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Summary

To understand the actions of morphogens, it is crucial
to determine how they elicit different transcriptional
responses in different cell types. Here, we identify a BMP-
responsive enhancer oMsx2, an immediate early target of
bone morphogenetic protein (BMP) signaling. We show
that the BMP-responsive region ofMsx2 consists of a
core element, required generally for BMP-dependent
expression, and ancillary elements that mediate signaling
in diverse developmental settings. Analysis of the core

are not sufficient for BMP responsiveness in mouse
embryos; the TTAATT sequence is also required. DNA
sequence comparisons reveal this element is highly
conserved inMsx2 promoters from mammalian orders but
is not detectable in other vertebrates or non-vertebrates.
Despite this lack of conservation outside mammals, the
Msx2 BMP-responsive element serves as an accurate
readout of Dpp signaling in a distantly related bilaterian —
Drosophila Strikingly, in Drosophila embryos, as in mice,

element identified two classes of functional sites: GCCG both TTAATT and GCCG sequences are required for Dpp
sequences related to the consensus binding site of responsiveness, showing that a common cis-regulatory
Mad/Smad-related BMP signal transducers; and a single apparatus can mediate the transcriptional activation of
TTAATT sequence, matching the consensus site for BMP-regulated genes in widely divergent bilaterians.
Antennapedia  superclass homeodomain  proteins.
Chromatin  immunoprecipitation and mutagenesis
experiments indicate that the GCCG sites are direct targets
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of BMP restricted Smads. Intriguingly, however, these sites

Transgenic mouse, Evolution

Introduction classical morphogens, eliciting changes in cell fate in a

A striking property of morphogens is that they act through &oncentraﬂon—dependent manner _(Gurdon and Bouirillot,
small number of signaling pathways, yet elicit a wide varietyzom)- Interaction of BMPs with their cognate receptors leads
of cellular responses in different developmental settings. Holp the phosphorylation of members of the receptor-regulated
this diversity is achieved remains an unanswered question. $mad family (R-Smads) (Heldin et al., 1997; Massague, 1998).
is clear that part of the solution is in the complement of/POn phosphorylation, R-Smads associate with Smad4 and
transcription factors present in a responding cell. Such factor§anslocate to the nucleus, where they serve as effectors of
through interactions with cis-regulatory elements, transform anscription (Kretzschmar et al., 1997; Lagna et al., 1996; Liu
morphogen signal into a pattern of gene expression. Tet al, 1997). Smads 1, 5 and 8 function in the BMP pathway,
understand morphogen action, it is therefore crucial to identifpmads 2 and 3 in the activin and T@pathways, and Smad4
these transcription factors and to understand how theip all three branches of the TGFsuperfamily (Hoodless et
interactions on target promoters control gene expression. He,, 1996; Liu et al., 1996; Massague and Chen, 2000; Shi and
we address the problem of morphogen specificity byMassague, 2003; Suzuki et al., 1997; Wiersdorff et al., 1996).
investigating a BMP-responsive enhancer of the muvieg2 Although Smads are crucial for the transcriptional activation
gene. of BMP target genes, they bind DNA weakly and are expressed
BMPs are a large class of T@Helated ligands with diverse broadly in embryonic tissues (Shi et al., 1998; Wrana, 2000).
activities in embryonic development. They can function ag herefore, the tissue-specific activation of BMP target genes
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probably involves sequence-specific transcription factors thaites, were generated using dimer repeat oligos that were ligated
cooperate with Smads. Despite the importance of such factotsgether immediately upstream of thep68lacZ-SV40 cassette. The
few have been identified and little is known about how thep652bpMsx2-hsplacZand 560bpMsx2-hdm-hsplacZransgenes
interact with Smads to regulate transcription (Hata et al., 2OOM{el\BIeS)?;Sg;Eirafsra%ersgg?seSszrg\g)orusr'ga Lcing transgenc fies were
sHtgrr]t?r;ggf)%li?lte itnalt.r,]eZ C;%i)r.cﬁm]%?xsféﬁrp;ctteorrg.rowdes an ideal cloned into the CPLZN P_-element vector. For the 560, 480 and 220
Msx2is one of three closely related genes in mammals (Be pnp;roggtig;ggggngfs,al?;?;;:r/erge gstnerated by PCR. The 52 bp
et al., 1993; Davidson, 1995; Maxson et al., 2003; Pollard anda g peat.
Holland, 2000). A well-documented BMP targéfisx2 is  Cell culture and transfection
expressed in a subset of known domains of BMP functionoT1/2 cells were propagated in DMEM with 10% FBS. The cells
(Furuta and Hogan, 1998; Graham et al., 1994; Hollnagel etere transfected with the reporter constructs using Superfect (Qiagen)
al., 1999; Vainio et al., 1993). Targeted mutationdéx2have  and 24 hours later induced with BMP4 (60ng/ml final) (R&D). After
verified that it acts downstream of BMPs and is required for another 24 hours in culture, the cells were harvested and luciferase
subset of BMP-mediated cellular responses (Satokata afgsays performed using the dual luciferase system (Promega).
Maas, 1994; Satokata et al., 2000). The regulatory elements, 4 implantations

_contrqllmg Msx2express_|0n thus provide a useful model forAfﬁgel agarose beads (BioRad) were washed in PBS prior to
investigating how BMP S|.gnals are processed at thg level Of.tnﬁcubating in 0.1% BSA with 100 ng/ BMP4 (R&D), 5 ngfll
promoter to produce different BMP responses in specifi¢grp1 (R&D) or BSA (0.1%) for 30 minutes at 37°C. Beads were
developmental settings. placed on tissues in transwell membranes, immersed in DMEM. For
Here, we report the identification and fine-structure analysismb-bud implantations, BMP4 beads were placed on the dorsal side
of a BMP-responsive enhancer (BMPRE) located upstream of left forelimbs prior to overnight incubation in 6% €(issues
the murineMsx2gene. We demonstrate that consensus Smagdere then fixed for 10 minutes in 4% paraformaldehyde and stained
elements and a consensus homeodomain element control faglacZ activity.
tgmporal and spanal pattern of BMP-dependent transcriptiop, . immunaprecipitation (ChIP) assays
directed by this enhancer. We show that the nucleotid LB13MYCocl 14 (C-14) cells (R L 1994 tured
sequence of this enhancer is highly conserved withir -clone-14 (C-14) cells (Rosen et al., 1994) were culture

. in DMEM (10% FBS) and induced with 60 ng/ml BMP4 (R&D) for
mammals, but not in other vertebrate classes or nonvertebratgé. minutes prior to fixation with formaldehyde (1.0% final

Despite this lack of conservation outside mammals MISi&2  .,ncentration) at room temperature for 10 minutes. ChIP assays were
BMPRE accurately interprets Dpp signals DBrosophila  performed as described (Ma et al., 2003) using an anti Phospho-
embryos and imaginal discs. Furthermore, as in moussmadl antibody (Upstate). PCR amplification was performed using
embryos, it exhibits a dependence on the consensgsimers that span the 52 bp BMP-responsive region of\ibe2
homeodomain as well as consensus Smad sites. These respitgnoter (32 cycles). Primer sequences were: BMPRE (forward) 5
demonstrate that tHdsx2BMPRE can respond to BMP/Dpp TCT GCC CAG TTG GAG GTT TGA-Z&nd (reverse)'sGCC GCG
signals in two widely divergent animal groups, and suggest thelA ATT GCT CTC G-3; upstream control (forward) £5CA ACA
functional design represented by this enhancer originated ea@z‘ﬁ é‘;_r“@ ACGC; GAG A-3 and (reverse)'8CTG CCT CCT AAC

in the evolution of the bilateria. ~

Electophoretic mobility shift assays

Materials and methods GST-Smad4 (MH-1 domain) fusion proteins were expressed in BL21
bacteria and purified by chromatography on glutathione beads
DNA constructs (Pharmacia). Prxlb protein was expressed from a mouse cDNA

For transient transfections, segments of the muvisg25' flanking (Norris and Kern, 2001) by coupled in vitro transcription-translation
sequence were fused witlT& minimal promoter and subcloned into (TNT kit, Invitrogen). All probes used were labeled witii?P-dCTP.
PGL2 (Promega). ThA3Msx2luciferaseonstruct contained a 1.8 kb  EMSA was performed as previously described (Kwang et al., 2002).
BanHI fragment located between —5082 and —3298 bp upstream of ) o o
the translation start site. The 560 W@Msx2luciferaseconstruct ~B-galactosidase staining, in situ hybridization and
contained a fragment (—3862 to —3303) generated by PCR. The inséRmunohistochemistry
in the560452bpMsx2luciferaseonstruct was created by ligating two Mouse embryos were fixed in 4% paraformaldehyde’@tgtior to
PCR products together, with the 52 bp BMP-responsive region beingfaining forlacZ (Liu et al., 1994). Whole-mount in situ hybridization
omitted. The 560 bp homeodomain mutant (hdm) insert was generated mouse embryos was performed as described previously (Hogan et
using the QuickChange Site-Directed Mutagenesis Kit (Stratagen&)., 1994; Kwang et al., 2002). In situ hybridization and detection of
and the primers '85CCGGGCCGAGAGCTCGTACCGCGGCTC- [-galactosidase expressionbDmosophilaembryos was carried out as
CGGCGCG-3 (forward) and 5CGCGCCGGAGCCGCGGTACG- described in Arora et al. (Arora et al., 1994). To detect phosphorylated
AGCTCTCGGCCCGGC-3reverse). This insert was subcloned into R-Smads, tissue was fixed in 4% paraformaldehyde and equilibrated
TK-PGL2 to generat&60bpMsx2-hdm-luciferase in 30% sucrose prior to freezing in Histo Prep (Fisher). Frozen
For the production of transgenic middsx2 promoter fragments sections were cut (Bm) and fixed in cold acetone for 10 minutes.
were fused with théasp68minimal promoter and éacZ reporter  Primary anti phospho-Smadl, 5, 8 antibody (Cell Signaling
(Kothary et al., 1989). The 1.8 kii3Msx2-hsplacZand 560 bp  Technology) was diluted 1/50 in PBST/1.0% BSA and incubated at
AdMsx2-hsplacZransgenic mice have been described (Kwang et al4°C overnight. The secondary antibody, anti-Rabbit Rhodamine
2002). The A5Msx2-hsplacZconstruct contained a 220 bp PCR (Calbiochem), diluted 1/200 in PBST/1.0% BSA, was incubated for
fragment located between —3521 and —3310 bp upstream stz 1 hour at room temperature. Sections were counterstained with DAPI
translation start site. The 52 BBMsx2-hsplacZonstruct contained and cover slipped using Vectashield (Vector Lal)Z staining of
a tetramer repeat of the sequence between —3523 and —3471. Thizen sections was performed as described in Ishii et al. (Ishii et al.,
construct, and those bearing mutations in the Smad and homeodoma03).
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Production of transgenic mice and flies confer BMP responsiveness on a reporter gene in cultured cells
Transgenic mouse embryos and lines were generated by pronucléBaluiski et al., 2001). A closely related fragment directed
injections as described by Liu et al. (Liu et al., 1994). Transgenic fliekeporter gene expression to most sites in the developing
were produced by germline transformation as described by Arora embryo where endogenolsx2is expressed (Kwang et al.,

al. (Arora et al., 1994). 2002). A 560 bp subfragment of the 1.8 kb fragment (Fig. 1A,
A4Msx2) responded to BMP4 stimulation in 10T1/2 cells to

Genotyping proximately the same extent as the parental 1.8 kb fragment

. . a
DNA was prepared from mouse tails or embryo yolk sacs as described: ‘o
by Hogan (Hogan, 1994)Msx2-lacZ transgene genofypes were ?éjlg 1B). A transgene comprising the 560 bp fragment fused

determined by PCR using primerslacZ as described by Kwang et with hsp68-laczalso was sufficient for correct spatiotemporal

al. (Kwang et al., 2002). expression in_ embryos (Fig. 1C-F).
To determine whether the 560 bp fragment was able to

respond to BMP signals in murine embryos, we carried out

Results _ BMP bead implantations in mice bearing t680bpMsx2-
A 52 bp sequence is necessary for BMP hsplacZtransgene (Fig. 1E,G). Beads soaked in BMP4 were
responsiveness of Msx2 transgenes in murine implanted on E11.5 limb buds, and after 16 hours in culture,
embryos and 10T1/2 cells lacZ activity was assessed. A halo latZ activity appeared

Previously we identified a 1.8 kb fragment of thdl@nking  around implanted beads within 15 minutes of staining and grew
sequence oMsx2 (Fig. 1A, A3Msx2 that was sufficient to significantly darker by 1 hour (Fig. 1G). Control beads soaked

(-5082)  (-3298) : B 1.8kbMsx2  560bpMsx2
A BamHI BamHI 1 kb -TKlue -TKluc
— Y —— T —
Msx2 genomic =& : ;
H exonl W Msx? coding
|: : E TK promoter 5
1.8kb(A3) Msx2-TKluc —:!Klm 3 fuciferase £ ‘é_‘
[ SV40 3UTR 5 8
| o
560bp(A4)Msx2-TKlue — =———ymmmm EZ fsp6S promoter g &
L == facZ = B
i 25
360bp(A4) Msx2-hsplacZ ==EEEza=—~—~—~—~—~mm g E

220bp(AS5) Msx2-hsplacZ =

— E9.5 EI1.5

560bpMsx2-hsplacZ Msx2 in situ

Ell.5 E12.5

time of staining (minutes)

Fig. 1.A 560 bp fragment of thlsx2promoter is sufficient for BMP responsiveness in 10T1/2 cells and murine embryonic limbs.

(A) Genomic map showing fragments of muriex25' flanking sequence used in transgenic and transfection experiments. (B) Results of
transient transfections of 10T1/2 cells wilsx2promoterTK-luciferasevectors bearing either the 1.8 kb or 560 bp fragment.

(C-F) Comparisons of endogenadsx2expression by whole-mount in situ hybridization (C,F) tex2promoterhsplacZtransgene

expression (D,E). (G) Limbs derived from E15bpMsx2-hsplacZansgenic embryos implanted with Affigel agarose beads soaked in
BMP4, TGH1 or BSA. Limbs were stained f@rgalactosidase activity for the indicated times. Anterior towards the right. The beads are light
blue; a positive response to ligand produces dark-blue staining around the bead.
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either in BSA or TGB1 did not elicit dacZ signal (Fig. 1G), (Matlnspector 7.0, 2003) of consensus cis-regulatory elements
demonstrating the response was specific for BMP. When beadthin the conserved region revealed several consensus binding
implantations were performed at E12.5, a weaker response wsites with potential roles in BMP signaling. These included
evident (Fig. 1G), indicating the response was stage-specififmadl and Smad4 elements, as well as sites for OAZ, Creb,
BMP4-soaked beads also stimulafedalactosidase activity in - Tcf/Lefl and Hnf/Fox (Fig. 2) (lonescu et al., 2004; Ishida et
the head, mandible and tail (data not shown). al., 2000; Johnson et al., 1999; Rice et al., 2003; Shim et al.,
Alignments ofMsx2loci from mouse, rat, rabbit, human and 2002; Zawel et al., 1998).
chimpanzee revealed a 480 bp block of homology positioned We tested a series dfisx2 promoter fragments for their
between 3 and 4 kb upstream of the translation start sites (Fability to mediate BMP responsiveness in transgenic embryos
2). Located within the 560 bp BMP-responsive region, thigFig. 3A). A 220 bp subfragment of the 560 bp fragment drove
block exhibited an average identity between different orders akporter expression in a near-normal spatial pattern in embryos,
mammals of ~90%. By contrast, the 3.3 kb promoter regiowith the only significant difference being in the posterior limb
located between the conserved block and the translation stéd (Fig. 3C; Table 1). Like the 560 bp fragment, this 220 bp
site had an average identity of 56%, suggesting that selectidragment conferred BMP responsiveness d&cZ reporter in
has maintained the sequence of the 480 bp block. N@mb buds (Fig. 3F), as well as in tails and mandibles (data not

significant matches with this 480 bp region were evident irshown). Limb buds bearing BSA and T@Fcontrol beads
non-mammals. Nor did mammalian sequences outside thwere negative (data not shown).

Msx2

locus match

10 20 30 40 50 60
AAGAAAAATGAGCTCAGAGACGAGTAGCCTTTTGCGTCACACAGCCAATGTTTTG chimp
AAGAAAAATGAGCTCAGAGACGAGTAGCCTTTTGC(GTCACACAGCCAATGTTTTG human
AA AAAAA/TGAGCTCAGAGBCEGAGCCTTTGCCCGEGTCACACAGCCASGE-- rabbit
AA AGAAALTGAGCTCAGAGBTGCCATCTTTTCCCCGAGTCACACAGRATGTCG- rat
AA AGAAALTGAGCTCAGAGBTGCCATCTTTTGCCCG/GTCACACAGRAATGTCG- mouse

Jun/Creb Pax3
70 80 90 100 110 120
GGGGGTGGGTGAGCGGTGTTGTGGAATTCCTGGCGGATGTTGGCGTCTGCGG chimp
GGGGGTGGGTGAGCGGTGTTGTGGAATTCCTGGCGGATGTTGGCGTCTGCG@uUman
A AGGGTG& GAGCAGTGTTGTGGAATTCCTGGCGGEEEEIGCCCGCGTCTGCCC rabbit
A CGGATGARAGEGCAGTE GTGGAATTCCTGGA@®ETTGGCGCATTTGTCTGCCC rat
A CGGATGARGSGCAGTE GTGGAATTCCTGGAEETTGGCGCAITTGTCTGCCC mouse

Smad4
130 140 150 160 170 180
GCTTCTGATACCCGGGCTCGGTAGAATAGGCCGCTAACGAGATTAGESGAATT chimp
GCTTCTGATACCCGGGCTCGGTAGAATAGGCCGCTAACGAGATTAGESGAATT human
GCTTCTGATACCCGGGTTOKGEAATAGGCCGCTARAGCGGCCCATTAGEAATT rabbit
GCTTCTGATACGGGGTTCGAGAATSGGGCTCTAACAAGCGGCCCATPAGGAATT rat
GCTTCTGATACCCGGGTTCKBEAATAGGOTTAACAAGCEECATTABAGGAATT mouse

190 200 210 220 230 240
GTCACTCCTAOGGGAGCGAGGTTGTCCCATTE@AATTGTCATCCTECTGGAGCGA chimp
GTCACTCCTAOGGGAGCGAGTGTCCCATTAGEGAATTGTCATCCTETGGAGCGA human
GTCACTCCTAOGGGAGCGAGGTTGTCCCATTE@AATTGTCATCCTCTGGAGCGA rabbit
GTCACTCCTCGGGAGGAGGTTGTCCCATTAGCGAATTGTCATCCTCOTGGAGGA rat

GTCATCCTCGGGAGGAGGTTGTCCCATTAGGAATTGTCATCCTCOGGAGGA mouse
tandem duplication1 | tandem duplication 2 Z

250 260 270 280 Fox 290 300
GGTTGTCCCGGCTCCGCGCAGGCTGCTGGGCCACAGMAATTAACCGGECCGhimp
G GTTGTCCCGGCTCCGCGCAGGCTGCTGGGCCRGAGAATITAACICGGTCCGGiuman
GGTTGTCCCGGCTCCGCGCAGGCTGACEGECCAGAGAATTAACICGGECCGGabbit
GGTTGTCAOGGCTCCGCGCAGGCTCGACE GCCAGAGAATTAACICGGECCGGat
GGTTAICTGGCTCCGRBGGCTGAWGA® - GCCBGAGAATTAACICGGTCCGGNMouse

~ [52/220 ~ Smad homeobox  Smad
310 320 330 340 350 360
GCGGGCAGCCGCCTCTGCCCCCGCGGGGGCGGGGGCGGGGGCGGGGCGCCC chim
GCGGGCAGCCGCCTCTGCCCCGGCGGGGGCGGGGGCGGGGGCGGGGCGCCC hum

the 480 bp sequence. A survey Fragments responding to BMP treatment had in common a

52 bp region (Fig. 3A, asterisk). This sequence
included Smad and homeodomain consensus
sites (Fig. 2). To determine whether this
sequence was important for BMP
responsiveness, we deleted it in the context of
the 560 bp fragment, and tested the activity of
the mutant transgene5qA52bpMsx2
transgenic mice and 10T1/2 cells. In transgenic
embryos at E11.5 (eight independent lines),
the mutated 560 bp fragment drovacZ
expression at much lower levels (Fig. 3D)
compared with the parental fragment (Fig. 3H),
as evidenced by the greatly extended staining
time required for th&6A52bpMsx2ransgene
to achieve a similar relative intensity as the
transgenes containing the 560 or 220 bp
fragments (Fig. 3B,C). Expression in both the
limb bud mesenchyme and AER was reduced
substantially (compare Fig. 3G with Fig. 1G).
Bead implantations on limbs carrying the
mutant transgene elicited no detectalaleZ
activity (Fig. 3G), whereas implantations on
limbs carrying the wild-type 560bpMsx2
transgene resulted in robdatZ signals (Fig.
3E). In 10T1/2 cells, the 52 bp deletion caused
a near-complete loss of BMP responsiveness
P without affecting the basal level of promoter

3290 GCGGGCAGCCGCCTCTGCCCGCECEGGGGCGGGGC---m-rmmrmnmn-- GCCC rabbit act|V|ty (Fig. 3I). Together, data from transgenic
3252 GCGGGCAGCCGCCTCTGCCCGCGCGGGGGCGGGGC- -GCCC rat
-3113 GCGGGCAGCCGCCTCTGCCCCGEEGEGEEGCGGGGCnmnrmrmrmrmrnn- GCCC mouse embryos and cultured cells suggested that the
52 ends] Krox20 Krox20
370 380 390 400 410 420

GGCGCGGTGGAGCCGGTCACCCGGCGCAGCCCCTTCCCCCGCCTTTCATCTC chimp
GGCGCGGIGGAGCCGGTCACCCGGCGCAGCCCCTTCCCCCGCCTTTCATCTC human
GGCGCGGTGGAGCCGGTCACCCGGCGCAGCCCCTTCCCCCGICCTTTCATCTC rabbit
GGCGCGGIGGAGCCGGTCACCCGGCGCAGCCCCTTCCCCCGCCTTTCATCTC rat
GGCGCGGTGGAGCCGGTCACCCGGCGCAGCCCCTTCCCCCG‘CCT'I'I'CATCTC mouse

Tcf/Lefl
430 440 450 460 470 480

CCCGCGCTGGCGCCTGCCCGAAGCCCAGGCCCGTCTACAGCCCCCTTCGCTGCCCCTCC
CCCGCGCTGGCGCCTGCCCGAAGCCCAGGCCCGTCTACAGCCCCCTTCGCTGCCCCTCC

CCCGCGCTGGCGCCTGCCTAESCCTGGCCCGTCTACAGCCCCCTTEIRICCCTCC rabbit
CCCGCGCTGGCGCOICCCEAGCCTGGCCCGTCTACAGECTTCTCTGCCCCTCC rat

CCCGCGCTGGCECOSI:CC@AGCCGIGGCCCGTCTACAGGCTTCTCTGCCCCTCC mouse
Cre

490 _ 500

CCCG-CCCCCTTCTAGCCGCTGGGAT

CCCG-CCCCCTTCTAGCCGCTG®G

CCCGGCCICCTCCTAGCCGCAGGAT

CCCT- GTCCCTCCTAGCTCTGGGAT

CCCT- GCCCCTCTAGCTCTGGGAT
220 ends 1

Fig. 2. TheMsx2BMP-responsive region is highly
conserved among mammals. BLAST was used to
search for sequence identity between the murine
Msx2locus andMisx2loci of other vertebrates.
AI| nments of a 480 bp homology block are shown
QidRferent mammalian species, with coordinates of
transcrlptlon start sites at left. Sequence differences
relative to chimpanzee are in bold. The underlined
sequence (164-246) is a tandem duplication; bases
in blue are those that differ between the two

duplicated copies. Shaded areas show consensus binding sites for the indicated transcription
factors. Boundaries of transgenes are indicated by brackets below the sequence. Putative Smad-
binding sites within the 52 bp transgene are underlined. The boxed area indicates a putative
Fox/Hnf site matching the consensus (C/A)(T/C)(C/A)AA(T/C)A in 5/7 positions.
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A 480 bp region of high identity
I }
2 3859 ——— 3298 S60bpMsx2

. . . b -3698 x -3298
Fig. 3. Deletion analysis + _
defines a 220 bp minimdsx2 €0k S -3471
element and a 52 bp element d 3523 + 3305 220bpMsx2
required for BMP signaling. Pl
(A) Deletion series ofacZ e ! i
constructs bearing fragments of f 3621 —=—i |
the 560 bp promoter sequence. - A o
The BMP responsiveness of g -3859 il -3298  560A52bpMsx2
each transgene was assessed by R
bead implantation; positive 360bpMsx2-hsplacZ 220bpMsx2-hsplacZ S60A52bpMsx2-hsplacZ 360bpMsx2-hsplacZ

response (+), negative response
(). (B,C,E,F,H)acZ stains of
560 and 220 bp transgenic
embryos at E11.5. Expression
patterns (B,C) and BMP
responsiveness (E,F) are
similar. BMP-responsive
constructs shared a 52 bp
region (A, *), deletion of which
in the context of the 560 bp
transgene resulted in reduced
expression (D), and loss of
BMP responsiveness in
embryos (G) and in 10T1/2
cells (). Because of diminished
transgene activity, the embryo
in D was stained overnight
(compare with H), while
embryos in B and C were
stained for 1 (B) and 2 (C)
hours.

H

“

560bpMsx2  S60A52bp
-TKlue Msx2-TKluc
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=
<n

luciferase activity
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(35 ]
n
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@
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=
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52 bp sequence is required for BMP responsiveness in limb badches, genital region, allantois, limb buds, mandible, nasal

mesenchymal cells and in 10T1/2 cells. process, midbrain, eye, otic vesicle and hair follicles. An
We next asked whether the 52 bp sequence was sufficientéstended staining time was also required to achieve signal

respond to a BMP signal in vivo. To minimize position effect,intensities comparable with those of lardésx2 constructs,

we produced a tetramer of this sequence, which we insertéudicating reduced transgene activity.

upstream of thénsp68lacZ reporter. In transgenic embryos, That the 52 bp fragment responded to BMP4 in a tissue-

this construct was expressed in a subset of the sites where tiestricted manner compared with the parental 560 bp fragment

parental 560bpMsx2-hsplacZransgene and the endogenouswas evident from experiments in which beads were placed in

Msx2gene are expressed (Fig. 4A-1; Table 1) (10 independentrious tissues and at different locations in limb buds of E11.5

lines). These included the cardiac outflow tract, pharyngeatansgenic embryos. A BMP4-soaked bead placed in the center

Table 1. Summary of expression ofisx2 promoter hsplacZconstructs

Construct/line

5600 560 bp 52 bp 52 bp
Region 560 bp 220 bp 52 bp hdm 52 bp sm hdm
Hindbrain 4/4* 4/4 4/4 4/4 4/5 2/3 0/4
Midbrain 4/4 4/4 4/4 3/4 5/5 2/3 2/4
Eye 4/4 4/4 4/4 4/4 5/5 2/3 3/4
Otic vesicle 4/4 4/4 4/4 3/4 5/5 1/3 1/4
Nasal region 4/4 4/4 4/4 4/4 5/5 2/3 0/4
Pharyngeal arch 4/4 4/4 3/4 2/4 5/5 0/3 0/4
Outflow tract 4/4 4/4 3/4 2/4 5/5 0/3 0/4
Anterior limb bud 4/4 4/4 3/4 1/4 5/5 0/3 0/4
AER 4/4 4/4 1/4 3/4 0/5 0/3 0/4
Genital region 4/4 4/4 4/4 4/4 3/5 1/3 0/4

*Number of transgenic lines expressing in a given tissue at E11.5, out of the total number of lines that expressed thénteanegsistent pattern (sm,
Smad mutant; hdm, homeodomain mutant).
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or anterior of the limb elicited &cZ signal comparable to 4K). TGH31 beads elicited ndacZ response (Fig. 4K),

that of the560bpMsx2transgene (Fig. 4J,K; 60 minutes). demonstrating th&2bpMsx2transgene remained specific for
When a BMP4-soaked bead was placed in either the proximtie BMP pathway.

or posterior regions of the limb, it did not stimuldéeZ When transfected into 10T1/2 cells, a multimerized 52 bp
activity (Fig. 4K; data not shown). By contrast, thefragmentdid not respond to BMP stimulation (data not shown),
560bpMsx2transgene responded to BMP4 beads placed isuggesting that 10T1/2 cells, like much of the limb
each of these locations (Fig. 4J, Fig. 6N). Furthermore, whilmmesenchyme, lacked the transcriptional machinery necessary
the 560 bp fragment responded to beads placed on the head activate expression of the BMP-responsive element.
or tail, the 52 bp fragment did not. The BMP responsivenestransgenic and transfection approaches thus showed that the
of the 52bpMsx2transgene was also restricted temporally.52 bp fragment directed expression and mediated BMP
Whereas the 560 bp fragment responded to beads implantegbponsiveness in a subset of tissues and developmental stages
in E12.5 limbs (Fig. 1G), the 52 bp fragment did not (Fig.compared with the parental 560 bp fragment.

52bpMsx2-hsplacZ

—

E10

560bpMsx2-hsplacZ

G

52bpMsx2-hsplacZ

H I

60

time of staining (minutes)

Fig. 4. The 52 bp element responds to BMP signaling in a subset of sites relative to the parental 560 bp fragment. Expression and BMP-
responsiveness of tlibpMsx2-hsplacEtansgene were assessed in a developmental series of embryos and tissues from E8.5 to E13.5. A total
of five transgenic lines were compared, with closely similar results (Table 1). (A-D) Ovdaaigbtains of embryo whole mounts.

(E,F) Midsagittal sections of whole mounts staineddoZ The embryo in E was embedded in plastic and photographed in dark field, showing
lacZ activity in pink. Note expression in the allantois (A,B), pharyngeal arches (A-C,E,F) and cardiac outflow tract (A-F). Bxpréssio
pharyngeal region was restricted to tissues adjacent to the pharyngeal endoderm and cardiac outflow tract (E,F). At E4ib/b pexpisted

in the outflow tract, and was evident in the genital region, the anterior limb bud mesenchyme, the otic vesicle and tH{&dy&l{@h-

magnification views of forelimbs of E12.5-E13.5 embryos stainethéar(anterior to right). (G) Expression of the parental 560 bp transgene.

(H,l) Expression of the 52 bp transgene in the anterior and interdigital limb mesenchymliac@ggpression in bead-implanted limbs. a,

allantois; pam, pharyngeal arch mesenchyme; ot, outflow tract; al, anterior limb; gr, genital region; ov, otic vesicle; e, eye.
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Fig. 5. Phosphorylated forms of BMP- E11.5 limb bud E9.5 embryo
dependent R-Smads colocalize with 52 52bpMsx2-hsplacZ 52bpMsx2-hsplacZ
bplacZtransgene expression in the
limb and cardiac outflow tract, and are
recruited to théVlsx2BMP-responsive
region in native chromatin. Beads
soaked in BMP4 were implanted on
limbs of E11.552bpMsx2-hsplacZ
transgenic embryos. (A) Whole-mount
lacZ stain showing expression and
BMP response in the anterior limb ; &
(arrow). (B-E) Adjacent frozen sections r ; RO LR pam
along the dorsoventral axis of the limbs ' : i
were either stained fdacZ activity

(B,C; blue against Nuclear Fast Red
counterstain), or immunostained with

an antibody against the phosphorylated
forms of the BMP R-Smads 1, 5 and 8
(D,E; pink against DAPI counterstain).
(F-J)lacZ (G,I) and phospho-Smad

(H,J) staining of adjacent midsagittal
sections through cardiac region of a
52bpMsx2-hsplacémbryo at E9.5 (F).

A subset of phospho-Smad stained cells
are positive fofacZ activity.

(K-M) ChIP assay showing association
of phosphorylated R-Smads with the
Msx2BMPRE in C14 limb

mesenchymal cells. (K) Autoradiogram
of RNA derived from BMP2-treated

C14 cells, probed fdvisx2 Upstream
control and BMPRE primers (L) were

used to interrogate chromatin K Msx2 mRNA L i

immunoprecitated with anti phospo- ss0p L

Smad1 antibody (M). L TR Msx2 genomic T/um/—!—gi
I L i e b -

Phosphorylated BMP R- upstream Msx2

Smads colocalize with 52 bp O: 2w 1 2 6 R control BMPRE

transgene expression in hours post treatment with BMP2

embryos and are recruited to

the Msx2 BMP-responsive M BMP4

region in native chromatin Primers: + w R L - " o

That the 52 bp transgene Msx2? BMPRE
expressed at sites of active Bl
signaling was confirmed by staini
with an antibody against
phosphorylated (active) form of t
BMP restricted Smads 1, 5, 8 | 1 2.5 .S 7.5
Smads). Limbs exhibited nucle DNA template (relative amount)
staining in a halo surroundi
implanted BMP4-soaked bee
(Fig. 5D,E), coincident withlacZ expression (Fig. 5B,C). immunoprecipitation (ChIP) analysis on C14 limb bud
Nuclear staining was also evident in the anterior limbmesenchymal cells (Rosen et al., 1994). We chose these cells
overlapping with52bpMsx2transgene expression (Fig. 5A,E, because of their tissue of origin and because their endogenous
arrows). Similarly, in the cardiac region, nuclear staining wa$isx2 mRNA is upregulated robustly by BMPs (Fig. 5K). An
apparent in pharyngeal arch mesenchyme and the outflow tramiti Phospho-Smad1l antibody was used to immunoprecipitate
(Fig. 5H,J). Thus, in the pharyngeal region the 52 bp fragmemhromatin from BMP-treated and control cells. Semi-
was expressed in a subset of R-Smad positive cells (Fig. 5G,fuantitative PCR showed that a 350 bp fragment encompassing
The correlation between R-Smad nuclear localization anthe 52 bp BMPRE (Fig. 5L) was enriched several fold in
Msx2 transgene expression suggested thdgx2 is an  chromatin derived from cells treated with BMP4 compared
immediate early target of R-Smads. If so, R-Smads shouldith untreated cells (Fig. 5M), consistent with the view that
associate with thB1sx2BMPRE in a BMP-dependent manner. BMP treatment causes association of BMP R-Smads with the
To test this hypothesis, we carried out a chromatirMsx2BMPRE.

upstream control
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52bpMsx2-hdm-hsplacZ
G

Fig. 6. Smad and homeodomain consensus sites are necessary for BMP responsivdse@gsarisgenes. (A) Smad or homeodomain

consensus sites (bold) were mutated in the 52 bp element as shown above and below the sequence (red). Potential Buink8niatis)

(green) sites are identified. (B-D) EMSA was used to assess the effects of the mutations on binding of bacterially expiddgiétiSma

domain (B), and in vitro transcribed/translated Prx1b, a paired-class homeoprotein (D). Amounts of GST-Smad4 protein5se&2benred

500ng (wild-type control; 500 ng GST). The relative amounts of Prx1b lysate used were 1, 2, filafodrit@ols; 20ul). Band intensities of

the faster-migrating, primary Smad4-DNA complexes are plotted in C. (E-J) Effect of Smad site and homeodomain site mutations on
52bpMsx2-hsplacEansgene expression in transgenic embryos at E11.5 (E-G), and BMP responsiveness in limbs (H-J). (K-O) We introduced
the homeodomain site mutation into the 560 bp fragment (Fig. 1A, Fig. 3A) and examined the expression and BMP resportbigeness of
construct in 10T1/2 cells (K) and in transgenic embryos (L-O) at E11.5. Embryos in E-G,M were stdm&ddotivity overnight, while that

in L was stained for 1 hour.

GCCG and TAAT sequences are necessary for BMP specific modulators of the BMP response (Marty et al., 2001),
responsiveness of Msx2 transgenes the AATTAA site was of particular interest.

The 52 bp fragment contained a GC-rich partial inverted repeat To test the function of the GCCG and AATTAA sequences
flanking an AT-rich region (Fig. 2, Fig. 6A). Each repeatin vivo, we produced two mutant2bpMsx2-hsplacZz
contained two GCCG sequences, which resembled theansgenes. One contained mutations in the four GCCG
GCCGNCGC consensus sequence to whichDihesophila  sequences, the other a mutation in the AATTAA site (Fig. 6A).
Mad protein binds (Kim et al., 1997; Raftery and SutherlandGel shift experiments verified that mutations in the GC-rich
1999; Szuts et al., 1998; Xu et al., 1998). The GCCG sitasverted repeats significantly reduced binding by the Smad4
flanked the sequence AGAGCARAACG, which matched MH1 domain, a DNA-binding motif conserved among several
closely the consensus site for several Antennapedia supercl&m®ad proteins (Massague, 1998). Low protein inputs produced
homeodomain proteins, as well as paired class homeodomainsingle complex, higher inputs an additional, more slowly
proteins (de Jong et al., 1993; Florence et al., 1991; Gehringigrating complex (Fig. 6B). The latter complex probably
et al.,, 1994; Laughon, 1991) (Matinspector 7.0, 2003). Asesulted from the binding of additional Smad4 molecules.
homeodomain proteins are candidates for tissue- and stagdutation of the four GCCG sequences abolished the slower
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migrating (2) complex and reduced substantially (60-90%) theDrosophilabecause its distant relation to mouse would provide
faster migrating (9 complex (Fig. 6B,C). That the primary a stringent test of the hypothesis that the BMPRE can function
complex was not abolished may have been due to an additioraler a large phylogenetic distance. In addition, a large number
GCCG sequence locatetd the inverted repeat, or to several of mutants in components of the Dpp pathway are available,
GNCT motifs, both of which might bind Smad4 (Fig. 6A) enabling us to rigorously test whether the murine element was
(Ishida et al., 2000; Johnson et al., 1999; Kusanagi et al., 200@&sponding appropriately to Dpp signals.
Zawel et al., 1998). Despite this residual binding of Smad4 in We produced transgenic flies bearing the 560, 480, 220 and
vitro, the transgene bearing mutations in the four GCCG sités2 bp sequences driving nuclear-localitacZ. We examined
(7 independent lines) was expressed at much lower levels argpression in imaginal discs and embryos, both in wild-type
in fewer regions than its non-mutated counterpart (Fig. 6E,Rlies and in mutants in which Dpp signaling was perturbed.
Table 1). In addition, the mutant transgene did not respond xamples of transgene expression are shown in Fig. 7. The
BMP4-soaked beads implanted on the limb bud (Fig. 61) o#80bpMsx2-lacZransgene was expressed in wing imaginal
mandible (data not shown). discs in a pattern that closely resembled thavestigial a

Protein titrations showed that oligonucleotides containindknown Dpp target (Fig. 7B,C). Ectopic activation of Dpp
the TTAATT site and flanking sequence were capable o$ignaling with A9Gal4>TkvA resulted in a corresponding
binding the homeodomain proteins Prx1b (Fig. 6D) and Msx2xpansion oMsx2transgene expression (Fig. 7D). In stage 13
(data not shown). A mutation in the TTAATT site (Fig. 6A) embryos, the220bpMsx2-lacZtransgene was expressed in
reduced the binding of Prxlb to an undetectable level (Figparasegments (ps) 3 and 7 of embryo visceral mesoderm in a
6D), prompting us to test this same mutation in vivo. Analysigpattern closely matching that dpp (Fig. 7E,G). This pattern
of 14 independent lines revealed a dramatic reduction iwas expanded throughout the gut in embryos in whigh
transgene expression in the limb bud and in most other sitexpression was driven ectopically by a heat shock promoter
(Fig. 6E,G; Table 1). Bead implantations in the limb bud(Fig. 71). Indpp (S11/S22)egulatory mutants, in whictipp
showed that the mutant transgene was not BMP responsisegnaling is lost specifically in ps3 (Fig. 7F, arrow), the
(Fig. 6J). This profound change in the expression of th@20bpMsx2-lacZtransgene was also downregulated in ps3
52bpMsx2transgene led us to test the role of the TTAATT(Fig. 7H, arrow).
element in a larger genomic context. We used the 560 bp The 52 bp sequence drove expression on the dorsal side of
fragment because it contained all or most of the cis-regulatogarly blastoderm embryos in a pattern that matched Dpp
information needed for expression and BMP responsiveness sifjnaling (Fig. 7J,K). Expanded transgene expression was
Msx2 (Kwang et al., 2002). evident indorsalmutant embryos (Fig. 7L), consistent with the

In 10T1/2 cells, the homeodomain site mutation resulted ifinding that dorsal repressdpp transcription in ventral cells,
near-complete loss of BMP-inducibility of a transfected 560 bghus restricting Dpp signaling to the dorsal region of the
construct (Fig. 6K), similar to the effect of deleting the entireembryo (Huang et al., 1993). Expression was also |esirew
52 bp sequence in the 560 bp fragment (Fig. 31). Analysis ahutant embryos (Fig. 7M), in which levels of Dpp signaling
six transgenic lines beariris50bpMsx2-hdm-hsplaciutant  are reduced (Arora et al., 1994). Conversely, ectopic activation
transgenes showed that the mutation resulted in a generdl Dpp signaling usingTub Gal4>UAS Dppresulted in
reduction of transgene expression (compare Fig. 6M with Figexpansion of transgene expression in the dorsal half of the
3H) as well as a site-selective loss of expression (Table 1). Fembryo (Fig. 7N). Similarly, embryos mutant forinker, a
example, expression was reduced substantially in limb buckpressor of Dpp signaling (Jazwinska et al., 1999), exhibited
mesenchyme but retained in the AER (Fig. 6M, arrow). BeadxpandedacZ activity (Fig. 70).
implantations showed that the mutation abolished BMP- When we tested the expression &2bpMsx2-lacZz
responsiveness in limb bud mesenchyme of E11.5 embrydsansgenes bearing the same GCCG or TTAATT site mutations
(Fig. 60). We conclude that the TTAATT element is cruciallyused for transgenic mice, we found that each mutation resulted
important for BMP responsiveness Mfx2 both in cultured in a profound loss of transgene expression (Fig. 7P,Q) (five

cells and in a subset of sites in murine embryos. independent lines each). Similar results were apparent in stage
) ] 13 embryos bearing these mutant transgenes (data not shown).

The Msx2 BMP-responsive element can interpret Together, these data show: (1) that sequences withiMgka

Dpp signals accurately in  Drosophila promoter can respond to Dpp signalinddimsophilaembryos

That the homeodomain and Smad consensus sites are requiegd wing imaginal discs; and (2) that both TTAATT and GCCG
coordinately for the function of thglsx2BMPRE in murine  sites are crucial for expression of tihdsx2 BMPRE in
embryos, and that the sequence of the BMPRE is highlprosophilaembryos as they are in mouse embryos.
conserved among mammalian groups, raised the question
of whether this combination of homeodomain and Sma&. .
consensus sites reflects an ancient mechanism for BMP2ISCUSSION
dependent transcriptional activation. Cis-regulatory element&lthough several BMP responsive elements have been
can undergo mutational turnover yet maintain their functiorcharacterized in cultured cells (Benchabane and Wrana, 2003;
(Ludwig et al., 2000). Thus, despite the apparent lack dflenningfeld et al., 2000; Hullinger et al., 2001; Jonk et al.,
sequence conservation of the BMPRE outside mammals, tli©98), few have been studied in a developing mammalian
possibility remained that it might function in a more diverseembryo (Liberatore et al., 2002; Lien et al., 2002; Theil et al.,
group of organisms. 2002). TheMsx2 BMP-dependent enhancer is of particular
To test this idea, we asked whether ih&x2BMPRE was interest because of the importance M§x2 in the BMP
capable of responding to Dpp signalfirosophila We chose  pathway and becaudésx2is frequently employed as a readout
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of BMP action, despite the fact that the mechanisms controllingromoter was unexpected. Although Smad sites are typically

its BMP responsiveness have not been elucidated. found to be functionally crucial in vertebrate BMP responsive
o ) ) elements (Lopez-Rovira et al., 2002; Park and Morasso, 2002),
Distinct cis-regulatory elements are required for similar crucial roles for homeodomain sites have not been
BMP-dependent activation of ~ Msx2 transgenes in documented. We note, however, that Smadl interacts with
different developmental settings Hoxc8 during activation of the osteopontin promoter (Shi

A long-term goal in the analysis of tMsx2BMPRE has been et al., 1999) and that irKenopusembryos, the Xvent-2

to identify trans-regulators that cooperate with Smads tbomeodomain protein can act as a Smad1l-specific co-activator

modulate BMP responsiveness in different developmentaluring maintenance of its own transcriptional regulation

settings. We provide evidence here that a homeodomafienningfeld et al., 2002).

consensus site is required, together with Smad consensus sitedt is clearly of interest to know the identities of proteins that

for BMP responsiveness dflsx2 transgenes, and that theseinteract with the TTAATT site in theMsx2 BMPRE.

sites function together with other cis-regulatory elements télomeodomain-containing proteins of the Nk (including Msx),

control differential BMP responsiveness and expression ipaired and Hox classes are capable of binding this element in

subregions of limb mesenchyme and in other structures in thatro (Fig. 6; S.M.B. and R.M., unpublished). Representatives

developing embryo. That the consensus homeodomain sité each class are expressed in patterns consistent with a role in

plays such a major role in the BMP responsiveness dflix2  the regulation ofMsx2 though genetic proof that any such
proteins participate in the BMP-dependent activatioMex2

480bpMsx2-lacZ
y - early blastoderm (stage 5-6)

dpp in situ 52bpMsx2-lacZ
A9Gal4>ThvA 52bpMsx2-lacZ
stage 13 '
dpp in situ

dorsal screw

dpp (S11/522)
220bpMsx2-lacZ

—

Tub Gal4=UAS Dpp brinker

52bpMsx2-sm-lacZ 52bpMsx2-hdm-lacZ

P Q

Fig. 7. TheMsx2BMPRE accurately interprets Dpp signal®irosophila (A-D) Msx2
transgenes behave like Dpp-responsive genes in imaginal discs. In situ hybridization
showingdppexpression (A). Expression ofvastigial-lacZreporter gene, a knowdpp

target (B). Expression of tH80bpMsx2-lacZransgene (C). The 480 bp fragment is the
conserved region identified in Fig. 2, Fig. 3A. Expression ofi8#pMsx2-lacZransgene in the wing pouch with ectopic activation of the

Dpp pathway byA9Gal4>TkvA(D). (E-1) dppand220bpMsx2-lacZransgene expression in stage 13 embryos (lateral \d@w)n situ

hybridization showing wild-type expression pattern in parasegments (ps) 3 and 7 of the embryonic mid-gut @)@ (8ilityS22nutant

(F), in whichdppexpression is lost in ps3 (arrow), but not in @ZZ0bpMsx2-lacZransgene in wild type (G) ampp (S11/S22nutant (H).
Expression o220bpMsx2-lacZransgene throughout the gut in response to ectopic expression of Dpp driven by a heat-shock promoter (1). (-
Q) dppand52bpMsx2-lacZransgene expression in early blastoderm embryos (lateral dppin situ of a stage 5 embryo showing restriction

of dppexpression to the dorsal part of the embryo (J). Expression 62bpMsx2-lacZransgene in wild-type (K) armtbrsalmutant (L)

embryos. Expression 82bpMsx2-lacZransgene iscrew(M) andbrinker (O) mutant embryos, and in an embryo with ectopic activation of

Dpp usingTub Gal4>UAS DpgN). 52bpMsx2-lacZransgene expression is lost when the Smad sites (P) or homeodomain site (Q) are mutated.

ectopic Dpp (heat shock)
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is lacking. InterestinglyXenopusXmsx-1 has been shown to  WhetherMsx2transgenes are similarly regulated by positive
physically associate with pathway-restricted Smads and Smaa@#d negative inputs in mouse embryos is not clear. Orthologs
(Yamamoto et al., 2001), suggesting that like Xvent2, Msf brinker have not been found in vertebrates. However, Zeb-
proteins may participate in an autoregulatory loop. 2, a zinc-finger transcription factor, has been identified as a
In addition to homeodomain-containing proteins, membersegative regulator of BMP signaling (Postigo, 2003). This
of the Fox family of forkhead/winged helix transcription protein binds to a GC-rich sequence and can interact with
factors have emerged as candidate regulators of the BMBmads (Verschueren et al., 1999), as well as inhibit expression
responsiveness oisx2 Foxcl is required for the BMP- of the BMP targetXmsxl in XenopugPostigo et al., 2003).
dependent induction dfisx2 in calvarial tissues of murine ) .
embryos (Rice et al., 2003). Inspection of the sequence aroufyolution of the  Msx2 BMP-responsive element
the TTAATT site revealed a close match (5/7) to a consensuBespite the lack of demonstrable sequence homology between
derived for Hnf3/Fox class proteins (Fig. 2) (Gao et al., 2003the Msx2BMPRE and Dpp-responsive enhancers in flies, our
Whether Fox proteins can bind this sequence, and, if stransgenic experiments show that iex2 element provides
whether such binding is disrupted by mutations in the TTAATTan accurate readout of Dpp activityDmosophila This is not
site are unanswered questions. It is intriguing that Fox proteimaerely a result of the activity of Mad, as a mutant transgene
can form heterodimers with homeodomain-containing proteinbearing a disabled TTAATT sequence but intact GCCG
(Foucher et al., 2003), and that the Fox protein Fastl caronsensus sites was not expressdarasophilaembryos. We
interact with Smads and modulate the activity of B&GF note that the requirement of the TTAATT site for BMP
responsive promoters (Chen et al., 1996; Chen et al., 199#&sponsiveness oMsx2 transgenes in mice and flies is
Weisberg et al., 1998). reminiscent of the dependence of takial, tinmanandeven-
Deletion analysis showed sequences flanking the 52 bgkipped Dpp-activated enhancers dbrosophila on the
element control the location, sensitivity and timing of BMPhomeodomain proteins Labial and Tinman (Knirr and Frasch,
responsiveness in limbs and other sites in mouse embryd®01; Marty et al., 2001; Xu et al., 1998).
Within these sequences are consensus binding sites for CrebThat several BMP-responsive enhancers spanning a wide
OAZ and Tcf/Lefl (Fig. 2), each implicated in BMP signaling phylogenetic distance exhibit a dual requirement for
in widely divergent organisms (Hata et al., 2000; lonescu et ahomeodomain and Smad sites suggests synergistic interactions
2004; Theil et al., 2002). In tHerosophila Ubxpromoter, for  between homeodomain and Smad proteins is an ancient feature
example, Dpp responsiveness in parasegments 3 and 7 of thfethe BMP/Dpp pathway. Such interactions may represent a
embryonic midgut depends on a CRE site acting together witeeneral mechanism for integrating BMP/Dpp signaling inputs
Mad sites (Waltzer and Bienz, 1999). In addition, Tcf/Leflwith tissue-specific transcription factors.
sites located 270 and 420 bp upstream (at positions —4130 and-ew cis-regulatory elements are known to function over an
—-4280) of the AdMsx2 fragment, participate in BMP evolutionary distance comparable with that separating
responsiveness in ES cells (Hussein et al., 2003). Mutation aiammals and insects. One such element is the eye enhancer
these sites in mouse embryos will provide insight into theiof the Drosophila eyelesgene, @ax6ortholog. In transgenic
roles in modulating the BMP responsiveness Méx2 in mice, this enhancer directs expression that partially
different tissues and cell types. We showed previously thakecapitulates that of endogeno®ax6 (Xu et al., 1999).
Pax3 acts through a site in the 560 bp fragment to rel®s®d  Another is the murineloxa2rhombomere 2-specific enhancer,
expression in the dorsal neural tube (Kwang et al., 2002). Wghich is expressed in head segments of transgenic flies,
have not yet identified sequences required for upregulatqubralleling the expression of theHhoxa2 ortholog,
neural tube expression Efsx2in the absence ¢fax3function,  proboscipedia(Frasch et al., 1995). Similarly, ldox4b cis-
but it is possible that these sequences include MBg2 regulatory element mediates correct spatial expression in
BMPRE. Finally, we note that YYI has been implicated in theDrosophila (Malicki et al., 1992), and the orthologous
activation ofMsx2expression in craniofacial structures, but in Drosophila autoregulatory element from the homeotic gene,
a manner independent of the BMP pathway (Tan et al., 2002peformed functions appropriately in mice (Awgulewitsch and
In Drosophilg brinker andschnurriare crucial for the Dpp- Jacobs, 1992).
dependent expression of a number of genes. Brinker (Brk) actsThese examples notwithstanding, careful comparative
through GC-rich sites to repress target gene expressi@nalyses within nematode and echinoderm lineages suggest
(Rushlow et al., 2001; Sivasankaran et al., 2000). Schnurtfat cis-regulatory elements usually evolve rapidly, becoming
repressesbrinker expression in a Dpp-dependent mannemon-alignable within 35-50 million years (Ruvinsky and
(Marty et al., 2000; Torres-Vazquez et al., 2000). TMax2  Ruvkun, 2003; Wray et al., 2003). Intriguingly, such divergent
transgene expression iDrosophila embryos expands in a promoter elements frequently maintain their function,
brinker mutant is consistent with results showing that Brk actsuggesting they are subject both to drift and stabilizing
through Mad-like binding sites for its repressive functionselection, which promote rapid sequence divergence while
(Kirkpatrick et al., 2001; Saller and Bienz, 2001), and with oumaintaining regulatory function (Ludwig et al., 2000;
findings that theMsx2 BMPRE is probably a direct target of Ruvunski and Ruvkun, 2003; Wray et al., 2003). It seems
Smadl (Fig. 5). Our demonstration that mutations in Madprobable that the ability of thilsx2 BMPRE to function in
Smad1l-binding sites cause loss of transgene expression flies, despite its lack of significant sequence identity to known
Drosophila together with the expansion of transgeneDpp-responsive enhancers, can be explained by a similar
expression in thebrinker mutant, suggest that th®lsx2 process of drift and stabilizing selection. We suggest this
BMPRE is subject to positive and negative regulation improcess differs from that operating on a typical promoter
Drosophila as expected for direct targets of Mad. element only in its slow pace, reflecting the fundamental and
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conservative role of the machinery that controls the and Smad4 are components of the bone morphogenetic protein-4 (BMP- 4)-
transcription of crucial effectors of the BMP pathway. induced transcription complex of the Xvent-2B promoferBiol. Chem.
275, 21827-21835.
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