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SUMMARY

Hedgehog (Hh) signalling from posterior (P) to anterior (A)  requirement for the local upregulation of bothemcand N,

cells is the primary determinant of AP polarity in the limb
field in insects and vertebrates. Hh acts in part by inducing
expression of Decapentaplegic (Dpp), but how Hh and Dpp
together pattern the central region of theDrosophilawing
remains largely unknown. We have re-examined the role
played by Collier (Col), a dose-dependent Hh target
activated in cells along the AP boundary, the AP organiser
in the imaginal wing disc. We found thatcol mutant wings
are smaller than wild type and lack L4 vein, in addition to
missing the L3-L4 intervein and mis-positioning of the
anterior L3 vein. We link these phenotypes tocol

two genes involved in the control of cell proliferation, the
EGFR ligand Vein and the intervein determination gene
blistered We further show that attenuation of Dpp
signalling in the AP organiser is alsa@ol dependent and, in
conjunction with Vein upregulation, required for formation
of L4 vein. A model recapitulating the molecular interplay
between the Hh, Dpp and EGF signalling pathways in the
wing AP organiser is presented.

Key words: Limb patterning, Hh, Dpp, EGF, Signallicgllier,
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INTRODUCTION One morphological read-out of the AP patterning
information in the Drosophila wing is the positioning of
The secreted proteins of the Hedgehog (Hh) family play @ntervein and longitudinal L2 to L5 provein domains in larval
crucial role in the patterning of many structures in vertebratesnaginal discs (Sturtevant and Bier, 1995). Position of veins
and invertebrates, by providing differentiating cells and tissueis prefigured by expression diomboid(rho) and activation
with positional information (Ingham and McMahon, 2001). Hhof the EGF pathway in the central provein cells, which
is a central patterning signal in tBrosophilawing, which,  will differentiate as the adult vein cells (De Celis, 1998;
like all adult appendages in the fly, derives from a monolayeGuichard et al., 1999; Sturtevant et al., 1993). Activation of
epithelium known as an imaginal disc, which is subdividedlistered/Drosophila Serum Response FadtegD-SRH in

by a lineage restriction into anterior (A) and posterior (P)}complementary regions endows cells with an intervein fate
compartments. Hh synthesised by P cells diffuses into the MMontagne et al., 1996; Price et al., 1989; Roch et al., 1998;
compartment forming a short-range activity gradient thaSturtevant et al., 1993).

activates the localised expression of a number of target genesHh short-range activity is responsible for patterning the
including patched(ptc) and decapentaplegiddpp, a TGH  central region of thdrosophilawing: specification of the
family member). By sequestering extracellular Hh, Ptc limitd3-L4 intervein region, the anterior L3 vein and the posterior
the diffusion and range of activity of Hh (Chen and StruhlL4 vein (Mullor et al., 1997; Strigini and Cohen, 1997). We
1996). Dpp, a long-range morphogen, diffuses into both the Aave previously shown that this activity is mediated by
and P compartments, and acts to relay positional informatioactivation of the transcription factor Collier/Knot (Col/Kn),
from the AP organiser, controlling growth and patterning of thén a narrow stripe of cells along the AP boundary that we
distal regions of the wing (Brook et al., 1996; Lawrence andlesignate below as the AP organiser. The restricted domain
Struhl, 1996). A similar relay mechanism has been proposeaf col expression, compared with thatdgdp, established that
for anteroposterior patterning of the vertebrate limb. In thiglpp and col are induced by different levels of Hh activity,
case, Sonic Hedgehog (Shh) initially acts at long range tproviding a paradigm for Hh morphogen properties (Vervoort
prime the region of the limb competent to form digits, and lateet al., 1999). Col activates and/or maintains high levels of
acts at short range to induce expression of bone morphogemgpression of BS and downregulates expression of EGFR in
proteins (Bmps/TGE), the morphogenetic action of which the AP organiser (Mohler et al., 2000; Vervoort et al., 1999),
specifies digit identity (Drossopoulou et al., 2000). In both theherefore preventing these cells from adopting a provein fate.
Drosophila wing and vertebrate limb, however, it remainsFormation of posterior L4 vein requires activityvain (vn),
unclear how Hh (Shh) exerts its direct patterning activity. ~ which encodes a diffusible neuregulin-like protein, one of the
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known EGFR ligands and activates the EGF pathwayn situ hybridisation and antibody staining

(Schnepp et al., 1996; Simcox et al., 1996). Ldk& vnis  In situ hybridisation of wings of third instar larvae and pupae were
transcribed in anterior cells along the AP border, consistertarried out as described elsewhere (Sturtevant et al., 1993). Double
with mosaic analyses indicating that activity is provided labelling with two probes simultaneously was described elsewhere
by anterior cells (Garcia-Bellido et al., 1994). Together, thes€Crozatier et al., 1996), using the alkaline phosphatase substrate kit
data led to the proposal that Hh patterns the central part éfProvided by Vector. RNA probes were synthesised from cDNA
the wing via activation otol andvn in cells along the AP plasmids except for theol probe, which contains intronic sequences

. (Crozatier and Vincent, 1999). The following primary antibodies
boundary (Mohler et al., 2000; Vervoort et al., 1999l were used: rabbit anti-Col, anti-P-Mad (Persson et al., 1998)

requirement for L4 vein formation has not been pre"ioush(provided by T. Tabata), anti-phospho histone H3 (from Upstate

investigated, however, and the links betwemst and vn  gjgtechnology), rat anti-Ci (which recognises both Ci155 and Ci75,
activity remain elusive. Moreover, the molecular mechanismg git of R. A. Holmgren), mouse monoclonal N (C17.9C6) from

involved in positioning of the L3 vein remain to be firmly Hybridoma bank (a gift of Véronique Van de Bor) and mouse
established. monoclonal anti-BS produced by Michael Gilmam at Cold Spring
In this report, we re-examine in depth the roleafactivity =~ Harbor Laboratory.

in establishing the vein pattern and size of the wing. First,

detailed morphological comparison of the hypomorphic and

null col mutant wings allowed to precise the null mutantRESULTS

phenotype: a reduced size of the wing contributed by both N _

reduction of the posterior compartment and lack of L3-L4Col/Kn specifies the central part of the wing and

intervein, the loss of L4 vein, and a posterior shift in thecontrols wing size

position of L3 vein. At the molecular level, we show that, inWe have previously reported thatdal! mutant flies §ol! is a

addition to BS.col upregulates transcription oh in the AP null mutation; col* adults are obtained upon rescue of the

organiser, providing a first molecular interpretation for Colembryonic lethality by aol transgene (Crozatier et al., 1999)],

requirement for L4 vein formation. Col is also required forthe wings completely lacked the intervein normally separating

local upregulation oéxtramacrochaetéemq and Notch (N), L3 and L4 veins. Incol/knt mutant wings Knl is a

two genes involved in the control of cell proliferation, thushypomorphic viable mutation) (Diaz-Benjumea and Garcia-

linking Hh signalling to cell division in the L3-L4 intervein Bellido, 1990; Nestoras et al., 1997) the L3-L4 intervein was

primordium. Furthermore, we show that the recently reportednly reduced in size, with an occasional partial apposition of

downregulation of Dpp signalling in cells receiving high dose4.3 and L4 veins (Vervoort et al., 1999) (Fig. 1A-C). Detailed

of Hh (Tanimoto et al., 2000) is mediated ¢l activity. By  inspection indicated that, in both hypomorphic and waoll

manipulating the levels ofn expression and Thickvein (Tkv mutants, there is a 20% reduction in the overall wing size

a type 1 Dpp receptor) activity, we provide evidence thatompared with wild type (Fig. 1D). To investigate this

modulation of Dpp signalling in the AP organiser is essentigbhenotype, we compared the surface area of each intervein in

both for positioning L3 vein and formation of L4 vein. The coll, col/kn! and wild-type wings. Average values were

integrative role of Col thus revealed a complex and previouslgbtained from measurements of 10 individual wings of each

underemphasised interplay between the Hh, Dpp and EGFenotype (data not shown). tol/kn! wings, the size of the

pathways in determining the size and vein pattern of th&3-L4 intervein was 66+6% smaller that of wild type, whereas

Drosophilawing. the size of the other A interveins (anterior margin to L2 and
L2-L3) was unchanged, indicating that the reduction in number
of cells is specific to this intervein. Surprisingly, however, in

MATERIALS AND METHODS col! mutant wings in which the L3-L4 intervein (and L4 vein,

, , _ see below) were missing, the L2-L3 domain was 12+5% larger

Mutant and transgenic  Drosophila strains . than in either wild-type ocol/knt wings. Finally, in bottcol*

coll is classified as a null allele akd! as an hypomorphic allele of gnd coll/knt wings, the L4-L5 and L5 to posterior margin

col (Crozatle”r etal., 1999, Verr]voort gt aI.,_lS?Q%). lmec(’:'S'CDNA] 'gwtervein sectors were smaller than in wild type, by 17+5% and

transgene allows to rescue the embryonic lethality (Crozatier et aly7, 404 regpectively. Taken together, our data indicated that

1 M2
é%?;;%%g%tetg %; %It(}v:rrl?a?ggmggpecoﬁ mutantsvrs/TM3, the reduced size afol mutant wings was due to the reduced

The transgenic linegAS-V UAS-TkvDNTKVDN corresponds to  SiZ€ (or absence) of both the L3-L4 intervein and posterior
Tkv1DGSK, which lacks the GS box and kinase domaipp-Gal4  interveins (Fig. 1D). A€ol expression is restricted to the L3-
and ptc-Gal4 have previously been described (Haerry et al., 19984 intervein (Vervoort et al., 1999), its activity on the
Morimura et al., 1996; Simcox et al., 1996). For ectopic expressioregulation of cell proliferation in the P compartment must be
of vn andtkvDNin the col* genetic background, thetc-Gal4 UAS-  cell non-autonomous. The larger size of the L2-L3 intervein in
TkvDNandUAS-Vntransgenes were introduced into tod, P(col5-  col! wings raised both questions of the identity of the single
cDNA) chromosome by recombination. central thick vein observed in these wings and its position
Clonal analysis relative to the AP boundary. This vein showe_d the presence of

campaniform organs and dorsal corrugations, which are

Clones ofcol! mutant cells were generated by Flp-mediated mitotic ific for L3 vei - d by C d Modolell
recombination (Xu and Rubin, 1993) by heat-shock treatment at 37° ecific for vein (reviewed by Campuzano an odoletl,

for 2 hours of first and second instar larvae of the following genotypel992; Milan et al., 1997). Theol mutant phenotype therefore

y, W, Hs-Flp/+; FRT-42D, ubi-GFP/ FRT-42D, sHéSL coll. The  does not correspond to apposition of L3 and L4 veins, as first
FRT-420 shaAS1 col' chromosome was constructed by proposed (Vervoort et al., 1999; Mohler et al., 2000) but to loss
recombination. The cell marker wakavenoidshag). of L4 vein and repositioning of L3 vein.
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The central vein in  col? wings is of L3-type and is i -
displaced closer to the AP boundary = B s

We have previously shown that BS, an intervein cell marker, i &
not expressed in the presumptive L3-L4 interveicdft wing T O ;
discs of third instar larvae (Vervoort et al.,, 1999). We aske: ; S
whether this central area devoid of BS staining corresponded A - e
presumptive L3 or L4 vein, or was composite and examined B

.
. P ~
expression in 24 hours APF (after puparium formation) pupas ‘a

BS expression enables each longitudinal wild type provein to t 5% S i

visualised as a three- to four-cell wide stripe devoid of stainin % = S\ 7

(Fig. 2A). Incol* mutant wings, instead of L3 and L4 proveins, B col'/kn' D ~— o
there was a single central stripe of cells, wider than the wild tyg -

L3, which did not express BS (Fig. 2B). A truncated stripe oFig. 1.col/knmutant wings: abnormal vein pattern and reduced size.
BS-negative cells located near the presumptive hinge (arrow (A) Wild-type wing with the longitudinal L2 to L5 veins indicated.
Fig. 2B) correlated with the residual L4 vein observed in ¢The small arrowhead and arrow point to veins L3 and L4,

proximal position incol® adult wings (arrow in Fig. 1C). This respectively. (B):_oll /I_<nl mutant wing; veins L3 and L4 are closer to
indicated that L4 vein was lacking and suggested that the cent2Ch other than in wild-type wing and partly apposed proximally.
vein in colt mutant wings was a widened L3 vein. In order tO(C) colY/col* wing (abbreviatedol* in subsequent figures). L2 and

. . h ) L5 veins are normal, but a central larger L3-type vein is present
m -ty ncolt - . - .
confirm this, wings of wild-type ancbl* pupae at 28-30 hours (L3m vein, large arrowhead), whereas only a small, proximal region

APF were stained for Ci, which is expressed only by A celliof |4 vein forms (vertical arrowkolwings are smaller than wild

(Blair, 1992) (Fig. 2C,D). At that stage, resolution of proveintype, owing to (partial) loss of the region between L3 and L4 veins
into vein has occurred and theol' central vein is and areduced size of the posterior compartment. In addititn,
morphologically distinguishable (arrowhead in Fig. 2D). All wings display a wider L2-L3 intervein than do wild typecof /knt.

cells of this vein expressed Ci, indicating that it was entirel\(D) Schematic superimposition of wild type (grey) @oé (black)
located in the anterior compartment, confirming its L3-likewings adjusted so as to align the proximal L4 vein. All wings are
identity (L3m — m for mutant). However, although the posterioShown at the same magnification.

limit of Ci expression bisected the wild type L3-L4 intervein

(Fig. 2C), it coincided with the posterior limit obl* L3m vein. ) . ) ] .
This shows that the position of L3m vein is shifted towards théhown), correlating with changes from intervein to provein
AP boundary, correlating with the increased size of the L2-L3rfate. However, the reduced size of the medial region of the
intervein of colt adult wings (see above). Taken togetherWing already detectable at this early pupal stage probably
morphological observations and size measurements of adugflects an _earll_er prollferatlon defect. Dou_ble staining with BS
wings and immunostaining of pupal discs revealed three type¥ld propidium iodide (PI; not shown), which labels all nuclei,
of defects incol! mutant wings: a reduced number of cells, theenabled us to count the number of rows of cells that separate
lack of L4 vein and a posteriorwards shift in the position of 4he L2-L3 and L4-L5 intervein primordia in wild-type acal*

wider L3 vein. larval discs. Ten independent measurements gave average
numbers of 10.5 and 7.5 rows, respectively, indicating a
Reduced proliferation of A cells close to the AP significant reduction ircol* mutants (not shown). We then
boundary; col requirement for emc and N looked at the expression ektramacrochaeta¢emq, which
expression encodes a helix-loop-helix (HLH) protein lacking a basic

The observation thabl/kn! wings displayed both an intervein motif, and Notch (N), as both genes have previously been
L2-L3 of normal size and a reduced L3-L4 intervein suggesteghown to be involved in the control of cell proliferation in the
that the loss of the L3-L4 intervein and the displacement of L®ing (De Celis and Garcia-Bellido, 1994; De Celis et al., 1995;
vein observed iwol* mutant were not necessarily linkékhe  Ellis et al., 1990; Garcia-Bellido et al., 1976; Garrell and
specific loss or reduction of the L3-L4 intervein territorgah ~ Modolell, 1990). In third instar larvaemcis expressed at a
adult wings could be due to local programmed cell death and/éow level throughout the wing disc and at a higher level in two
reduced cell proliferation. To distinguish between thesetripes of cells corresponding to the prospective A margin and
possibilities, we stained wild-type amol* pupal wing discs the AP organiser (Baonza and Garcia-Bellido, 1999; de Celis
with a probes foreaper (rp), a marker for apoptotic cells et al., 1995) (Fig. 3C). Unmodified at the A margamc
(Abrams et al., 1993), and an antibody against a&xpression was completely lost from the AP organiser cells in
phosphorylated form of histone H3 (H3P), which revealsither col! or colt/kn! mutant discs (Fig. 3D and data not
mitosis. No difference imp expression was detected betweenshown), showing that Col is required famctranscription in
wild-type andcol! mutant wings, which excluded a major the L3-L4 intervein primordium. Levels of N protein are high
contribution from apoptosis and suggested instead defective intervein regions and low in presumptive vein territories in
proliferation. In wild-type pupal wings, a wave of mitosis takedate third instar (De Celis et al., 1997).dal* mutants, N is
place in each intervein primordium between 15 and 21 houownregulated in the L3m provein domain (data not shown).
APF (Schubiger and Palka, 1987). H3P staining of wild-typecol requirement foemcand N upregulation in the AP organiser
pupal wings 18-20 hours APF allowed the visualisation theells is consistent with the reduced cell number in the central
proliferation of intervein cells along the proveins (Fig. 3A).region ofcol! mutant discs. This could not, however, account
Staining was specifically absent from the central region ofor the reduced number of cells in P interveins also observed
either col! or col/kn! mutant wings (Fig. 3B and data not in col mutant wings.
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wt col’ (Fig. 4l). The changes in position and numbehofexpressing

: cells in L3m and the lack aoho expression in L4 vein show
that the abnormal vein pattern obl' adult wings reflects
D-SRE patterning defects occurring in third instar larvae (Fig. 4l).
Positioning of L3 vein involves Col-dependent
down-regulation of Dpp signalling in the AP
organiser

The displacement of L3mho-expressing cells iol! discs
confirmed that Col mediates Hh activity in positioning the L3
vein. However, specification of L3 vein per se does not depend
on col, but on activity of the homeobox-containing genes
araucan(ara) andcaupolican(cau) from theiroquoiscomplex
mutant wings. (A,B) BS (D-SRF in figure) expression in 24 hours (iro-C) (Gomez-Skarmeta et_ al., 1.996’ Gomez-Skarmeta and
APF pupae. The central BS labelling which prefigures the L3-L4 M(_)dolell, 1996) In order FO |nve_s_t|gf_ite how the processes of
intervein in wild type wings (A) is missing ! pupae (B), vein specification and vein positioning were connected, we
confirming the presence of a single central provetolhmutants. examined the expression domainasé andcol in wild type
(C,D) Ci expression in pupal wings 28 hours APF. The posterior ~ andcol® third instar imaginal discs. In wild-type disesa and

limit of Ci expression bisects the L3-L4 intervein in wild-type wings col expression partly overlapped, witlara expression

Cc D

Fig. 2.Loss of L4 vein and posteriorwards shift of L3 veircat!

(C) but coincides with the posterior limit of L3m veindol* wings, extending anteriorly by about three rows of cells into the region
|nd|gat|ng a posterior shlf_t inits p_05|_t|0n (D). I?osmons of the L3, corresponding to presumptive L3 vein (Fig. 4|)cm1 mutant
(residual) L4 and L3m veins are indicated as in Fig. 1. discs, the stripe ofra expression was both weaker and

narrower. The posterior border afa expression which is
situated within thecol expression domain and defined by En

rho expression in col! mutant discs prefigures the repression (Gomez-Skarmeta and Modolell, 1996) was not
posterior shift of L3m vein and the absence of L4 modified, but its anterior border was shifted by two to three
vein rows of cells closer to the AP boundary (Fig. 4F,1). It has

That Hh short-range patterning activity in the wing (Biehs epreviously been reported that positioning of the anterior border
al., 1998; Mullor et al., 1997; Strigini and Cohen, 1997) isof iro-C expression involved transcriptional repression by
mediated bycol was first revealed byhh overexpression sal/salr, which are themselves targets of Dpp signalling (De
experiments in which the anterior displacement of L3 veirCelis and Barrio, 2000). This regulation &gi/salrraised the
observed in these conditions could be reverted by reducing tipessibility that the posterior shift of L3m vein positioncioi

col dose (Vervoort et al., 1999). This was confirmed by theving discs could be due to a modified range of Dpp signalling.
posterior shift of L3 vein ircoll mutant wings (Fig. 2C,D). In that respect, the recent report that Dpp signalling was
However, the molecular mechanisms involved remained
unknown. We first examined the position of vein primordia in

col mutant discs, usingho in situ hybridisation, which labels

the vein primordia (Sturtevant et al., 1993). In wild-type third
instar wing discs, single rows dio-positive cells marked the
positions of L3 and L4 veins on either side of the AP boundar ¢ .
(Fig. 4A). In col! mutant discs, we observed two types of
changes: first, whereaso was only expressed in a few cells in

the dorsal presumptive L4 vein, it was expressed in two to fot
rows of cells, rather than a single one, in the presumptive L

vein (Fig. 4B). Second, the distance separating the L3 ar
residual L4 veins was reduced (Fig. 4B), suggesting a posteri col’
shift, in addition to widening, of the presumptive L3m vein,
compared with L3. We next directly compardth and col
expression, asol transcription, which is not modified icol

mutant discs, marks the cells receiving high doses of Hh, tht
enabling the AP boundary to be positioned. In wild-type thirc
instar imaginal discsrho-expressing cells flanked theol Fig. 3.col requirement foemcupregulation and cell proliferation in
expression domain on both sides, with one to two rows cthe L3-L4 intervein primordium. Cell proliferation in wild-type
intercalary cells expressing neither gene (Fig. 4C)cdf (A) andcolt (B) pupal wings, 18-20 hours APF, as visualised by the
mutant discs, the L3mho andcol expression domains partially Phosphorylation pattern of Histone H3 (H3P). (A) In wild type, a -
overlapped, confirming that the position of L3m vein has beeVave of cell proliferation occurs along veins in each intervein region

hifted teri ds b | cell di i lative t .Iat this stage, including the L3-L4 presumptive intervein (black
shitied posteriorwards by several cell diameters relative to wi frame) No such wave occurs in the medial regionadlawing (B).

type (Fig. 4C,D), as previously deduced from Ci labelling of 24 p) emcexpression in third instar wing discs. Upregulation in the
hours APF pupae (Fig. 2D). Howeweo labelling did not abut - Ap organiser of wild-type discs (C) is specifically lostait mutant
the AP boundary, indicating thaho transcription remained discs (D). The small arrowhead and arrow indicate proveins L3 and
repressed in the anterior cells, which express En (Blair, 1994, respectively.
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attenuated in the AP organiser because of downregulation phosphorylated form of the Mothers against Dpp (p-Mad)
expression of Tkv (Funakoshi et al., 2001; Tanimoto et alprotein (Persson et al., 1998). In wild-type discs, levels of p-
2000) was particularly intriguing. Dpp signalling can beMad are low in the AP organiser and high in both A and P
monitored in situ, using antibodies recognising theflanking cells (Tanimoto et al., 2000) (Fig. 4G)clwil mutant
discs, a uniform staining of p-Mad was observed in the centre
of the disc (Fig. 4H), indicating that downregulation of Dpp
signalling in the AP organiser requiregl activity.

AP

Positioning
L3 vein

Fig. 4. Changes imho andiro expression in larval discs prefigure the
abnormal vein pattern @bl* wings. (A,B)rho expression in wild-
type andcol! third instar wing discs. ol discs (B),rho expression

in the presumptive L3 vein is wider than in wild type (A), while it is
strongly downregulated dorsally or absent ventrally (white arrow) in
the L4 vein primordium. The L3 and residual L4 primordia are closelFig. 5. Col-mediated upregulation @h transcription in the AP

to each other than in wild type. (C,D) Double in situ hybridisation  organiser is required but not sufficient for L4 vein formation.

for rho (blue) andcol (pink, red bar) transcripts. In wild-type discs,  (A) knt/knt and (B)knt/knt; vaiM2/+ adult wings. Irknt/knl; vaM2/+
there is no overlap betweemo andcol expression (C). The overlap  wings, a large region of L4 vein is missing (white arrow). (GyD)
observed ircoll discs (D) indicates a posterior shift of L3 vein. transcription is strongly downregulated in the L3-L4 intervein
(E,F) Double in situ hybridisation fara (blue, grey bar) andol primordium incol! (D) relative to wild type (C) third instar wing
(pink, red bar) transcripts. kol discs (F), the anterior border arfa discs, except in cells close to the presumptive hinge; (EsFand
expression is shifted closer to the AP boundary. (G,H) Dpp signallinUAS-Vn/dpp-Gal4; céladult wings (E,F) and corresponding larval
in wing discs, revealed by the distribution of phosphorylated P-Mad.discs (G,H). In the absenceaifl, vn expression in the AP organiser
In wild-type discs (G), Dpp signalling is strongly downregulated in  does not rescue formation of L4 vein, while vein L3m is widened
the AP organiser (white bar) and peaks on either side (black bars). I(F). Double in situ hybridisation faho (blue) andcol (pink)

col discs (H), a uniform labelling is observed in the centre of the  transcripts in wing discs shows tiihb expression is not activated in
disc (black bar). (I) Schematic diagram of the expression domains oposterior L4 vein cells but is upregulated in cells corresponding to
En (orange box), Col (red box)p (grey box),rho (heavy grey L3m vein or the posterior margin (H). The broken black line
hatching) and high Dpp signalling (Mad*, blue) in wild-type (top) indicates the position of the AP boundary.c@! mutant clones in
andcol! (bottom) wing discs, based on data presented in A-H (see the wing, marked bghavenoid (sha L4 vein forms posterior to

J  uAS-TkvDN/ptc-Gal4

Blair, 1992; Gomez-Skarmeta et al., 1996; de Celis and Barrio, mutant clone spanning three to four rows of cells along the AP
2000). The L3 provein is indicated in light grey hatching and the AP border (blue line); L4 vein is missing and L3 is wider and shifted
border as a vertical black bar. This scheme postulates that the posteriorly when theol* clone fills the entire L3-L4 region (red
anterior shift ofro expression ircol! mutants is due to changes in line). (J)UAS-TkvDMptc-Gal4adult wings showing that
sal/salractivity in response to changes in Dpp signalling, while sequestering Dpp by overexpression of TkvDN in the AP organiser

increasedho expression reflects the loss of repression by Col in results in wings smaller than wild type and specific loss of the L4
posterior-mosiro-expressing cells. vein.
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that col acts upstream ofn transcription in the AP organiser

A cells.

o

Hh |||||||I|I|III vn expression in the AP organiser is not sufficient to
[Wl-lmnm rescue formation of L4 veinin  col mutant discs
7 To ensure thatol require.ment for L4 vein formation was only
% Col through the upregulation ofin transcription in the AP
é = organiser, we asked whether re-introducwig expression
i 4 would be sufficient to rescue of L4 vein in the absencsobf
A As expression ofJAS-colunder the control of app-Gal4
driver in col mutant wings restores formation of L4 vein (data
not shown), we express&d under control of the same driver.
In contrast tocol, vn expression did not restore formation of
\ L4 vein, however. Instead, it led to the formation of a wider
F L3m vein (Fig. 5E,F). Accordinglyho expression in larval
- i discs was not restored in the L4 vein primordium, while
Madmﬂll L7 Ilmllad* strongly upregulated in the anterior L3m grovein and over a
Positioning Specification of the Formation distance of several cell diameters in the posterior wing margin
L3 vein L3-L4 intervein of L4 vein (Fig. 5G,H). One possible reason for the failure of presumptive
L4 vein cells to respond could be a limited range of diffusion
EGF signalling pathways in the AP organiser and patterning of the gf Vn as tf;e P Cr(])mpartmen;t IS Seﬁarated by th(l;lee tc(j) four cell
medial region of the wing. Anterior cells that receive high doses of lameters from the source of Vn when expressed under control

Hh (the AP wing organiser) activate Col, which, in turn, upregulates of thedpp-Gal4driver, due to the transcriptional repression of

N

sal/
salr

Fig. 6. Proposed model for the interplay between the Hh, Dpp and

expression of BSyn, emcandmty, and represses expression of dpp by anterior En (Alves et al., 1998; Strigini and Cohen,
EGFR(3Mohler et al., 2000). BS (D-SRF) is required for 1997). To rule out this possibility, we examined L4 vein
commitment of Col-expressing cells to an intervein fate (L3-L4 formation incol* mutant clones located in the A compartment,
intervein) and Emc for their proliferation. Repressiotketby Mtv at varying distances from the AP boundary. We observed a loss

leads to low levels of Dpp signalling in the AP organiser cells and  of vein L4 whencol! mutant clones encompassed most, if not
high levels in both A and P flanking celfGnakoshi etal,, 2001).  g|, dorsal and ventral cells in the L3-L4 region. By contrast,
Vn diffuses and activates EGF signalling in posterior cells L4 vein formed in cases where dorsal and verdad cells
(visualised byrho expression; heavy grey hatching). Col-mediated .
upregulation of Vn expression and modulation of Dpp signalling areg?arll[fd thrgetto 'fo(;J.r r?"‘g’ ?rf c;el\l/s qlongbtlhetAP t()joundﬁzy (F!g.
both required for activation of EGF signalling in posterior cells and )- \ese data indicate alt vn Is able 1o Induce vein
formation of L4 veinrho repression in posterior-masb-expressing formation, even when expressed at a distance of three to four

cells positions the L3 vein competent domain anterior to the AP Cell diameters. The inability of Vn to activatieo expression

organiser (see Fig. 4l for the rolesafl/salrin positioningiro in the L4 vein primordium and restore L4 vein formation in

expression). The signals triggering EGF activation in L3 vein and  col! mutants indicated that another signal regulatedddyn

positioningrho expression at the centre of L3 and L4 provein the AP organiser is required, in additionvia We therefore

domains (Biehs et al., 1998) remain unknown. analysed the possible role of Col-mediated downregulation of
Dpp signalling (Fig. 4H,1).

Lack of L4 vein in the absence of Col activity; Modulation of Dpp signalling by the AP organiser

impaired vn transcription in the AP organiser cells is required for formation of L4 vein

Differentiation of posterior L4 vein specifically requires theln order to determine whether Col-dependent downregulation
activity of Vein (Garcia-Bellido et al., 1994). Genetic mosaicof Dpp signalling in the AP organiser was involved for L4 vein
experiments indicated that this activity is provided by anterioformation, we expressed a dominant-negative form of Tkv,
cells close to the AP boundary where the transcripts TkvDN (UAS-TkvAGSK) (Haerry et al., 1998) in the AP
accumulated in third instar larval discs (Simcox et al., 19969rganiser, using atc-Gal4 driver. The TkvDN protein has a
(Fig. 5C). The absence of L4 veindal! wings suggested that dual effect when overexpressed: blocking Dpp signalling and
colandvnmight genetically interact. To test for this possibility, trapping Dpp itself, thus limiting its diffusion (Haerry et al.,
we first looked for dominant genetic interactions between th&998). Expressing TkvDN in the AP organiser resulted in
two genes. Flies either homozygous for a wealkkn allele,  smaller wings with a loss of L4 vein and anterior crossvein
knt, or heterozygous for a strong allelevof, viM2, formed a  (Fig. 5J). The decrease in wing size has been attributed to the
normal L4 vein. However, iknt/knt; vaM2/+ flies, L4 vein was titration of Dpp molecules when high levels of TkvDN (or Tkv)
missing, except for its proximal- and distal-most partsare expressed, leading to reduced growth of the posterior wing
showing thatvn and col cooperate to promote L4 vein compartment (Haerry et al.,, 1998) (see Discussion). More
formation (Fig. 5A,B). We then looked at expression imol!  striking is the loss of the L4 vein, suggesting that this is the
mutant discs. In the absence abl activity, a strong first vein affected when Dpp levels are reduced. That the loss
downregulation ofvn transcription was observed in the AP of L4 vein is an early patterning defect was confirmedhoy
organiser, except in the cells located near the presumptive situ hybridisation on larval wing discs. WAS-TkvDN/ptc-
hinge vntranscription outside the wing pouch was not affectedsal4 discs,rho was not expressed in presumptive L4 vein (data
(Fig. 5C,D and data not shown). Together, these data indicat®t shown). Taken together, our data suggested that increased
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sequestering of Dpp in the AP organiser in eit@rmutant  mtvcontrol the position of L3 vein suggested that this position
or UAS-TkvDN/ptc-Galdliscs could modify the range of Dpp is defined by Hh signalling through the modulation of Dpp
signalling and lead to both a reduced size of the posteri@ignalling. It has previously been established tinatwas
compartment and preferential loss of the L4 vein. Activatiorrequired forrho activation in the L3 primordium and formation
of Col expression by high doses of Hh thus appears to be af L3 vein (Gomez-Skarmeta et al., 1996; Gomez-Skarmeta
essential component of the interplay between Hh and Dpand Modolell, 1996)iro is activated by both Dpp and Hh
signalling that specifies the provein fate of cells located osignalling and its anterior border of expression is under control
either side of the AP organiser. of sal/salr, a target of Dpp (De Celis and Barrio, 2000). We
show that the patterns afol, iro and rho expression are
intimately connected. We observed both an increased number
DISCUSSION of cells expressingho and a posterior shift of the anterior
border ofiro expression ircol! mutant discs. We interpret this
The Drosophilawing primordium is subdivided into anterior posterior shift as reflecting a modified range of Dpp signalling
(A) and posterior (P) compartments, with the AP boundaryelayed, at least in part, bsal/salr activity. The increased
reflecting a true lineage restriction (Garcia-Bellido, 1975)number ofrho-expressing cells, for its part, indicated that Col
How this discontinuity serves as a source of positionails able to antagoniseho activation byiro in cells, which
information, which patterns the imaginal disc and aduliexpress botliro and Col. This correlates well with the wing
appendage, has been the subject of intensive investigation fainenotype — anteriorwards shift of the L3 vein, together with
over 25 years (Crick and Lawrence, 1975). The current modelaps in its distal region — which results from anterior extension
is a signalling-relay model where Hh secreted from the P celisf Col expression, itJAS-Col/dpp-Galdwing discs (Mohler
diffuses into the A cells along the AP boundary and exertst al., 2000) (M. C., unpublished). The distal gaps could reflect
a patterning function both independently and through théhe complete absencerbio expression close to the DV border,
induction of dpp expression; Dpp in turn diffuses in both because of the complete overlap betwedandiro expression
directions and acts at long-range to organise the pattern of maosereiro expression is narrower. Froool loss- and gain-of
distal regions (Basler and Struhl, 1994; Chen and Struhl, 1996jnction experiments, we therefore conclude that the
Tabata and Kornberg, 1994; Mullor et al., 1997; Neumann angrimordium of L3 vein corresponds to cells that expiesbut
Cohen, 1997; Strigini and Cohen, 1997). We show here thaiotcol (Fig. 41). Col thus appears to play a dual role in defining
activity of the Hh, Dpp and EGF signalling pathways inthe position and width of L3 vein: activating BS and repressing
patterning of theDrosophilawing are coordinated by Col, a EGFR in the wing AP organiser cells, endows these cells with

Hh target specific to the wing AP organiser (Fig. 6). an intervein fate, while attenuating Dpp signalling indirectly
S ) _ positions the anterior limit ofo expression domain, and L3
Col activity is required for downregulation of Dpp vein competence anterior to the AP organiser (Fig. 6).

signalling in the AP organiser
An unanticipated intricacy of the independent, versus DppFormation of L4 vein depends upon appropriate

mediated, Hh patterning activity in the wing arose fromregulation of both Dpp and EGF signalling in the AP
comparison of the gradient of Dpp activity withpexpression.  organiser
It revealed that Dpp signalling is downregulated in the APVe have shown that Col regulatastranscription in the AP
organiser and upregulated in both A and P flanking cellsrganiser. This expressionwiis required for formation of L4
(Tanimoto et al., 2000). This downregulation of Dpp activity wasvein (Garcia-Bellido et al., 1994; Schnepp et al., 1996; Simcox
shown to result from the localised transcriptional repression adt al., 1996). The loss of this vein ¢ol! mutants could not,
tkv, which is itself due to activation of the transcriptionalhowever, be rescued by expressing high level of Vn in the AP
repressor Master of thick vein (Mtv) in response to Hh signallingrganiser, suggesting that a second signal dependent upon Col
(Funakoshi et al., 2001). We show here that Col activity isvas also required. The specific loss of L4 vein was previously
required for the downregulation of Dpp signalling in the APobserved in conditions of reduced levels of Dpp signalling
organiser and link this regulation to Col requirement forcaused by ubiquitous expression of either Tkv or TkvDN
positioning L3 vein and formation of L4 vein. While the (Haerry et al., 1998). Together with this, tlcell wing
observation thantvtranscription is downregulatedéol mutant ~ phenotype and Col requirement for downregulation of Dpp
discs (data not shown) and tkv is upregulated in cloneslof signalling in the AP organiser suggested a role of Dpp
mutant cells (T. Tabata, personal communication) suggests thgignalling in formation of L4 vein. Indeed, expressing a
col may act upstream ofntv in the regulatory cascade, dominant-negative form of Tkv (TkvDN) in the AP organiser
attenuating Dpp signalling in the AP organiser, the relativeesulted in L4 loss. At first sight, it may appear contradictory
functions of these two genes remain to be examined in detailthat either upregulation (icol mutants) or downregulation (by

o . expressing TkvDN) of Dpp signalling in the AP organiser leads
Positioning L3 vein: crosstalk between Hh and Dpp to the preferential loss of posterior L4 vein. In both cases,
signalling via col and iro regulation however, there is increased sequestering of Dpp in the AP
It has previously been proposed that Hh does directly contrarganiser, which limits its range of diffusion and signalling in
the position of L3 vein, although the molecular mechanisms gfosterior cells (Haerry et al., 1998; Lecuit and Cohen, 1998).
this control were not firmly established (Mullor et al., 1997;Therefore attenuation of Dpp signalling in the AP organiser
Stigini and Cohen, 1997). In botiol (Nestoras et al., 1997) and increased signalling in posterior flanking cells (Tanimoto
(this paper) andhtvmutant clones (Tanimoto et al., 2000), theet al., 2000) appears to be required in addition to Vn activity
position of L3 vein is shifted posteriorwards. That bashand  for formation of L4 vein. By modulating Dpp signalling and
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