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Summary
Drosophila wing development is a useful model to study

that Apterous (Ap, a selector protein), and the Notch and

organogenesis, which requires the input of selector genes Wingless (Wg) signaling pathways, can sequentially control

that specify the identity of various morphogenetic fields
(Weatherbee, S. D. and Carroll, S. B. (1999ell 97, 283-
286) and cell signaling molecules. In order to understand
how the integration of multiple signaling pathways and
selector proteins can be achieved during wing development,
we studied the regulatory network that controls the
expression of Serrate (Ser), a ligand for the Notch (N)
signaling pathway, which is essential for the development
of the Drosophilawing, as well as vertebrate limbs. Here,
we show that a 794 bp cis-regulatory element located in the
3 region of the Ser gene can recapitulate the dynamic
patterns of endogenous Ser expression during wing

wing development through direct regulation of Ser
expression in early, mid and late third instar stages,
respectively. In addition, we show that lateiSerexpression

in the presumptive vein cells is controlled by the Egfr
pathway. Thus, a cisregulatory element is sequentially
regulated by multiple signaling pathways and a selector
protein during Drosophila wing development. Such a
mechanism is possibly conserved in the appendage
outgrowth of other arthropods and vertebrates.
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development. Using this enhancer element, we demonstrate development

Introduction

Organogenesis requires the input of both cell signalin

The Drosophilawing imaginal disc has provided one of the
est experimental systems for studying the general principles

pathways and tissue specific selectors in multicellulaPf Organogenesis. Patterning of Deosophilawing imaginal
organisms (Curtiss et al., 2002). Seven major cell-cell signaling/SC 1S coordinated by_orgamzers Iocah_zed in the dorsoventral
pathways — Notch (N), Hedgehog (Hh), Wnt, receptor tyrosin \/) and anteroposterior (A_P) b_oundarles (rewew_ed by Brook
kinases (RTKs), T JAK/STAT and nuclear receptors — €t al., 1996). Long-range signaling molecules, Wingless (Wg;
regulate the majority of cell fates during animal developmeni€ Vvertebrate homolog of which is Wnt) and Decapentaplegic
by activating specific target genes (Barolo and Posakony, 20082Pp; the vertebrate homolog of which is [Bpfare induced
Gerhart, 1999). For example, N signaling determines wing cely N signaling in the DV organizer, and by Hh signaling in the

fate by upregulating vestigial (vg) during Drosophila

AP organizer, respectively. Wg and Dpp form gradients to

development (Kim et al., 1996). However, cell fate decisiongegulate target genes in a dose-dependent fashion, thereby
also require the input from selector proteins. For example, VBroviding correct spatial information during development
is a selector protein that specifies wing cell fate during larvdlEntchev et al., 2000; Strigini and Cohen, 2000; Teleman and

development (Kim et al., 1996). How selector and signaling-ohen, 2000). The organizers formed between the DV and the

molecules collaborate to promote appropriate

orga\P compartments also serve as barriers to prevent cells of

development remains unresolved. Recent evidence shows tighfferent compartments from intermingling, thus preventing
a selector protein complex, Vestigial-Scalloped (Vg-Sd), andisorganized pattern formation (Milan et al., 2001). Both the

various signaling pathways regulate Br@sophilawing target

N and Hh signaling pathways play important roles in building

genes in a cooperative manner, providing a possible mechanisfp compartment barriers (Dahmann and Basler, 2000;
by which a selector protein and cell signaling pathwaydicchelli and Blair, 1999; Rauskolb et al., 1999).

integrate to regulate spatial expression of tissue-specific Apterous (Ap) is an essential selector proteiDiosophila
enhancers (Guss et al., 2001). However, such a mechanisming development. It is expressed in the dorsal compartment
cannot easily explain the dynamic expression of many tissuef the wing disc, thereby conferring dorsal identity (Diaz-

specific genes, such &er, which may additionally require
temporal regulation by selectors and signaling cascades.

Benjumea and Cohen, 1993). Chicken Lmx1, a protein similar
to Ap, is also expressed in the dorsal part of the limb bud. Lack
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of Lmx1 or mouse Lmxlb leads to double ventral limbsBanHI/Hindlll, and 2.7 kbBanHI/Hindlll fragments, respectively,
suggesting a conserved function of Ap homologs in specifyingnto the Bglll site downstream oGald. pCaSpeR-hsp70-AUGgal
dorsal appendage development (Chen et al., 1998; Riddle et &¥as adapted from pCaSpeR-Alggal (Thummel et al., 1988) by
1995; Vogel et al., 1995). In addition to its ability to specifyinserting a PCR fragment of a minimal hsp70 promoter aKpe
dorsal identity, Ap is also required for growth and DV site. Constructs 8, 9 and lp |nclude.2.7 kb, 1.8 kb and 0.8 kb PCR
compartmentalization in flies, where it functions upstream of 29Ments, respectively, inserted into pCaSper-hsp70-RYd-

the N path N path tivation i ficient t etween theBanHI| and Ecarl sites. PCR-based mutagenesis was
e N pathway, as I\ pathway activation IS suflicient to resCugqqy on the Ap, Su(H), and dTCF binding motifs. The primers used

the growth defect of Ap mutants (Milan and Cohen, 1999aere as follows (corresponding sites in parentheses and mutated bases
O'Keefe and Thomas, 2001). Although it is generallyshown in small letters;EcoRl and BanHI cloning sites are
agreed that N signaling plays an important role inunderlined):
DV compartmentalization, other unidentified molecules mAp (A-E) senseEcdoRl, 5-AGAATTCCAAACGGATGGCG-
downstream of Ap may also participate (reviewed by IrvineCATTITTACTTTTCGAAGTGCTTttTCATAAGGTAQAATTCCAA-
and Rauskolb, 2001). ATAAaATTTGGAGGACTTGGaAAaCAGAAC-3;

The ligands Serrate (Ser) and Delta (DI) activate the N MAP (F) sense, STTGAAATATGCGCTAITTGAATGTG-3;
pathway at the developing DV boundary of ﬂDEDSOphiIa mAp (F) antisense, -K:ACATTCAA&TAGCGCATATTTCAA-g,

wing. This activation is mediated by Fringe (Fng), which is mﬁg gg; Zﬁgg:Hi?%g%??;;g%?éﬁzﬁééé%gAis,;
expressed in the dorsal compartment, and which glycosylates,, Ap (H-J) sense, ‘B3TGTGTT{TTtTaAAaaAGAAAATGCCA-

N to inhibit its responsiveness to Ser dorsally, whilegGaATTTTCGCTTHTTGTGG-3

potentiating its ability to respond to DI in ventral cells. map (H-J) antisense, £ECACAAaaAAGCGAAAATTCCTGGC-
(Fleming et al., 1997; Moloney et al., 2000; Rauskolb enTTTTCtTTtTAaaAAaAACACAC-3;

al., 1999). Indeed, the Ser-Fng-N signaling pathway is mAp (K-N) antisenseBanmHl, 5-CGGGAICCAAGCTTAAaA-
evolutionarily conserved in appendage development betweefT CTACGITTGGGATTCTTGTAAGTTGTTTHTGAAA-3;

insects and vertebrates (Rodriguez-Esteban et al., 1997). ThénSu(H) sense, 'STTGAATaTaAAAACCAAATGCAAGTTaGa-

vertebrate homologs of Ser, Fng and N are important for th®ACTAC-3%; ,
outgrowth of the limb bud, as indicated by both functional MSu(H) antisense, &TAGTTICIAACTTGCATTTGGTTTTIA-

, _ . . . TCAA-3;
analysis and their expression patterns in the apical ectoderﬂéLdTCF (A-B) sense, 'B3TCCATCTggaGATGTAAGGCAGCT-

ridge (AER), a structure similar to tiirosophilaDV border  ~1oGACTTHGGHTITTTTTTHTIAGCATC-2
(Rodriguez-Esteban et al., 1997). Molecules involved in the q1cE (A-B) antisense,’-SSATGCTaAaa‘aAAAAAAaAaaCCa-
establishment of proximodistal (PD) and AP polarities are alSAAAGTCCAGAGCTGCCTTACATCtccAGATGGA-3

highly conserved, suggesting that arthropod and vertebratemdTCF (C-D) sense,’ ATCGCAggaGAAATATGCGCTAggaG-
appendages may use similar genetic circuitry to control thekATG-3';

outgrowth (Shubin et al., 1997). mdTCF (C-D) antisense,’-&ATTCtccTAGCGCATATTTCtccT-

Here, we report the identification of @rosophila wing  GCGAT-3;

enhancer at thBerlocus, which can be sequentially activated MAdTCF (E-F) sense: "RATACCIccCAAGAGCTGGCCGAAA-
CACACAAAACTAAGCTCAGCGGATGATCtccGCCCG-3

by selector and multiple signaling molecules during wing mAdTCF (E-F) antisense '-EGGGCgGaGATCATCOGCTGAG-
development. We show th&eris temporally regulated by Ap, CTTAGTTTTGTGTGTITCOGCE AGC'??:TngaGGTATT—B

N, Wg and Egfr signals, and that tBerenhancer can serve ~ rcr (G-H) sense, B5CGTAAAaaagGaaAaaGGTAAAaaCG-
as a direct integration module for this selector protein angcTCGAACIccACGAAA-3:

the extracellular signaling molecules. Our results suggest mdTCF (G-H) antisense!-FTTCGTggaGTTCGAGCCGTTTTT-
a possible mechanism by which selector(s) and signalingCcCttTttCctttTTTACGC-3;

pathway(s) act in a sequential fashion to control the outgrowth mdTCF (I) antisens8anHI, 5-CGGGATCCAAGCTTAATAAT-

of arthropod and vertebrate appendages. CTACGATTGGGATTATTaTAAGTTGTTTAATGAAATGTGTggaG-
ATCTT-3;
Ser-lacZ sens&coRl, 5-AGAATTCCAAACGGATGGCGCA-3;
. and
Materials and methOdS ) Ser-lacZ antisenseBanHIl, 5-TCCTGTGAATCCTCCCAAC-
Transgene construction for functional rescue and TTGCATTTGGT-3.
expression studies Mutant Serenhancer constructs were cloned into pCaSper-hsp70-

Constructs in Fig. 1 were constructed fr8ergenomic DNA isolated AUG-Bgal between th&anHI| and EcoRl sites. All constructs were

by screening @rosophila melanogastex phage library. Constructs verified by DNA sequencing before being introduced imt&!8flies

1-7 were constructed from pCaSpeR-hsGal4 or pCaSperR-Galdy standard methods of P element-mediated transformation
pCaSpeR-hsGal4 was adapted from pCaSpeR-hs (Thummel et g5pradling, 1986). At least three independent lines were analyzed for
1988) hy inserting aNot/BanHl fragment of the Gal4 coding each construct.

sequence and thél¥sp70 polyadenylation signal from pGaTB (Brand ) o o o

and Perrimon, 1993). pCaSperR-Gal4 was modified from pCaspef situ hybridization, immunostaining and X-Gal staining

hsGal4 by deleting the hsp70 promoter betweerEttRl andXhd In situ hybridization was performed as described by Fleming et al.
sites. Constructs 1 and 2 include 5 kb and BkbHI fragments, (Fleming et al., 1990) with modifications, including the use of a
respectively, inserted into thBanHl| site downstream ofGal4 digoxigenin-UTP-labeledser RNA probe (Boehringer Mannheim),

of pCaSperR-hsGal4. Construct 3 includes a 7.4EkbRI/Xba omission of proteinase K treatment, and a hybridization temperature
fragment inserted into tHganH| site upstream dBal4 of pCaSperR-  of 55°C. The following primary antibodies were used: monoclonal
Gal4. Construct 4 includes an 8 BanHI fragment inserted into the mouse antBgal (1:1000, Promega), rabbit afittal (1:4000, Cappel),
Bglll site downstream of5al4 of pCaSperR-Gal4. Constructs 5, 6, rat anti-Ser (1:1000, provided by K. Irvine) and monoclonal mouse
and 7 were adapted from construct 3 by inserting 8a&iHI, 5 kb anti-DI Mab202 (1:250, provided by M. Muskavitch). The following
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l—b 11
I || (L | L [ | | |
B B (B) B E X B (H H
5 I a
AUG  Ser 5.6kb message rescue of wing  expression in
phenotypes wing discs
1l | . . no no
2  — no +, Fig. 1H
3 I | ++, Fig. 1D +, Fig. 11
4 | i no +, Fig. 1]
s I i I { yes,Fig. IE  wt, Fig.2
6 I i P yes, N/S wt
7 I i f— yes, Fig. 1F wt
wt, Ser
8 I 1 ND wing enhancer
9 — N/D no
10 = N/D wt, Ser minimal

wing enhancer

Fig. 1.1dentification of theSerminimal wing enhancer.

(A) Molecular map of th&erregion. Top horizontal line shows a
restriction map of th&erlocus. B,BanHl; E, EcaRl; H, Hindlll; X,

Xba. Polymorphic restriction sites are placed in parentheses. White
boxes represent UTRs; black boxes represent exons in the
transcription unit. For simplicity, the middle regions of the restriction
map and th&ertranscript are omitted. The rescue experiments were
carried out by expressing UASerunder the control of Gal4 fused to
constructs 1 to 7 in Sermutant Bd®/Ser83k) background. The
rescue efficiencies are indicated on the right (++, partial rescue; N/S,
not shown; N/D, not determined). (B-F) Adult wing cuticle
preparation; (G) schematic representation of the wing imaginal disc;
(H,l) B-galactosidasantibody staining; (J) GFP expression in late
third instar wing imaginal discs. Dorsal is up, anterior to the left for
all imaginal wing discs in this paper, if not indicated otherwise.

(C) Bd®/Ser83k animals display little wing tissue compared with

wild type (B). (D)Serexpression under construct 3 can partially
restore the wing from the posterior to around L2 (L, longitudinal
vein) inBd®/Ser ™3k animals. Constructs 5 and 7 can fully rescue
the wing phenotype with margin defects (arrowheads in E and F,
respectively), which is identical to the phenotype when \%&8s
expressed under constructs 5 and 7 in a wild-type background (not
shown). (G) The DV border (red band) is located between the dorsal
and ventral compartments; the AP border (blue band) is located
between the anterior and posterior compartments. The wing pouch,
which gives rise to the adult wing blade, is demarcated by an oval.
(H) UAS-nuc-lacZexpression under construct 2 is observed near the
AP border (arrowheads) as well as in the pleura (arrow). (I)-UAS
lacZ under construct 3 is expressed exclusively in the dorsal
compartment, and mostly in the posterior. (J) UBISP expression
under construct 4 was detected at the DV border and in the cells
flanking the DV border. Construct 5 recapitulates endogefeus
expression during larval development (see Fig. 2 for details).
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secondary antibodies were used: goat anti-mouse TR, donkey anfAmersham Pharmacia Biotech)xHis-tagged AALIM (Benveniste
mouse TR, donkey anti-rabbit Cy5 (1:250, Jackson Immunologicatt al., 1998) and»is-tagged dTCF-HMG domain (Halfon et al.,
Laboratories) and goat anti-mouse HRP (1:250, Promega). All dis2000) were purified using QlAexpressionist (Qiagen). GST-Su(H)
were dissected in PBS, fixed in 4% paraformaldehyde/PBS for 1@as purified, and electrophoretic mobility shift assays were performed
minutes, and rinsed four times in PBT (0.3% Triton X-100/PBS).as described by Bailey and Pasakony (Bailey and Pasakony, 1995).
They were then incubated at 4°C overnight with primary antibodie¥he proteins were dialyzed and recovered in 27.5 mM HEPES (pH
in 5% normal goat or donkey serum/PBT (depending on the choicg.5), 55 mM KCl and 5.5 mM Mgl 1.1 mM DTT was also present

of secondary antibodies). The discs were washed three times in PBTthe GST-Su(H) protein mixture. One-tenth volume of glycerol was
for 20 minutes, and then incubated at room temperature for 2 houadded, and aliquots were frozen in liquid nitrogen and stored at —80°C.
or at 4°C overnight, with secondary antibodies in 5% normal goat or

donkey serum/PBT. The discs were then washed three times in PBT

for 20 minutes, further dissected, and mounted in Z%DABCOHOZRGSUHS

glycerol. All steps were performed at room temperature except those

mentioned specifically. HRP detection was performed by standaddlentification of a minimal ~ Ser enhancer for wing

protocols. Fluorescent images were obtained using a Leica confoadévelopment

microscope. X-Gal staining was performed as described (O’Kan

1998) with the following modifications. Larvae were dissected ir:%Ne investigatedser gene regulation durin@rosophilawing

PBS, fixed in 4% paraformaldehyde/PBS for 3 minutes and stained %'SC de_velopm_ent as a model of both temporal anq spana! gene
an Eppendorf Thermomixer at 600 rpger-lacZmiddle and late third regulat_lon during a_ppe!’ldage developmen.t. Consistent with an
instar discs were stained for 12 minutes at 3B&:lacZearly third essential role oBerin wing outgrowth (Speicher g;kal-a 1994),
instar discs, allmAp)Ser-lacZzand (mdTCF)Ser-laczdiscs were ~We found thatSer mutants heterozygous f@er™« (a Ser

stained at 37°C overnight. hypomorphic allele; R.J.F., unpublished ) (Gu et al., 1995) and
_ ) o BdC® [a Serdominant-negative allele (Hukriede and Fleming,
Genetics and phenotypic examination 1997)] developed little wing tissue (Fig. 1B,C).

The Qal4/UAS s_ystem (Brand and Perrimon, 1993) was use_d for the To studySergene regulation during wing development, we

I)Oklnfr\:\g?gpeexpgrlé?gnStZH I?anresgﬁi ]flf?geéiﬁrf?k C”O‘:]J?t‘rr‘tct""'?? ,nziést identified wing regulatory elements in tBer gene by
Ype, W S sgenic Ti ying ucts - INftaching various'snd 3 flanking sequences to a ye&sil4

BA®/TMGB, Thbackground toUAS-Ser/UAS-SprSer 83l Ser e« gene agd then tested their abiglgity t% rescueB:d%’éer”%k

flies. Experimental flies died in the late pupal stage, and the ad . .
wings were dissected out of non-Tubby pupae and examined. To stu’g]}}rjtant wing phenotype by using the Gal4/UAS system to

expression patterns of constructs 1 to 7, the following fly stocks wer@i'ect expression of &er cDNA (Fig. 1A) (Brand and
used: UASAuc-lacZ UASHacZ, UAS-GFP and ap-lacZ To study ~ Perrimon, 1993). As indicated by rescue efficiencies shown in

constructs 8 and 10, the following fly stocks were used: dpp-Gal4;ig. 1A, constructs 1, 2 and 4, containing sequences located
ptc-Gal4, en-Gal4 (ell6e), UASRAp (Milan and Cohen, 1999b), far from the coding region, eithet &r 3, showed no rescue
UAS-dLMO (Milan and Cohen, 1999b), UAS- (provided by S. of the mutant phenotype. Construct 3, containing 7.4 kb of the
Artavanis-Tsakonas), UASmS10(Pai et al., 1997) and UABN- 5 UTR and putative promoter sequences, was able to partially
TCF (van de Wetering et al., 1997). Ectopic expression was alsgascue theBd®/Ser'®3k mutant wing phenotype from the
achieved using a flip-out technique under control o&ttie promoter osterior end up to L2 (Fig. 1D). We also examined the
(Ito et al., 1997)hs-flpwas used to generate the random clones; he%xpression patterns of a UASic-lacZor UASJacZ reporter

shock was performed in a water bath (30 minutes at 37°C) in lat dri b tructs 1-4. Consistent with th
second to early third instar. The clones were marked by the presenggne rven Dby constructs 1-4. Lonsistent wi € rescue

of GFP. To studySermRNA expression, the following stocks were EXPeriments, constructs 1 and 2 showed little or no expression
used:wl118 UAStho* (Xiao et al., 1996) andelvnt (tholvnl) (de N the wing disc (Fig. 1H; data not shown). Construct 3 was
Celis et al., 1997). For separating third instar larvae into early, middigostly expressed in the dorsal compartment, preferentially in
and late stages, second instar larvae (with closed openings at the ¢he posterior region (Fig. 1I), also in line with the rescue
of anterior spiracles) were collected and transferred to apple juicexperiment. Although construct 4, containing 8 kb of then8
plates. The third instar larvae were selected and transferred to n®yf the Sertranscript and flanking region was expressed in wing
apple juice plates every hour, and staged (as hours after thgscs jts expression pattern was less defined and did not

second/third instar (L2/L3) molt) by measuring the incubation time o ; S ;
the third instar larvae at 25°C. The beginning of the third instar Wa(:ompletely recapitulate the endogen pattern (Fig. 1J,

characterized by the presence of finger-like anterior spiracles, ar%g'. 2). T?uzsé (lz(%n;trugtssll;s,glfl)ntzil_nlng individual regulatotry
molting (Bodenstein, 1994). Each period of the third instar early',’eglons 0 an anking sequences, are no

middle and late lasts for about 24 hours (0-24 hours, 25-48 hours anyfficient to fully rescue theBd®/Ser™3k mutant wing

49-72 hours after the L2/L3 molt, respectively). phenotype.

To assess possible cooperation between the regulatory
DNase | footprinting and electrophoretic mobility shift elements of 5and 3 flanking regions, we tested combinations
assays of different constructs. Construct 5, which combined both

Footprinting assays were performed using the Core Footprintinflanking sequences from constructs 3 and 4, was capable of
System (Promega) with a minor modification in preparation of th%imicking the endogenouBerexpression pattern in the wing
probes. The 794 ber minimal enhancer was divided into o isc (Fig. 2: see below). More importantly, construct 5 was able

overlapping fragments (75 bp overlap) by PCR, and cloned |nt%O almost completely rescue tHRG/Ser83k mutant wing

BrBOIgchn%NIA Sf}fagngse;r?;agvsgreg ;%pﬂﬁggragey S'Sgls ecv?ﬂlfbglephenotype, with normal size, bristles, and margin development

phosphorylated T7 or T3 primers. Only one unphosphorylatedds ~ €Xcept for minor defects in the distal margin (Fig. 1E). Several
of the PCR DNA fragments could be labeled wi$3P]ATP by T4 lines of evidence suggest that this margin defect phenotype was
DNA polynucleotide kinase. DNA sequencing products were labeleftot due to the inability of construct 5 to rescue, but rather
with a-35S-ATP using Thermo Sequenase Cycle Sequencing Kitesulted from the overexpression &er in the distal
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Early

M

haltere

B

wing

. flanking sequence to make constructs 6 and 7. They were then
Middle Late tested for their ability to rescue thBd®/Ser™83k wing
Constructs 6 and 7 were able to rescueBti&/Ser83k wing
phenotype as well as construct 5 (Fig. 1F); their expression
patterns were also indistinguishable from that of construct 5
(data not shown). These results suggest that regulatory
elements important for corre@er expression during wing
development reside in the 2.7 kb feanking region. This
hypothesis was confirmed by a fusion of the 2.7 kb sequence
and alacZ reporter gene (construct 8), which recapitulsded
expression patterns in wing discs (Fig. 5F). We refer to
construct 8 as thBerwing enhancer.
= To determine the minimal enhancer sequence in this 2.7 kb
: region, we divided it into a 1.9 kb fragment that includes the
Y Ser 3 coding region and UTR (not only the UTR), and a 0.8
o kb genomic sequence fragment, and attached these sequences
h‘"’ ¢ to a lacZ reporter gene to make constructs 9 and 10,
= respectively. Construct 10 recapitulated endogeiSmusving
g expression in the third instar (Fig. 3M,Q,X1-4), whereas
that the 0.8 kb (794 bp) fragment of construct 10 represents a
minimal wing enhancer and is henceforth referred to aS¢he
‘ minimal wing enhancer.
-
Dynamic Ser expression is regulated at the
imaginal discs. (A-G) Wing imaginal discs. UAfc-lacZ . . . _
exp?ession drivén by)tlﬁe?wing%nhancer construct 5 (Gal4) was It has peen Shown by immunostaining that_ Ser protein exhibits
visualized byB-galactosidase antibody staining (A,C,D). These dynamic expression patterns in the wing disc (data not shown)
patterns are identical to those of the endogenous Ser protein (not (de Celis and Bray, 1997; Panin et al., 1997). To determine at
shown).SermRNA was detected by in situ hybridization in what level the Ser patterns are regulated, we examined the
developing wing discs (E-G). (A,B,BermRNA and construct 5 are  expression patterns &ermRNA by in situ hybridization. We
expressed in dorsal cells in early third instar. (B) The expression  found that in situ hybridization detecd®rmRNA expression
patterns of construct 5 (Gal4)/UASFP (green) andpterous-lacZ patterns in the wing comparable to immunostaining of Ser
(red), are co-localized (yellow) in dorsal cells of wing and haltere  protein. Ser mRNA was detected exclusively in the dorsal
dlsqs. Dorsa] is to the left for the.halt.ere.dlsc. White dashed circles compartment of the early third instar wing disc (Fig. 2E). By
outline the discs. (C,F) By the mid third instar, construct 5 the mid third instarSeris expressed at the DV boundary (Fig.
(Gald)/UASnuc-lacZand Ser mRNA are prefere_ntlglly expressed 2F). In late third inst . din t tri flanki
along the DV border. (D,G) At the end of the third instar, they are )- In late third ins _ase_”s expressed in two STrpes Tanking
expressed in two stripes flanking the DV boundary, with higher ~ the DV boundary with higher expression dorsaBgris also
expression dorsally. They are also expressed in presumptive veins €xpressed in the presumptive veins (Fig. 2G). These results
(L3, L4 and L5). m, margin. suggest that dynami8erexpression patterns are regulated at
the transcriptional level during wing development. Indeed, the
presumptive wing margin (the space between extensions of lédnsistent with transcriptional control being the primary
and L4 in the DV boundary) under construct 5 control (Figmechanism oSerregulation.
2C,D). First, eSermutant alleleSeP, which has a highe®er
expression level in the same distal presumptive margin, showé regulates Ser expression in early third instar
a similar distal wing-nicking phenotype (Thomas et al., 1995)Seris expressed in the dorsal compartment during the early
Second, it has been reported that N ligands Ser and DI inhilstages of wing disc development (Fig. 2E). This expression
N signaling cell-autonomously (Micchelli et al., 1997); the losspattern is identical to that of the selector gene of the dorsal
of N signaling would result in a margin defect. Third, the sameompartmentap, which encodes a homeodomain transcription
wing margin defect was also observed wiSarcDNA was  factor (Cohen et al., 1992). It has been hypothesized that early
expressed under construct 5 control in a wild-type backgroun@er expression in the dorsal compartment is under the direct
(data not shown). Thus, we conclude that the combination a@ontrol of Ap (Irvine and Vogt, 1997). However, no direct
the 7.4 kb 5sequence and the 8 kb f.anking region is evidence has been shown to support this hypothesis. To
sufficient to fully rescue thBd®/Ser83k wing phenotype, and determine whetheBeris a direct target gene of Ap, we tested
that wing-specific regulatory elements reside in tharll 3 ~ whether the 794 bferminimal wing enhancer is regulated by
flanking regions. Ap using both in vivo and in vitro methods. Construct3éx-
To determine a minimal sequence requirement in the 8 kb d¢dicZ containing the 794 bgerminimal enhancer, is expressed
the 3 flanking region, two smaller enhancer fragments, 4 khn a stripe in the dorsal compartment flanking the DV boundary

phenotype and to directacZ expression in wing discs.

construct 9 was not expressed at all in wing discs. We conclude
Fig. 2. Expression patterns &erand aSerwing enhancer in wing transcriptional level

recapitulation ofSer expression patterns by construct 5 is
and 2.7 kb, respectively, were combined with the 7.4 'kb 5at 24 hours after the L2/L3 molt in early third instar (Fig.
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d : T A SiteE TTGGCAATCAGAACT
(0 G T SiteH(re) TARCAACA
A SitelI TCGAAGCAGAAMAT
T SiteJ(rc) GCCACAATCAAGCGA
T SiteL CARTRATC
3A,B). We expressed a constitutively ac G Sl ... oEe;
form of Ap (ChAp) (Milan and Cohe e
1999b) using the Gal4/UAS system | G/
X ! b
examined Ser-lacZ expression. When v
used Dpp-Gal4 to drive ChAp expressiol Late
the anteroposterior (AP) boundary, we fo Ti,‘; TXIE
ectopic Ser-lacZ expression in the vent
wing regions along the AP bound:
overlapping dpp-Gal4d expression in ei
and late third instar (Fig. 3D,E,G,H). T ——
indicated that Ap was sufficient to activ j
Serexpression, probably cell-autonomou
To determine whether Ap function
necessary foSer expression, we express
an Ap antagonist, dLMO (Milan and Coh
1999b), in cells along the AP boundary, ut Y4
apatched (ptcpromoter. This led to the lo
of Ser-lacZ expression in the early thi
instar and partial reduction 8er-laczin the
late third instar (Fig. 3J,K,N,0), suggest 4 = |
that Ap is required in vivo foBerexpressiol f
in the dorsal compartment. P,
To test whether earlSerexpression can | e * © hallere
directly regulated by Ap, we used DNa

footprinting analysis to determine 1
interaction sites between the 794 bp C
sequence and Ap. A total of 14 protected Ap binding sites werfer some homeodomain proteins, such as murine S8 (de Jong
detected spanning the 794 bp element (Fig. 3R-V, Fig. 7AEt al., 1993). The existence of four CAATNN sites suggests
The binding of Ap to thisSer minimal wing enhancer is that Ap may bind the CAATNN sequences specifically, in
sequence specific with two major binding sequences, TAATNNddition to the canonical TAATNN sites.

and CAATNN (Fig. 3W). The TAATNN consensus sequence To test whether these Ap binding sites were functionally
matches the six-nucleotide consensus binding sequence famportant in vivo, we mutagenized nucleotides in the Ap-
homeodomain proteins (Gehring et al., 1994). There is also th®nding sequences @er-lacZconstruct 10, from TAATNN
non-canonical CAATNN consensus sequence derived from thend CAATNN to AAAANN or TTTTNN, in most cases. The
aligned sequences, which matches the consensus binding sifesAp)Ser-lacZonstruct, which included mutations in all 14
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Fig. 3. Seris directly regulated by Apterous (Ap). (A-l) Tiser-
lacZ fusion gene (construct 10) is upregulated by Ap. (/SB)-

291

the Ap-binding sites identified in vitro are crucial for the
activity of the 794 bigserminimal wing enhancer in vivo. In

lacZ (red) is expressed in a stripe in the dorsal compartment aroungummary,Serexpression is mediated by direct Ap interaction

24 hours after the L2/L3 molt in third instar in a wild-type
background. (A,C) UASSFP (green) under dpp-Gal4 control
reveals the wild-typeppexpression pattern at the AP border.
ChAp is expressed under dpp-Gal4, which induces ecg&gridacZ
expression more ventrally along AP border in early third instar

(arrows; D,E) and late third instar (arrows; G,H), as compared with

with the 794 bp wing enhancer during the early third instar
stage.

A positive-feedback loop through the N pathway
regulates Ser expression in mid third instar

the same stage discs in a wild-type background (B,Q). The ChAp S€ris expressed along the DV boundary in the mid third
expressing cells are marked by co-overexpression of GFP (green)instar. It has been shown that a constitutively active N

underdpp-Gal4 (D,F,G,l). (J-QBer-lacZ(construct 10) is
downregulated by dLMO. UASLMO and UASGFP (green, to
mark dLMO expressing cells) are co-expressed at the AP border
underptc-Gal4. Note thaptc-Gal4 has a stronger expression level
more posteriorlySer-lacZexpression is downregulated in dLMO

expressing cells, particularly in the posterior compartment in earlyTsakonas et al

third instar (arrows; J,K). The reduction ®ér-lacZin dLMO
expressing cells is less dramatic in late third instar (N,O). The
expression patterns &er-lacZin a wild-type background are also
shown for comparison (M, early third instar; Q, late third instar).
(R-W) Binding of the Ap homeodomain (ApIM, 6xHIS-tagged)

to the 794 bserminimal wing enhancer is direct and sequence
specific. (R-V) DNase | footprinting analysis of the Ap
homeodomain bound to the 794 8prwing enhancer.
Autoradiograms of denaturing polyacrylamide gels show the
separated products after DNase | digestion dilANI/794 bp Ser
wing enhancer complexes, and the relative amounts Af Ap
protein (I, ~20ng protein; 8, protein increased threefold) or no
ApALIM protein (lanes ‘c’ for control). The DNase I-sensitive
sequences protected by AlpM are marked (site A-site N). The
DNA sequencing products of the 794 $perwing enhancer are
shown here with G (ddGTP) and A (ddATP), or C (ddCTP) and T
(ddTTP), in the first two lanes. (W) Alignment of sequences that
bind APALIM (from R-V). The sequences of sites H and | do not
match either the TAATNN or the CAATNN consensus and are
shown with non-matched nucleotides in red; they are determined
arbitrarily. rc, reverse complementary sequence. (X1-Y4) X-Gal
staining to reveal in vivo activity of the wild-tyf&er-lacZ
(construct 10; X1-X4) anfmAp)Ser-lacdransgenes (Y1-Y4). The
(mAp)Ser-lacZonstruct contains mutations in all fourteen Ap-
binding elementsSer-lacZexpression was detected in dorsal cells

of wing and haltere discs at 7.5 hours after the L2/L3 molt (X1). At

expressed under control of tipéc promoter causes ectopic
Ser expression along the AP border (Panin et al., 1997).
However, it is not clear whether the N pathway directly
regulatesSer through its downstream transcription factor,
Suppressor of Hairless [Su(H)] (reviewed by Artavanis-
1999). To test whether $i®e enhancer is
directly regulated by the N pathway, we first tested the
responsiveness of th8er wing enhancer (in construct 8,
which is identical to Construct 10 in terms of expression
patterns and levels; see Fig. 1) to N signaling. Using the flip-
out system (Ito et al., 1997), we generated random clones
expressing constitutively active N ijNn the wing disc. As
shown in Fig. 4A-D, the ectopic expression of construct 8
Ser-lacZwas detected in the clones expressing constitutively
active N. Thus, theSer enhancer contains cis elements
responsive to the N pathway.

To investigate whether N signaling exerts a direct effect on
Ser transcription, we used gel mobility shift assays to test
whether Su(H) could bind specifically to tBerminimal wing
enhancer. Computer-based searches for Su(H) binding
consensus sequences identified two putative Su(H) binding
sites, which were conserved iD. melanogasterand D.
pseudoobscuran theSerminimal wing enhancer (Fig. 4G and
Fig. 7A). Gel-shift analysis confirmed that the two putative
sites actually bind GST-Su(H) (Fig. 4E). A competition assay
suggested that these two sites are weaker in binding Su(H) than
a strong binding site in thEnhancer of splifE(spl) locus
(Fig. 4F) (Bailey and Posakony, 1995).

To test whether the two Su(H)-binding sites were

24 hours after the L2/L3 molt, expression was restricted to a stripefunctional in vivo, we synthesized a mutaSter-lacZ
in the dorsal compartment of the wing disc, and in the entire dorsatonstruct, (mSu(H))Ser-lacZ carrying mutations in two
compartment of the haltere disc (X2). At the corresponding stagesnucleotides of both Su(H)-binding consensus sequences

(mAp)Ser-lacAlisplayed no enhancer activity in the wing and
haltere discs (Y1,Y2). By 36 hours after the L2/L3 molt, in mid

(RTGRGAR to RTARAAR) (Nellesen et al., 1999). This
construct showed significantly reduced activity in the wing

third instar,Ser-lacZwas expressed along the DV border, and at a disc in mid third instar (Fig. 41), as compared with Se-

low level in the ventral compartment of the wing disc (arrow) (X3);

(mAp)Ser-lac&xpression was much reduced (arrow) in the wing
disc and was not detected in the haltere disc (Y3). At the end of
third instar,Ser-lacZexpression in the wing and haltere discs was

lacZ disc at the same stage (Fig. 4H). These data show that
at least two Su(H)-binding elements are involved in
determining the activity of th8erminimal wing enhancer in

evident (X4);(mAp)Ser-lacExpression was reduced and restricted Vivo. We conclude that N signaling directly regulatesr
(arrows; Y4). Note that in Y1, dorsal is to the left for the wing disc.9€ne expression by binding of Su(H) to 8&rminimal wing
The insets in the upper right hand corner of (X1-3,Y3), and in the enhancer.

lower right hand corner of (X3,Y3) show the wing and haltere
discs, at lower magnification.

Wg signaling regulates
instar
In late third instarSeris expressed in cells flanking the DV

Ser expression in late third

Ap-binding sites, showed no enhancer activity in the wing anoundary. It has been shown that Wg signaling can regulate
haltere discs in early third instar (Fig. 3Y1-2), as compare&erexpression in these flanking cells (de Celis and Bray, 1997;
with Ser-lacZexpression, which was first detected in much ofMicchelli et al., 1997). However, it is not known how Wg
the dorsal compartment and then as a dorsal stripe (Fig. 3X&ignaling controlsSer expression at the molecular level. To

2). In mid and late third instafinAp)Ser-lac&xpression was

assess the possibility th@ermay be directly regulated by the

reduced or eliminated (Fig. 3Y3-4). These results show thal/g pathway through th&erwing enhancer, we first tested
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whether construct &erlacZ responds to the Wg pathway. CCTTTGATCTT. Interestingly, consistent with a recent report
Using the flip-out system, we found that a constitutively activéLee and Frasch, 2000), we also found that four other sites
component of the Wg pathway, Armadif@ (ArmS19 (Pai  match a motif bound by HMG proteins. There are two non-
et al, 1997), can upregulatSerlacZ expression cell canonical binding sites, which do not conform to either the
autonomously in the wing pouch territory, which is consistend TCF or HMG canonical class (Fig. 5L and Fig. 6A).
with a previous study demonstrating that Wg signaling induces We then asked whether these dTCF-binding sites were
Serexpression in that area, but not in the thorax or hinge (Figunctionally important in vivo. We synthesized a mut8at-
5A-D) (de Celis and Bray, 1997). This result demonstratethcZ construct with a change of three nucleotides in the dTCF
that Wg signaling is sufficient to upregulager enhancer and HMG binding consensus sequences TCCGATCTT
expression. To further test whether Wg signaling is requirednd WTT GWW to CGSGAGATCTT and GGAGWW,
for SerlacZ expression, we expressed a suppressor of Wrgespectively), in most cases (Lee and Frasch, 2000). In late
signaling, dominant-negative TCF (DN-TCF), in the posteriotthird instar, th€mdTCF)Ser-lacZonstruct, which contained
wing compartment, driven by thengrailed (en) promoter. mutations in all nine dTCF-binding sequences, showed
Expression of DN-TCF greatly diminish&egrlacZexpression strongly reduced X-gal activity in the wing disc (Fig. 5M), as
in posterior cells of the ventral compartment, and significantlgompared with th&er-lacZdisc at the same stage (Fig. 3X4).
reducedSerlacZ levels in the posterior dorsal compartment, These data show that these dTCF-binding elements are
as compared with wild-typ&erlacZ expression (Fig. 5F,G). crucial for the activity of theSer minimal wing enhancer
Thus, Wg signaling is necessary for expression ofSbe in vivo. Altogether, these results suggest that dTCF
enhancer in cells flanking the DV boundary. Taken togetheregulatesSerthrough direct binding to th&erminimal wing
we conclude that Wg signaling contributes to activation of thenhancer.
Serenhancer in these cells. ) ) .

To test whetheSerenhancer expression could be directly Ser is regulated by the Egfr pathway in presumptive
regulated by Wg signaling through its downstreamWIng veins
transcription factor dTCF, we performed DNase | footprintingSeris expressed in presumptive wing veins in late third instar,
to look for binding sites for dTCF-HMG (DNA binding as well as at the pupal stage (Fig. 2G and Fig. 6A). As Egfr
domain) (Halfon et al., 2000). dTCF-HMG is able to bindsignaling is required for vein development (Diaz-Benjumea
nine sites within the 794 bp Ser enhancer. Three of thesad Garcia-Bellido, 1990; Guichard et al., 1999), we analyzed
sites conform to a class of canonical dTCF binding sitesyhetherSerexpression in provein cells is regulated by the Egfr

Fig. 4. Seris directly regulated by the Notch pathway.
(A-D) The Ser-lacZfusion gene (construct 8) is upregulate
by N signaling. Flip-out clones expressing constitutively
active Notch (N are shown in greeSer-lacZexpression in
blue (B) or in white (C) is upregulated in théNtlones; one
example is indicated by the arrow in B. (E-G) The 79&éy
minimal wing enhancer contains binding sites for Su(H).
Gel mobility shift assays with GST-Su(H) and E G
oligonucleotides m4S1 [a strong Su(H) binding site of th probe: m4S1 SerS1 SerS2
E(spl)m4 locus as a control] and SerS1 and SerS2 [two ¥
putative Su(H) binding sites in the 794 bp minitfBalwing ->
enhancer, also shown in G and Fig. 7A]. Autoradiograms

native polyacrylamide gels show the separated products
GST-Su(H)-oligonucleotide complexes (arrow) with vario

amounts of GST-Su(H) protein (144 ng in lanes 1, 3 and

68 ng in lanes 2, 4 and 6) and the same amouRPdabelec *
oligonucleotides (10cpm). Asterisk marks position of free
probe. (F) Competition assay using8-labeled m4S1 prot F ool | |H  quopn
with a 30-fold molar excess of unlabeled competitors; as ~ [competitor: 2005 o SerSte o, .
quantified using a phosphoimager, SerS1 and SerS2 col % " s e
about one-fifth as well as m4S1. Three independent sets R
experiments produced similar results. (G) Alignment of

sequences to which Su(H) binds. SerS1 and SerS2 mat -»> . - '.
Su(H) RTGRGAR consensus defined by previous studie

(Nellesen et al., 1999), except for one unmatched nuclec

in each case (red). (H,l) In vivo activity of the wild-typer-

lacZ (construct 10) anch(Su(H)Ser-lacZThem(Su(H)Ser-

lacZ construct contains mutations in two Su(H)-binding + S
elementslacZ expression is shown by immunostaining, S e

using the glowover mode (confocal artificial coloring), where blue color indicates the highest expression level and blsghimdisates a

higher expression level. (1) At 36 hours after the L2/L3 molt, in mid third ins{@u(H)Ser-lac2xpression was significantly reduced both in

the D (arrow; less blue) and V (arrowhead; less bright and more diffused) compartments, as compa&et-letZaing disc at the same

stage (H)m(Su(H)Ser-lac2xpression levels from eight independent transgenic lines appear to be more sensitive to position effects than the
wild-type Ser-lacZtransgenic lines. Both images in H are of 8ee-lacZdisc; both images in | are of ong§Su(H)Ser-lacdisc.

Su(H)consensus RTGRGAR

E(spl)m4sl ACCGAGTGTGGGAAACTACAA
SerS1 TAATTGAATGTGAAAACCAAR
SerS2 ATGCAAGTTGGGAACTACAAC

I

(mSu(H))Ser-lacZ
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pathway. We examine8lerexpression in both gain-of-function observed thaBerexpression in the proveins was eliminated in
(gof) and loss-of-function (lof) Egfr signaling-mutant a rho and vein (vn, encoding a Egfr ligand) double-mutant
backgrounds. First, in &ho gof mutant (UASrho*) (Xiao et (Egfr lof) background, in which vein formation is completely
al., 1996), we observed th&er appeared to be ectopically abolished (Fig. 6E,F) (de Celis et al., 1997). These results
expressed between L3 and L4 (Fig. 6C,D), exactly whersuggest that the Egfr pathway may regul@tr expression
ectopicrho activity was localized (data not shown). We nextduring vein development at the pupal stage.
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], dTCF consensus CCTTTGATCTT M
SiteA GTCCATCTITTTGATGTAA mdTCF)Ser-lacZ, H : :
SiteF(rc) CTTCGGGCCTTGATCATCCGCTGAGCTTAGTTT ( ) Flg' S.Seris dlreCtly regl‘”ated by the Wg
SiteI(rc) AAATGTGTTTTGATCTTGA pathway. (A-E) TheSer-lacZfusion gene

(construct 8) is upregulated by activated Wg

G omesny :gg:: signaling. Arn$10is expressed in random
Bitac COGCEATCGCAPTITGARAT clone_zs (_mark_ed by green GFP in A,B_,B)ar-
SiteD CTAATTGAAT lacZis visualized in blue (B) or in white (C).
SiteE(rc) AGCTCTTTTTGGTATTTT DI (red), a known target gene of the Wg
SiteH(rc) ATTTCGTTTTGTTCGA 2 I pathway, serves as a positive control and is
e AR - detected by its antibody (E). Boﬂ_er-lacz0
SiteB CTTGCGGACTCTTTTTTCCATC (B,C) andDI (E) are upregulated in Ar¥h
SiteG AAATTTCGTCAGCGGTAAACTC I L expressing cells, as indicated by arrows. The

clone (arrowhead in B and D) located outside
of the wing pouch has no effect 8er-lacZandDI expression. (F-Gper-lacZis downregulated by DN-dTCF. (Ber-lacZexpression in a
wild-type background withowtn-Gal4 but with UASPN-dTCF. Expression is shown in the glowover mode (see legend for Fig. &drt);
lacZis expressed at higher levels dorsally. (G) UAS-dTCFis expressed in the posterior compartment of the wing disc under the control of
enGal4. Note thaSer-lacZexpression is eliminated in the ventral posterior compartment. The reducki@Z ekpression in the dorsal
posterior compartment is significant, when compared 8&thlacZexpression in a wild-type background. (H-K) DNase | footprinting analysis
of the dTCF-HMG protein bound to the 794 $prwing enhancer. Autoradiograms of denatured polyacrylamide gels show the separated
products of DNase | digestion of dTCF-HMG/7943grwing enhancer complexes with relative amounts of dTCF-HMG prot&imfout 2
pg protein; ¥ and &, protein increased threefold and sixfold, respectively), or no dTCF-HMG (lanes ‘c’ for control). The DNase I-sensitive
bases protected by dTCF-HMG are marked, and their corresponding DNA sequences are shown (site A-site 1). The DNA seqlgtging pro
of the 794 biSerwing enhancer are shown here with G (ddGTP) and A (ddATP), or C (ddCTP) and T (ddTTP), in the first two lanes.
(L) Alignment of sequences that are bound by dTCF-HMG (from H-K). Sites A, F and | match the dTCF CCTTTGATCTT consensus, except
for the unmatched nucleotides shown in red. Sites C, D, E and H are a good match for the HMG consensus, except for aguaniatchied
site E. The non-canonical sequences at sites B and G show no obvious homology to either dTCF or HMG binding consensugssegptences
for a stretch of three thymidine residues in the middle. (M) Expression @hthECF)Ser-lacZransgene. ThéndTCF)Ser-lacZonstruct
contains mutations in all nine dTCF-binding elements. In the late third ie@FCF)Ser-lacZxpression was greatly reduced in cells
flanking the DV boundary (arrows), as compared to a wild-8grelacZdisc (Fig. 3X4). Note thdacZ expression levels were higher in the

notum (open arrowheads), wh&erexpression is regulated independently of the Wg/dTCF patHa@gexpression in presumptive veins L3,
L4 and L5 (arrowheads) was also detected.
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EGF-R lof

Fig. 6. Seris regulated by the Egfr pathway. Wings of wild
type (A), UASrho* (Egfr gof; C), andholvn! (Egfr lof;

E) at 28 hours after puparium formation, with their
corresponding adult wings (B,D,F[SermRNA was
detected by in situ hybridization (A,C,E). (8gr
expression in the wild-type provein cells. &ris
ectopically expressed between L3 and L4 (arrow), where
the ectopic veins are developed (arrow in D).E)
expression is not seen in the wing without veins (F).

Discussion sequences, TAATNN and CAATNN (Fig. 3W). Ap may
How do tissue-specific selectors collaborate with cell signalingegulate theDrosophila FMRFa neuropeptide gene and a
pathways during organogenesis? In this paper, we show thawouse glycoprotein hormone-subunit gene enhancer by
the selector protein Ap and multiple signaling pathwayshinding to TAATNN sequences (Benveniste et al., 1998;
including the N, Wg and Egfr pathways, collaborate to regulat®incon-Limas et al., 2000; Roberson et al., 1994). Thus,
Ser in a sequential manner durindrosophila wing  TAATNN sequences may regulate most, if not all, Ap target

development. genes.

] ) The 794 bpSerminimal wing enhancer is regulated by Ap,
Sequential regulation of ~ Ser by a selector gene and and is expressed in the dorsal compartment of wing and haltere
multiple signaling pathways discs at 7.5 hours after the L2/L3 molt in early third instar (Fig.

The results reported here demonstrate that a 794 bp cis-actiBgl,Y1). The 7.4 kb Sflanking sequence and the 8 kb 3
regulatory module in th8erlocus can be temporally regulated flanking sequence can also direct reporter gene expression in
by three distinct mechanisms that are employed for the propatl of the dorsal compartment during wing development (Fig.
establishment of the DV organizer during wing developmentll,J; Fig. 2A,B; data not shown). A 9.5 kb Ap cis-response
First, the selector protein Ap directly activatasrexpression element was also isolated ~7.5 kb upstream of the Ser
in the dorsal compartment during the early third instar, whicliranslational initiation site (it contains most sequences in
sets up N activation for the next stage. Second, by the midd®nstruct 1 and construct 2, and a 2 RbanHI/BanHI

of the third instar, the N pathway maintaier expression fragment in between the two constructs; Fig. 1A), although it
by a positive-feedback loop along the DV boundary. Thids not clear whether Ap directly regulates this element. Further
feedback loop maintains Ser and DI expression, leading to tliissection of this element into smaller fragments did not
activation of N signaling at the DV boundary, which is essentiasucceed in recapitulating the dorsal anlage expression pattern
for establishing the DV organizer (Panin et al., 1997). Third(Bachmann and Knust, 1998). These results suggest that
at the end of the third instar, as a result of Wg signalieg, crosstalk between different cis-elements is required to regulate
is expressed in two stripes flanking the DV boundary, whictser dorsal expression, and that there is more than one Ap
limits N activation to the DV border (Fig. 7B). In addition, we response element at th®er locus (Fig. 1A, Fig. 2A,B)
have demonstrated th&er expression in provein cells is (Bachmann and Knust, 1998). Given the importance of Ap-
dependent on input from the Egfr pathway. Our results indicategulatedSerexpression, multiple Ap response elements might
how tissue-specific selector and signaling molecules can wotke expected. Enhancer redundancy has been observed in many
sequentially to achieve a complex developmental process, sughnes and may have evolved as a protection against loss of
as organogenesis, which involves a complex temporal argkene activity when mutations occur in regulatory sequences
spatial regulation of genes. However, our conclusion that th@eviewed by Arnosti, 2003).

Serminimal wing enhancer is sequentially regulated by Ap, Around 24 hours after the L2/L3 molt, a transition occurs in
Notch, Wg and Egfr does not exclude the possibility thaSerminimal enhancer expression from all dorsal cells to dorsal
these molecules/signaling pathways may cooperate armklls near the DV boundary [24 hours after the L2/L3 molt is
synergistically stimulate gene expression at certain stages. dlefined as early third instar because 48-72 hours AEL (after
this case, mutations that specifically impair response to thegg laying) is generally taken as the early third instar, which
intended factor would affecBer-lacZ expression in other is equal to 0-24 h after the L2/L3 molt] (Fig. 3X1-2). During

phases of disc development. this transition,Serexpression in dorsal cells flanking the DV
) . o boundary may be regulated by Ap, as well as by the N pathway
Ap regulates Ser directly in early third instar (Klein and Arias, 1998; Klein et al., 2000). At 24 hours after

Here, we provide evidence th8eris indeed a direct target the L2/L3 molt, (mAp)Ser-lacZdisplayed no activity, and
gene for Ap, thus forming a link between Ap, which specifiegmSu(H))Ser-lacZxpression was evident in dorsal cells near
dorsal identity, and the signaling pathways that organize ththe DV boundary (Fig. 3Y2; data not shown). Although these
DV boundary (Diaz-Benjumea and Cohen, 1993). Specificallydata suggest that Ap regulat8er expression in dorsal cells
we show that Ap regulates tis&rminimal wing enhancer in near the DV boundary, they do not exclude the possibility that
vivo, and binds the enhancer in vitro through two major DNANotch may still be involved in directly regulatin§er
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v

Fig. 7. Seris sequentially regulated by the Ap, N and Wg pathways during larval development. (A) Alignmereifrtiieimal wing

enhancer regions 0. melanogastefmel; 794 bp) an®. pseudoobscurépse; 810 bp). Both enhancers are located within 1 kb downstream of
theSer3'UTR. Locations of Ap (green), Su(H) (bold type) and dTCF (red) binding sites are indicated, which are defined based tho the in vi
DNA-protein binding data in this study. Non-canonical sites are italicized. Conserved nucleotides of the two speciesdane bleeote

(B) Sequential regulation &erby the Ap, N and Wg pathways represents an integration point for proper wing development. The selector
protein Ap directly activateSerexpression in the dorsal compartment during early third instar, which induces N activation at the DV border in
mid third instar. The N pathway then regulaesexpression by a positive-feedback loop along the DV boundary. Finally, as a result of Wg
signaling, at the end of the third inst8gris expressed in two stripes flanking the DV boundary.

AT T GG/G GA(ICCEMMIICAAN T TAGAGS TCCATCTTTTGATGTE@BAGC  mel

AAGTATGGAAATGGGECCAATCATECATTCCAGATCT --------- TGAAAGAGAGA pse
TCTGGACTTGCGGACTCTTTTTTCCANGRATCGTTTCCTGTATTTGGACTCGTCTS mel
GAMCAACTTE ------ CCCCCT CTATGGATAGCATTTCCTGTG----mmmmmm- G pse

ATGGAMCAGAARATGTTCGCTGGGATTGGGCGATCGCATTTGAAIGEEIN  mel
ATCAGAMATATGTATGTTCGTTGC - CTGGGATCGCATTTGAAATATGCGCTAAT Tpse

BAATGTGAAACCAAATGCAA---------- GTTGGGAACAA-- CAGSATC mel
GAATGTGAAAACCAAATGGAAGGATGTTGGGFTTGGGAACTACRGARGAG pse

GGGACA—--- CAAATGGA---G AAGCG-------- G GCGAAACAGA--T CAGAKG mel
GAGAC/GCCAGGAGCEAATCCAMGGCTAAATGTACBAGAAACAGAACGCAGAAC pse

CAGBAG--m--mn (7YY c'V.V-N  c GAAACGAAATCAC — mel
CQCAGAACACCGABAACAGATCAGAAAAAGGCCCAAAGCEBAGCGAAATCGG  pse

CAGGHAGCAGETTGCAATGCATTTTGCGTTGEGTT T (NAMI ACCAAAAAG mel
AATTGGG AATCGAGCAATGCATTTTGCGTTAEGTTTCTAATTAAAATACCAAAAAG pse

AGCTG-------- GCCGAACAQAC--- AAAACTAAGCTCAGCGGATGATCEZCC mel
AGECCAGCCGAGCGECGEBACAACCGAAACCTAAGCTCACGGATGATCAABS  pse

GAAGCAGTGATTCAAA-AACARATACTGCASAGA GECATGTGTTTTTTTTTTTTGAC mel
AAATGGAGCATACAGGAGCAG CTCCATEGE G TGTAGAAGGGCGGGAGGABIEA pse

CACAACGTGCGRWMATTTCGTCAGCGGTAAAGRIT CGAACAAAACGAABTGCCGGG mel
TCCAACGTGCGTAAATTTCGTCAGCGGTARBGTTBAACAAAACGAAATGGCCGCGpse

TTCTCGAGTATG I TCAGGAAT TEEEIIEAN G me!
g GTGTGTTGTTAATGAAGCAGAAAATGCCAGGAATTTTCGCT TGARIE
(clelog S TT CGTTCTCTTATTTTCCTCCATGCACAGAMAAAACGAAC  mel

TGGCTGCW@TGTCTGCCT@IGICGCATTTCGCCTTCAGTCCGAAGATCCTCTBGT pse

ATTTTGICTTAGATI TGACAGSTTTGCTCTCCTAAAATACAAATCAA--GATCAAAACA  mel
GITTTATTTAGTTA TGAACAGT-- GGTAICCTGRACCCTGECTGGGCEGCCTGGET pse

CATT- ISIARCAACT - T CAATAATL - SAATRETA T 7%4mel
TGO CTCAGTAGCCGGCGACTTTTGGGATCGTC X TCCCICCGBAGECG 810 pse

BBIEIeUEN su(H) TCF HMG

expression during this transition, as Su(H) may still be able tare required for the in vivo activity of this enhancer in the mid

bind to and activaténSu(H))Ser-lac4also see below). third instar, suggests that N signaling can directly reg@ate
) o . expression through Su(H). Although these results are
Notch signaling in the formation of the DV boundary consistent with direct activation of tSergene by Su(H), they

Activation of N signaling at the nascent DV boundary isdo not preclude the possibility that N signaling may regulate
essential for the formation of the DV boundary (de Celis et alSerthrough other transcription factors, possibly downstream of
1996; Micchelli and Blair, 1999; Rauskolb et al., 1999;Su(H). This would explain whymSu(H))Ser-lacshowed a
Sturtevant and Bier, 1995). Ser and DI are highly expressed significant, but not dramatic, loss of enhancer activity (Fig.
the DV border in mid-third instar and their expression can bdH,l). Alternatively, it remains possible that Su(H) can still
ectopically activated by a constitutively active form of N,bind to and activate at least one of the two mutant Su(H)
which suggests a positive-feedback loop between N ligandsinding sites ifmSu(H))Ser-lacZ.

and the receptor (de Celis and Bray, 1997; Panin et al., 1997). ] . )

The activation of such a feedback loop between N and it&/g signaling directly regulates  Ser in late third

ligands is likely to be among the earliest events in the formatiotfistar

of the DV boundary. Our finding that tlerwing enhancer is  Our in vitro and in vivo results suggest that the regulation of
regulated by the N pathway, and that two Su(H)-binding siteSer by Wg signaling occurs directly through dTCF. Using
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DNase | footprinting, we found two major classes of dTCHKawakami et al., 2001; Shubin et al., 1997). Indeed, a BLAST
binding sequences: the dTCF consensus sequensearch of theDrosophila pseudoobscurgenome identified
CCTTTGATCTT and the HMG consensus sequence putative homolog of theSer minimal wing enhancer.
WTTGWW, which are consistent with previously identified Interestingly, this enhancer region is also located less than 1 kb
dTCF binding sequences (Lee and Frasch, 2000; Riese et alawnstream of the putativ®. pseudoobscura Se3’UTR.
1997; van de Wetering et al., 1997). Interestingly, the presen@equence comparisons betweenSkeminimal wing enhancer
of dTCF/HMG binding sites in th8erminimal wing enhancer from D. melanogasterand the putativeD. pseudoobscura
may explain the crosstalk observed between theS&  enhancer show a significant degree of similarity, whereas the
enhancer and thé Serpromoter (Fig. 1). HMG proteins can similarities in the 5and 3 flanking regions are lower (Fig. 7A).
bend DNA, and could therefore bring thee®hancer close Importantly, sequences of putative Ap, Su(H) and dTCF binding
enough to interact with the transcriptional machinery bindingites are highly conserved iD. pseudoobscuraand D.
at the 5 promoter (reviewed by Thomas, 2001). melanogasteAlthough the strong conservation of sequence and
In late third instar, Wg signaling is maintained in the DVlocation suggests that the putati® pseudoobscura Ser
organizer by the N pathway (Micchelli et al., 1997). Wgenhancer may be a functional homolog of thenelanogaster
signaling activateSerandDI expression in the cells flanking Serminimal wing enhancer, it remains to be tested whether this
the DV boundary, which in turn activates N signaling toenhancer drives reporter gene expression at the identical time
maintain a positive-feedback loop between N and Wg signalnd location in th®. melanogastewing discs.
(Fig. 7B) (de Celis and Bray, 1997; Micchelli et al., 1997).
Because of an autonomous repression effect of N ligands onWe.WiSh to thank Drs S. Artavanig-Tsakonas, J. de Celis, S. Cohen,
their receptorSerandDI expression in the flanking cells also K- Irvine, A. Michelson, M. Muskavitch, J. Nambu, J. Pasakony, N.
prevents N sigraling from spreccing out ofthe DV border. ST 7 Tognert 2wl € Thummel ne e Bloomaer Soex
Z'tgr;ﬁgngbg:ggrtu(rges Ocﬁ(;irsngr[ijl eéqr:);;ssi%r;%){ Ir,ﬂtuhil)ﬂg;\t th confocal microscopy; Dr C. Benyajati for lending electrophoresis

. . / eapparatus to perform DNase | footprinting; and C. Sommers for
molecular nature of the dominant-negative effects of N ligandgmpryo injection. We thank Dr L. Silver-Morse for comments on the

and the repression of Ser and DI by N signaling remainganuscript, and the two anonymous referees for the helpful
unknown, these mechanisms may play important roles isuggestions. This study was supported by a National Science
keeping the boundary sharp (Micchelli et al., 1997).Foundation grant (IBN-9727951) to R.J.F. and a National Institutes of
Interestingly, theSerminimal wing enhancer is also repressedHealth grant (R01 GM65774) to W.X.L.

at the DV border, suggesting that it is possible to study the

molecular mechanism &errepression at the border using this References
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