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SUMMARY

The stereotyped pattern of veins in thédrosophilawing is  formation or generates tube-like wings composed of
generated in response to local EGF signalling. Mutations vein-like tissue. Egfr signalling andnet exert mutually
in the rhomboid (rho) gene, which encodes a sevenpass antagonising activities during the specification of vein
membrane protein required to enhance signalling versus intervein fate. While Egfr signalling represses
transmitted by the EGF receptor (Egfr), inhibit vein net transcription, net exhibits a two-tiered control by
development and disrupt the vein pattern. By contrastnet  repressing rho transcription and interfering with Egfr
mutations produce ectopic veins in intervein regions. We signalling downstream of Rho. Our results further suggest
have cloned thenet gene and show that it encodes a basic that net is required to maintain intervein development
HLH protein that probably acts as a transcriptional by restricting Egfr signalling, which promotes vein
repressor. net and rho are expressed in mutually exclusive development, to the Net-free vein regions of the wing disc.
patterns during the development of the wing imaginal disc.

Lack of net activity causesrho expression to expand, and

vice versa. Furthermore, ectopic expression afet or rho Key words:net bHLH protein,rho, Egfr signalling, Wing vein
results in their mutual repression and thus suppresses vein patterning Drosophila

INTRODUCTION subdivision of the wing disc into a dorsal and ventral
compartment. Wings show a stereotyped pattern of five
Wing primordia originate in thBrosophilaembryo from cells longitudinal and two transverse veins, separating distinct
straddling the parasegmental compartment boundary of theectors of intervein regions. Genetic and molecular analysis has
second thoracic segment, and are subdivided into anterior arelrealed that vein versus intervein development is initiated in
posterior compartments by tlemgrailed(en) gene, which is larval wing discs by the activity of prepattern genes and refined
active in the posterior compartment (Lawrence and Moratdyy multiple tiers of intercellular signalling in prepupal discs
1976; Kornberg et al., 1985; Hidalgo, 1994). During larvaland pupal wings (Garcia-Bellido, 1977; Garcia-Bellido and de
stages, pattern formation along the anteroposterior axis of tigelis, 1992; Sturtevant et al., 1993, 1994, 1997; de Celis et al.,
wing disc is mediated by posterior hedgehog (Hh) signallingl 995, 1996, 1997; Sturtevant and Bier, 1995; Yu et al., 1996;
which activates in adjacent anterior cells tlezapentaplegic Milan et al., 1997; Biehs et al.,, 1998; Roch et al., 1998;
(dpp) gene whose secreted Thke product acts as Guichard et al., 1999). Vein and intervein cells differ in several
morphogen for both compartments (Tabata and Kornbergspects. Vein cells are small, densely packed, and covered by
1994; Tabata et al., 1995; Guillen et al., 1995; Lecuit et ala thick, darkly pigmented cuticle, whereas intervein cells are
1996; Nellen et al., 1996; Hidalgo, 1998). While this aspect ofarge, flat, and covered by a thin, transparent and lightly
wing pattern formation has attracted considerable interest agpaggmented cuticle. In contrast to dorsal and ventral vein cells,
model system for the analysis of cell communication and thevhich form tubular structures filled with haemolymph,
signalling pathways underlying pattern formation (Diaz-intervein cells on opposite sides of the wing are tightly
Benjumea and Cohen, 1993), comparatively little is knowrconnected through a dense extracellular matrix. Finally, vein
about the genes and mechanisms that are turned on by ftells remain alive throughout adulthood, whereas intervein
molecular prepatterns in the wing disc and establish theells die upon eclosion of the fly.
differentiated structures within the wing blade. Because of the stereotyped wing pattern, subtle wing defects
Adult wing blades consist of two planar epithelial cell layerscan be easily identified and therefore many mutants affecting
that originate from two distinct cell populations after a furtherthe architecture or pattern of the wing have been isolated. One
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of these mutantsiet discovered by Bridges in 1931 (Lindsley MATERIALS AND METHODS

and Zimm, 1992), displays ectopic wing veins and often

blisters on the wing surface, which indicates that the cell layerfSeneral procedures

of opposing wing surfaces are not properly connected in th&tandard procedures, such as isolation and Southern blot analysis of
intervein regions (compare Fig. 4A with 4B)etwas shown genomic DNA, construction and screening of genomic libraries,
to interact genetically witiNotch (N) (Garcia-Bellido and de chromosomal walking, isolation e_md northern _blot analysis_ of
Celis, 1992)N belongs to the class of neurogenic genes anaoly(A)* RNA and PCR, were carried out essentially as described
encodes a transmembrane receptor that, like all products Gf€l €t al.. 1985; Kilchherr et al., 1986; Sambrook et al., 1989; Fu
neurogenic genes, serves to single out a cell from a group gpd Noll, 1997).

equivalent cells by a signalling process termed lateral, ation of genomic clones

inhibition (Artavanls-Ts_akonas. et a_I., ]:983’ 1995; Campo;i.o clone thenetlocus, a chromosomal walk was initiated from the
Or;ega, 1997). In the wing, N S'gna”mg,'s necessary to res'[_”%[enomic insert BPal-1 of & phage, which included the distal
vein cell development from seven- to eight-cell wide domaing,reakpoint oDf(2L)al (Schneitz et al., 1993), and extended for about

of vein-competent provein cells to rows of two to three cells ip40 kb until it overlapped with genomic clones harbouring the
width (Garcia-Bellido and de Celis, 1992; Sturtevant and Biellethal(2)giant larvae locus at the left telomere of the second

1995). This process depends also onrtfenboid(rho) gene  chromosome (kindly provided by B. Mechler). The distal breakpoint
(de Celis et al., 1997), which encodes a sevenpass membrari®f(2L)alis thus located about 300 kb from the telomere. To isolate
protein (Bier et al., 1990) necessary to promote théhe breakpoints of an inversion uncoverimgt and u-shaped(ush,
extracellular activation of Egfr, e.g. by the EGF-related ligand 9enomic library ~of the corresponding mutant stock
Vein (Vn) (Schnepp et al., 1996; Simcox et al., 1996; Simcox"(2L)TESS(Z)XRI3/CyQgenerously provided by Pascal Heitzler)
1997), in a process that further depends on the transmembr, & prepared il DASH 1l and screened with the most proximal

! . . CORI fragment of Y38-4 (Fig. 1A). A breakpoint clone, XR93-11,
protein Star (S) (Sturtevant et al., 1993; Guichard et al., 199 hich included the distal exon andd®wnstream region afet, about

The rho gene s initially expressed in a series of discretes yp of TE99, and approximately 1 kb of thepSomoter region of
stripes corresponding to the longitudinal vein primordia ofheushlocus (Cubadda et al., 1997), and a wild-type clomestifom
third instar wing discs and is subsequently maintained ifhe CyObalancer chromosome, XR93-8 (Fig. 1A), were isolated.
differentiating vein cells throughout pupal development
(Sturtevant et al., 1993; Sturtevant and Bier, 1995). Since aWlapping of net rearrangements
other known members of the Egfr signalling pathway aré&he breakpoint of the inversidn(2L)TE99(Z)XR93vas mapped to
expressed uniformly, localizedho activity is thought to thenetlocus by Southern blot analysis, and a clone that included the
provide the decisive clue for vein formation and to maintairProximal breakpoint was isolated form a genomic library (s. above).
vein cell fate. This conclusion is based on several observation$: agmon, the p‘?s't'°$h°f t[?e bl:ea,klft’o'”tf Vt"ﬁs tdetequgdfgecusgly
(1) absence aho activity causes loss of veins, whereas ectopicy, sequencing. 1he breakponts of the terminal deficiencies
rho activity results in the formation of ectopic veins in f(2L)PM4, Df(2L)net’, andDf(2L.)U314 were mapped by whole-

. . . . genome Southern analysis. The deviations from wild typetf and
intervein regions (Sturtevant et al., 1993; Noll et al., 19947 a0 mapped to the 0.58K&al-Hindlll fragment and that of

Sturtevant and Bier, 1995); (2) in pupal wing discsNof o7 tg the 2.0 kbHindlll fragment (Figs 1B and 2A) by Southern
mutantsyho expression expands into the intervein regions an@|ot analysis. The precise insertion sitesief<l, net., andnefMso
causes a broadening of the veins (Sturtevant and Bier, 1995; @ere determined by nested PCR with the genomic DNA of these
Celis et al., 1997); and (3) iNS; nett double mutant wing mutants and subsequent DNA sequencing.

discs,rho expression covers entire intervein regions (Sturtevant

et al, 1997). These results further demonstrate that Kolation of cDNA clonesand5 'RACE

signalling restrictsho expression and thus Egfr signalling to Nine netcDNA clones were isolated from ®50° phages of a 4-8
cells initiating vein development and suggest tiettactivity ~ hour embryonic cDNA library i\ UNI-ZAP XR (Schneitz et al.,

is required to inhibit vein-promotintho activity in intervein ~ 1993) by screening it with a 10.3 EzdRI fragment from XR93-8.
regions (de Celis et al., 1997). To clone a cDNA that includes the transcriptional start site ofi¢the

Here we show thatet encodes a novel basic helix-loop- transcript, the 5RACE technique was applied to poly(AxNA from

helix (bHLH tein that t ¢ it I4-8 hour old embryos and from third instar larvae, using the 5
elix ( ) protein that may act as a wranscriptionalsy,,ifinger RACE kit and following the instructions of Clontech. The

repressor. In wing discagtis expressed in intervein regions, RACE products of RNAs from both stages extended the lomgest

in a pattern complementary to thatrbb. Ectopic expression c¢DNA, netce2, by the same length of 19 base pairs (Fig. 2A). DNA
of rho completely represseset transcription, whereaset sequencing and comparison with the wild-type genomic DNA
expression expands into primordial vein regions in the absensequence revealed that the netcel cDNA had a frame shift mutation
of rho activity. Conversely, ectopioet expression represses that was due to the insertion of an additional A into the string of seven
rho transcription in vein primodia, whereao expression As at positions 941-947 (Fig. 2A). Hence the 0.583a-Hindlll _
expands into intervein regionsretdeficient wing discs. Thus, fragment was exchanged in netcel by the corresponding genomic
the transcription patterns of the two genes are complementalf ggleg;from XR93-8 to generate the correatedcDNA clone,

and their activities are mutually exclusive. Our results sugge ‘

thatnetis repressed by Rho-dependent Egfr signalling whilgyna sequencing and homology searches

its product In turn functions as negative regL_JIatorhm‘ and  pya sequencing was carried out on both strands ohtteDNA

the Egfr signalling pathway. Our results imply that Netpece (Fig. 2A) and the corresponding genomic DNA, including both

prevents vein development by the inhibition of Egfr signallingintron-exon boundaries and about 2.2 kb of the intron, with a DNA

in intervein regions and thereby maintains interveinsequencer model 373A using dye terminators (Applied Biosystems).
development. Searches of the data bases for similarities were performed with the



Mutual repression of netand rho 4731

WWW-based BLAST program provided by the National Center forwas cloned into th&caRl site of the P-element vector pW6, which
Biotechnology Information (NCBI) of the NIH (Bethesda, MD; carries the miniwhite gene as marker (Klemenz et al., 1987), to
Altschul et al., 1990) and enhanced with BEAUTY (Baylor Collegeproduce the construct RI (Fig. 1B). In addition, Rlla and Rllb were
of Medicine, Houston, TX; Worley et al., 1995). Sequence alignmentsonstructed by cloning the 3.3 kithd-Xhd and 3.9 kbNhd-Sal
were made using the Gelassemble and Pileup modules of the Genefiegments of phage Y38-4, respectively, with the 8.F&bRI-Nhd

Computer Group Wisconsin Package (GCG). fragment of XR93-8 (Fig. 1B) into tHecoR1/Xhd cleaved polylinker
] o ) ) ) of pW6. Each construct was injected together with pUGRsp
In situ hybridization to wing discs and pupal wings P-element helper plasmid (D. Rio, unpublished), carrying the

In situ hybridization to imaginal discs and pupal wings with DIG-transposase gene, into 30-60 min @8 or y w embryos and
labeled probes was carried out essentially as described (Tautz and transformants were selected (Rubin and Spradling, 1982).
Pfeifle, 1989), using a DIG DNA-labelling and detection kit Transformed lines whoseettransgene was not located on the second
(Boehringer) and following the manufacturer’s application manualchromosome were crossedwé!18 net flies, their progeny crossed
Prepupae and pupae were staged. The outer case of prepupae wasntat se, and the* F2 progeny screened for the absence of the net
open, and prepupae were fixed in 4% formaldehyde for at least Gthenotype.

minutes at room temperature or at 4°C overnight. For the preparation ) o

of pupal wings, the brown case and the transparent pupal cuticfeonstruction and activation of ~ UAS-net

surrounding the wings were removed, and the pupal wings werEhe UAS-nettransgene was constructed by cloning HoeRI-Xhd
pulled out and fixed in 4% formaldehyde (or 4% paraformaldehydénsert of netcedA into the P-element vector pUAST (Brand and
for RNA probes) for 1 hour at room temperature or at 4°C overnightPerrimon, 1993), and transformed lines carrying tHAS-net
DIG-labeled probes fanetRNA consisted of the entire 2.2 kb insert transgene were obtained as described above. The lines 4U16-3.5,
of netcelAA and forrho RNA of a 2.5 kbEcaRI fragment of aho- 8U14-7.1, and 9U5-1 were crossed to the GAL4-enhancer trap lines
cDNA (a gift from E. Bier). DIG-labeled antisense RNA probes wereMS1096, MS209, C765, 10 (gifts from K. Basler), hGAL4, enGAL4,
produced as run-off-transcripts foet from the netceldA template  ptcGAL4, dppGAL4, 69BGAL4 and 71BGALA4 (all obtained from the
cleaved byEcadRl and forrho from the 2.5 kbrho-cDNA clone  Drosophilastock center in Bloomington). The progeny was tested for
digested wittHindlll. No signal was detectable in wing discs or pupal ectopic net expression with DIG-labelechetcDNA probes. In
wings with a sense RNA probe foet A knirps (kni) RNA-labeled  addition, the GAL4-lines were crossedWéS-lacZ(a gift from K.

probe was kindly supplied by C. Wolf. Basler) and histochemically stained f@rgalactosidase activity
(Boehringer) or with an anfi-galactosidase antibody (Cappel). All
Rescue of net mutants these GAL4 lines strongly drive expressiometin the wing disc as

To rescue the net phenotype, the 10.EkbRI fragment of XR93-8  well as in other tissues. Since MS1096 produced the strongest vein

Fig. 1.Isolation and molecular A Df(2L)net’®
characterization of theetlocus.
(A) Chromosomal walk covering
thenetlocus. Three telomeric Df2L)U314

deficiencieDf(2L)U314

Df(2L)PM4, andDf(2L)net8 are Telomere 2L + ——H ———+  — ———+ +—+— EcoRI
mapped (filled boxes delimit the Y38-4
regions including the proximal T voem
breakpoints) with respect to a
genomicEcaRl map (twoEcaRl
fragments whose order has not been
determined are separated by a short - Y34-3

vertical line) of the chromosomal — T

region between 21A2 and 21B1. B - netPMS0

Below theEcaR| map, the distal — erkl —
portion of a 240 kb chromosomal - - n
walk (Y34-3 to Y40-8 are inserts s X R R N H |lsp HH s R
isolated from &rSBYCyOlibrary in —t — , —LH :
EMBL4: XR93-8 is a wild-type )

DNA insert isolated from a In(2L) TE99(Z) XR93 net! —
In(2L)TE99(Z)XR93/Cy@brary in —

A DASH l) is shown, which

overlaps at its proximal end with a @ 5
chromosomal walk including the :—vﬂ
region uncovered bpf(2L)al ,

(Schneitz et al., 1993) and at its

distal end with a 40 kb ’ ' Rila
chromosomal walk includintf2)gl ’ t Rllb

and the left telomere (Mechler et al.,

1985). (B) Transcriptional organization of thetgene and map of mutations disruptitet The locations of the B104 insertiorK?, the 8 kb
insertionneX” (mapped to the 2.0 KHindIll fragment),nefM30, as well as of the smaiket duplication and of the distal breakpoint of the
inversionIn(2L)TE99(Z)XR9&Incoveringnetandush(personal communication and kind gift from P. Heitzler), are shown with respect to an
enlarged restriction map of thhetgene (as defined by the three fragments indicated at the bottom, RI, Rlla and RIIb, that were tested as
transgenes for rescue of thetmutant phenotype) and its intron/exon structure below (open reading frame in blackgf™i8allele is a lost
P-element insertion that was kindly provided by C. CaggesHirdi{l), N (Nhd), P(Pst), R (EcaRl), S Sal), X (Xhd).

Df(2L)PM4

i RI
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A
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5" end of netcel
aatccgtcaéaactttcgti‘:gtgaacagt::gtgctccgg(-:cagaagattl-:tacgagaaal:.cgtgaaaata.laaaagttctéataagttgaégatagtgccéaagctcacaéacggcttaaé
caaaccacaaattaaaaaagtgcocctttaaacaatacgtgacatttcaataggtttatgttaacataaagecocecgtaattgtgaataaataaaatataagecccacaaaactattcaaatace

s F A A M ADNTMNTEE KL Y M QL 5 A S5 E L S8 A I I M K
gttttcggatacgegotacttttaaagttocttgaATGTCCTTCGCGGCTATGGCGAATACCARACACAGARAAACTTTACATGCAACTARGCGCATCGGAATTATCAGCAATTATTATGAR

intron
_—

[ Db s PN S N DRDAGTFTCSASSESE G GDDILV VEUHA ARUSTGSPDTIRP K
AGATTCACCCAATTCCAACGACCGTGATGCGGGTTTTTGTTCCGCCAGTTCGGAAAGCGARGGCGGAGACGACTTGGTCGTCGAGCACGCGCGCAGTGGCAGTCCCGACATCAGACCARA

29

69

361
G T pb s A DS K P I ALV R RWMNI KU RIE KS S EPF KV V GGL TTWPMNGSZEK S5 MP G P P 109
481 AGGAACAGACTCGGCGGACTCCAAGCCAATAGCCCTTGTCCGCAACAAACGCAAGAGTTCGGAACCCTTCARAGTCGTAGGTTTGACGACTCCCAACTCTAARATCCATGCCTGGTCCTCC
5 S A S M N AT GPIL K KU RTIU RYTSSADSAVYVY UV ILTVPPA ATIUDSUPZPPMNS C 149
601 GTCCAGTGCGAGTATGAATGCAACTGGTCCGCTAAAGAAACGCATACGATACACATCTTCCGCCGATTCGGCAGTTGTCCTAACGCCACCAGCCATAGACTCTCCACCGCCCARCAGTTG
Pstl
I P S TL RULQHE I MPMNPAMHETI Y V RHP GV TTILHR RS L A A HPE Q L E 189
721 CATACCTTCCACGTTGCGCCTGCAGCATGAAATAATGCCTAATCCGGCACATATATATGTTCGCCATCCGGGAGTTACGACTCTTCACAGATCGCTTGCTGCCCACCCAGAACAGCTGGA
Sall
P L A L V TT XK K @ CVD QAU GU?P XK I EAVF S AULL I G K QP S A K EKTL K E R 229
81 ACCACTCGCATTAGTAACGACCAAAAAGCAATGTGTCGACCAAGCGGGGCCTARAATAGAGGCCTTTTCCGCATTGCTAATTGGAAARCAGCCATCCGCCAAMAAAACGTTGARGGARALG
netk!
T Q KE S TS S S F LEAGSTULSDETDTLUNTE KTGGTILATPTISRPUHUOQIHUOTRIDNY K N 26
%1 GACGCARAAAGAATCAACGTCATCTTCCTTTTTAGAAGCTAGTCTTAGCGATGAGGATCTGAACAAGACGGGATTGGCACCAATTTCGCGACCTCATCAACATCAACGCARTTACAAGAA
net! net PMS0
M T R E[R R I E[A N A R E R T R Vv H T I 8§ A A Y E T L R Q A V P A|Y A S T 0 K L 309
1081 TATGACTAGGGAGCGCCGCATTGAGGCGAACGCACGTGAACGGACCCGTGTACACACCATATCCGCCGCCTACGAAACGCTCCGCCARGCTGT TCCAGCCTATGCCAGCACTCAAAAACT
5 KL §8 VL R VvV A C S Y I L T L S R MAGEUDTY S ADOQS SV P S I ATTCTULE A V 34
1201 TTCCAAACTCTCCGTTCTTCGGGTAGCGTGTTCCTATATACTAACCTTAAGTAGAATGGCTGGCGAGGATTACAGCGCCGATCAATCCGTACCGTCCATTGCCACGTGCTTAGRAGCTGT
T 5 T I © T E G K V K R K K D E stop 365
1321 ARCATCAACCATCCAARCGGAGGGAAARGTGARACGAAAGAARGACGAGTAAtctgtccagtttegtggataacttacttttttagactttaaatgegactgatttetgotatttttttt
HindIII
1441 aaatatttgtgcttaagcttagattaatctgcatacagcattectatccacatgetttgattetttgecagaagtggectaatagetttaaaagttttcaaggetttgttagatatacag
1561 acttcatgagtttaaaaaaaaaaaatttaagtatgcctgcatacaatttgtatttgatattgacattgttatgaataaatactagegatgtgatcataatttaatetetacctacagaaa
1881 cattttagtcagtacaaaaagtcaacgccatctatgtgocgagtgtataaaaagacaataatcggecatecttaaaacctatgtaaatgacaataatgtaaactatatatttacctaaaaaa
1801 gtttcagtttcttgtttoccaacaggatttttatatcaatttacaagtttttaaaagaatctttgecaaaatgttgtaatttecaccatcaactttagttaccttagggetgaatatgaaaa
1921 tgtatatttttitacatgtacctctataataagatcaattcttecttttgegaattgoatacaacagagataatcagtagtaattaaaaateccgtagttacgaaattaaataaagaattta
2041 acaaatttc’aqtttatgtaaqtaag:_tqtagacgtttcctcttcaattgtaatctcattgttttqtatacattgatatatttgtacccatgtatacattcataagtgtacqtgccataqaa
2161 tcaggaaataccccaaacttactat 2185
B basic helix 1 loop helix 2
e — i 5 7
Net D.m. NMTRELSAIEES NI MATERYH TISALINERQMAIAN . . . . . . . JBAYAST . . v v v v v e v v o« QLEAERUL S VIRAVENIC SP@IL TIASRMAGEDYSA
NDFf Homo ERFKLESAIMKERESSRANEME LA L DNk VY. . .. .. .. dCYSKT . o v v v v v enen s ]
Dei D.m. PLSKYLEIK TERENIRITIMR E TRITESE LB AAHCYY . . . . .. .. I JEAIKGEDAANT. . . . ... NELSATIY
Twi D.m. DEF S NQEIvMERIVIS:Ad0)lT 0 SLRIDESIK SO 1. . . . ... .QJTLPS. ... ... ... ... .DLSNRS
Ato D.m. VVKREERAL AESERF-RAR M O N LRI O ERAD RN v ceersaadCLG. ... ... ... ... . NDROMERAEERSA0 MEND TESYS AJAG DIRAR
ATH1 Homo GVOKOEEIL AEREN:IRIRIMHGLEHINIDOMINVEI . . . . .. .. JdsFN. .. ... . . NDEEI AR YR FAOMINO IVSINAASE)BAOTPS GG
LYL1 Mus PoRVALRIVF TRISE3AAw)d0 o HERIGENYAEMMIKLE . . . . .. . .BHTHPP. ... ... ... ... . DRESEDINIVIRILIAM KFS4G FIAVRIMARDQTAV

ASH1 Homo PAAVALSS. .

U ANEAYK LB GIARRMAEHRY . . « « o « « BNGAR . . v v v v v oo s s v « NEOAMER QS-SRI SHAVEFSIR AMMOQIBADEHDAV
Ase D.m. POAVAERS]. . . RESGSRANEAUKOVEINGIJALIBIEKT . . . . . . .. I JEEVSEAFEAQGAGRGAS . . 99N AL SN IMEANVENSIR SIAEK|RAGFDF PP

Ac D.m. GPSVIEEL. . . LERSFINEAYKOUSINGIAS O)AHT . . . . . . .. AAVIADLSNGRRGIGPGAN ME\WWEMSIRRAOKVIAHENDQQ

L'sc D.m. LPSVARSY. . . RERSRINEAMEK QNN GIAVNIREOHL . . . . . . . eo s LSRN AUDESAUIFIVERSIRGHAODMIADDGTA S
Sc D.m. SOsSVvORad. . REREBINERYKOMVBIN SIFARIBAVHT . . . . . . . . POSIITDLTKGGGRGPH. . . QIR QUDUSAIATEAVEFSIR SIAODIAVDDLNGG
MYF5 Homo ST TMDEEAKAFN RERIURIFESUVNIIA F E T L 4T ok o ok o o > . ORIAPLASATIM:ANENT RYSAE SIAOEIBAREQVEN
MyoDD.m, SVTVDERIKAEN REREIR VNAFEBL RRTSSN. ... PRI « | INIEESBDQESSTT
MYOD Homo T TNADEIHK ALY LR AREIL S KURIEEY R FPARRCTSSN . . . . eeea e QRIPUASATINHNIITI REQIE GIAOAIRARDODA R

Da D.m. IREKEEEI0ANEES3BAIITRD

BIEL\LKEMGRMCMTHLESDERIO . + + - v v v v v o

LG IMNMEIWVE VM TIIEQQVWRERNLN

Myc D.m. ADTIEREYN oERr HEEIoEI cER NLPE AFMEK Q ........TIRDKERAP..............EVNREAKLCIQTQEEKELSNQ
MYC Homo TEENVERIR TERIVINBA0NSINELKRSIYFAEIDOR,. . . .. ... dELENNEKAP . & o v v v v v v nnnn VVESAK KIATAFFIL SYQAEEQKLISE
MAX Homo QSAADKIAHLR A RAKERAD HKDSYHSIADSY . . . . . . .. IdSLOGEKAS . « v v v v v v v e nnn e RAQPSAD KEATEFSIO YMRRKNHTHQQD
USF1 Homo TRDEERESAAQERIEVIIARIFIDKIFINWIVOMSKIE. ... ... . |DCSMESTKSGQS. ... .......[dGG}RASKINCD}SIDERQSNHRLSEE
CBF1 Yeast EWKEKQEIKDSEIKEVERARIFIENIQITAINVIASDLE. . . . ... .ldVRESS . ... ... covvssssas. JJARRSRAREVAEFRIOKAKETDEANIEK
Sim D.m. MEEKSK[aA .BTERIEkERITEQCcEMARKLE. . . . . ... JALPAAITSQOLDKAS . « o v v v v u v VIRLTTSYLKMRQVFPDGLGEAWGS
Q [ ]
H D.m. ISR RRENKPIMEKRRRARINEICLEIE L KL I LpJARK K DM PEIR H 5 K L E | KADILEJAT VK HL[JL O R[JOLS-SITIF-Y
Dpn D.m. ERSNAAR[B K P IMEKRRRARINEICLEE LKEL I LIJARNIK K DM PEYR HEJK L E |, KADILEQT VEKHLIEN]IO R OINITFSL]
HES1 Mus kP YA IR EEKPIMEKRRRAR I NEELED|L KEYL I Lp]Aj# NN K AD ILEQIT VK HLERIL O REVOUE WS A
E(spl)mb D.m. KT Y Q YRIKVMESIMERIR KEY:E.9: 38| K[BAD[RR 4D ECLTQ BN K AD I LEMT VE HTESAL N REV O3 :3 4]
Emec D.m. NASGRIQRHPTHRGDGENAE[QKMYLEx#SEo[AY. ...... . BQrvErEER3EE . - - . - - . . - - . . . .BrEEIFEREEERICEITPITELETHPEM
ID1 Homo AGARLPALLDEQQVNVLLYD GCYERIAUEIAY . . . . .. . BETLIFOREEGYS . . . . . ... ... .. JAVERSAEA S RSIRIBMILELNSESEV
D2 Mus GISRSKTPVDDPM. .SLLYNURIDCYEIKIBAEIRY. .. ... .. ERA P W] MK v T [, MERSA S A RS IALDSHPTI

Fig. 2
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Fig. 2.cDNA and protein sequence of thetgene and sequence from C. Caggese and P. Heitzler. ThAS-rho line was kindly
comparison of the Net bHLH domain with those of other provided by C. Klambt; GAL4-enhancer trap lines MS1096, MS209,
(b)HLH transcription factors. (A) Sequencenaftexons and Net C765, 10 and thgAS-lacZline were supplied by K. Basler; abhS-

protein. The nucleotide and putative amino acid sequences derived kni andUAS-knrlby R. Schuhpx’2by S. Hayashi. hGAL4, enGAL4,
from netcel, SRACE, and genomic DNA sequences are shown. TheptcGal4, dppGAL4, 69BGAL4, 71BGAL4 arldAS-DrasY12 net,
bHLH domain of the Net protein is boxed and prolines of the Pro-  px., ri, wt18andy wstocks, as well as the enhancer trap |lpeB83292
rich region (amino acids 100 to 164) are shown in bold letters. The (synonym: bd(@0326) and bd(@k07909 \were obtained from the
positions of the 2.75 kb intron, the B10&K! insertion (the Bloomington and Umea stock centres.

preceding 5 bp are the duplicated target site), the 24étbp

duplication (the preceding 244 bp are duplicated), and the P-element

insertionnefM50 (the preceding 10 bp were duplicated in this lost

allele) are indicated by vertical lines below triangles. Then8 of RESULTS

the sequencedetcDNA, netcel, is marked by a vertical arrow. The

last nucleotides of two cDNAs whose transcript was cleaved after thilolecular identification and characterization of the
underlined canonical poly(A) addition signal AATAAA are net locus

encircled, while the third encircleq poly(A) addi;ion site, four)d in all Cloning of thenetgene was initiated by positional cloning. We
otlher cb dNAI.S' OO‘I’C“F;S atft_ei_a p“.ttat"’ehnonc‘."‘”g"Ci'BAAAT.A ds."gr:a:j started a chromosomal walk from the distal breakpoint of the
(also underlined). Restriction sites shown in Fig. are indicated. deficiency Df(2L)al (Schneitz et al, 1993), which

The GenBank Accession number for the nucleotide and amino acid | Th K ded distally b .
sequence of theetgene and its mutant alleles is AF303350. (B) Net complementsiet The walk was extended distally by screening

is a bHLH protein of class A. The Net bHLH domain is aligned with 9€nomicA phage libraries for overlapping inserts until the
those of class A (NDF1 to Da), class B (Myc to Sim), and class C  lethal(2) giant larvadocus at the left telomere of the second
bHLH proteins (H to E(spl)), and with those of non-basic HLH chromosome was reached (Mechler et al., 1985). To delimit the
proteins (Emc to ID2). These four classes have been defined by ~ netgene within the cloned genomic DNA, we took advantage
Ohsako et al. (1994). Class A proteins, which includeAthé of chromosomal aberrations including terminal deficiencies
products (Campuzano et al., 1985), bind to CA(C/G)CTG target  that either complement or uncoveet As illustrated in Fig.
sites, act as t_ransc_riptiona_l ac_tivators, ar_1d lack an arginine in positiopA, the proximal breakpoint of the deficienBf(2L)U314
13 of e il eglon, Wl = presert 1 claes B s CHTOISNS which complementmet is located distal 10 the proximal

y ; P reakpoints of the larger deficiencieBf(2L)PM4 and

target sites, but do not bind to class A sites, a property that is base .

on the specific interaction of an arginine residue at position 13 in th f(2L)neﬂ8, thh of Wh'Ch_ uncovemet Hence, fit least part of
basic region of class B bHLH domains with the G4 nucleotide of ~ the netgene is included in the 30-40 kb region between the
class B DNA binding sites (Ferre-D’Amare et al., 1993). Class C (orProximal breakpoints ofDf(2L)U314 and Df(2L)PM4. To
proline-bHLH) proteins, which have a proline residue at position 6 ofdentify net gene sequences, we analysed this region in the
their basic region (indicated by an open circle), act as transcriptionaspontaneous mutantset, net!, nef’ by Southern blot
repressors and include proteins encodebdigy (h) (Ohsako etal.,  analysis and cloned the distal breakpoint of the X-ray induced

1994; Barolo and Levine, 1997) and tehancer of splicomplex inversion In(2L) TE99(Z)XR93 previously shown to uncover
(Delidakis and Artavanis-Tsakonas, 1992; Knust et al., 1992) as weILIJSh andnet (P. Heitzler, personal communication).

as their mammalian homologue HES (Ishibashi et al., 1994). Class C Molecular lesions associated with the mutant alleke!

proteins also have an arginine at position 13 of their bHLH domain andnet. affected the same 0.58 Eal-Hindlll DNA fragment

and bind to both class B and class C (CACG(C/A)G) sites, whereas Fig. 1B d hat it includes f - | f
class B proteins bind only weakly to class C sites. Class C proteins (Fig. 1B) and suggest that it includes functional sequences o

further include a C-terminal WRPW motif known to interact with the the net gene. Using a DNA probe overlapping with this
co-repressor groucho. Members of the last class lack a basic regionfragment, we isolated nine cDNAs derived from a single 2.2
and hence cannot bind to DNA by themselves, but are able to form kb mMRNA expressed in embryos, larvae and pupae. To confirm
heterodimers with class A or class B bHLH proteins and hence act dbat this transcript is derived from thetgene, we attempted
dominant-negative repressors by dimerization with bHLH activator to rescuenetmutants to a wild-type phenotype by P-element-
proteins. Proteins have been aligned to maximize number of amino mediated germline transformation. The first rescue construct,
acid identities (black background) and homologies (grey RI, which extended about 0.4 kb beyond tiet inversion
background) that have been conserved within a given class. breakpoint ofn(2L) TE99(Z)XR94n the downstream region of
the 2.2 kb transcript (Fig. 1B), showed no rescue ofntite

suppression in wings when combined withJAS-net only results ~Wing phenotype. A rescue construct including additional
obtained with this driver line are reported. Combination of a rhoGALZOwnstream sequences, Rlla, rescued about 45% or 80% of the
line (gift from C. Klambt) withUAS-netcaused embryonic lethality flies to a wild-type phenotype when present as one or two
and hence could not be tested for vein suppression. copies. Finally, th@etwing phenotype was rescued in all flies

_ _ harbouring a single transgene, RIlb, which included an
Mounting of fly wings additional 0.54 kb of downstream sequences (Fig. 1B). These
Wings were removed from flies stored in 70% ethanol, transferreghgits suggest that the 2.2 kb mRNA encodes the Net protein

directly into a drop of Advantage Permanent Mounting Mediag,q that downstream sequences of the gene are necessary to
(Innovex), covered with a cover slip and photographed under b”ghBrovide ropenet activity in wing discs
field optics through a compound microscope. prop y 9 )

Drosophila strains The net gene encodes a novel bHLH protein

Df(2L)net8/Cy0, Df(2L)U314/CyQ nek’/CyO, and nef! stocks ~Sequence analysis of theetcDNAs and mapping the
were kindly provided by B. Mechlebf(2L)PM4/CyOandnefMs0  transcriptional start site afetby 5 RACE showed that the
stocks, and thén(2L)TE99(Z)XR93/CyQtock were generous gifts longest cDNA is nearly full-length, missing only 19 bp at its
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Fig. 3. Expression ohetandrho mRNA in late third instar
wing discs and pupal wings of wild-type amet” mutants.
(A-E) Expression patterns aetandrho in developing
wild-type wings. Expression patternsradt(A,D,E) and

rho (B,C) transcripts were analysed by in situ hybridization
of DIG-labeled probes to late third instar wing discs

(A,B) and staged pupal wings (C-EBgttranscripts appear

in intervein regions of the wing pouch (A) and are excluded
from vein primordia (B) whereho transcripts accumulate

in wing discs (the wing margin (M) and the positions of L2
to L5 are indicated). Expressionmétalong the wing

margin (A) is flanked on both sides tho expression (B).
Note that absence oBtRNA from L2 is unclear only
because L2 is out of focus in (A). Pupal wings at 28-30
hours APF (at 22°C) have refined th&io expression from
proveins to the narrow veins (C) shortly before expression
in crossveins appears. At an earlier time (24-28 hours APF
at 22°C), pupal wings expresstalong the boundary

regions between veins and interveins (most prominently
along L1 and L3-L6, more weakly along L2) and along the |
wing margin, bubetis repressed in proveins and the wing ¥
margin (D). At a slightly later time (28-32 hours APF at
22°C),netcontinues to be expressed weakly in all intervein
regions, but remains repressed in all proveins (E). (Rettl)
(G) andrho (F,H) expression patterns in late third instar
wing discs (G,H) and pupal wings (F) of
INn(2L)TE99(Z)XR93/Df(2L)né&t animals. Note that no
expression ohetis detectable in the entire wing pouch of
these animals (G, label marked by asterisk is located in
ventral pleura and hinge region below the plane of focus),
butnetis expressed ectopically in notum (n), dorsal hinge
(h), and ventral pleura and hinge regions (arrow and
asterisk). Pupal wing blades of thestmutants also
completely lack staining for the DIG-labelledtprobe

(not shown)rho expression expands into intervein regions
of wing discs (H), with the exception of that between L3
and L4 (arrow). In pupal wings (26-30 hours APF at 22°C), S T
rho expression is confined to veins in proximal and medial Y net UAS-net
regions, but still expands into intervein regions in the distal

parts of the wing except between L3 and L4 (e.g. into a region delimited by the broken line in F). (I) Endogenous anxipeessiin @het
under the control d1S1096in late third instaMS1096+; UAS-net+ wing disc. Note thatetis ubiquitously expressed in the wing pouch with
the exception of the wing margin (M). The same pattern is observeubftanscripts, wherho is expressed under the contro§1096
Arrows in C,D,F mark tracheae. In C-F,H, the position of longitudinal veins L1 to L6 are indicated. Wing discs are shdveir withttal

side to the left and anterior upwards (A,B) or with their dorsal side upwards and anterior to the left (G-I). Pupal wiogsasls anterior
upwards and proximal to the left.

5 end, and thahet codes for a single 2.185 kb mRNA (Fig. at specific positions of their bHLH domains. The Net protein
2A). Sequencing the corresponding genomic DNA revealets most closely related to bHLH proteins of class A, encoded
that thenettranscript consists of two exons that are separatebly proneural genes likaetonal (ato) and those of thAchaete-

by a 2.75 kb intron and include one large open reading framseute ComplexASQ (Fig. 2B). However, in contrast to class
of 1095 bp. All isolatechetcDNAS terminate at one of three A proteins, which act as activators, Net contains a proline-rich
different positions within the '3untranslated region of the domain in its N-terminal moiety (20% Pro between amino
transcript and include a short polyA track at théields. As acids 100 and 164; Fig. 2A), which is characteristic of several
most of them end at the same position shortly after a putatiteanscriptional repressors (Cowell, 1994). Diagnostic domains
polyA addition signal that deviates from the canonicalor motifs other than the bHLH and proline-rich domains have
sequence, it appears that this signal is functional (Fig. 2A). not been found.

The open reading frame encodes a polypeptide of 365 aminoFor a more detailed analysis of the molecular lesions in
acids including a basic helix-loop-helix (bHLH) domain, mutant net alleles, we amplified genomic DNA from
which suggests that the Net protein is a DNA-bindinghomozygousief! andnet flies by PCR. Sequencing revealed
transcription factor. The large superfamily of bHLH thatneK! was an insertion, associated with a 5 bp target site
transcriptional regulators has been subdivided into threduplication, of the B104 transposable element at position 1041
different classes (Ohsako et al., 1994). Members that belong ¢ the spliced net transcript, whereasief was a small
different classes bind to similar but distinct DNA recognitionduplication after nucleotide 1105 of the preceding 244 bp (Fig.
sites, thought to reflect characteristic differences in amino acid?). The B104 insertion interrupted thetopen reading frame
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Fig. 4. Wing phenotypes afietgain-of-function anaho
loss-of-function mutants are similar, and the dramatic wing
phenotype caused by ubiquitat® activity is suppressed by
ubiquitous co-expression oét (A) Wild-type wing with -
designations of longitudinal veins (L1-L6), anterior (acv)
and posterior crossveins (pcv), and intervein sectors
(A-E). (B) Wing of anetnull mutant,
IN(2L)TEQ9(Z)XR93/Df(2L)n&k, in which ectopic veins and
plexi are most prominent in distal portions of sectors B and
D and slightly less abundant in sectors A and E. This C D
phenotype is indistinguishable from that of homozyguets g
andneK! mutants. (C,D) Wing of MS1096Y; UAS-
net/UAS-nemale (C) is compared to that often® mutant
(D). Two doses of theJAS-nefgain-of-function transgene, z ~
expressed ectopically under the controM81096 suppress . ,
the distal portions of L3-L5 and produce a wing phenotype <o e
very similar to that of theho loss-of-function mutantho"®.
(E,F) Wing of aMS1096+; net; UAS-net+ female (E) is E F =
compared to that of the GAL4 driver liMS1096/MS1096 | .. s = T -~ <o =
(F). One dose of theetgain-of-function transgene still S SR .

suppresses the distal part of L5, is able to completely ) - K B
suppress thaetnull phenotype ohet and the weak vein :
phenotype of the MS1096 driver line (except its loss of the : ~
anterior crossvein), which lacks the anterior crossvein,
affects the posterior crossvein, and displays few ectopic
veins (arrow in F; Milan et al., 1998), but hardly suppresses
the distal half of L4 as observed for two doses olUAS-
nettransgene (C). (G,H) Wings MS1096+; UAS-rho#
(G) and 0MS1096+; UAS-net/UAS-rhonutants (H) are ;
compared. The dramatic wing phenotype resulting from thek
ubiquitous expression &fAS-rhounder the control of
MS1096 which transforms the entire wing blade into vein-
like tissue of dorsal and ventral epithelia that fail to adhere
(G), is suppressed to give rise to a nearly wild-type wing
phenotype (H; only deltas between L3 and L4 (arrow) remain), WiASinets co-expressed witdAS-rhoduring wing development. All
wings are oriented with anterior upwards and proximal to the left.

net!sUAS-net/+ ' MS 1096

UAS-rho/+ UAS-net/UAS-rho

by several inframe stop codons and thus produced a Net proteih, 1993). The complementary expression pattermetdnd
truncated just before its bHLH domain (Fig. 2A). The 244 bprho were maintained until the pupal wings had developed and
net duplication also generated several inframe stop codonsxpression ofho was being restricted from seven- to eight-cell
truncating Net in the basic region of the bHLH domainwide stripes of vein-competent provein cells to the narrow two
(Fig. 2A). Assuming that bHLH-dependent DNA binding isto three cell wide stripes of future vein cells (Fig. 3C;
essential for Net function, we conclude that butf! andne  Sturtevant et al., 1994) in P1 pupae (Yu et al., 1996). Shortly
are lack-of-function alleles. These findings and the completeefore this P1 pupal staggtexpression was enhanced along
rescue by the RIllb transgene of the net mutant phenotypke wing margin and in regions flanking proveins (Fig. 3D).
demonstrate unequivocally that the 2.2 kb transcript encod&uring P1 and the subsequent P2 pupal stage, when crossveins

the Net functions. are recognisablejet was expressed in the intervein regions,
o ) ] but continued to be repressed in the broad provein stripes (Fig.

net expression In intervein regions of the 3E). After 30 hours APF (after puparium formation) at 22°C,

developing wing disc and pupal wing net remained repressed in proveins while its expression in

Northern blot analysis showed that the 2.2kkranscript was  intervein regions was considerably reduced (not shown). Thus,
expressed during all stages of theosophilalife cycle (not net and rho expression appeared to be mutually exclusive
shown). In situ hybridization of aet cDNA probe to whole- during the entire development of the wing althouggét
mount embryos (not shown) and imaginal discs revealedxpression did not expand whem expression was reduced
complex expression patterns. As, during development, tht® the narrow stripes of vein cells in P1 pupae.
putative net lack-of-function alleles cause discernible defects o o
only in the wing, the specific expressionneftin the embryo  net activity represses  rho transcription
may serve a redundant function. Therefore, iteefunction  In homozygouset wing discs,rho is ectopically expressed
was analysed only during wing development. in broad domains, alternating with areas devoid riod

In wing discsnetexpression was first observed in early thirdexpression (Sturtevant and Bier, 1995; Sturtevant et al., 1997).
instar larvaenettranscripts were confined throughout the thirdTo determine if this pattern oho expression in wing discs
instar to prospective intervein sectors and to a narrow regiaeflects the null phenotype okt mutants, we examineiho
straddling the wing margin (Fig. 3A), but were excluded fromexpression inIn(2L)TE99(Z)XR93/Df(2L)n&t wing discs,
primordial wing veins expressirtno (Fig. 3B; Sturtevant et which fail to expressetin the wing pouch (Fig. 3G). These
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discs displayed the sanr@o expression during larval and after ectopic activation aJAS-rhoby MS1096 Indeed, in such
pupal stages as described famtt mutants, i.erho expanded discs, which expres$io strongly in almost the entire disc (not
into all intervein regions with the exception of the sectorshown, but the pattern is identical to thamnet transcripts in
between veins L3 and L4, but the effect was most pronouncéddlg. 3l), nonet transcripts were detectable (Fig. 5B), which
in the distal intervein regions B (between L2 and L3) and Dlemonstrates that ectopicho expression represseset
(between L4 and L5) (Fig. 3F,H). Hence, it appears tleat transcription. It appears that in these wing discs all intervein
represseeho in intervein regions of the wild-type wing, except regions develop as veins, since the resulting adult wings have
in the region between L3 and L4. These effectsatfnutations  a tube-like appearance and consist entirely of vein-like tissue
onrho expression are consistent with the null phenotype in thé~ig. 4G; Guichard et al., 1999). This phenotype is much
wing blade ofIn(2L)TE99(Z)XR93/Df(2L)n&t flies, which  stronger than that afet null mutants (Fig. 4B). Ectopic Rho
show ectopic veins most frequently in the distal interveirprotein suppresses intervein fate in regions where such a fate
sectors B and D (Fig. 4B). Thiset null phenotype is is independent ohet expression. Hence, we assume that in
indistinguishable from that ofief and nef! mutants (not these regiongho represses intervein-promoting and vein-
shown), which confirms our assumption that the bHLH domaisuppression genes that are different fr@fand thus activates
of Net is indispensable for its function. vein-promoting genes. These genes may show partial
To test if Net acts as a repressorriod transcription, we redundancy withnet functions in regions in which their
expressednet ectopically in wing discs by means of the expression overlaps with that oét
GAL4/UAS system (Brand and Perrimon, 1993). When To investigate further whetheno mediates its repression of
activated by the GAL4 driver line MS1096, a GAL4 P-elemeninet through activated components of the Egfr signalling
insertion at thé&eadeXocus (Rgrth, 1996; Milan et al., 1998), pathway, constitutively active Ras protein was expressed in
UAS-netwas expressed nearly ubiquitously in the wing pouciMS1096#+; UAS-Dras¥1%+ wing discs. As evident from Fig.
(Fig. 3I) and widely repressedho transcription (Fig. 5A), 5C, constitutive Ras activity produced overgrown wing discs
which displays a pattern similar to that in homozygdw@®  that fail to expresset Although the adult wing phenotype
discs (Sturtevant et al., 1993; D. B., H.-P. L., H. J. and M. Ngould not be observed in these flies because they die as early
unpublished). Consistent with this effectrbio expression, the pupae, ectopic activation of the Ras/mitogen-activated protein
wing phenotype ofMS1096/Y UAS-netflies was almost kinase (MAPK) signalling pathway in wing discs has been
identical to that of homozygouko'eflies (Fig. 4D): the most shown to give rise to ectopic veins (Karim and Rubin, 1998).
distal part of L3 and the distal half of L5 were missing, whileThese results illustrate that ectopic expressionrhaf or
the distal part of L4 was also absent or interrupted by gaps (Figctivated components of the Egfr signalling pathway represses
4C). In contrast, L2 was wild type (Fig. 4C) except inthe transcription ohet and presumably of additional vein-
occasional flies, in which its most distal part was missingsuppression genes, and suggest that their repression is a
althoughrho expression was clearly absent from L2 proveingrerequisite for vein formation.
(Fig. 5A). In addition, wings in whicmet was ectopically Wing discs in which Ras is constitutively active accumulated
expressed during development were smaller (Fig. 4Chigh levels ofrho transcripts in intervein regions (Fig. 5D). In
Interestingly, when the dosage MS1096and UAS-netwas  contrastrho expression was disrupted in wing discs and pupal
reduced to one copy inet females, theet phenotype was wings that are homozygous fdro'e (Sturtevant et al., 1993;
rescued (Fig. 4E). The suppression of distal L5 formation wab. B., H.-P. L., H. J. and M. N., unpublished, but pattern similar
independent ofet (not shown), while L4 was no longer to that in Fig. 5A). In such discagt transcription expanded
suppressed at the reduced dosage. The absence of the antenitar the vein primordia of third instar wing discs (compare Fig.
crossvein (Fig. 4C,E) was not caused by the ectogic 5E with Fig. 3A) and remained expressed ectopically in the
expression, but induced by tMS1096driver in the absence distal portions of L3 to L5 of pupal wings (Fig. 5F), where vein
of its UAS-nettarget (Fig. 4F; Milan et al., 1998). development was suppressed (Fig. 4D). This result is
We conclude that Net is able to repress the transcription @bnsistent with the observation that ectopic expressioreof
rho in the wing pouch, bunet activity is crucial for the was able to repress vein formation only in regions (Fig. 4C)
repression ofrho in wild-type discs mainly in the distal where vein formation depended dmo expression (Fig. 4D).
intervein sectors A, B, D and E. Repressiomhaf by ectopic  These findings show thaetandrho transcripts accumulate in
Net has no effect on the proximal portions of wing veins andnutually exclusive patterns in developing wings, and specify
in most flies, on L2, which is consistent with the phenotype ointervein and vein precursor cells, respectively. Thues,
rho¥® mutants, demonstrating that vein formation completelyexpression is negatively regulated by Egfr signalling and, in
depends onrho activity only in the distal portions of turn, repressesho expression.
longitudinal veins L3 to L5 (Sturtevant et al., 1993; Fig. 4D). Finally, UAS-net and UAS-rho were co-expressed
o o ubiquitously under the control &1S1096 Surprisingly, while
Rho and Ras activities prevent  net transcription ubiquitous expression of eitheetor rho in developing wings
Ectopic expression aho under the control of a heat-inducible generated curved wings with suppressed distal L5 (Fig. 4E) or
promoter during late third instar or early pupal developmentube-like wings composed of vein-like tissue (Fig. 4G),
causes broadening of veins and ectopic vein formatiorybiquitous co-expression afet andrho resulted in a nearly
whereas absence or reductiontod activity, or impaired Egfr-  wild-type wing blade (Fig. 4H). Since the ubiquitous
dependent signalling, generates the complementary phenotymxpression of Rho, which is under the controM$1096 is
i.e. loss of vein structures (Sturtevant et al., 1993; Fig. 4D). Tmdependent of Net, this result indicates that Net represses, in
test if the development of ectopic veins is linked to theaddition torho, other vein-promoting genes downstream of
repression ofiet, nettranscription was examined in wing discs Rho in Egfr signalling. If this were not the case and the only
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A rho B net C net

Fig. 5. Opposite effects onetandrho expression in mutant
wing discs expressingetor rho ectopically, and ectopic
expression ohetin the absence aho activity. Expression
patterns ofho (A,D) andnet(B,C,E,F) transcripts were
analysed by in situ hybridization of DIG-labelled probes to
wing discs of MS1096/H#JAS-net/UAS-ndA), MS1096/+;
UAS-rho# (B), MS1096/+UAS-Dras¥1%+ (C,D) andrhove
(E) late third instar larvae, and tate'® pupal wing (F).

(A) rho expression is repressed by the ectopic expression o
netin the wing pouch except in two stripes flanking the wing
margin (M). (B-D)netexpression is repressed in the entire
wing pouch by the ectopic expressiorrtod (B) or the
constitutive activation of Ras1 (C), which activates
ubiquitously in the wing pouch (D) and generates
hyperplastic discs (C,D). (E,F) thov®animals that lackho
activity in most of the wing pouchiio expression similar to
pattern shown in Ayetis expressed ectopically in all vein
primordia of third instar wing discs, although not at the sam
level as in intervein regions (E; positions of L2 to L5 are
indicated), and remains expressed ectopically 26-28 hours

UAS-rho

E ; net

]

APF (at 22°C) in the distal portions of pupal wings (F; distal ~

to broken line; arrow marks trachea), where vein ;

development is suppressed (Fig. 4D). All wing discs are #

shown with their dorsal side upwards and anterior to the lef

(A-E), the pupal wing is shown with anterior to the left and o A
UAS-Drasl rho

proximal upwards (F).

function of Net was to repress the endogemuesgene, we  proper vein development and the suppression of intervein fate
would expect the same phenotype after ubiquitous cdn vein cells (Gabay et al., 1997; Guichard et al., 1999). In the
expression of Net and Rho as after ubiquitous expression absence of Egfr signalling, either in clones mutant for the
Rho (Fig. 4G) rather than the nearly wild-type wing observedrosophilaEgfr (Diaz-Benjumea and Garcia-Bellido, 1990b)
(Fig. 4H). Therefore, Net suppresses vein development iar in wings ofrho'e vn! flies (Diaz-Benjumea and Garcia-
interveins through a control that consists of at least two tier&ellido, 1990a; Sturtevant and Bier, 1995), veins fail to
one repressingho, the other interfering with the activation of develop and assume an intervein fate.
vein-promoting genes downstream of Rho-enhanced Egfr Our results show that a counterpartrbd is net whose
signalling. Curiously, although ubiquitous expression of Net igranscription is confined to intervein sectors of third instar wing
able to suppress the effect of ubiquitously co-expressed Rho dliscs. Absence afetactivity in third instar wing discs results
intervein regions, it is unable to repress vein development im derepression atho in all intervein regions except sector C
veins. It follows that differences between future vein andand initiates the formation of ectopic veins. Conversely, in the
intervein regions exist that are sufficient to correctly determin@absence ofho activity, netis ectopically expressed in vein
vein versus intervein fates in the presence of an excess of bgitimordia of wing discs, as well as in distal veins L3 to L5 of
Net and Rho. Our findings further suggest a considerableupal wings where differentiation of veins is suppressed. Thus,
redundancy in the gene networks participating in thavhile netis repressed in vein cells by high Egfr signalling
specification of vein versus intervein fates. This conclusion idependent on Rho, Net protein suppresses vein fate in intervein
also borne out by the observation that if both Rho and Net amells by repressingho transcription (Sturtevant and Bier,
reduced or lost imho'e nett double mutants, veins are less 1995). Repression ofiet in veins by high levels of Rho-
severely truncated than in wingsrobesingle mutants (Diaz- dependent Egfr signalling is crucial for vein development, as
Benjumea and Garcia-Bellido, 1990a; Sturtevant and Biegctopic expression afetis able to represgho transcription
1995). and suppress vein fate. However, Egfr signalling in the absence
of Rho is sufficient to initiate normal vein development in the
proximal and anterior portions of the wing. Consistent with this

DISCUSSION finding, repression offho by ectopic Net prevents vein

] o ) formation only in regions where it depends on Rho.
Mutual repression of ~ net and rho in wing vein Ubiquitous expression oho or activated Ras repressest
patterning transcription in the entire wing disc and promotes vein

The specification of vein versus intervein fate inDin@sophila  development throughout the wing. Such flies have tube-like
wing disc crucially depends on the restriction of Rhowings composed mainly, if not exclusively, of vein cells
expression to the primordial veins (Wasserman and Freema(@Guichard et al., 1999). Since this phenotype is much stronger
1997; Bier, 1998). Rho enhances Egfr signalling, whichithan that ofnet null mutants, it follows (1) that additional
generates elevated levels of activated MAPK essential fdactors that represho must be present in intervein regions,



4738 D. Brentrup and others

and (2) that ectopic Rho is able to suppress intervein fate Iate third instar and early prepupal stages, the membrane
regions where such a fate is independemetéxpression, and proteins Rho and S enhance signalling of the ubiquitously
hence that in these regionso is able to repress intervein- expressed Egfr, activated by the neuregulin-like protein Vn
promoting and vein-suppression genes different fnr@inThe  (Schnepp et al., 1996), and possibly additional ligands, in
first conclusion is also supported by the notion thatdoes longitudinal veins and adjacent provein cells (Guichard et al.,
not expand into the intervein region between L3 and L#ein  1999). High Egfr signalling activat&elta (DI) as well asho.
mutants. The simplest explanation for these observations is tHaécause Rho is able to stimulate Egfr signalling in adjacent
rho expression is controlled by a set of separate silencecslls,rho andDI expression continue to expand (Sturtevant et
responding to different repressors in different, perhapal., 1994; de Celis et al., 1997). Net is required to prevent the
overlapping intervein regions and that Net acts as one of thexpansion ofho (andDl) expression beyond the proveins into

repressors ofho. the intervein regions (Sturtevant and Bier, 1995). Our results
_ suggest that Net might act in this process as a represgor of

net encodes a novel member of the bHLH protein by binding to its wing enhancer, which is deleted inrtim®

family allele (Sturtevant et al., 1993). Conversely, high Egfr signalling

Net is a member of the bHLH transcription factor family stimulated by Rho is essential in proveins to repne$sasnet
(Horimoto et al., 1994; Murre et al., 1994; Phillips, 1994),transcription is no longer confined to intervein cellstio'®
which has been subdivided into three structurally andnutant wings.
functionally distinct classes (Ohsako et al., 1994). Since Net DI expression in proveins initiates the third tier in the
contains a valine residue in position 13 of the basic region akgulation of wing vein patterning. At the same time, Rho-
its bHLH domain, one might surmise that it is a class A proteinlependent Egfr signalling begins to downreguéate mRNA
(Fig. 2B) and acts as a transcriptional activator. Thisn proveins (Sturtevant et al., 1994), yet MAPK activity
assumption is consistent with the fact that Net has no class @&mains high up to the early P2 pupal stage when crossveins
type repressor domains like the orange domain or the Mecome visible (Guichard et al., 1999), presumably because of
terminal WRPW-motif (Dawson et al., 1995; Fisher et al.the continued stimulation of Egfr signalling through Rho.
1996), which associates with the co-repressor GrouchDuring this third tier of regulation, DI activates N signalling in
(Paroush et al., 1994; Alifragis et al., 1997; Jimenez et althe lateral provein cells flanking the narrow central stripes of
1997). However, Net includes a proline-rich domain in its N-vein cells (de Celis et al., 1997). N expression, which has been
terminal moiety that might function as a repressor domain aactivated in a pattern complementary to that of Dl in third instar
shown for non-bHLH transcriptional regulators such as Everwing discs, is now enhanced by a positive feedback loop of N
skipped, Female-specific 1 and RGM1 (Cowell, 1994; Hannasignalling in lateral provein cells. In addition, since N
Rose and Hansen, 1996). Thus, despite the similarity of the Ngignalling repressesho transcription through the proline-
bHLH domain to that of class A bHLH proteins, Net may actbHLH protein E(spl)r8, expression ofho is again confined
as a transcriptional repressor. This supposition is supported by the narrow stripes of vein cells by the early P2 pupal stage
the observation that Net repressles expression during wing (de Celis et al., 1997). This regulatory loop of N signalling
development. Although we cannot exclude that Net activatesappears to be analogous to that operating during lateral
gene whose product repressies, we found that Net was also inhibition in neurogenesis, by which a neural precursor cell,
able to repress vein-promoting genes in the presence sfochastically selected from a group of proneural cells,
activator proteins activated by ectopic Rho through enhanceaatevents its neighbours from adopting a neural fate (Artavanis-
Egfr signalling in interveins (Fig. 4H; see below). The simplesiTsakonas and Simpson, 1991). However, in contrast to lateral
explanation of these results is that Net is a transcriptionahhibition, vein cells are not selected stochastically from
repressor and thus exceptional among class A proteins. provein cells, as longitudinal veins are straight, which suggests
_ ) _ ) - that expression afho is always restricted to the central cells
Tiers of vein versus intervein fate specification of the provein stripe. This is achieved by a fourth tier of vein
Any attempt to understand the roleradtin the patterning of fate regulation through Dpp signalling (Yu et al., 1996).
wing veins must consider its function in the context of theExpression of Dpp is activated by high Egfr signalling in
complex process of vein versus intervein specification, whicprovein cells at the same time as DI expression. The effect of
occurs in several tiers of intimately linked gene regulatonDpp, however, is confined to the middle of the provein stripes
circuits (Biehs et al., 1998; Lunde et al., 1998). The firsby the secreted product of thkort gastrulatior(sog gene, an
distinction between vein and intervein anlagen is made duringntagonist of Dpp expressed in the adjacent intervein regions.
the third larval instar when the wing pouch is subdivided alondf we assume that Dpp signalling inhibits expressioNoN
the anteroposterior axis into sectors by prepattern gensggnalling would be blocked only in the central cells of
activating morphogenetic signals, such as Hh and Dpp, whogeoveins, which are thus determined to become vein cells.
threshold concentrations determine the sector boundarieSonsistent with this last tier of regulation, veinglpp clones
Longitudinal veins are first specified by the activity of vein-are no longer straight, but follow an irregular path confined to
organising genes that are activated in narrow stripes along thetbe wider provein stripe (Yu et al.,, 1996). Dpp signalling
boundaries by short range signals, while intervein genes, likmaintains both its own expression and that of Rho in vein cells
N and net are thought to be activated through cues ofand determines their differentiation (Yu et al., 1996).
prepattern genes (Biehs et al., 1998). In the second tier of Finally, the refinement of proveins to veins further depends
regulation, Egfr signalling plays a decisive role. Accordingly,on less well understood mutually inductive processes, in which
one of the first genes to be activated by vein-organising genesedetermined vein cells of the dorsal wing surface signal to
in third instar wing discs isho (Sturtevant et al., 1997). During the underlying ventral cells to maintain vein cell identity



Mutual repression of netand rho 4739

(Garcia-Bellido, 1977; Garcia-Bellido and de Celis, 1992hypothesis, it might be less surprising that the wing phenotype

Milan et al., 1997). of net null mutants is much weaker than that resulting from
o ) ) ubiquitous expression ofho, which also represseset
Redundancy in wing vein patterning completely, but converts almost the entire wing into vein

Vein cells are not only specified for their specific fate, but arenaterial (Guichard et al., 1999). We assume that the lack of
also prevented from adopting the alternative intervein fate. Thilet function innet” wing discs is partially compensated by the
is achieved at all regulatory tiers by Rho-stimulated Egfiactivation ofbs whose product repressd® in most of the
signalling, which represses, initially in proveins and later inintervein regions during the prepupal and pupal stage. This
veins, not onlynet as shown here, but albbstered(bs Roch  assumption is consistent with our observations (Fig. 3F) and
et al., 1998)bsencodes a transcription factor, theosophila  with the earlier finding thabs null mutants exhibit a wing
homologue of the mammalian serum response factor (DSRBhenotype very similar to that resulting from ubiquitous
Montagne et al.,, 1996), which is instrumental in theexpression ofhoin the developing wing (Fristrom et al., 1994;
specification of intervein fate (Fristrom et al., 1994; Roch eRoch et al., 1998). Theho®like phenotype obtained after
al., 1998). Likenet andrho, activities ofbs andrho repress ubiquitous expression of Net during wing development is
each other and hence are mutually exclusive and expressedangely explained by the ability of Net to repra$®. The
complementary patterns of intervein and vein territoriespartial redundancy ohet and bs functions in wing discs is
However, whereasetandrho mutually depend on each other supported by experiments in which ubiquitous expression of
already from the onset of vein versus intervein development iNet was still able to suppress the strong ectopic vein formation
third instar wing discdysandrho begin to restrict each other's phenotype obs/bs1292mutants (not shown, but phenotype is
expression only during prepupal development (Roch et alindistinguishable from that produced in mef mutant
1998). Similar tonet and rho, this mutual repression is not background shown in Fig. 4E). In additidss expression is
apparent in the proximal parts of the wing because of eeduced in distal portions okt wing discs and hence appears
redundancy inherent in this regulation. Althoutjlo andnet  to depend partially on Net (Biehs et al., 1998), a finding that
(or by are able to repress each other when expresseés consistent with our observation that LacZ expression of the
ectopically, no ectopic expression occurs in the absence of obe enhancer trap linebs”1292 is ectopically activated and
of these genes in the proximal wing regions. enhanced after ectopic expression of NeMiB1096+; UAS-

The activities of Rho and Net are not restricted to the mutualet/b$1292 wing discs (D. B., H.-P. L., H. J. and M. N.,
repression of their genes. This conclusion follows from theinpublished).
surprising observation that their ubiquitous co-expression in Sincenetandplexus(pX) mutant alleles interact genetically
the developing wing generates a nearly wild-type wing. Sincand exhibit indistinguishable genetic behaviours and wing
ubiquitous expression of Rho produces wings composephenotypes (Diaz-Benjumea and Garcia-Bellido, 1990), one
entirely of vein-like tissue, Net is able to repress veinmight surmise that they are part of the same developmental
promoting genes in intervein regions, despite the presence pathway. Indeedypx, which encodes a ubiquitously expressed
an activating signal stimulated by the ubiquitous Rho, whilewuclear matrix protein, like Net is required for the repression
the situation is reversed in veins where Net is unable to represérho (Matakatsu et al., 1999). Our finding tinatexpression
vein-promoting genes in the presence of Net-independent Rl® normal inpxt or px’2 mutant wing discs (D. B., H.-P. L., H.
expression. Similarly, Rho-dependent signalling repressek and M. N., unpublished) is unable to support a role for Px
intervein-promoting genes, likds in veins, despite the in the regulation ofietactivity. However, althougpx’2is the
presence of Net, but does not have this capability in interveirstrongest knowrpx allele, at present npx null alleles are
in the presence of Rho-independent Net expression. It follonavailable (Garcia-Bellido, 1977; Matakatsu et al., 1999) to
that even in the absence of endogenous Net and Rho vein asubject this possibility to a conclusive test.
intervein primordia are in different states upon which The partial redundancy ofetandbs might have evolved in
ubiquitous Net and Rho can act to correctly determine theimore advanced insects like Diptera by the acquisition of vein-
fates, which implies a considerable redundancy in theuppressing genes that reduced the much larger number of
specification of vein versus intervein fate. wing veins characteristic of more primitive insects. It has been

Because of the necessity for the concomitant suppression pfoposed that such cryptic paraveins are still detectable in
the alternative fate when vein or intervein fates are specifie@xtravein mutants ddrosophilathat display a strong tendency
a system evolved in which Rho determined vein developmend misexpressho and form ectopic veins between and parallel
by repressingnetand laterbs which in turn specify intervein to L1 to L6 (Biehs et al., 1998). According to this hypothesis,
fate by repressing vein development in intervein regions. Sualet may have evolved to suppress paraveins P2 and P6, while
a balanced system is intrinsically labile unless it is stabilisetiairy (h) acquired the ability to suppress paraveins P4 and P5
through feedback loops (see above). Multiple feedback loog8iehs et al., 1998). It is attractive to speculate that the
operate at all tiers of vein fate regulation, and tiers are closefyaravein-suppressing function of Net may have evolved as an
linked and overlap in time, which further enhances the stabilitgbility to repressho in paraveins, but not in vein primordia
of the system because it generates redundancy. We propose tliherenetwas not expressed, and thus entailed a general vein-
the functions of Net and Bs are partially redundant becausaippressing function, which initially may have been shared
they both repressho in intervein regions during overlapping, with bs. While bslater lost its early vein-suppressing function,
though not identical, developmental periods. Thus, while Neits prepupal vein-suppressing function and pupal intervein
repressesho in all intervein sectors of third instar wing discs differentiation function were retained, which resulted in a
except sector C, Bs begins to reprdssin these regions only temporal overlap afho repression by Net and Bs and thus led
in early prepupal wings (Roch et al., 1998). In view of thisto a temporal redundancy ofet and bs functions. It is
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interesting to note that thlao repressing functions afetand  de Celis, J. F, Bray, S. and Garcia-Bellido, A(1997). Notch signalling
h as well as that dE(spl)nB (de Celis et al., 1997) all encode regulatesveinletexpression and establishes boundaries between veins and
bHLH proteins, a property that is entirely consistent with interveins in theDrosophilawing. Developmeni24, 1919-1928.

. elidakis, C. and Artavanis-Tsakonas, S(1992). TheEnhancer of split
general hypothesis of how gene networks evolve (Noll, 1993). [E(spl)] locus of Drosophilaencodes seven independent helix-loop-helix

proteins.Proc. Natl. Acad. Sci. US89, 8731-8735.
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