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SUMMARY

A central theme during development and homeostasis is the with regard to expression level or with regard to spatial
generation of cell type-specific responses to the action of a restriction. The isolated DPPRE of lab550 responds

limited number of extant signaling cascades triggered
by extracellular ligands. The molecular mechanisms by
which information from such signals are integrated in

responding cells in a cell-type specific manner remain
poorly understood. We have undertaken a detailed
characterization of an enhancer that is regulated by DPP
signaling and by the homeotic protein Labial and its

partners, Extradenticle and Homothorax. The expression
driven by this enhancer (lab550) and numerous deletions
and point mutants thereof was studied in wild-type and

mutant Drosophilaembryos as well as in cultured cells. We

extremely weakly to DPP. Interestingly, we found that the
inducibility of this DPPRE is weak because it is tuned down
by the action of a repressor element. This repressor element
and an additional 50 bp element appear to be crucial for
the cooperation of the HOMRE and the DPPRE, and might
tightly link the DPP response to the homeotic input. The
cooperation between the different elements of the enhancer
leads to the segmentally restricted activity of lab550 in the
endoderm and provides a mechanism to create specific
responses to DPP signaling with the help of a HOX protein
complex.

find that the 1ab550 enhancer is composed of two elements,
a Homeotic Response Element (HOMRE) and a DPP

Response Element (DPPRE) that synergize. None of these Key words: DPP, Signaling, Homeotic genes, Endoderm, Induction,
two elements can reproduce the expression of lab550, either Transcription, Gene regulation

INTRODUCTION specificity in the intracellular signal transduction cascade with
respect to different TG¥-like cytokines is reached at the level
The progressive determination of cells by intercellularof the receptor-activated Smad proteins, dividing the ligands
signaling cascades is a key feature of animal developmernito two major subgroups, the BMP and the P@¥etivin
Recent studies have shown that a relatively small number sftibfamily. Nuclear factors that interact with receptor-activated
signal transduction pathways is involved in the correcEmad proteins have been isolated. However, the specificity of
temporal and spatial elaboration of the numerous different cethe response to members of the same subgroup and to the same
types present in complex multicellular organisms. Thdigand in different developmental contexts remains obscure
molecular mechanisms that control the specificity of th€Hata et al., 2000; Massague and Chen, 2000; Massague and
signaling response in different developmental contexts remaWotton, 2000).
poorly understood. Indeed, it is still unclear how signaling In Drosophila the BMP 2/4 homologue Decapentaplegic
through the same pathway leads to a variety of tissue- ¢DPP) controls a large number of cell fate decisions during the
segment-specific responses and how specificity is achieved.development of the fly embryo (Raftery and Sutherland, 1999).
The specificity of the response to members of thdt has been demonstrated that DPP signals through the same
TGH3/BMP superfamily of signaling molecules has beenpathway in most of these processes, involving the receptors
investigated in the past few years. T&igands control alarge Punt (PUT) and Thickveins (TKV) and the Smad proteins
number of processes during development and homeostasis, avidther Against Dpp (MAD) and Medea (MED). The reiterated
defects in TGPB signaling cause a large number of pathologiesuse of the same pathway in many different developmental
Distinct classes of TG cytokines signal through similar decisions prompts the question of the specificity of the
pathways, involving heteromeric transmembrane Ser/Thresponse to DPP signaling in various contexts. Although a
kinase receptor complexes at the cell surface and Smad famdgmplex of MAD and MED has been shown to bind to DPP
proteins as cytoplasmic effectors. A certain degree ofarget enhancers (Certel et al., 2000; Kim et al., 1997; Xu et
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al., 1998), tissue-specific nuclear proteins that interact with thelATERIALS AND METHODS
signal transducers have not yet been identified.

Cell type allocation in th®rosophilamidgut can serve as Isolation of the lab enhancer from  Drosophila hydei
a model system to study the specificity of the response to DPIB find sequences related to the lab550 enhancer, we screened a
signaling. DPP is expressed in two distinct domains of thgenomicD. hydeilibrary (a gift from D. Maier (Maier et al., 1990))
visceral mesoderm — in parasegments (ps) 3 and 7; it low stringency with a radioactively' I:_:lbel_ed lab550 probe filom
expression is restricted to these domains by the action of gerf@glanogaster Low-stringency _hybridizations ~ were - performed
of the HOM/HOX cluster (Bienz, 1994). DPP is secreted fronpVernight at 50-55°C in&SC, &Denhardts and 0.5% SDS, with
visceral mesoderm cells and controls gene expression ﬁ{fllmon sperm DNA as carrier. Hybridization was followed by two 10

fic d . both in the vi | d din t minute washes at room temperature and two 30 minute washes at
Speciiic domains, both In the visceral mesoderm and In bridization temperature inx8SC, 0.5% SDS. We isolated several

endoderm. Most prominently, DPP signaling from ps 7hypridizing phage clones; their homology was reconfirmed by low
induces the expression of the homeotic geél (Ilab) in @  stringency Southern blotting with both a lab550 probe and a probe for
restricted domain of the endoderm, abutting the DPhhe lab gene. Restriction analysis and low stringency Southern
expression domain in ps 7 of the visceral mesoderm (Bienblotting allowed us to isolate a 664 bp fragment that was sequenced
1997). However, DPP signaling from ps 3 does not ledabto  on both strands. Sequences of the labBb0relanogastgrand H664
expression in the adjacent domain of the endoderm/and (D. hyde) enhancer fragments were aligned using ClustalX. The
is also not induced in ps 3 and ps 7 of the visceral mesoderii664 fragment fronD. hydeiwas also cloned by PCR into B(see

To elucidate the molecular mechanisms that control the DPEEIOW) for transformation db. melanogaster

response in the midgut, we analyzed a 550 basepair (bp)y stocks and transformants

enhancer from théab gene, 1ab550, which is sufficient to transformant lines were generated by standard procedures. For each
drive expression in the domain of the endoderm abutting ps ¥aporter construct, thiacZ expression pattern was determined for

in which endogenous LAB is expressed (Grieder et al., 199&gveral independent transformant lines; in each case, the large
Tremml and Bienz, 1992). Our previous work has shown thahajority of transformants of a given construct showed identical
the l1ab550 enhancer contains an essential, tripartite bindirypression patterns. The endoderm-specific Gal4 line 48Y was
site for LAB and its co-factors Extradenticle (EXD) and obtained from N. Brown (Martin-Bermudo et al., 1997). The UAS-
Homothorax (HTH; Grieder et al., 1997; Ryoo et al., 1999)kvQD (Nellen et al., 1996) and the UAS-armS10 (Zecca et al., 1996)
Strikingly, a short 45 bp element containing this site, terme%neensis"é’e'(/fo?tg:r (f[gren;'aﬁasll‘;gé;'eFléftsﬁéaz\rgés"ivsaz fogfrl)lpeesiifc;gr?n
the _Homeptlc Response Element (HO.MRE)' IS al_JIe to driv utant backgrounds, the following alleles were ugeg4, abd-A%1,

by itself in a single copy .sgbstanual expression in the,,vo1 andwg®*4 The assay itwi mutants was carried out using a
endoderm, in a pattern reminiscent of the endogeiaius 1y 48y [ab550 recombinant chromosome created by meiotic
gene; this expression is strictly dependent on the activity gkcombination. The presence of 48Y and lab550 was checked by
the lab, exdandhth genes (Grieder et al., 1997; Ryoo et al.,Single-Fly PCR (Gloor et al., 1993), the presence ofwhallele by
1999). However, the lab550 enhancer only responds to DRiRecking for homozygous lethality and embryonic phenotype.
signaling when the '5located HOMRE is linked to Cloning and mutagenesis

downstream sequences that, by themselves, behave as a v yreporter constructs were generated using standard cloning
weak DPP response element. Based on these flndlngs,d§r cedures, and inserts were cloned intépal and BanH| site of

proposgd t.hat thiab enhancer integrates both signaling an he nuclearlacZ-encoding P-element vector fJa gift from K.
homeotic input and represents a model system to Stucié/asler). Mutations and deletions of the original 550@Qipl lab
interactions between these two important developmentajagment were generated with a PCR-based approach using the proof-
regulators (Grieder et al., 1997, Mann and Affolter, 1998reading polymerase Pfu. The construction of the original lab550-pC
Ryoo et al., 1999). reporter, as well as the deletion variants 48/9B-pid 92/546-p@,

In order to determine the role of each subelement of lab53tave been described (Grieder et al., 1997). Other deletion constructs
to endodermal expression, we have carefully analyzed trand the HE664 construct were similarly amplified using primers
activity of the lab550 enhancer and numerous deletions arfrting at the indicated position and bearing an atlgedsite at the
point mutants thereof, in wild-type and mutdbtosophila 5"end and an addéghnH]| site at the 3end. The 550mCRE construct
embryos, as well as in cultured cells. Strikingly, we found thaf*aS_créated by subcloning the 550C fragment using _primers

. ontaining the same restriction sites (Eresh et al., 1997) ifiolp@e
lab550 contained an extremely weak DPP response elem int mutation in 550m300 was introduced by a two-step PCR

(DPPRE), which seems to integrate both signal- and tissugmpiification (Grieder et al., 1997). The sequence of the PCR primers
specific inputs; the inducibility of this DPPRE is weak becausgan be provided on request. All constructs were sequenced using the
it is tuned down by the action of a repressor element. We alserkin Elmer Automated Sequencer ABI 320 and the AmpliTaq Big
identified a 50 bp sequence element within the DPPRE that BBye Kit (Perkin Elmer). The MAD sites we mutated are indicated in
absolutely essential for DPPRE and lab550 activity. Théig.1l. In each case, two nucleotides were mutated in the consensus
repressor and the 50 bp elements appear to be crucial for thigding site (GCCGNCGC to GCTANCGC); all sites identified on
cooperation of the HOMRE and the DPPRE, and might tightl>|/ab550 differ from _the consensus at one or two positions. To generate
link the transcriptional response to DPP to the presencea?‘ge site 300 mutation, the stretch of five C residues starting at position

: . . . . 7 was mutated to ATATA; the construct lab550 from which all
a homeotic protein complex. Our studies identify sever urther m300 constructs were derived, contains two further mutations

elements that are required in concert to generate a I0_ ich were not associated with the derepression phenotype. The
response to DPP in the endoderm. The further charactenzaug;gpression plasmids for Mad, Medea and @&were a generous gift

Of these e|ementS m|ght aIIOW the elucidation Of the m0|eCU|6(§f Dr Kawabata. The lab550 enhancer was generated from a

interactions that link homeotic and cell signaling informationpBluescript plasmid containing the 550bp upstream regulatory region
in responding cells. of the lab gene, cut withHindlll and Xhd, and cloned into the
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luciferase vector pt8lluc (Nordeen, 1988). All the other lab55Cconstructs depend dab function and we have argued that the
derivatives were generated from the corresponding yectors, cut  low levels of LAB present in the endodermal primordia before
with Asp718 andBarHl, blunted with Klenow and cloned into pt81 fusjon are critical for the expression (Grieder et al., 1997). At
luc opened wittBma. stage 14, during which the gut assumes the shape of a heart, the
Antibody staining difference in the expression of the two constructs was
The antiB-Gal antibody was generated in mouse (Promega), and tH@aintained; lab550 was active in all cells expressing LAB (Fig.
LAB antibody was produced in rabbit and affinity purified (U. N. and1E-G), while HOMRE activity was not detected in the anterior

M. A., unpublished). Secondary antibodies were conjugated

either with alkaline phosphatase or with horsere
peroxidase, using the ABC kit (Vector labs). For conf
analysis, FITC- and Alexa-conjugated secondary antib
were used (DAKO and Molecular Probes).

Transfection experiment

COS-1 cells were maintained in Dulbecco’s modified Ea **

medium (DMEM), supplemented with 10% fetal calf se
(Gibco), 100 wunits/ml of penicillin and 10Qug/ml
streptomycin. Transfections were carried out by Cg
precipitation. Typically, for a 6 mm dish, 1@ of total DNA
was added to cells that had reached 1/3 confluency.

A - HTH

1 ATCGATTTACCAAAALTTACAAAGGAAACCCGARAAGTACCGCCARGT TTTGTTOTTL :GGA‘._'.-".";'.'}-I
i

CGGCGCCGG“QTT'ﬂGG T TGCAGTGCCAATTACGCCAGTIACTCGTC TCGAR
Al

|
RACCG ARCGGRCRG WCAGCGGCCARCGGACACCGARMACCGGACAGATACGGGCTGCCETGE

3

204 GGAGACACCAGAGCTSTGTACGCAAGAATCGTATCGARCGGCCCCACTCCAAGTTCCAGAAGTTTTGGAGCT

285 GTAGC 'l'G:_‘GGCGCCCCCA'I'CR%C'@GGCGT@C'[E G TGGTﬁT TTTCCACTATTTCGATCGGCTGTAGA

356 GGCTTGTLGCCTCTCL

] T |
GCTGTTGAGAACGTCANCTAGOCCAT, [TACTTCCGACGCTTTCATRGE

eight hours after transfection, cells were harvestec **'
luciferase andB-gal activity as previously described (Vige aas

et al., 1998).

RESULTS

The lab550 HOMRE is necessary, but not
sufficient, for lab550 expression in the
endoderm

We have demonstrated previously that a short
element at the'®nd of the lab550 enhancer is requ
for lab550-driven reporter gene expression in
midgut endoderm. This element contains an ess
binding site for the homeotic protein Labial (LAB) ¢
its co-factors EXD and HTH and was therefore ter
the Homeotic Response Element (HOMRE) (Grii
et al., 1997; Ryoo et al., 1999). As the nuc
translocation of EXD in the midgut endoderm has |
shown to depend on DPP (and Wingless (V
signaling (Mann and Abu-Shaar, 1996), the lat
HOMRE could well resume the observed depend
of lab550 on both,lab and DPP signaling. T
investigate this possibility, we analyzed the temg
and spatial expression profile driven by lab550 an
48/95 HOMRE in relation to endogenoulab
expression. The sequence of the 1ab550 enhanct
the extent of the HOMRE (red arrows) are show
Fig. 1A.

We monitored reporter gene expression at
different developmental stages and observed sti
differences between the domains in which these
enhancers were active. At early stage 13, lab550-c
expression overlapped substantially with endoge
LAB protein (Fig. 1C). In contrast, expression dri
by the HOMRE was clearly observed in two to tt
rows of cells posterior to the LAB expression don
at this stage and was not observed in the anterior
expressing cells (Fig. 1D); in addition, the expres
levels driven by the HOMRE were much lower t
those driven by lab550 (data not shown). Note the
have previously shown that even in the cells in w
we do not detect high levels of DPP-induced LAB, |

Fig. 1. The HOMRE does not activate transcription in the same domain as the
entire lab550 enhancer. The sequence of the lab550 enhancer is shown in A.
The HTH-, LAB- and EXD-binding sites are shown in green, red and blue
boxes, respectively (Grieder et al., 1997; Ryoo et al., 1999). The extent of the
48/95 HOMRE is indicated by the red arrows and the extent of the 50 bp
element (see text) by the green arrows. Four MAD/MEDEA-binding sites are
underlined and four CREs are boxed in blue. The repressor element shaded in
orange. A GATA site is boxed in red and a HMG-binding site in green.
Nucleotides conserved between eanelanogastelab550 enhancer and the
corresponding element frobB. hydeiare printed in bold; non-conserved

residues are not bold. The sequence stretch from 185 to 215 is not conserved
between the two species. (B-D) The expression of endogenous lab (brown, B)
is compared with the expression driven by lab550 (C; lab in blue, lab550
driven3-GAL expression in brown) and the expression driven by the HOMRE
48/95 (D; lab in blue, HOMRE in brown) in stage 13 embryos. Clearly, lab550
mimics the expression of lab, whereas HOMRE-driven expression is mostly
posterior to lab. (E-J) Using confocal microscopy, the expression of lab550
(green; E,G) and the HOMRE (green; H,J) is compared with endogenous lab
(red; F,G,1,J) in stage 14 embryos. Expression levels were higher in later stages
and it was not possible to use confocal microscopy in stage 13 embryos.
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48Y::tkvQD

Fig. 2. Neither the HOMRE nor the DPPRE shows the same genetic requirement for expression as lab550. Expression of lab550 (A-E) is
compared with the expression of 48/95 (HOMRE; F-J), 92/546 (DPPRE; K-O) and 92/546m300(DPPREmM300; P-T). Expression ia analyzed
wild-type embryos (A,F,K,P) or in embryos mutant &ad-A(B,G,L,Q),wg (C,H,M,R) ordpp** (E,J,0,T). Expression was also analyzed in
embryos expressing a constitutive active version of the DPP receptor TK¥P)ikvthe endoderm (D,I,N,S). Note that in contrast to lab550,
92/546m300 is strongly expressed in the gastric caeca endoderm (arrows, P,Q).

rows of these cells but clearly present in cells posterior to th@rieder et al., 1997), lab550 follows the posterior expansion
endogenoukab domain (Fig. 1H-J). We conclude that althoughof dpp expression in the visceral mesodernmabél-Amutants
the expression pattern of the lab550 and the HOMRE reportéFig. 2B), whereas the HOMRE is completely inactivalia-
partially overlap, the HOMRE clearly does not account on itA mutant embryos (Fig. 2G). Aabd-A does not affect
own for the activity of 1ab550 or for the expression of theendoderm development before induction occurs, we conclude
endogenou$ab gene. Rather, HOMRE expression mimics thethat the HOMRE does not respond to ectopic Dpp (see also
expression of an oligomerized LAB/EXD site in late embryosbelow). Therefore, HOMRE activity displays a strict
(rp3; Popperl et al., 1995); similar to the HOMRE, rp3 is activaequirement for an additional visceral mesodermal factor
both in the second and third midgut convolution (data nomissing inabd-Amutants. Asvg expression is absent in ps8
shown), but in contrast to the HOMRE, rp3 is already active if the visceral mesoderm abd-A(Immergluck et al., 1990),
the posterior endodermal primordia before fusion (Chan et alye directly monitored the activity of the two enhancera/gn
1996; Popperl et al., 1995). mutants. The expression driven by lab550 was only slightly
To better understand the reasons causing the differeréduced (Fig. 2C), most probably owing to the reduced levels
expression domains driven by lab550 and the HOMRE, wef dppsignaling inwg mutants (Yu et al., 1996). Strikingly, the
analyzed the activity of these elements in different genetielOMRE drove no expression in the absencevg@{Fig. 2H).
backgrounds that modify the levels and extents of DPHherefore, an additional input from the WG signaling cascade
signaling in the midgut. As we have reported previouslhyjis necessary for the activity of the HOMRE, but is not essential

lab

Fig. 3. The mutated DPPRE is independent of the activity of 1/550
the HOX complex. Expression of lab550 (A,B) is compared

with the expression of lab550m300 (C,D) both in wild-type

(A,C) andlab mutant embryos (B,D). Embryos were double

stained foi3-gal activity driven by the enhancers (brown) and

LAB protein (blue). The mutated element is strongly active in1/550
lab mutants both in ps 7 and in the gastric caeca (arrow). Nomsoo
that the diagnostic LAB staining in the CNS (arrowheads) is

missing in the mutants.
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lab1-550luc  + + + + + + ) ) ) o
+ + o+ Fig. 5.1ab550 can be induced by DPP signaling in the absence of the
ME“;’;'Z + + o+ visceral mesoderm. Intavi mutant embryo, expression of the lab550
+

construct is absent in the endoderm (A). The endodermal expression
TKvQP + driven by lab550 can be restoredhvi mutants upon ectopic
expression of an activated form of the TKV receptoiR&wnder
UAS control, using the endoderm-specific GAL4 line 48Y
B 150 — (B, arrow). When ectopic WG or MAPK signaling were induced in a
similar, cell-autonomous, way twi mutants, using 48Y and an
activated form of arm, arfd®(C), and of Ras, rd32 (D) under UAS

-|- control, endodermal expression of lab550 was not restored.
100 —

for lab550 activity. To confirm these results, we also monitored
the activity of the two enhancers upon the expression of high
levels of the activated DPP receptor ®R(Nellen et al., 1996)
in the endoderm by using the endoderm-specific driver 48Y
(Martin-Bermudo et al., 1997). lab550-driven expression was
expanded and strong throughout most of the endoderm (Fig.
MAD + MEDEA + + + + + 2D). HOMRE-driven expression was only slightly expanded
MAD + MEDEA + TKve>  + + + + + posteriorly and showed weak ectopic expression in the gastric
enhancerless 48 95 92 54 caeca endoderm (Fig. 2I, see arrow). Interestingly, these two
. 550 o s ™ sites of ectopic endodermal expression of the HOMRE abut
— — WG-expressing cells of the visceral mesoderm (anterior to the
Fig. 4.92/546 acts as a strong DPP response element in COS ceIIsE;qSlTr%r?]ae?‘(t:%? rl_l%ll\r;lRpsé ?c))ra\?\;jGtZ?grjﬁg)Iirr? g(_:OUId reflect the strict

The expression of luciferase under the control of the lab550 enhanc
or derivatives thereof was analyzed in COS cells after co-transfection These results demonstrate clearly that the HOMRE does

with combinations of MAD-, MEDEA- and TK9P-expressing not represent a minimal enhancer mimicking lab550 driven
plasmids. Cells were transfected witpg of the reporter plasmids ~ €Xpression, as it displays both different spatial activity as well
lab1-550luc (A) or its derivatives, schematically represented at the as different genetic requirements for activity. Most importantly,
bottom of the graph, and (B) co-transfected witig2f each the HOMRE does not account for the DPP responsiveness of
indicated expression plasmids. enhancerless: parental luciferase lab550.

plasmid pt81-luc. The amount of transfected DNA was kept constant

(10 ug) by addition of psG5 plasmid. Bars represent the luciferase The lab550 enhancer harbors an attenuated DPPRE

activity of transfected cell extracts (meare.m. of three to ten in its 3" region

independent experiments, each carried out in duplicate), expressed&g the HOMRE only partially accounts for the activity of the

-fold activation over the basal activity of the reporter construct. .
Values were normalized by co-transfection of @glof a pCMVE- lab550 enhancer, we looked for additional elements that

gal plasmid as an internal standard. lab550 activity is increased 70-contribute to the regulation of lab550. We have previously

fold activation

fold after the co-transfection of all four plasmids. (A) Although proposed that the activity of 1ab550 is a consequence of a
MAD and MEDEA together also stimulated expression of lab550 ~ Synergistic interaction between the HOMRE and the remaining
(14-fold), the addition of TK¥P further increased expression 3 sequences of lab550, which are thought to integrate DPP

fivefold; TKV did not stimulate 1ab550 expression in the absence of signaling (Grieder et al., 1997). However, theejion of the
co-transfected MAD and MEDEA. In contrast to lab550, the activity |gph550 enhancer, termed 92/546, drives expression in only a
of HOMRE (B) was increased only threefold by DPP signaling. — few cells (Fig. 2K), which makes it difficult to assess its DPP
DPPRE activity was increased 84-fold and the activity of DPPRE oqy5nsiveness. Indeed, only few cells display 92/546-driven
carrying mutation 300, which allowed for a strong DPP response in reporter gene expressioin in the posterior endoderm region of

the endoderm, was increased 32-fold. Thus, mutation 300 did not bd-Amutant herelbp is st | din th ti
show a stimulatory effect in COS cells but rather somewhat reduced@Pd-AMmutants (wherelpp s strongly expressed in the entire

the DPP response. The reduced induction of 92/546m300 when  Posterior visceral mesoderm), in sharp contrast to the strong
compared with 92/546 was due to a higher basal level of 92/546; thd0sterior expansion found for lab550 (compare Fig. 2L with
measured activity levels after induction were similar (data not Fig. 2B, Grieder et al., 1997). However, the 92/546 enhancer
shown). fragment showed a weak but substantial response to high levels
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of DPP signaling (Fig. 2N). These results point to the existence Indeed, we found that the full-length lab550 enhancer could
of a weak DPP response element located in thpard of the  be activated in the presence of co-transfected IK\MAD
lab550 enhancer. and MEDEA (Fig. 4A). No activation was seen in the presence
As a result of a mutational analysis of in vitro binding sitesof the activated receptor alone. In the presence of MAD and
for the nuclear factor Schnurri (Grieder, 1997; Grieder et alMEDEA only, a 14-fold stimulation was observed; this activity
1995), we identified a site around position 300 of the enhance&ras synergistically enhanced in the presence of the activated
that, when mutated (see Materials and Methods), resulted inraceptor, leading to a 70-fold increase in luciferase levels (Fig.
dramatic change in the activity of the enhancer. A reporte4A). Clearly, lab550 represents a DPP responsive enhancer in
construct containing this mutation, termed 92/546m300COS cells upon the reconstruction of the DPP signaling system
showed a striking change, both qualitative and quantitative, im these heterologous cell system. This allowed us to define the
its response to DPP signaling in the endoderm. Whereagquences necessary for the (most likely) direct signaling
92/546 was only weakly active in a few cells, 92/546m300 waszsponse in this heterologous system and compare the results
highly active and substantially expanded adjacent to ps With those obtained iDrosophilaembryos.
Strikingly, expression was also clearly detected in a domain A reporter construct containing the HOMRE showed only
abutting ps 3 of the visceral mesoderm, whepp is also  very little activity above basal levels after transfection with
expressed (Fig. 2P, arrow). Strong expression was maintain@®&V QP and the Smad-encoding plasmids (Fig. 4B). This result
in the four gastric cacae in later stages (data not shownk consistent with our findings that the HOMRE does not
Moreover, the expression driven by 92/546m300 wasespond well to ectopic DPP in thBrosophila embryo.
posteriorly expanded iabd-A mutants and strongly detected However, the same transfection regime led to a strong and
throughout the entire endoderm in embryos expredkw®¥Y  reproducible 70-80-fold induction of the 92/546 reporter
under the control of the endodermal driver 48Y (Fig. 2Q,S)constructs (Fig. 4). The fact that 1ab550 and its subelement
The fact that the activity of this mutated element is absent i82/546 displayed similar levels of reporter gene activation
dpp>*mutants (Fig. 2T) but hardly affectedvig mutants (Fig.  upon signaling demonstrated that most, if not all, of the DPP-
2R) underscores the strong DPP responsiveness of thesponsive sequences are located on thea@ment of the
92/546m300 enhancer. The enhancer remained endoderfab550 enhancer; this is in agreement with our findings in the
specific, as ubiquitous expressiontlofRP resulted in ectopic Drosophilaembryo (see above). These results unambigously
expression in the endoderm only (data not shown). Thesshow that the lab550 enhancer harbors a DPPRE ihpsr3
experiments demonstrate that the weak DPP-responsiloreover, this DPPRE is likely to be inhibited in its activity
element (DPPRE) in the' Yart of the lab550 enhancer or inducibility in Drosophilaembryos by the binding, at site
(92/546) is the result of the presence of a repressor eleme30, of a factor that is present throughout Dw@sophila
around site 300 in an otherwise very sensitive, endodermahdoderm; this factor(s) appears to be absent in COS cells, as
DPP-responsive enhancer. the introduction of mutation 300 did not increase the DPP
As the 3DPPRE with the site 300 mutation is strongly DPPresponsiveness of 1lab550 or 92/546 (Fig. 4B; see also Figure
responsive in endodermal cells adjacent to ps 3 and ps 7, dedend).
lacks the HOMRE, we expected that the introduction of the )
same mutation in the full-length lab550 would result in anSignaling through the DPP pathway is necessary
enhancer that loses its dependence laim function for and sufficient to activate lab550
expression. Indeed, 1ab550m300 is strongly activated in th®ur cell culture experiments and our in vivo studies that
anterior and central midgut endoderm by DPRammutants  analyze dpp loss-of-function and dpp gain-of-function
(Fig. 3D); the same is true for 92/546m300 (data not showngituations (ectopicdpp expression inabd-A mutants and
This is in sharp contrast to the expression driven by lab55@ctopic expression of an activated DPP type | receptor) clearly
which lacks the site 300 mutation; expression of this enhanceliemonstrate that the lab550 enhancer can be strongly induced
is strongly reduced in the absencdatf (Fig. 3B; Grieder et by DPP signaling. This result contrasts somewhat with
al., 1997). These experiments show that the mutation of sifgevious work that has proposed the activity of lab550 to result
300 abrogates the need of homeotic input for the DPHrom a functional intertwining of DPP signaling with

dependent activity of the lab550 enhancer. Epidermal Growth Factor (EGF) signaling in the endoderm
. ) . o (Szuts et al., 1998). In addition, previous reports have shown

The DPPRE is strongly induced by DPP signaling in both positive and negative effects of WG signaling from the

cultured cells visceral mesoderm on the expressionlaif (Hoppler and

To confirm more directly the responsiveness of lab550 anBienz, 1995).

some of its subelements to DPP signaling, we co-transfected To assess the relative importance of the DPP and the other
COS cells with different reporter constructs and componentsignaling pathways inlab induction and/or in lab550

of the DPP signaling pathway, including the activated receptaegulation, we expressed activated components of each of these
TKVQD, MAD and MEDEA. The rationale behind these pathways in a cell-autonomous manner in the endoderm in the
experiments was to assess whether the enhancer elemesitsence of the inducing tissue — the visceral mesoderm. For
would respond to DPP signaling in this heterologous systenthis purpose, the visceral mesoderm was genetically ablated
such a response could much more comfortably be interpretering mutants for the mesoderm-determining fatigst in

as a direct activation of the enhancer by DPP signalinthese mutants, the visceral mesoderm does not develop, but
mediators, in contrast to an indirect activation via the inductioendodermal cell fates are determinedtwnmutant embryos,

of secondary signals or via the induction of transcriptionathe lab550 enhancer fails to be activated in the endoderm (Fig.
regulators that in turn, activate the enhancers. 5A), as predicted from the lack of the inductive signal(s).
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Specific signaling pathways were activated in the endoderm binding sites bound purified MAD protein with the same
twi mutants in a cell-autonomous fashion using either affinity as previously published sites on tiag? or the tin
constitutively active DPP receptor, TR, which triggers the enhancer (data not shown; Kim et al., 1997; Xu et al., 1998).
DPP signaling pathway, an active form of ARMADILLO, We mutated all the sites individually and in combination.
ARMS10 which triggers the WG signaling pathway, and theSomewhat surprisingly, mutating all four MAD binding sites
active form of RAS, RA%!2 which triggers the MAPK led to only a moderate reduction in expression of both the
pathway. Intwi mutant embryos, overexpression of ARMI  lab550 construct and of the activated DPPRE construct,
and RAY12 had no effect on the activity of lab550 (Fig. 5C,D, 92/546m300 (Fig. 6C,F). However, these results are in
respectively). In contrast, overexpression of T¥Med to a agreement with previous studies that showed only a slight
strong induction of lab550-driven reporter gene expressioreduction in lab550 activity upon mutation of two MAD-
(Fig. 5B). This activation of lab550 is mediated by the DPPREhinding sites (Szuts et al., 1998). To better quantify the effect
as a construct containing the 92/546m300 element was alsd mutating the potential MAD sites on lab550, we assayed the
strongly activated by DPP signaling twi mutants (data not activity of this mutated form of lab550 in cell culture
shown). We also monitored the expression of the endogenoaegperiments. In this assay system, we observed a clear
lab gene intwi mutant embryos that expressed the activatededuction in the response to DPP signaling of the mutated
components of the aforementioned pathways. Consistent wignhancer compared with its wild-type form (Fig. 6A).
the results obtained for the lab550 enhancer, LAB proteiifherefore, we conclude that these MAD-binding sites
could only be detected in the endoderntvaf embryos when contribute to the DPP responsiveness of lab550, both in vivo
TKV QP was concomitantly expressed in the same germ layend in cell culture experiments; however, other sites must also
(see also Grieder et al., 1995); expression of &#Mand  confer DPP responsiveness.

RASV12 had no activating effect (data not shown). Combined It was previously reported that binding sites resembling
with the cell culture assays (Fig. 4), these experiment€REs are necessary for the full activity of lab550 (Eresh et al.,
demonstrate that DPP signaling is sufficient to strongly activat&997; Szuts et al., 1998). We therefore assayed the effect of
lab550 in the absence of other signals from the viscerahutating those sites on the activity of the lab550 enhancer and

mesoderm. of the activated DPPRE, both in embryos and in tissue culture.
o ) ) Whereas the expression driven by lab550 was only slightly

Both MAD and CRE-binding sites contribute to the reduced upon mutation of all four CRE sites, the derepressed

DPP response of lab550 DPPRE (92/546m300) was strikingly inactive, showing

Since the 92/546 DPPRE recapitulates most if not all of thexpression in a few cells only (Fig. 6G). In addition, cell
DPP responsiveness of the lab550 enhancer, we sought dolture assays with the CRE-mutated form of lab550 show a
determine which sites on this subfragment mediate thistrongly reduced response to DPP of lab550mCRE (Fig. 6A).
response. We searched the lab550 enhancer for binding sileshas been proposed that the bZIP transcription factor Dfos
for MAD, which has been shown to bind DPP target enhanceisuld directly or indirectly mediate part of the responsiatof
(Kim et al., 1997; Xu et al., 1998). We found four sites (ato DPP (and EGF) signaling in the endoderm by binding on
positions 80, 210, 240 and 290; see Fig. 1) that closely matthe lab550 enhancer (Riese et al., 1997; Szuts and Bienz,
the consensus binding site for MAD (GCCGNnCGC); thes®000). To test this possibility, we assayed the expression of
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Fig. 6. MAD and CRE sites are important for the DPP response, both in the embryo and in COS cells. (A) Luciferase activity of the lab550
enhancer and two mutant derivatives upon stimulation of DPP signaling in transfected COS-1 cells. The DPP response iasexpléssed
activation over the basal activity of each reporter plasmid alone, which is indicated at the bottom of the graph (sez dfh&iggérior

details). The introduction of the four MAD mutations and the introduction of the four CRE mutations lead to a reductie@spotise to DPP
signaling from 70-fold to 14-fold and 11-fold, respectively. In the embryo, lab550-driven expression (B) was reducedrbyticgantof
mutations in either the MAD sites (C) or the CRE sites (D). 92/546m300-driven expression (E) was also reduced by mutathdA®in t

sites (F) and was hardly detectable after mutating the CRE sites (G).
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reporter constructs containing the activated DPPREajrak Activity
(kay) mutants, which show no zygotic Dfos expression. We 7 ps3 ps 7
found that the expression driven by 92/546m300 was reduce y 1/546m300 4+ .
in cells adjacent to ps 7 but not adjacent to ps 3 (data n 92/546 . *)
shown). Unfortunately, embryos from germline clones coulc 92/546m300  ++ T
not be analyzed because they do not complete oogenesis (Er M 142/546m300  ++ s
Hafen, personal communication). Nevertheless, these finding “”j a3y o
suggest that Dfos mediates part of the response to DF 294/546m300  + +
signaling of lab550 adjacent to ps 7 (maybe by binding on th 344/546 -
CRE sites found on the DPPRE subfragment; see Szuts a 395/546
Bienz, 2000), but that other factors must be able to substitu T eoiaae : )
for Dfos in the gastric caeca. it 92/495m300  ++ S—
i _ i _ ot 92/444m300  ++ 4+
A 50 bp element in the DPPRE is essential for its — 92/394m300 - -
DPP inducibility - 92/343m300
L . . 92/293
To further determine in a more unbiased and comprehensi E— 02/242
manner the sequence elements that are necessary for lab! _ 92/192
expression and its response to DPP signaling, we undertook - 92/141
systematic deletion analysis of the DPPRE. To overcome tt M iggggjmsoo ) )
problem of the very weak expression of the wild-type DPPRE 1/140: 243/444 - o
92/546 (Fig. 2K), we made use of its highly active mutant form ——__— 1/140; 283/340 - ++
92/546m300 (Fig. 2P), to monitor the loss of response upc 1/444 - e
deleting sequences from both theefd (at position 92) and iﬁg;‘ : o
the 3 end (at position 546) of the DPPRE (see Figs 7 and 8 — U 48/95 - -+

Deleti(_)n of sequences from th{e énd djd not (esult in a 50 bp element
substantial reduction of expression until position 193 was
reached; the removal of additional sequences led to [Hg. 7. Extensive deIetiqn analysis defines an essential 50 bp element
progressive reduction in activity, resulting in complete losé large number of deletion constructs were analyzed for expression
upon deletion of sequences & position 344. Note that all in the embryo. M stands for the presence of the mutation at site 300,

s . hich leads to a dramatic increase in the sensitivity of the enhancers
three MAD binding sites found on the DPPRE are CIUStereg) DPP. Clearly, deletion of sequences between 444 (1/444m300) and

between position 210 and 300, u_nderscoring the Comribgtioéb4 (1/394m300) (deletion of the 50 bp element) leads to a loss of
of these sites to the DPP responsiveness of lab550. Deletion @k ession in endodermal cells adjacent to ps 3 and ps 7. The

sequences from the' &nd revealed the existence of anequivalent deletion was also analyzed in the context of lab550.

absolutely essential 50 bp element located between position

394 and 444 (Fig. 7); whereas deletion up to position 444 only

resulted in a slight reduction of expression (Fig. 8A), deletiorf the 50 bp element (consisting of the sequences from 394 to

up to position 394 abolished expression altogether (Fig. 8D)444) to the activity of the lab550 enhancer, we assayed the
) ) o expression of a reporter construct containing the sequences

The 50 bp element is essential for the activity of between position 1 and 394 (1/394; Fig. 8E) and compared it

lab550 with a reporter carrying the 50bp longer version, 1/444 (Fig.

The essential 50 bp element was identified in the context of&). We found that whereas 1/444 displayed a pattern of

derepressed DDPRE (92/546m300). To assess the contributierpression similar to 1ab550, the expression driven by 1/394

Fig. 8. The 50 bp element is required for lab550 activity.
92/394m300 was not active in wild-type embryos (D),
while the same enhancer containing the 50 bp element g -
(92/444m300) was active both in the endoderm of the 92/444m300 e —TT444
gastric caeca and adjacent to ps7 (A). Mutation of either;
the GATA- (G) or the HMG- (H) binding site in
92/546m300 resulted in strongly reduced expression. In
the absence of the mutation in the putative repressor
binding site 300 and in the presence of the HOMRE,
expression of the construct that lacked 50 bp (1/394) wa 92/394m300
weak in wild-type embryos (E) and inactiveabd-A
mutants (F). Expression driven by 1/444 was strong in
wild-type embryos (B) and expandedaind-Amutants

(C). Expression of a minimal enhancer construct
(1/140;243/444) was also strong in wild-type embryos (I
and strong and posteriorly expandeali-Amutants
(data not shown).

.“l.', s
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resembles more closely the HOMRE-driven expressiohe 50 bp element contains essential GATA- and
(Fig. 8E; compare with Fig. 1D,H). To assess the DPRMG box-binding sites
responsiveness of each of these constructs, we analyzed thgilbrder to achieve more insight into possible regulators acting
expression in ambd-A mutant background in whictippis  on the 50 bp element, we tried to narrow down its requirement
expressed throughout the posterior visceral mesoderm (see Rig. individual binding sites; we therefore isolated the
2). Strikingly, the 1/394 construct was inactive abd-A  corresponding lab enhancer from a distantly related
mutants (Fig. 8F), whereas the 1/444 (Fig. 8C) construct droygrosophilaspeciesDrosophila hydei An element of 664 bp
strong and expanded expression similar to 1ab550. Thigas isolated that shows a high sequence homology to lab550
demonstrates that the DPPRE is inactivated upon deletingee Fig. 1). This element, termed H664, is able to drive an
sequences between 394 and 444, and demonstrates a cleégsression pattern very similar to that driven by lab550 in
requirement for this 50 bp element with regard to the DPltansgenicD. melanogastetdata not shown). The extent of
responsiveness and/or the overall activity of 1ab550. ~ the sequence similarity is highest in the HOMRE, with the
To get a first glance at whether the 50 bp element might heanB/EXD site fully conserved, whereas the HTH site shows
a direct target for DPP signaling mediators or might, foonly limited conservation. Moreover, a 5 bp sequence block
example, be an element that provides tissue specificity, We conserved around site 300, as well as three out of the four
analyzed its behavior in cell culture. The activity of the 1/44ﬁbRE sites, underscoring the importance of all of these
enhancer is increased 36-fold by DPP signaling, and theequences for the activity of lab550. We found only two
deletion of the 50 bp element that is crucial for inducibilityconserved sites in the 50 bp between position 394 and 444:
in embryos results in a slight reduction in DPP inducibilityone closely resembles a GATA-binding site and the other bears
(but the activity of the 1/394 enhancer was still increased 2&some homology to a binding site for proteins of the HMG
fold by DPP signaling; Fig. 9). We also tested the 50 bgjroup, such as TCF and SOX. SOX proteins have been shown
element directly for its ability to respond to DPP signaling ino act as tissue-specific factors (Kamachi et al., 2000; Pevny
the cell culture assay. We found that the activity of thisand Lovell-Badge, 1997) and GATA proteins are essential for
element was weakly but reproducibly increased 10-fold bgndoderm formation both in insects and vertebrates (Zaret,
DPP signaling. Although the element does not contain anyggg). Mutation of the GATA site only weakly reduced the
recognizable MAD/MEDEA-binding sites (see Fig. 1), it activity of lab550, but led to a significant reduction of activity
appears to be able to sense DPP signaling in COS cells agfl the activated DPPRE, 92/546m300 (Fig. 8G). The
is strictly required for DPP inducibility inDrosophila  expression of both lab550 (data not shown) and 92/546m300
embryos. (Fig. 8H) were clearly reduced upon mutation of the HMG-
binding site. These experiments suggest that lab550 activity
requires the binding of factors from the HMG and the GATA
family to specific sites in an essential 50 bp element found in
the 3 part of the lab550 DPPRE.

50

The lab550 subelements act synergistically to drive
expression in the endoderm

Based on the findings reported above, we constructed a
minimal enhancer that should resume all the properties of the
full-length lab550 enhancer. Accordingly, we fused a fragment
that encompassed the large extent of sequence conservation
around the HOMRE (1 to 140; see Fig.1) to a fragment
extending from 243 to 444, thereby containing the conserved
region around position 300, the MAD and CRE sites and the
tissue-specific 50bp element described above (see Fig. 1). Such
0 an element was able to drive a pattern of expression similar to
MAD + MEDEA + + + that driven by lab550 (Fig. 8l); moreover, it showed the same
MAD + MEDEA+ TKVQD + + + genetic properties as the lab550 enhancer: the expression
driven by this minimal enhancer was expanded posteriorly in
) s ) o w00 st abd—A mutants and throughout most o_f theT e_ndoderm upon
ectopic activation of the DPP pathway in this tissue (data not
Fig. 9. The 50 bp element is required for full DPP responsiveness inshown).
COS cells. Luciferase activity of the lab550 enhancer and two 3 Strikingly, none of the subfragments used to construct this
deleted derivatives upon stimulation of DPP signaling in transfectedminimal enhancer was able to drive substantial expression on
COs-1 ceIIs..T.he DPP response is exprgssed as -fo!d aptivation OVgfs own. To our surprise, when we tested the activity of a
the basal activity of each reporter plasmid alone, whichis fragment containing the conserved sequences around and
schematically represented as a bar with the nucleotide position of tqﬁcluding the HOMRE (1/127; see Fig. 1), we found that such

deletion at the bottom of the graph (see the legend of Fig. 3 for | t ble to dri ion in th dod
details). Deletion of the 50 bp element reduced the induction of &N €l€ément was unable 1o drive expression in the endoderm,

1/394 (22-fold) compared to 1/444 (37-fold) in COS cells. The 50 bpdespite the presence of a functional HOMRE (Fig. 7). This
element (a slightly extended version was put into the expression ~ could be due to the binding of a repressor(s) to the stretch of
vector for cloning purposes) is induced 10-fold by the activated TKVconserved sequence between 95 and 140. An element centered
receptor and the co-transfected Smad-expressing plasmids. around position 300 (193/394), which contained three CRE and
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three MAD sites and the repressor site, also failed to displaunctionally linked to the latter. The DPPRE integrates two
any activity, even upon mutation of the repressor site (see Fidifferent inputs in two modules. One module of the DPPRE is
7). Finally, in the course of our deletion analysis of thecomposed of a repressor site, flanked by MAD-binding sites on
activated DPPRE (92/546m300), we have tested twone side, and by CRE-binding sites on the other. The role of the
constructs, 344/546 and 395/546, that contain the 50 bPRE and MAD sites in the DPP-responsiveness of lab550 has
element; these enhancer fragments were completely inactiedready been demonstrated (Eresh et al., 1997; Szuts et al.,
(see Fig. 7). We conclude that none of the functional elemeni®98) and is further supported by our own findings, both in the
of lab550 is able to drive significant DPP-dependent expressi@mbryo and in cell culture (see Fig. 6). The second module, the
in vivo; only the combination of the subfragments, as found 50 bp element, could represent a tissue-specific DPP signaling
the minimal enhancer, is able to resume the properties of timeodule. All constructs (lab550, 92/546 and 92/546m300) are
lab550 enhancer. Therefore, the 1ab550 enhancer is compogésue specific and are only induced by DPP signaling in the
of several elements, or modules, that interact to provide spatiahdoderm. The essential 50 bp (394/444) element we identified
restriction, tissue specificity and signal inducibility, resultingin the 3 part of the DPPRE contains conserved potential
in the proper activation of lab550 in a restricted domain of théinding sites for a GATA factor and for a member of the HMG
endoderm that underlies ps 7 of the visceral mesoderm.  family. GATA factors play a central role during endoderm
formation throughout animal evolution (Zaret, 1999). Three
GATA factor-encoding genes are knowrDrosophila serpent
DISCUSSION (srp), pannier (pnr) andgrain (grn; Brown and Castelli-Gair
Hombria, 2000; Ramain et al., 1993; Rehorn et al., 1996). While
A central theme during development and homeostasis is theutations inpnr andgrn affect neithedab nor lab550 activity
generation of cell type-specific responses to the action of @ata not shown)srp is essential for the development of the
limited number of extant signaling cascades triggered bgndoderm; in its absence, the endoderm does not form (Reuter,
extracellular ligands. The molecular mechanisms by whicli994) and it is therefore impossible to investigate the
information from such signals are integrated in respondingequirement ofrp for lab or lab550 expression using loss-of-
cells in a cell type-specific manner remain poorly understoodunction alleles. With regard to the HMG proteins, these latter
Major progress has recently been made with regard to signdisave been shown to act as architectural factors on enhancers
triggering receptor tyrosine kinases (RTKs; Flores et al., 200@Grossched! et al., 1994). Moreover, the SOX proteins, which
Halfon et al., 2000; Xu et al., 2000). It has been demonstratealso belong to the HMG family, can act as tissue-specificity
that much of the specificity seen in nuclear responses of cellactors (Kamachi et al., 2000; Pevny and Lovell-Badge, 1997).
to RTK activation is generated by combining a generic RTKt is possible or even likely that one or several factors that bind
signaling pathway with inputs both from other signalingto the 50 bp element recruits the Mad/Medea complex, resulting
pathways and from pre-existing cell- or tissue-specifidn its DPP sensitivity. This scenario would be similar to a
transcription factors. Here, we show that the specificity of theumber of situations reported for T@Br BMP signaling in
nuclear response to DPP signaling in the developingertebrates (Massague and Wotton, 2000).
Drosophila endoderm results from the cooperation between As we have shown here, the HOMRE and the DPPRE show
effectors of DPP signaling binding on a DPPRE and a homeotg strong interdependence (for a schematic representation of our
protein complex binding on a genetically linked HOMRE.results, see Fig. 10). None of the individual elements is capable
Importantly, we find that the activity of the DPPRE is tunedof mimicking lab550 expression with regard to levels and
down in the endoderm by a repressor element, which hindespatial restriction; the expression driven by the HOMRE alone
the activation of DPPRE by DPP alone, thus allowing thés much weaker, shifted posteriorly and does not respond to
HOMRE to synergize with the DPPRE in a restricted centraDPP; the activity of the DPPRE on its own is hardly detectable.
portion of the midgut endoderm. Therefore, an interplay, on & is only upon physical coupling of the HOMRE and the
single enhancer, between homeotic proteins, DPP signalifgPPRE that characteristic lab550 activity, i.e. strong DPP
mediators and a repressor can determine the transcriptioriatucibility and HOX dependence, resumes. Therefore, we

response to DPP signaling in theosophilamidgut. propose that functional interactions exist between the HOMRE

B and the DPPRE, and we identified a repressor element on the
The segment-specific response of 1ab550 to DPP enhancer that might play an important role in these
signaling is controlled by the interaction of the interactions.

HOMRE with the DPPRE

Our previous analysis of the endodermal enhancer of the DPfe cooperation between the HOMRE and the
target gendab has uncovered an essential binding site for thdPPRE is controlled by a repressor
homeodomain protein LAB and its co-factors EXD and HTHWhy is the lab550 enhancer not activated by DPP in
in the lab550 HOMRE (Grieder et al., 1997; Ryoo et al., 1999)ndodermal cells adjacent to ps 3, which also synthesizes the
The HOMRE in thelab enhancer represents the only ligand? It has previously been argued that DPP is not taken up
Drosophila regulatory element identified so far to which aby anterior endodermal cells (Reuter et al., 1990). However,
defined HOX protein (LAB) binds in conjunction with the two reporter constructs carrying oligomerized MAD-binding sites
well-characterized HOX partners, HTH and EXD. Thus, thiY5CRE; see Riese et al., 1997; Szuts et al., 1998) have been
element can serve as a paradigm to study how HOX proteshown to respond strongly to DPP secreted by the anterior
complexes regulate gene expression in vivo. visceral mesoderm (as does lab550m300; this study). We found
Here, we demonstrate that lab550 contains a (repressettipat a specificis-acting element, site 300, is required to reduce
DPPRE that is genetically separable from the HOMRE butlramatically the DPP response of the lab550 enhancer in the
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entire endoderm; mutating site 300 in the DPPRE renders tiead to an overall positive output from labb550, overruling the
latter highly responsive to DPP in all endodermal cells. Fronactivity of the repressor by the additivity of the activators
this finding, we conclude that a repressor, or a repressbinding to the two individual subelements upon induction. As
complex, binds to site 300 on lab550 and tunes down ththe HOMRE is only occupied with the HOX protein complex
activity or the DPP inducibility of the DPPRE. The putativein endodermal cells adjacent to ps 7, it is only in this region
repressor is present in the entieosophila endoderm, but that the positive input would prevail.

absent in the cultured cells used in this study; this conclusion In a second model, we propose that specific interactions
is based on the observation that introducing the repressor shietween proteins binding on the HOMRE and the repressor(s)
mutation in the cell culture reporter construct had only a minabinding on the DPPRE might occur. These interactions could
effect on the DPP responsiveness of the enhancer in célé direct, or could be mediated by a factor(s) that bridges the
culture. two enhancer elements. A potential interaction could involve

Based on our identification of this repressor element, wanactivation of the repressor element via the HOX protein
can envision several scenarios by which the functionatomplex; this would allow the DPPRE to function only in the
cooperativity between the HOMRE and the DPPRE might bdomain in which the HOMRE is occupied, therefore tightly
explained in molecular terms. Each model presents on@king the signaling response to segmental specificity. In favor
extreme version of how regulation could in principle beof this hypothesis is our finding that the same elements, which
achieved. It is obvious that these models represemrive the activated (derepressed) DPPRE (the MAD and the
oversimplifications, and that combinations of these and oth&ZRE sites as well as the 50 bp element), are also essential for
scenarios will more accurately reflect regulation in vivo. the HOX-dependent activity of lab550.

In a first scenario, the activators present on the HOMRE, In a third scenario, DPP signaling could have both a positive
added to those present on the DPPRE upon signaling, cowad a negative input on the DPPRE, and only in cells in which
the linked HOMRE is occupied, the negative input could be
counteracted (directly or indirectly). Some indications are in
favor of this particular model (see below).

vm A crucial step towards the understanding of the molecular
mechanisms that underlie the functional interaction between
Endoderm subelements of the lab550 enhancer will be to determine the
nature of the repressor. Two nuclear proteins that can act as
= lab550 (1/546) repressors in the DPP pathway have recently been described.
— HOMRE (48/95) Brinker (Brk) functions as a rather general and potent repressor
of DPP targets and its expression is negatively controlled by
i e ol DPP signaling itself (Campbell and Tomlinson, 1999;
. —/ (92/546m300) Jazwinska et al., 1999; Minami et al., 1999). BRK was recently
- . i . shown to bind directly to several DPP target genes and inhibits
¢ fy 5 - w their transcription (Rushlow et al., 2001; Sivasankaran et al.,
?’. d F 2000; Zhang et al., 2001). Schnurri, a large nuclear zinc-finger
. v ois S D  an A protein, was recently shown to be required genetically for the
e

DPP-dependent repression lwk transcription (Marty et al.,

2000). It is intriguing that both BRK and SHN protein bind to
E the repressor site in vitro with high affinity (data not shown;

m see Grieder, 1997; Sivasankaran et al., 2000). However, lab550

expression is not affected ibrk mutants, nor by single
HOMRE DPPRE

nucleotide mutations in site 300 that only affect Brk binding
e (Joe @

(data not shown). Nevertheless, we feel that it is possible that

DPP signaling components play both a positive and a negative

role in the regulation of lab550. Further experiments are
required to investigate this possibility.

Fig. 10.The lab550 enhancer contains multiple elements that are aIIHOX P_fOte'T‘S and the specificity of the response to

required for its HOX- and DPP-dependent regulation in the DPP signaling

developing midgut endoderm. (A) Schematic representation of the We have discussed how the requirement for a functional

developing midgut, depicting the visceral mesoderm (VM) and the interaction between a DPPRE and HOMRE allows a HOX

endoderm._Ce_IIs |n which DPP is_transc'ribed_are shown in _dark blUQ‘iomp|eX to control the cellular response to a signa"ng Cascade,

apparent distribution qf the DPP ligand is |nd|catgd by the light blue resulting in a segment-specific signal interpretation. The

issqilﬁ.%riﬁZierhf,yei(hpéesstﬁggsowgfxnp(ﬁgggnmggﬁimstzerifgf%3?;“855 ooperative action of signaling mediators and tissue-specific

HOMRE, DPPRE and DPPREM300 are shown below with brown actors on a single ehhancer has been demonstrated previously

bars. Embryos depicting the situation in stage 14 embryos are shovxmzIores et al, 200_0' H{ilfon et_ al., 2(.)00' _Xu et a_l., 2000).

in B-D; DPP mRNA is in blue, arg-gal expression driven by However, the functional interaction of signaling mediators and

lab550 (B), HOMRE (C) and DPPREm300 (D) in brown. A a member of the HOX family of proteins on a single enhancer

schematic summary of the factors that have been demonstrated or has not yet been reported Drosophila Therefore, lab550

proposed to regulate lab550 expression is shown in E. could represent a paradigm for studying how signaling
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mediators and tissue-specific factors are combined with HOXawabata for providing numerous expression plasmids for cell

complexes to generate segmental differences along thleelture assays. We are indebted to Kathy Matthews and the

anteroposterior axis of multicellular organismsl Bloomington stock cen_ter for providing _fIy stocks. Thi$ work was
Another example of such a segmentally regulated, Signawpported by the Swiss National Science Foundation and the

responsive element is the visceral mesoderm specific enhan up;%rr]tse ngfleléﬁé??ie?nrq]dfeﬁg\/sveslﬁli}?sndf} om' tﬁé \é'oc‘ﬁzs R'g'stg";'%h

of the dpp gene, dpp674. Thls_enh_ancer_ is directly regu'late oundation and from the Ciba-Geigy-Jubilaums-Stiftung. C. R. is

by Ultrabithorax (UBX), in conjunction with EXD (Capovilla supported by a HFSPO grant,

et al.,, 1994; Chan et al., 1994); moreover, we found that

dpp674 readily responded to ectopic DPP throughout the

visceral mesoderm (data not shown). In its normal domain GREFERENCES
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