghis both
cells interact with normal posterior cells to induce an ectopioecessary and sufficient to confer dorsal fate in wing
signaling center.engrailed and invected have overlapping development.msh is the gene affected by the dominant
although distinct functions in this process. Posterior cellsnutationDorsal wing(Tiong et al., 1995).



3264 M. Milan and others

Fig. 1. Effects of removingnsh symmetric ventral-ventral wings.

(A) Cuticle preparation of a wild-type wing. AWM, anterior wing
margin; L2-L5, longitudinal veins 2-5. (B,C) Detailed views of

dorsal structures of the wing in (B) wild type and g@hmutant

clones. (Upper panels) Anterior wing margin (AWM); (center panels)
alulas; (lower panels) veins. (B) In the wild type the AWM
differentiates three rows of bristles. Two are dorsal (d); a row of thick
mechanosensory bristles adjacent to the compartment boundary and
a row of thin curved chemosensory bristles. The ventral row (v) is
composed of thin bristles interspersed with chemosensory bristles in
every fifth position. A schematic representation of the AWM is
shown below. Red circles denote dorsal bristles, big circles indicate
mechanosensory bristles and small circles indicate chemosensory
bristles. Filled circles denote the chemosensory bristles located in the
ventral surface, and open circles the mechanosensory bristles.
(Center panel) The alula has a single row of bristles on the ventral
surface and no dorsal bristles (not shown). (Bottom panel)
Magpnification of the dorsal side of vein L3. Corrugation of the L3
vein is asymmetric on dorsal (d) and ventral (v) surfaces of the wild-
type wing. The corrugated surface (indicated in red in the diagrams
at bottom) consists of 2-3 rows of more darkly pigmented cells. The
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opposite surface consists of one row of cells. In wild-type wings,
veins L3, L5 and the distal part of L4 are corrugated dorsally and
veins L2 and proximal L4 are corrugated ventrally. (C) Mutant
clones were generatedff hs-FLP (1); FRT 82 mg¥8/FRT 82

P(f+) larvae mshmutant cells were marked witbrked In the

AWM small arrows indicate the clone. The blue arrows indicate

chemosensory bristles and large arrowheads indicate dorsal bristles

outside the clone. A schematic representation of the AWM mutant
for mshis shown below. Both surfaces differentiate ventral bristles
(v). (Center panel) Magnification of an alula covered with clones
mutant formshshows that both dorsal and ventral surfaces

differentiate bristles. (Lower panel) Magnification of the dorsal side

of vein L3 shows part of the clone mutant fiesh(red arrows); wild-
type cells in the vein are indicated by black arrows. Note the

transition from dorsal to ventral corrugation as shown in the diagram

at the bottom.

MATERIALS AND METHODS

Drosophila expression constructs and strains

Fly strains for Gal4-dependent expressionapferous fringe and
dLMO have been described previously (Milan et al.,
Cohen, 1999)ap“9°35is a null allele ofpterous(Cohen et al., 1992).
apla4 is a P-element insertion in tlagpterouslocus (Calleja et al.,
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1998:; Milan andRESULTS AND DISCUSSION

Distinct patterning elements in dorsal and ventral

1996).C765-Galdwas described by Gomez-Skarmeta et al. (Gomezcompartments

Skarmeta et al., 1998)tc%24 was described by Hintz et al. (Hintz et

, 1994) mshi8 anduas-mshare described in Isshiki et al. (1997).
msHaCZA89, referred to in the text assh-lacZis an imprecise excision
of P{lacZ}rH96. The 5 end, including théacZ coding region, is still
present (Isshiki et al., 1997wl is a dominant allele (Tiong et al.,
1995). DIw3 is a recessive lethal (Tiong et al., 199B)w? is
associated with transposition Tp(3R) 99B1,2; 100EF;
heterochromatin.

Antibodies

Anti-dLMO was raised in rats (Milan et al.,
(Cappel).

Genotypes of larvae used for genetic mosaic analysis

36 hs-FLP (I); FRT 82 mg¥8/FRT 82 P(f+).Clones were marked in

1998); rabbit ghgal

Four structural features distinguish the dorsal and ventral
surfaces of the adult wing: bristle morphology in the anterior

wing margin; the presence or absence of bristles in the alula;
the surface on which the veins are corrugated; and fourth, the
location of certain sensory organs (Fig. 1B).

3R The anterior wing margin (AWM; Fig. 1A) is composed of

three rows of bristles, two located in the dorsal surface and one
in the ventral (Fig. 1B). The dorsal wing margin differentiates

a row of thick, densely aligned, mechanosensory bristles and
a second row of thinner, curved, chemosensory bristles. The
dorsal AWM produces one chemosensory bristle per five
mechanosensory bristles. The ventral row is composed of thin
bristles interspersed with chemosensory bristles in every fifth

the adult wings by thierkedphenotype. Clones were induced by heatPosition. . ) ' _
shock at 38°C for 1 hour in second instar larvae (60 hours after egg The alula is located in the posterior compartment (Fig. 1A).

laying).

It produces a single row of long thin bristles along the margin
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Fig. 2. Apterous regulatesishexpression. (A-Djnshexpression in
third instar wing discs using anshantisense RNA probe. d, dorsal; veinL3 ventral
v, ventral. (A) Wild-type. Levels aishexpression are low in the - -
dorsal compartment of the wing pouch, except along the dorsal
anterior wing margin where expression is higher. In addition, a smal
patch ofmshexpressing cells is observed in the ventral compartment
(in the anterior mesopleura, arrow) and in the dorsal notundp(B)
Gald UAS-apterousdisc.dpp-Galdis expressed adjacent to the AP

boundary in the anterior compartment. Ectopic expressiamsbin ) ) i .
the ventral compartmentis indicated by a red star. The level is Fig. 3. Ectopicmshproduces symmetrical dorsal-dorsal wing65-

comparable to the low dorsal level. Note the difference between the Gal4/+; UAS-msh/+wing. All features are of dorsal identity. In the
ectopicmshexpressing tissue and the normal ventral tissue adjacenta“ter'or wing margin each surface dlfferentlat.es two rows of bristles:
to the anterior mesopleura (arrow). @terousmutant discap'9is a row of densely packed mechanosensory bristles and a row of
a null allele. Expression ofishis lost in the dorsal compartment, but chemosensory bristles. The pattern of vein L3 corrugation, shown in
not in the anterior mesopleura (arrow) and part of the notum. the diagram, is completely dorsal (d) on both surfaces. The alula
(D) DIwY/+ disc.mshexpression is lower in the dorsal wing pouch. differentiates almost no bristles in the ventral surface.
In situ hybridizations tanshwere done in parallel in A and D.
(E) msh-lacZexpression in a wild-type late third instar wing disc  purpose, we generatadsh mutant clones in the wing and
visualized by antB-gal (red). (Fymsh-lacZexpression in awing disc  assessed the DV identity of the bristles located along the
gg:gzzggigI:amgrlijc?rdcgﬁtscgggcegtotnc}rtohléng:rk])%ﬁnd:':lsry and directsAWM’- in the alula and the DV corrugation of longitudinal
high levels of dLMO expression (green). Endogenous dLMO is VeIns in mqtant cells. Clones mutant fnshhad no aberrant
expressed at moderate levels in dorsal cells and at low levels in ~ Phenotype in the ventral surface of the wing. When mutant for
ventral cells. (Right) Repressionmish-lacZin thepatche®a4 msh the dorsal anterior wing margin differentiated ventral
domain is indicated by an arrow. A, anterior; P, posterior. bristles. A Slngle row of thin bristles Interspersed with
chemosensory bristles in every fifth position was observed
on the ventral surface. The dorsal surface of the alula lacKfig. 1C: red arrows indicate ventral mechanosensory bristles;
bristles (Fig. 1B). blue arrows indicate interspersed chemosensory bristles).
The adult wing differentiates five longitudinal veins. L1 isThus, the anterior wing margin differentiated a ventral pattern
located on both dorsal and ventral sides of the wing margin araf bristles symmetrically on both surfaces.
L2-L5 veins are located in the wing blade (Fig. 1A). Veins L2- When covered with mutant cells, the dorsal surface of the
L5 are asymmetrical on the dorsal and ventral surfaces of tleula differentiated bristles (compare Fig. 1B and C). This
wing. One side contains more rows of tightly packed cellseflects transformation to a ventralized cell fate. Absence of
(“corrugated vein”). The opposite side is thinner (“ghostmshactivity also induced a change in the pattern of corrugation
vein”). Corrugated veins consist of three rows of stronglyof the longitudinal veins. In wild-type wings, veins L2 and L4
pigmented and densely packed cells. Ghost veins consist ofddferentiated as ‘ghost veins’ on the dorsal surface. When
single row of cells. Longitudinal veins L3, L5 and the distalmutant formsh these veins are corrugated and differentiate
tip of L4 are dorsally corrugated. Veins L2 and proximal L4three rows of strongly pigmented cells (not shown), thus
are ventrally corrugated (illustrated at bottom of Fig. 1B). mimicking a ventral-like pattern. Veins L3 and L5 were
corrugated on the dorsal surface (black arrows in Fig. 1C,
msh is required to confer dorsal identity bottom). When mutant fomsh they lost pigmentation and
The mshgene belongs to thesh/Msxfamily of homeobox consisted of a single row of aligned cells (red arrows in Fig.
genes involved in dorsal cell fate specification in thelC). Thus veins differentiated ventral characteristics in the
Drosophila neuroectoderm (D’Alessio and Frasch, 1996;dorsal surface when mutant farsh (Fig. 1C, bottom). We
Isshiki et al., 1997). Asnsh is expressed in the dorsal conclude thamshis required in the dorsal compartment of the
compartment of the wing disc (D’Alessio and Frasch, 1996; LiDrosophilawing to confer dorsal cell identity. In the absence
et al., 2000), we investigated whetmmashis also involved in  of msh symmetric wings were observed which differentiated
dorsal identity specification in thHerosophilawing. For this  ventral characteristics on both surfaces (Fig. 1C).
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Fig. 4. Dorsal wing(DIw) alleles. (A) Genomic organization of the
mshgene. Thanshtranscript consists of 2 exons spanning approx.
10 kb. Arrows indicate breakpoints associated With alleles.

Other predicted genes in the region are indicatesdhexpression in
the wing discs was monitored usimgHcZ489, an imprecise
excision line ofP{lacZ}rH96 that keeps thiacZ reporter gene.

(B) Wild-type wing. AWM, anterior wing margin. PWM, posterior
wing margin. The AP compartment boundary is shown by a line.

(C,D) patche&a4uas-dLMO; DIw/+ wing. dLMO is overexpressed

in the anterior compartment. dLMO inhibits Apterous activity.

PWM', ectopic posterior wing margin induced in the dorsal surface
along the AP compartment boundary. The wing is overgrown owing

to ectopic expression of Wg along thatche?@' stripe. Dorsal and
ventral surfaces do not contact normally. (D) Magnification of the

proximal distal
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dorsal side of vein L3 of the wing shown in C. In a wild-type wing,
vein L3 is corrugated and has three campaniform sensillae on the
dorsal surface (see Fig. 1). In thev/+ wing, campaniform

sensillae (arrows in C and D) and corrugation are characteristic of the
dorsal surface of vein L3. Their appearance irihvel/+ wing

indicates that Msh activity is present, despite the loss of Apterous
activity.

msh is a target gene of Apterous sufficient to

C ptc-Gald/uas-dLMO; Diw’ /+

specify dorsal fate

Apterous is expressed in dorsal cells and is required to ¢
dorsal cell identity. We therefore determined whetimesh
expression in the dorsal compartment is regulated by Apt
activity. msh mRNA and msh-lacZ reporter genes we
expressed in the dorsal compartment of the wing disc
2AE). mshmRNA was expressed at a low level throug}
the dorsal compartment, except in the region of the an
margin where it was expressed at higher level. Ec
expression of Apterous in the ventral compartment L
control of dppGal4 induced ectopic expressiomshmRNA
at a level comparable to the overall low dorsal level (asterislof Apterous activity in th®rosophilawing (Milan et al, 1998),

Fig. 2B). Inapterousmutant discsmshexpression was lost repressed expression of thresh-lacZreporter gene (compare
from dorsal cells of the reduced wing pouch (Fig. 2C), buFig. 2E and F). These results indicate thahis indeed a target
expression in the anterior mesopleura (arrows) and hingsf Apterous.
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region remained. Finally, overexpression of dLMO, a repressor

Fig. 5.mshrestores dorsal identity in the
absence of Apterous. (ApSal4apJGo3s
wing. (B) ap®@4apYGO35yas-mstwing.
The arrow indicates wing margin bristles
of dorsal identity shown at higher
magpnification on the right.
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(C) ap®al4/apUGO3SEP-fngwing. The
anterior wing margin (AWM)
differentiated ventral-type bristles in both
dorsal and ventral surfaces (middle,
illustrated below). (DppSa4/apUGO35
EP-fng/uas-mskving. Bristles in the
dorsal AWM had dorsal identity. AWM
bristles were more densely packed than i
wild type. Note also the reduced size of
the dorsal compartment and the ectopic
bristles in the wing blade. (BpSa4/+;
uas-mstwing. The reduced size of the
dorsal compartment, the ectopic bristles i
the wing blade and increased bristle
density in the AWM were similar to those
in D. This is presumably caused by strong
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control. Weaker overexpression usa¥$5-galddid not produce these defects (see Fig. 3). Ectopic bristles in the A compartment are
mechanosensory bristles; those located in the P compartment are thin bristles. The DV identity of the posterior bristebealaittrmined.
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Vertebrates corrugation were restored on the third veirpto-Gal4/UAS-
o dLMO; DIwl/+ wings indicating that these cells had dorsal
LMX1 —— dorsal identity identity. These results support the proposal thatrtilegene
LHX2 limb outgrowth m_i)ége expressed in an Apterous-independent manéwin
wings.
Drosophila We have comparednsh mRNA levels in wild-type and
Msh/Dlw —= dorsal identity DiwY/+ wing discs. msh mRNA levels were reduced
Apterous Fringe & ) throughout the wing pouch in discs heterozygous Dtw?!
"X gertate — limb outgrowth (compare Fig. 2A and D). Owing to the low levels of
expression in the mutant discs it was not possible to evaluate
Fig. 6. Conclusions. In vertebrate limbs two relaggderousgenes, whether there was significant ectopic expression in ventral
LMX1 andLHX2, have been shown to act separately to define dorsaicells. We note that the low level mfshexpression in th®lw?!
identity and limb outgrowth. In th@rosophilawing, Apterous background may explain the loss of function characteristics

induces limb outgrowth by controlling DV signaling and specifies  exhibited by theDIw?! allele in homozygous mutant clones
dorsal identity. Dorsal identity is defined by the Apterous target 9enqTiong et al., 1995)DIwY/DIw! mutant clones located in the
msh/Diw. dorsal surface of the wing differentiated ventral structures.
Thus,DIw! caused a dominant transformation of ventral cells
We next investigated whether ectopic expressiomsliin ~ to dorsal identity when heterozygous and an opposite
the ventral surface had any effect on the differentiation ofransformation of dorsal cell to ventral identity when
ventral structures. For this purpose we made use of the GaMbmozygous mutant in clones.
driver c765-Gal4 which is ubiquitously expressed in the wing  Interestingly, the dominant mutati@rop, which affects eye
primordium (Gomez-Skarmeta et al., 1996).dn65-Gal4; development, has been recently shown to be a gain-of-function
uas-mshflies, the anterior wing margin differentiated dorsal-allele of msh(Mozer, 2001) Drop mutants contain lesions in
type bristles arranged in a dorsal-like pattern on both surfacéise same region aBlw mutants (i.e. upstream of thash
(Fig. 3). The pattern of veins was symmetric, and had a dorsttnscription start site) and ectopic expressiomstiin the eye
corrugation pattern on both surfaces. Finally, few bristles werphenocopies thBrop phenotype. However, Mozer (2001) was
recovered on the ventral surface of the alula, suggestingpt able to find detectable misexpressionnuh in Drop
transformation to a dorsal fate. Thus, ectopic expressioisiof mutants. Thus, undetectably low levelsna$hmisexpression
in the ventral surface is sufficient to confer dorsal identity orin eye and wing seem to be associated with the dominant adult
ventrally located cells with respect to all characteristicphenotypes associated with th&v andDrop alleles ofmsh

examined. ) o )
msh confers dorsal identity without affecting dorsal

Dorsal wing alleles may be regulatory mutants of the signaling properties

msh gene Apterous activity is required to confer dorsal identity and
The results presented thus far indicate thahis necessary dorsal-type signaling properties. Fringe and Serrate expression
and sufficient to specify dorsal identity in theosophilawing.  in dorsal cells induce a cascade of short-range interactions

Tiong et al. (Tiong et al., 1995) identified a dominant mutatiorbetween dorsal and ventral compartments that lead to the
Diw! that showed partial dorsalization of the AWM. Both expression of the organizing molecule Wingless along the DV
surfaces oDIwl/+ AWMs had dorsal bristles, similar to what compartment boundary (reviewed by Irvine and Vogt, 1997;
we have observed whenshwas ectopically expressed in the Strigini and Cohen, 1999). The results reported above suggest
ventral compartmentnterestingly,Dlw alleles are associated that msh confers dorsal identity without affecting DV
with breakpoints located 30-90 kb upstream of tiehgene  signaling. In order to verify that this is the case, we have
(Fig. 4A), raising the possibility thaDlw alleles may be analyzed the ability afhshto restore dorsal identity and dorsal
regulatory mutants ofmsh Indeed, a lethal allele ahsh, signaling properties in the absence of Apterous activity.
msH%8 proved to be lethal when heterozygous vitiv! and In ap®a4/apUCGOs5ilies, the wing margin is reduced and the
the recessive lethal allelélw3 and DIw#. Dorsal clones wing is considerably smaller than normal owing to reduced
mutant forDIw3 differentiated ventral structures (Tiong et al., Apterous activity (compare Figs 5A and 1A). In the example
1995). shown, the margin was absent entirely. When present, margin
The dominant phenotype ®iw! might be due to Apterous bristles have ventral identity in this genotype. Expression of
independent expression of theshgene in the wing pouch. mshin ap®a@4apYG035uas-msHiies did not restore outgrowth
This view is supported by the observation that dorsal cellsf the wing. The few margin bristles observed in the dorsal
lacking Apterous activity in aDlwl/+ wing differentiated surface of these wings had dorsal identity (Fig. 5B). Growth
dorsal structures despite the loss of Ap activity (Fig. 4C,Dand wing margin formation can be restored in &p&a4/
genotype: ptc-Gal4/UAS-dLMO; DIW+). ptc-Gal4 directs  apYS0O35 mutant background by expression of Fringe under
high levels of expression of transgenes in the region betweap®a4 control (genotypeap®a4apUGO35 EP-fng, see also
the AP compartment boundary and vein 3 and low levels dflilan and Cohen, 1999; O’Keefe and Thomas, 2001). In these
expression between vein 3 and the anterior wing margin. Iwings, both surfaces differentiated ventral structures: the
otherwise wild-type wings expressing dLMO ungec-Gal4 AWM and the alula differentiated ventral bristles on both
control, dorsal vein 3 adopted ventral identity. Vein 3 lostsurfaces and the pattern of vein corrugation was ventral (Fig.
corrugation and the campaniform sensillae that normallpC). Co-expression afshwith EP-fringe conferred dorsal
decorate it (not shown). Campaniform sensillae andlifferentiation in the bristles of the dorsal AWM in these
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rescued wings (Fig. 5D). We also noted that overexpression ofwing disc in the mutargngrailedof Drosophila melanogasteGenetics72,
mshin dorsal cells reduced the size of the dorsal wing pouch, 87-104. _
induced differentiation of ectopic bristles in the wing blade andarcia-Beliido, A., Ripoll, P. and Morata, G. (1973). Developmental

. . . . . compartmentalisation of the wing disk Dfosophila Nature 245, 251-
affected vein differentiation. This was also observed in 253_p 9 P >

apGa'4/+; uas-msh/+flies (Fig. 5E) and presumably reflect Gomez-Skarmeta, J. L., del Corral, R. D., de la Calle-Mustienes, E., Ferre-

defects caused by higher than normal Msh levels in dorsal cells Marco, D. and Modolell, J.(1996). Araucan and caupolican, two members

Note that the endogenous Ievelmusfhexpression in the Wing of the r]ovel ir(_)quois complex, encode homeoproteins that control proneural
ouch are quite low (Fig. 2A). These results suggest that2nd vein-forming genesell 85, 95-105.

p a . g. ’ ’ a9 _%nz, U., Giebel, B. and Campos-Ortega, J. A1994). The basic-helix-loop-

developmental regulation of Msh protein levels may be crucial hejix domain of Drosophila lethal of scute protein is sufficient for proneural

for proper wing development and differentiation of patterning function and activates neurogenic ger@sll 76, 77-87.

elements. All these results indicate timash confers dorsal Irvine, K. and Wieschaus, E.(1994).fringe, a boundary specific signalling

; ; ; ; ; ; ; molecule, mediates interactions between dorsal and ventral cells during
identity without affecting dorsal signaling properties. Drosophila wing developmertell 79, 595-606.

. Irvine, K. D. and Vogt, T. F. (1997). Dorsal-ventral signaling in limb
Concluding remarks developmentCurr. Opin. Cell Biol.9, 867-876.
Two apterous homologues,Lmx1 and Lhx2, have been Isshiki, T, Takeichi, M. and Nose, A(1997). The role of the msh homeobox
implicated in vertebrate limb development (Fig. 6). 9ene duringDrosophila neurogenesis: implication for the dorsoventral

P pecification of the neuroectoderBevelopmenii24, 3099-3109.
IntereStmgly’ these two genes appear to have Separa*?lﬁu, J., Irvine, K. D. and Carroll, S. B. (1995). Cell recognition, signal

funCtiO_nS in conferri_ng dorsal identity and limb outgrowth. “inquction and symmetrical gene activation at the dorsal/ventral boundary of
Lmx1lis expressed in the dorsal compartment of vertebrate the developing Drosophila wingell 82, 795-802.
limbs and is necessary and sufficient to confer dorsal identityaufer, E., Dahn, R., Orozco, O. E,, Yeo, C.-Y,, Pisenti, J.,, Henrique, D.,

(R|dd|e et al.. 1995: VOgel et al. 1995hx2induce§?adical' Abbott, U. K., Fallon, J. F. and Tabin, C.(1997). Expression dRadical
fri P ) h . ’I d | rid hich i fringe in limb-bud ectoderm regulates apical ectodermal ridge formation.
ringe expression In the apical ectodermal ridge, which Is Nature 386, 366-373.

required for limb outgrowth (Laufer et al., 1997; Rodriguez-Lu, C., Rincon-Limas, D. E. and Botas, J(2000). Conserved overlapping
Esteban et al., 1997; Rodriguez-Esteban et al., 1998). Thisand reciprocal expression of msh/Msx1 and apterous/Lhx2 in drosophila and
contrasts with the situation i'r)rosophilawhere Apterous s 'Miglr(l:el\./lM:rfg'CDcaivegrlg'Sﬂl\Zl_(llBQléQ) Notch signaling is not sufficient to define
reSponSIble for b.Oth dorsal fate_ spe_C|f|cat|on and fo theyaffinity bounda{ry between dorsal and ventral compartmkftais.Cell
establishing the Fringe-dependent signaling center at the DV4 1073-107s.
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