Development 125, 4215-4224 (1998)
Printed in Great Britain © The Company of Biologists Limited 1998
DEV7670

4215

Role of Dpp signalling in prepattern formation of the dorsocentral

mechanosensory organ in

Drosophila melanogaster

Yoshinori Tomoyasu 12, Makoto Nakamura 1* and Naoto Ueno 1.2

1Division of Morphogenesis, Department of Developmental Biology, National Institute for Basic Biology, and 2Department of
Molecular Biomechanics, School of Life Science, The Graduate University for Advanced Studies, 38 Nishigonaka Myodaijicho

Okazaki 444-8585, Japan

*Author for correspondence (e-mail: mack@nibb.ac.jp)

Accepted 25 August; published on WWW 30 September 1998

SUMMARY

A proneural cluster of dorsocentral bristles forms adjacent
to the dorsal side ofvg-expressing cells in the notum region
of the wing imaginal disc. It has been shown thatg activity
is required for these structures to form. However, the
restriction of this proneural cluster to the dorsal posterior
side of the wg expression domain in the anterior
compartment of the wing imaginal disc has suggested that
Wg signalling itself is insufficient to establish the
dorsocentral proneural cluster. Some factor(s) from the
posterior side must participate in this action in cooperation
with Wg signalling. We have examined the role of Dpp
signalling in dorsocentral bristle formation by either
ectopically activating or conditionally reducing Dpp
signalling. Ubiquitous activation of Dpp signalling in the
notum region of the wing imaginal disc induced additional

dorsocentral proneural cluster all along the dorsal side of
the wg expression domain, and alteredwg expression.
Conditional loss-of-function of Dpp signalling during disc
development resulted in the inhibition of dorsocentral
proneural cluster formation and expansion of thewg
expression domain. These results suggest that Dpp
signalling has two indispensable roles in dorsocentral
bristle formation: induction of the dorsocentral proneural
cluster in cooperation with Wg signalling and restriction of
the wg expression domain in the notum region of the wing
imaginal disc.
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INTRODUCTION

notum depends on the complex expression pattern ciche
andscgenes in the thoracic disacandscencode transcription

Two types of sensory organs, large bristles (macrochaetes) afatttors of the basic helix-loop-helix family that confer upon
small bristles (microchaetes), develop in fixed numbers atells the ability to become SMCs (Cabrera et al., 1987,
constant positions on the dorsal part of the mesothorax (call€sonzalez et al., 1989). The removal of specific proneural

notum) of Drosophila melanogasterPrepattern formation of

clusters byachaete-scute compléxSQ mutations leads to the

macrochaetes on the notum has provided an ideal modabsence of the corresponding SMCs and macrochaetes (Cubas
system for studying two-dimensional patterning. The accuratet al., 1991; Gomez-Skarmeta et al., 1995).

positioning of the macrochaetes is established during the third The complex expression patternasf and scis controlled

larval to early pupal stage within the epithelial sheets of théhrough the action of enhancer-lilegs-regulatory elements
notum region of the wing imaginal discs (Hartenstein andGomez-Skarmeta et al., 1995; Leyns et al., 1996; Ruiz-Gomez
Posakony, 1989; Huang et al., 1991). For convenience, we widind Ghysen, 1993; Ruiz-Gomez and Modolell, 1987). These
refer to this region of the wing disc as the ‘thoracic disc’ teelements are presumed to respond to a ‘prepattern’ established
distinguish it from the wing pouch region. Initially, in the by local specific combinations of factors, as first postulated by
thoracic disc, a group of cells called a proneural clusteiStern (1954). The products of prepattern genes would be

characterized by the expression of the proneural geofesete

expected to be distributed asymmetrically in the thoracic disc

(ac) and scute(sg), are formed around the positions whereand they controbc and sc expression at both transcriptional
macrochaetes will form (Cubas et al., 1991; Skeath and Carrofind post-transcriptional levels (reviewed by Jan and Jan, 1990;
1991). Next, one or a few sensory mother cells (SMCs) ar8impson, 1996). The existence of a spediigregulatory
singled out from the proneural cluster, and each SME@lement for individual proneural clusters has suggested that
subsequently undergoes two rounds of cell division forminglifferent combinations of prepattern genes promote the
four progeny cells that differentiate into the components of aomplex expression pattern of proneural genes (Gomez-
sensory bristle (Hartenstein and Posakony, 1989; Huang et gébkarmeta et al., 1995).

1991). Thus, precise positioning of the macrochaete on the The constituents of prepattern genes are largely unknown,
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however, several candidate genes have been reported. Thregtants and transgenic flies used in this work are as follows.
genes residing at th@oquois (iro) locus, araucan (ara),  hs-GAL4andtsh-GAL4driver lines (Shiga et al., 199&)eur-lacZ
caupolican(caup andmirror (mirr), encode a novel family of (A101), wg-lacZ (17en4), emc-lacZ (enf#9, DC enhancer
homeoproteins. These genes are expressed in the lateral halffggment-3.7sc-lacADC-lac2), ac-lacZ, 3.7sc-lacZ(Ghysen and

the thoracic disc and affect proneural cluster formation in thi§ Kane, 1989; Gomez-Skarmeta et al,, 1995, Huang et al., 1991;
region (Dambly-Chaudiere and Leyns, 1992; Gomez-Skarme assis et al., 1992; Van Doren et al., 1992; Wilson et al., 1989¥:

) ; a dominant allele (Neumann and Cohen, 1996),vegfel14 is a
et al,, 1996; Gomez-Skarmeta and Modolell, 1996; Kehl et altemperature sensitive allele w§j (Nusslein-Volhard and Wieschaus,

1998; Leyns et al., 1996). Another possible candidatansier  19g0). In flies of genotypegSPiwgL114 aDC bristles are constantly

(pnr) which encodes a protein belonging to the GATA familymissing at 25°C.w; wg'114 tsh-GAL4/SM6a-TM6Bflies were
of transcription factors (Cubadda et al., 1997; Heitzler et algrossed withw; wgSP:t UAS-tkv*/SM6a-TM6B Pharate adult of

1996; Ramain et al., 1993). Loss-of-function mutations of thgenotype w; wg-114 tsh-GAL4/w§P: UAS-tkv*/+ flies can be

pnr gene fail to form the proneural clusters in the dorsal side dfistinguished from their ‘Tubby’ sibpunf¥/st punt3 e flies are

the thoracic disc (Cubadda et al., 1997; Haenlin et al., 199iable with no phenotypes at 18°C but are lethal at or above 25°C
Recently, Haenlin et al. reported that the transcriptional activit{-etsou et al., 1995; Simin et al., 1998; Theisen et al., 1986).7

of Pnr is regulated negatively by a novel zinc finger protein, U§°'laﬁZ/SMl; st puAt> e/TM6B flies were crossed withw;
shaped (Ush). They suggested that the produgiaraindush punfYTM6B and raised at 18°C until late second larval instar. Then

te in th lation a¢ and L ifi the temperature was shifted to 29°C, using a water bath to ensure
cooperate In the regulation &t andscexpression in a Specific temperature constancy. Larvae at late wandering to white pupal stage

proneural cluster, the dorsocentral proneural cluster. were dissected and wing discs were recovered. Larvae of;tBe7
Post-transcriptional regulation of proneural gene productsc-lacz/+; punb¥st puni35 e genotype can be distinguished from

also could contribute to prepatterning of the macrochaetegeir ‘Tubby’ sibs.Tb™flies, whose genotypes were either3.7 sc-

extramacrochaeta¢emq is genetically described as &8C  lacz/+; punPYTM6B or w; 3.7 sc-lacZ/+; st pui>e/TM6B were

repressor and encodes a helix-loop-helix protein devoid of @sed as wild-type control.

basic domain (Botas et al., 1982; Ellis et al., 1990; Van Dore _ _ _

et al., 1991). The Emc protein is thought to form a heterodimér2SMd constructions and fly transformations _

with the HLH proteins encoded by th&SC and/or A Point mutation in thakv cDNA (Okano et al., 1994), changing a

daughterlessthereby altering or interfering with their activity 9'Utamine residue (position 199) to aspartic acid was generated by

- . CR using mutagenic primers. It has been reported that the same
(Botas et al., 1982; Ellis et al., 1990; Van Doren et al., 1991 mino acid substitution in Tkv results in the constitutive activation of

Besides transcriptional regulators, morphogen gradient§is receptor (Hoodless et al., 1996: Nellen et al., 1996)ok Xhd
generated by secreted proteins could also be involved iagment containing the constitutively active versiontlof (tkv*)
macrochaete prepattern formatiomingless(wg), hedgehog c¢DNA was subcloned from pBluescript Il K&to pUAST (Brand
(hh) anddecapentaplegi¢dpp) have been shown to generate and Perrimon, 1993). The cDNA containing the enfitmt ORF
positional information within imaginal discs (Basler and(Ruberte et al., 1995) was also subcloned into pUAST at the
Struhl, 1994; Ingham and Fietz, 1995; Lecuit et al., 1996appropriate restriction sites. P-element-mediated transformation was
Nellen et al., 1996: Neumann and Cohen, 1997: Tabata amgrformed using standard procedures (Rubin and Spradling, 1982;
Kornberg, 1994: Zecca et al., 1996). However, there are a fexPradling and Rubin, 1982).
reports regarding the involvement of these secreted factors {fysajc expression and conditional overexpression of thv*
prepattern formation of the macrochaetegis expressed ina and punt

stripe of cells along the A/P axis in the thoracic disc (Bakeli, the ayGAL4 construct, a FLP-out cassette containinghts70

1988; Phillips and Whittle, 1993, and also see Fig. 1-B). It hagrmination signals flanking theellow* gene, flanked in turn by two

been shown thatgis required for the development of a SUbsetrRT sites, is inserted between thet5Cpromoter and th&AL4gene

of proneural clusters which appear in or immediately adjaceritto et al., 1997)w; AyGAL4 UAS-GFP2were crossed to flies of the

to the wg-expressing cells (Couso et al., 1994; Phillips andyenotypey w hs-flp; UAS-tkv*The resulting progeny were subjected

Whittle, 1993). On the other hand, ectopic activation of eitheto a heat shock (20 minutes at 37°C) during the first larval ifisr.

Hh or Dpp signalling in the wing disc results in the inductioneXPression mosaics were monitored by GFP ﬂuoresg:ence. Flies of the

of SMCs at numerous ectopic positions in the wing dis(%enotypehs-GALzlc:) UAS-tkv{or UAS-puntjwere subjected to two

(Mullor et al., 1997). These results suggest thpat hh andwg 2goaésgogks at 37°C for 30 minutes separated by a 1 hour recovery at

. . ; uring the second to third instar larval stage, and then aged at

participate in the prepattern formation of the macrochaetes ojk.c \yhite pupae were collected every two hours. The heat shack

the notum. time indicates the period from the beginning of the first heat shock to
Here, we have focused on whether Dpp, as a morphogefe pupal collection, referred to as hours ‘before puparium formation’

gradient, plays a part in the prepatterning of the macrochaetgBpPF). Each dot in Fig. 1G represents an average of more than 20

Experiments using both gain-of-function and conditional lossanimals.

of-function mutants revealed that Dpp signalling participates _ .

in this process in two major ways. One is induction of thé™maginal discs staining _ _

proneural cluster in cooperation with Wg signalling and thg he discs were fixed with 3.7% formaldehyde in PBS for 30 minutes

her is restriction of th XD ion domain in the thoracic &t room temperature. Aft_er sev_eral Washes,_the discs were incubated
other is restriction of theig expression doma the thoracic with primary antibodies diluted in PBS containing 0.3% Triton X-100

disc. and 10% normal goat serum (blocking solution) at 4°C overnight.
After washing several times in PBS containing 0.3% Triton X-100

MATERIALS AND METHODS (PBT), discs were incubated for 2 hours at room temperature with
] secondary antibodies diluted in the blocking solution. After several
Fly strains washes in PBT, discs were mounted on the slide glass with GEL

Flies were raised on standaBRfosophila medium at 25°C. The MOUNT™ (Biomeda). Confocal fluorescent images were obtained
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using Zeiss LSM410 or LSM510 microscopes. Antibodies wereproperty of Dpp as a morphogen suggests that Dpp signalling

diluted as follows: anti-Wg (1:5; gift from S. Cohen); giti- may also participate in prepattern formation of the

galactosidase rabbit polyclonal antibody (1:500; Cappel); anti-rabbinacrochaetes on the notum.

IgG LRSC-conjugated (1:100; Jackson); anti-mouse IgG FITC- First, we attempted to ectopically activate Dpp signalling in

conjugated (1: 100; Jackson). the thoracic disc during larval development using the GAL4-
UAS system (Brand and Perrimon, 1993). It has been shown
that ectopic expression of either Dpp type-Il receptor Punt, or

RESULTS type-I receptor Thick veins (Tkv) in which glutamine residue
_ o . o 199 is replaced with aspartic acid (Tkv*), activates Dpp
Ectopic activation of Dpp signalling induces extra signalling in a ligand independent manner (Hoodless et al.,

macrochaete formation on the notum
Fig. 1A shows the wild-type macrochaete pattern of the

notum. An anterior-dorsocentral bristle (aDC) and a . : B
posterior-dorsocentral bristle (pDC) are formed along the | dosal lateral
anterior/posterior (A/P) axis on the notum. It has been show _ & *"i‘* pas

that wg activity is necessary for the formation of both aDC
and pDC (Couso et al., 1994; Phillips and Whittle, 1993)
However, these SMCs are not induced all along vilte

expression domain, but induced only adjacent to the dors
posterior side of thevg expression domain in the anterior
compartment of the thoracic disc (Fig. 1B, we will refer to
the two sides of thevg expression domain as the ‘dorsal side’,
where the dorsocentral SMCs are formed, and the ‘later:
side’, for the opposite side). This suggests that Wg signallin
alone is insufficient to induce SMCs of aDC and pDC, anc
that another factor(s) which resides on the dorsal posteric
side of the thoracic disc is also required for inducing thes
SMCs. One candidate factor is Dpp. In the thoracic digp,

is induced in a stripe of cells located posterior to the
dorsocentral SMCs (Fig. 1B). This expression pattern and tr

Fig. 1. Effect of ectopic Dpp signalling on the bristle pattern of the
notum. (A) Two dorsocentral bristles, an anterior dorsocentral bristle
(aDC) and a posterior dorsocentral bristle (pDC) of the wild-type
notum are indicated by arrows. (B) The notum part of the wing disc
(thoracic disc) from a wild-type late 3rd instar larva is shown with
anterior up and dorsal to the left. Positions of sensory mother cells
(SMCs) are visualized witheur-lacZexpression (red), theg

expression domain with anti-Wg antibody (green) andifipe

expression domain with GFP expressiordppPk-GAL4at 18°C

(blue). Sensory mother cells (SMCs) of aDC and pDC (indicated by
arrows) are located adjacent to the dorsal posterior side wiithe
expression domain. These SMCs are also close tipghexpression
domain, however, pDC always forms at some distance apart from the
dppexpression domain. (C-F) Notal macrochaete phenotypes seen
after ectopic Dpp signal activation. (C) Pharate ddas-tkv*: tsh-
GAL4notum. Overexpression of the constitutively active form of the
type-1 Dpp receptor (Tkv*) in the notal region causes a drastic change
in the macrochaete pattern. 8-15 macrochaetes per heminotum are
induced on the dorsolateral region of the notum. Some of the
ectopically induced macrochaetes in this region are indicated by
arrows. (D) Clone of ectopi&v* expression induced by the Ay-

GAL4 system (Ito et al., 1997). Boundaries of the mosaic are outlined
with a red dotted line. Additional macrochaetes (indicated by arrows)
are induced only within the clone. Mild activation of Dpp signalling

by overexpression of eithéev* (E) or Dpp type-ll receptqount(F)

during early third larval stage (40 hours BPF) usisgsAL4driver

induces ectopic macrochaetes. (G) The average number of ectopically o
induced macrochaetes per notunUa{S-tkv*: hs-GALA4lies is 4
plotted against heat shock time (BPF). On average, about four ectopic g 2 5:
macrochaetes are induced by heat shocks of around 50-35 hours BPF 0 . . :

(early to mid third instar larval stage). The GAL4 expression pattern 80 60 40 20 0
of tsh-GAL4is shown in Htsh-GAL4/UAS-GFP). hour (before puparium formation)

K%

f ectopic
ristle / notum

mbe
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1996; Nellen et al., 1996). We have tested several GAL
drivers which promote GAL4 expression in the thoracic disc
Overexpression of eithekv* or punt(data not shown) using
tsh-GAL4driver (Shiga et al., 1996; the GAL4 expression
pattern in the wing disc is also shown in Fig. 1H) alters th
macrochaete pattern on the notum (Fig. 1C). More than sevi
macrochaetes (per heminotum) are ectopically induced in tt
dorsolateral region (but not in the most dorsal region) of th
notum. Ectopic macrochaetes seem to be induced ce  [RENIS
autonomously, only within tht&kv* expressing mosaic clones L
(Fig. 1D). To look for a correlation between the timing of
ectopic Dpp signalling and macrochaete inductita®* was
induced for a short time period at different stages during larve
development usindis-GAL4 driver. Ectopic expression of
either tkv* (Fig. 1E) or punt (Fig. 1F) induces extra
macrochaetes without significant notum morphology change
Fig. 1G shows the number of additional macrochaetes induc
by tkv* near the endogenous dorsocentral bristle:
(dorsocentral region) at different heat shock timings. A hee
shock treatment around 45 hours before puparium formatic
(BPF) significantly induces additional macrochaetes, abot

four extra macrochaetes on average per dorsocentral regmn,%_ 2. Ectopic Dpp signalling affects the pattern of sensory mother

the notum. A time lag of several hours between heat shogiis (SMCs) anevg expression. Thoracic discs from late third instar
initiation and Tkv* protein expression should exist due to th@arvae of wild type (A)UAS-tkv*: tsh-GAL4B), UAS-tkv*: hs-

indirect induction of the transgene via heat induced GAL43AL4(C) and2xUAS-tkv*: hs-GAL42 copies of transgenes)
proteins. Considering this, the effective period of ectopic DpgD) with heat shock at 40 hours BPF are labeled néthr-lacZto
signalling seems to be near the beginning of endogenouwisualize SMC position (red) and anti-Wg antibody (green).
proneural gene expression in the thoracic disc (Cubas et afonfocal microscopic images are shown with anterior left and dorsal
1991). These results suggest that Dpp signalling participaté’é’wn- (A)wgis expressed in a stripe of cells along the A/P axis with
in the prepatterning of the macrochaetes, presumably in t smooth boundary. Two dorsocentral SMCs are indicated by arrows.

L S : .(B,C) Ectopic Dpp signalling induces additional SMCs, indicated by
transcriptional activation of proneural genes in the thoraci rows, and also affects ti expression pattern. (RJAS-tkv*: tsh-

disc. GAL4thoracic disc showing induction of the SMCs along both sides

. . L . of thewg stripe. Thewg expression domain becomes narrow and its
Ectopic Dpp signalling induces additional SMCs and boundary is irregular. Small patchesngf-expressing cells stand

suppresses wg expression in the thoracic disc alone from the domain. (C) Weak activation of Dpp signalling in the
To investigate more precisely the positioning of ectopicallyUAS-tkv*: hs-GAL4isc induces additional SMCs only near the
formed macrochaetes, we observed the locations of SMCs émdogenous dorsocentral bristles. (D) Stronger Dpp signalling

the thoracic discs. UbiquitouRv* expression in the thoracic ©obtained with two copies of the transgene induces SMCs more

disc usingtsh-GAL4induces numerous ectopic SMCs (Fig. anteriorly. On the other handig repression is observed notonly
2B). Ten to fifteen ectopic SMCs formed along the dorsal sid ear the A/P boundary but also in the most anterior region even in
of the wg expression domain and also several SMCs forme e discs expressing only one copytiaf* (C).

lateral to thavg expression domain. This asymmetric induction

suggests that Wg signalling is necessary for the induction of

extra SMCs by ectopic Dpp signalling. Thoracic disc6a8-  of endogenous Dpp signalling, to form additional SMCs. On
tkv*: tsh-GAL4are expanded along the A/P axis, presumablyhe other hand, even in thexUAS-tkv*: hs-GAL4discs,
due to over proliferation of the cells in the wing disc. Ectopiaeduction ofwg expression was observed not only near the
activation of Dpp signalling also alters the expression. In  endogenous Dpp source but also around the most anterior
the wild-type thoracic disayg is expressed in a stripe of cells region of thewg expression domain (Fig. 2C). Thus, low levels
with a smooth boundary (Fig. 2A). In thAS-tkv*: tsh-GAL4  of Dpp signalling appear to be sufficient to represg
disc, wg-expressing cells exist within a narrow stripe andexpression.

occasionally appear as small patches (Fig. 2B). Weak Together, these results suggest that Dpp signalling has two
expression oftkv* using hs-GAL4 driver also induces important roles for macrochaete formation, one is induction of
additional SMCs and repression of thgexpression (Fig. 2C). SMCs in cooperation with Wg signalling and the other is
This level of ectopic Dpp signalling induces additional SMCgestriction ofwg expression. A difference should exist between
only on the posterior side of the anterior compartment near thiee threshold level of Dpp signalling required for SMC
endogenous Dpp source (Fig. 2C). Relatively higher levels ohduction and that required for repressionvgf expression.

tkv* expression, in the X@JAS-tkv*: hs-GAL4disc, induces . ) o

ectopic SMCs more anteriorly (Fig. 2D). These results indicatEctopic Dpp signalling induces dorsocentral

that high levels of Dpp signalling activity are necessary t@roneural cluster formation all along the dorsal side

induce SMCs. Low levels of ectopic Dpp signalling couldof the wg-expressing domain

recruit cells, which have already received sub-threshold levels the wild-type thoracic dis@c expression associated with

lateral
1l




Role of dpp in macrochaete prepatterning 4219

Fig. 4. Expression of th&SCnegative regulatoextramacrochaetae
(emg seems not to be suppressed by ectopic Dpp signalling.
(A,B) Expression ofvg (green) anémc-lacZ(red). (A) Theemc
expression pattern is rather complex in the wild-type thoracic disc.
Relatively high levels oémc-lacZexpression are observed in the
central region of the anterior compartment and in most of the
posterior compartment of the disc. An endogenous dorsocentral
proneural cluster is formed in the region where no or Efthe
expression is observed (arrow). (B) High levelgmwic-lacZ

Fig. 3.Induction of the dorsocentral proneural cluster by ectopic Dprxpression are observed even idAS-tkv*: tsh-GAL4lisc. Ectopic
signalling. Late third instar thoracic discs of wild-type (A,C) and  dorsocentral proneural clusters are formed in the region venecis
UAS-tkv*: tsh-GAL4B,D). wgexpression (green) and proneural highly expressed (compare with Fig. 3D). Expressioenu-lacZ
clusters (red) are monitored with anti-Wg antibody and eéher andwg appears mostly to be complementary rather than overlapping.
lacZreporter (A,B) oDC-lacZreporter (C,D) (Gomez-Skarmeta et Ectopicemc-lacZexpression is occasionally observed in the

al., 1995)aC-IaCZexpreSSi0n localizes in the proneural clusters and punctua’[@vg repression area (indicated by arrowheads)_ The discs
high levels of accumulation are observed in some SMCs at this staggre shown with anterior left and dorsal down.

The dorsocentral proneural cluster is indicated by an arrow (A). In

the UAS-tkv*: tsh-GAL4liscs,ac-lacZexpression is altered and

broad expressions are seen on both sides efdtexpression - . L .
domain (B). The dorsocentral proneural cluster is also monitored seem to indicate that Wg signalling is required for dorsocentral

using theDC-lacZreporter whose expression is selectively localized Proneural cluster formation, but that only those cells which do
in the dorsocentral proneural cluster (indicated by an arrow in C). Not expresswg have the potential to become dorsocentral

This reporter also contains the SMC enhancer and expigsses proneural cells.
galactosidase in all SMCs (C). Additional dorsocentral proneural On the other handac-lacZ expression lateral to theqg
clusters are observed all along the dorsal side ofitfexpression expression domain corresponds to the expression of another

stripe (D).DC-lacZexpression is likely to be complementary to the  reporter line, 6.0-0.0 kb enhancer fragment-3.7 sc-lacZ
wg expression. The discs are shown with anterior left and dorsal (Gomez-Skarmeta et al., 1995) (data not shown). The latter
down. reporter expression reflects the locations of several proneural
clusters in the thoracic disc (aNP, aPA, trl and tr2). It has been
shown thatvg activity is not required for the formation of these
the dorsocentral proneural cluster appears only adjacent to theoneural clusters (Phillips and Whittle, 1993). Dpp signalling
dorsal posterior side of the/g-expressing cells (Fig. 3A). appears to cooperate with other factor(s) to induce sewegral
Ectopic Dpp signalling usindsh-GAL4 driver abnormally independent proneural clusters.
extendsac expression to the anterior end of the thoracic disc ] ]
(Fig. 3B). Dorsocentral specific proneural gene expression wazstopic expression of  tkv* does not affect emc
also monitored usingpC-lacZ reporter (Gomez-Skarmeta et €Xpression
al., 1995). This reporter line selectively expresdes Anterior expansion of the dorsocentral proneural cluster in
galactosidase in the dorsocentral proneural cluster in thhe presence of ectopic Dpp signalling could result from
thoracic disc (Fig. 3C and Gomez-Skarmeta et al., 1995) alteration of theASCmodulator(s). Emc is a helix-loop-helix
this reporter contains an SMC enhancer, it also expr@sses protein that lacks a transcriptional activator domain (Botas et
galactosidase in all of the SMCs in the wing disc (Culi andl., 1982; Ellis et al., 1990; Van Doren et al., 1991). Emc
Modolell, 1998).3-Galactosidase expression in the proneuraprotein appears to suppress the formation of Ac-Da and/or
cluster can easily be distinguished from that in SMCs based @t-Da complexes and inhibit their transcriptional activities.
the shape and intensity of expression. In theS-tkv*: tsh-  The loss-of-functioremcmutation results in the appearance
GAL4 discs, DC-lacZ proneural expression extends to theof some additional bristles near the endogenous ones. This
anterior edge of the thoracic disc, however, it appears only gghenotype is similar to that of the flies expressing low levels
the dorsal side of therg expression domain (Fig. 3D). This of tkv* as shown in Fig. 1E. We observedhc expression
result indicates that ectopically induced SMCs on the dorsalsing aremc-lacZreporter inUAS-tkv*: tsh-GAL4liscs.emc
side of thewg expression domain are SMCs of the dorsocentraéxpression is retained even in the presence of ectopic Dpp
bristles. EctopidC-lacZ expression was observed only nearsignalling (Fig. 4B). This result indicates treahcexpression
the wg expression domain. This expression is likely tois independent of Dpp signalling. Importantly, ectopic
complement thevg expression domain (Fig. 3D). These resultsproneural clusters and SMCs are induced even inethe
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Fig. 5.Reduction of Dpp
signalling activity leads to ectopi
wg expression and inhibition of
dorsocentral SMC formation.
(A-C) Thoracic discs in the late
third larval stage labeled with an
W(g antibody (green) and 3st-
lacZ expression (red) are shown
High levels ofsc-lacZexpression
localize in SMCs at this stage.
(A) Positions of the dorsocentral
SMCs in the wild-type disc are
indicated with arrows. (B) A
punfYpunt35(punt-t9 thoracic
disc from larvae which were transferred from 18°C to the nonpermissive temperature (29°C) about 48 hours BPF; we réfamathta #s
‘severepunt-ts. In the sever@unt-tsmutant discwg expression expands to the dorsal edge of the disc. SMCs lateralgeRpression
domain still exist in the mutant discs (indicated with arrowheads in B and C). However, the dorsocentral SMCs are nodomgewib the
expandedvg expression domain. The seveunt-tsmutant disc is smaller than that of wild type. (C) A thoracic discpafre-tsmutant which
was shifted to a mild heat condition (at 25°C); we referred to this aspuonildts. In the mild punt-tsdisc, thewg expression domain is slightly
expanded toward the dorsal edge and additional SMCs are formed (arrows). The discs are shown with anterior left and.dorsal down

expressing region (Fig. 4B, compare with Figs 2B and 3B)induce dorsocentral proneural cluster has expanded in mild
Therefore it is possible that ectopically activated Dpppunt-tsmutants. We will discuss more about this controversial
signalling causes the induction of proneural genes at higissue later.

levels and that these activities could overcome the inhibitory

effects of the Emc protein. wg activity is necessary for induction of ectopic
dorsocentral bristle formation by ectopic Dpp
Endogenous Dpp signalling is required for signalling
dorsocentral proneural cluster induction and Finally, we examined whethevg activity is required fotkv*
repression of wg expression induced ectopic dorsocentral bristle formation. Fig. 6A shows

Dpp signalling is important for induction and proliferation of a bristle pattern of the allelic combination of tlvg mutants
imaginal discs (Lecuit et al., 1996; Nellen et al., 1996). Tqwg-114wgSrPY). aDC is constantly missing in flies of this
minimize the activity ofdpp in early morphogenesis of genotype. Ectopitkv* expression bysh-GAL4fails to induce
imaginal discs (and to focus on the induction of the proneuralny ectopic dorsocentral bristles (Fig. 6B and compare to Fig.
clusters), we used conditional loss-of-function Dpp signallingLC). In contrast to the dorsocentral bristlesg, independent
mutants. Some allelic combinations of tpant mutations macrochaetes, such as aPA and pSA, are ectopically induced
exhibit temperature sensitivity for Dpp signalling (Letsou etby tkv* even in thewg mutant background (Fig. 6B). These
al.,, 1995; Simin et al, 1998; Theisen et al., 1996)results confirm that Wg signalling is absolutely required for
punfYpunt35(termedpunt-tg is permissive at 18°C and non ectopic dorsocentral bristle formation.

permissive at 29°Cpunt-tsflies were cultured at 18°C and
transferred to 29°C at the second to early third larval instar
stage. We monitored the position of SMCs ampexpression

in thepunt-tsdiscs. In this conditionyg expression expanded
to the dorsal edge of the thoracic disc (Fig. 5B). Expansion ¢
the wg expression domain in this mutant disc was alsc
confirmed by usingvg-lacZ reporter (data not shown). High
levels oflacZ protein were observed in dorsocentral SMCs in
wild-type discs (Fig. 5A) but not ipunt-tsdiscs (Fig. 5B).
This result indicates that both dorsocentral proneural cluste
induction and repression afg expression are promoted by
endogenous Dpp signalling.

To our surprise, in thoracic discs fropunt-ts mutants
shifted to milder conditions (25°C) at the same stage (we will _ ) )
refer to this mutant as ‘milgunt-ts) one or a few extra SMCs Fig. 6. Effect oftkv* overexpression on bristle S?XeIOpment V(o]
are formed (Fig. 5C). It is also worth noting that extra SMC x%“{‘/t,v?&ﬁgggﬁdé&% i”csctnlr?srt):rﬁttle;r:n ?é ét{x:]ggl] in tthS:}Iies e
appear to be formed in a more posterlor region compa_lred_ notype (position where it should be formed is indicated by an
the endogenogs dorsocer]tral SMCs (Fig. 5C compare ywth Fi rrow). (B) Pharate adult notumwi114tsh-GAL4/w§PE UAS-
5A). In the mild punt-tsdisc, thewg expression domain is i+, Ectopictkv* expression bysh-GAL4in thiswg mutant no
slightly expanded dorsally and posteriorly (Fig. 5C). Oneonger induces ectopic bristles in the dorsocentral region of the
possible explanation for this phenotype is that the regioRotum. Duplication of thevg-independent bristles (aPA and pSA) is
receiving sufficient levels of both Dpp and Wg signals tofrequently observed (indicated by blue arrowheads).

A 4
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DISCUSSION but it still retains partial activity to restrict tlveg expression
domain in the thoracic disc (Fig. 5C). At 29°C, Dpp signalling

Dpp signalling participates in dorsocentral bristle activity is reduced below a threshold level and tilg

development expression domain expands (Fig. 5Bjpp expression in the

We have shown that ectopic Dpp signalling induces additionaling disc seems not to be regulated by Wg signalling, since
dorsocentral proneural clusters and SMCs all along the dorstiledppexpression pattern is normal in thig-tsmutants under
side of thewg expression domain in the thoracic discs. Mosaimonpermissive conditions (Theisen et al., 1996; Y. Tomoyasu
expression of thikv* indicated that Dpp signalling is required et al., unpublished data).
cell autonomously to induce ectopic proneural clusters. Loss- Interestingly, even when high levelst&f* were expressed
of-function experiments usingunt-tsflies also indicated that in the whole thoracic disc, complete repression vaj
endogenous Dpp signalling is necessary for the formation a@xpression was not observed. A narrow bangg@éxpression
the dorsocentral SMCs. Moreover, in thy mutant flies always remained, presumably corresponding to the lateral side
(wgSPY¥wg't114), ectopic Dpp signalling did not induce any of the endogenousg expression domain (Fig. 2B). It is also
additional dorsocentral bristles. These results indicate that tiveorth noting thatwg expression never expanded toward the
dorsocentral proneural cluster is formed through the activitieteral side in th@unt-tsmutant discs (Fig. 5B and C). These
of both Dpp and Wg signalling. results suggest that the mechanism which establishes the lateral
There are many genes known to be regulated by both Dmide of thewg expression boundary may be different from that
and Wg signalling. For instance, a midgut enhancer of theshich defines the dorsal side of its expression domain. The
Ultrabithorax gene has been shown to be regulated directly biateral side of thevg expression domain may be regulated by
both Wg and Dpp signal transducers (Eresh et al., 1997; RieaeDpp-independent mechanism.
et al., 1997)vestigial (vg)quadrant enhancer has been shown ] .
to be activated by Dpp signalling (Kim et al., 1996, 199@). Models for formation of the dorsocentral bristles
expression is also regulated by Wg signalling in the windt appears that different thresholds of Dpp signalling are
pouch (Kim et al., 1996, 1997). The regulatory mechanism farequired for proneural gene induction and repressiowgf
thecis-element(s) of the DC-enhancer is totally unknown. Celexpression. Dpp is secreted from the A/P border and generates
autonomous effects of both Dpp and Wg signals (Fig. 1D, ana concentration gradient along the A/P axis within the thoracic
R. G. Phillips et al., personal communications) suggest théisc. The schematic model shown in Fig. 7A illustrates a
possibility that a Dpp and W(g signal transducer directly effectpossible relationship between Dpp signal activity and position
the DC-enhancer to induce proneural genes. However, we the thoracic disc, along the A/P axis. This model assumes
cannot rule out another possibility that Dpp and/or Wghat Dpp molecules simply diffuse and generate a gradient of
signalling control the expression (or activity) of otherDpp signal activity along the A/P axis. Presumably, low levels
prepattern genes that directly activate the DC-enhancesf Dpp still reach the most anterior region of the thoracic disc
Analysis of the DC-enhancer element is necessary to addreasd this level of Dpp signal activity is sufficient favg
how Dpp and Wg signals cooperate in the induction of theepression (Fig. 7C). The threshold levels required for
proneural genes at the dorsocentral region. proneural gene induction, on the other hand, appear to be
Our data from both gain-of-function and loss-of-functionhigher. Only those cells which are located in the vicinity of
experiments suggest that Dpp signalling also has an importabtth dpp andwg expression domains receive sufficient levels
role in the specification of theg expression domain in the of both signals for proneural induction (Fig. 7C).
thoracic disc. A mutual inhibitory interaction betweppand It is possible that alterations in Dpp signal activity cause a
wg in the leg disc has been extensively analyzed (Brook arshift in the activities slope, with an upshift in gain of function
Cohen, 1996; Jiang and Struhl, 1996; Penton and Hoffmanmutants and a downshift in loss of function mutants (Fig. 7A).
1996; Theisen et al., 1996). Wgq is expressed ventrally and Dghis model is consistent with our experimental results except
is expressed at high levels dorsally along the A/P boundary fior the results that were observed in the rpiloht-tsmutants.
the leg discs and both expressions are controlled by Hh (Basléccording to this model, weak reduction of Dpp signal
and Struhl, 1994). By contrast, in the wing disc, Hh control¢ransduction activity should result in a downshift of the slope
expression oflpp but notwg. The involvement of inhibitory and this change should have reduced both the areegof
interactions betweewg anddppin transcriptional regulation repression and the area of proneural induction. This was not
in the wing disc has been controversial. Penton and Hoffmarthe case. Thevg expression area was slightly reduced, as
(1996) reported that theuntmutant clonepunf®2 ectopically ~ would be expected in response to the weak reduction of Dpp
expressedvg only in a restricted portion of the wing pouch. signalling, however, the proneural induction area was not
However, Theisen et al. (1996) reported that the pattewgof reduced. To explain this phenotype, it is necessary to consider
expression in the wing disc of thpnt-tsmutants is normal the effect of Emc, a negative regulator of proneural gene
even if the animals are upshifted to the nonpermissiveroducts. Asymmetric distribution of Emc protein affects the
temperature, 25°C, for 70 hours BPF, while the maximathreshold level for proneural induction. Emc is thought to play
ectopicwg expression in the leg disc is seen after 40 hours a&n inhibitory role after proneural gene expression. We have
the restrictive temperature. We have shown wgéxpression  shown that a high level of Dpp signalling can overcome the
is expanded dorsally in the thoracic discpafify/punt35, the inhibitory effect of Emc (Fig. 4B). This indicates that cells
same allelic combination as Theisen et al. used, however, wéthin the Emc expression domain require a higher threshold
set much more severe conditions, with a temperature shift frolavel of Dpp signalling activity for proneural gene induction
18 to 29°C. We suggest that transducing activity associatetian those cells outside of this domain (Fig. 7A). In this case,
with Dpp signalling is reduced in thmunt-tsmutant at 25°C, a slight downshift in the Dpp signal activity slope would result



4222 Y. Tomoyasu, M. Nakamura and N. Ueno

Fig. 7.Models for dorsocentral proneura B
cluster formation. Two hypothetical mod: A

for Dpp signalling activity along the A/P

axis within the thoracic discs are illustrat

in A and B.dppis expressed in A cells emc
which are located near the A/P
compartment boundary (drawn with blue
After secretion, Dpp proteins are expect
to diffuse anteriorly and posteriorly and
generate a concentration gradient which
drawn as a linear slope in A and nonline
slope in B. Cells respond differently
depending on the activity of Dpp
signalling. The thresholds of Dpp
signalling activity for proneural induction  — fF------ - - - - - - thresholdof =~ FE---------- - - threshold of
andwg repression are different. A low lev grep g repression

of Dpp signalling activity, as would exist [ Sl wiowee [ 0 S
the mosL anterior region of the thoracic - S

disc, appears to be sufficient for the

repression oivg expression. High levels ¢ [ Sl e—midpumes—p [ NN

emc

___________ — . threshold of |
proneural inhibition

a
threshold of
proneural induction
b

- — - | . -
loss-of-function

_ . threshold of
proneural induction

Dpp signaling activity

Dpp signalling seem to be necessary for anetgéigr k')o‘o/r)der anetgéigr kﬁ)/rF:j er

proneural induction. The threshold of Dg

signal activity for proneural induction is B cop expression domain

!ike.ly. to be quU|at6d by a pr_o”e.”ral . W region that receives sufficient levels
inhibitor proteinEmc The region in whict (5 N\ of Dpp signaling for proneural induction

emcis expressed is shown in pink (A,B).
Taking into consideration this inhibitory
activity, the threshold level for proneural
induction should not be drawn as a strai
line (A-a, orange broken line) but as a lir
with a higher threshold level for proneur:
induction in theemcexpression area and
lower threshold outside of this (A-b, red
broken line). Model B also adopts a
hypothetical activity of Dpp signalling for
the inhibition of proneural induction, in
which the highest level of Dpp signalling
necessary for this inhibitory action (B). I
can be thought that the Dpp signal activi
slope is shifted up in the gain-of-functior
mutants and down in the loss-of-functior.
mutants. The regions that are estimated to be a proneural cluster according to the models in the wild type, gain-of-fanc{dASatkv*:
tsh-GAL4 and partial loss-of-function mutant (mipdint-t§ are indicated (drawn in red with horizontal bars at the bottom of A and B). Model
B precisely reflects our results. A thoracic disc is schematically illustratedig-€pressing cells are shown in green dpg-expressing

cells are shown in blue. Dpp signalling (indicated with light blue lines) is sufficient to supgregpression even at the most anterior region.
The hypothetical regions that have acquired sufficient levels of Dpp and Wg signalling for proneural induction are shadladdmibiite or
green and white, respectively. The dorsocentral proneural cluster is formed where these regions overlap (shown in ratiglis@Ensare

not formed in the region that receives highest levels of Dpp signalling.

region that receives sufficient levels
of Wg signaling for proneural induction

region that receives sufficient levels
of Dpp signaling for proneural induction

region that proneural induction is
inhibited by highest levels of Dpp signaling

region that receives sufficient levels
of both signals for proneural induction

in weak reduction of thewg repression area, while the However, there is one more paradox to the adoption of the
proneural induction area would not be reduced. Thus, thiahibitory action of Dpp signalling. Considering this
region receiving sufficient levels of both Dpp and Wginhibitory effect in terms of the model shown in Fig. 7A,
signalling to induce proneural genes seems to have expandedtopic activation of Dpp signalling should have expanded the
resulting in the formation of additional SMCs. area in which proneural induction is inhibited. This was not
There is a substantial distance between dorsocentral SM@se case forUAS-tkv*: tsh-GAL4discs (Fig. 2B). One
and thedpp expression domain in wild-type discs (Fig. 1B). solution to this paradox is to alter the linear activity slope, as
One explanation for the existence of this gap is that thélustrated in Fig. 7A, to the nonlinear slope, as illustrated in
highest level of Dpp signalling inhibits the formation of Fig. 7B. The alternative model is able to simulate both
proneural clusters. This hypothetical Dpp signal activity isphenotypes obJAS-tkv*: tsh-GAL4and mildpunt-tswithout
useful to explain the observation that additional dorsocentralontradiction. However, it is clear that this model still
SMCs were formed more posteriorly in the nplght-tsdiscs  includes several assumptions which may be addressed by
(Fig. 5C). A down shift of the Dpp activities slope would future experiments. For instance, a concentration gradient of
release the area in which proneural induction is inhibited bippp protein within the thoracic disc should be directly
the highest levels of Dpp signalling from such inhibition.visualized. The mechanism by which the highest levels of
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