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SUMMARY

We describe the isolation of theXenopushomeobox gene
twin (Xtwn), which was identified in an expression cloning
screen for molecules with dorsalizing activities. Injection of
synthetic Xtwn mRNA restores a complete dorsal axis in
embryos lacking dorsal structures and induces a complete
secondary dorsal axis when ectopically expressed in normal

embryos. The sequence homology, expression pattern and

gain-of-function phenotype ofXtwn is most similar to the
previously isolated Xenopushomeobox geneiamois(Xsia)
suggesting thatXtwn and Xsia comprise a new subclass of
homeobox genes important in dorsal axis specification. We
find that Xtwn is able to activate the Spemann organizer-
specific genegoosecoid (gscyia direct binding to a region
of the gsc promoter previously shown to mediate Wnt
induction. Since Xtwn expression is strongly induced in

binding sites found within the Xtwn promoter. Second,
these binding sites were shown to be required for Wnt-
mediated induction of a Xtwn reporter gene containing
these sites. As LEF1/TCF3 family transcription factors
have previously been shown to directly mediate Wnt
signaling, these results suggest thadtwn induction by Wnt
may be direct. Finally, in UV-hyperventralized embryos,
expression of endogenouXtwn is confined to the vegetal
pole and axXtwn reporter gene is hyperinduced vegetally in
a LEF1/TCF3-binding-site-dependent manner. These
results suggest that cortical rotation distributes Wnt-like
dorsal determinants to the dorsal side of the embryo,
including the dorsal marginal zone, and that these deter-
minants may directly establish Spemann’s organizer in this
region.

ectodermal (animal cap) cells in response to overexpression
of a dorsalizing Wnt molecule, we examined the possibility
that Xtwn might be a direct target of a Wnt signal trans-
duction cascade. First, we demonstrate that purified LEF1
protein can interact, in vitro, with consensus LEF1/TCF3-

Key words:twin, goosecoigdsiamois Xenopushomeobox, Wnt,
cortical rotation, Spemann’s organizer, Nieuwkoop Center, dorsal
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INTRODUCTION and neural tissue. A normal body axis can be rescued by
manually tipping the embryo 9@long its animal-vegetal axis,
Discovery of the amphibian organizer played a central role innderscoring the importance of cortical rotation. Similarly,
shaping the concept that inductive interactions are important equatorial injection of vegetal cytoplasm into UV-hyperven-
the establishment of the dorsoventral axis. In 1924, Spemarralized embryos results in axis rescue indicating that cortical
and Mangold discovered that heterotopic transplantation of thetation is important in the transport of dorsal determinants
dorsal blastopore lip, or organizer, into the lateral/flank regiofrom the vegetal pole to the dorsal side of the embryo
of a host embryo could induce a secondary axis comprised pr@gdolowacz and Elinson, 1993, Kageura, 1997).

dominantly of host tissue (Spemann and Mangold, 1924). Much effort has been placed on characterizing and elucidat-
Formation of the organizer has been traced back to the eveitg the nature of the inductive events and molecules involved
of fertilization (reviewed by Gerhart et al., 1989). The site ofn establishment of Spemann’s organizer. Conjugation experi-
sperm entry determines the direction of rearrangement of eggents of animal pole ectoderm and vegetal pole endoderm
cytoplasm (Danilchik and Denegre, 1991) including thesuggested that mesoderm forms in the marginal zone as the
rotation of cortical cytoplasm relative to the deep endoplasmresult of inductive signals released from the underlying vegetal
which thereby defines the future dorsal side of the embrypole endoderm (Nieuwkoop, 1973). In addition, it was found
(Gerhart et al., 1989). Treatments that block cortical rotatiothat ventovegetal fragments induce only ventral mesoderm
(e.g. UV-irradiation, cold-shock, or nocodazole) result inwhile dor®vegetal fragments, also referred to as the
embryos lacking dorsal structures such as notochord, somitBeuwkoop Center (NKC), are capable of inducing dorsal
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mesoderm (prospective organizer) (Nieuwkoop, 1973; Dalstream effector of Wnt signaling, may be transported to the
and Slack, 1987; Gimlich and Gerhart, 1984). The ‘three signalorsal side by cortical rotation where it becomes dorsally
model’ incorporates these observations to suggest that threariched (Larabell et al., 1997; Rowning et al., 1997; Schneider
inductive signals play a role in dorsoventral specification (Dalet al., 1996). In the absence @fcatenin protein, embryos
and Slack, 1987). During blastula stages, a signal from the veproduce mesoderm, but fail to develop dorsal axial structures
trovegetal endoderm and a second signal from the dorsove@Heasman et al., 19948-catenin interacts with members of
etal endoderm (possibly released at midblastula transitiomhe LEF1/TCF3 family of HMG box transcription factors
Wylie et al., 1996) induce the overlying marginal zone cells tgMolenaar et al., 1996; Behrens et al., 1996; Huber et al., 1996)
become ventral and dorsal mesoderm, respectively. Onegd this interaction is required for dorsal determination in
induced by the NKC, the organizer releases a third signakenopusembryos (Molenaar et al., 1996). The importance of
during gastrulation, which promotes dorsalization of thehe B-catenin-LEF1/TCF3 interaction for Wnt signaling has
adjacent lateral mesoderm to further pattern the mesodermiso recently been confirmed Brosophila (Brunner et al.,
While the three signal model explains the embryological data.997; van der Wetering et al., 1997). These observations imply
it is worth noting that more than three signals (Sive, 1993) argat Wnt-like dorsal determinants, localized to the dorsal side
likely to be involved in dorsal-ventral patterning of the by cortical rotation, may act directly or indirectly on the PE (in
mesoderm and the localization of molecules underlying eactbncert with activin-like signaling via the DE) to indugsc
of these signals may overlap in the embryo. transcription and hence establish Spemann’s organizer.
Candidate mesoderm-inducing factors (MIFs) include |n this paper, we report the isolation of thénopus
activin, Vg1, Xnrl and Xnr2, members of the transforminghomeobox gendwin (Xtwr) by expression cDNA library
growth factor (TGH3) superfamily, which can induce dorsal screening for noveXenopusxis-inducing molecules. Both the
mesoderm in isolated naive ectodermal explants (animal capspatiotemporal expression profile and the axis-inducing
(Asashima et al., 1990; Thomsen et al., 1990; Smith et alactivity of Xtwnare consistent with a role fitwnin the estab-
1990; Dale et al., 1993; Jones et al., 1995). Microinjection ofshment of Spemann’s organizer. Interestingly, expression of
synthetic MRNA encoding activin or BVg1l (a processible formytwn in animal caps is strongly induced ByVnt8 but only
of Vgl) into the ventral blastomeres of early embryos leads tgoorly by activin. We suggest that a Wnt signaling cascade
secondary axes, thereby mimicking the NKC/organizer transndirectly induces expression gécvia a direct induction of
plantation phenotypes (Thomsen et al., 1990; Thomsen angwn expression which, via its direct binding to the Wnt-
Melton, 1993; Dale et al., 1993)_. 'Another class .of 5_ecr9teﬂesponsive element (PE) within thgsc regulatory region,
factors, termed competence modifiers, has been implicated jtjvatesysctranscription. That the former induction is direct
mesodermal patterninkWntg a member of the Wnt super- js suypported by a requirement for LEF1/TCF3-binding sites
family of growth factors, is a potent inducer of secondary axegithin theXtwnpromoter for its responsiveness to Wnt signals.
when its mMRNA is injected ventrally but, in contrast to MIFS,Einajly, when cortical rotation was inhibited, we found that
is_an ineffective mesoderm inducer in animal cap assays,qjogenousXtwn expression was extinguished from the
(Christian et al., 1992). When animal caps are treated with |°Y‘harginal zone and confined to the vegetal pole, and that this

concentrations of MIFs, the animal caps differentiate i”tQ/egetaI expression was dependent on the same LEF1/TCF3-
ventral mesoderm. However, with the additiorX@¥nt§ ecto-  pinging sites. These data, in light of the known localization and

dermal cells adopt a more dorsal fate (organizer), suggestignavior of dorsal determinants, suggest that establishment of
that Wnt-like factors synergistically interact with MIFs on thegyamann’s organizer occurs as a consequence of direct inher-

dorsal side of the embryo to establish Spemann's organizgbce of dorsal determinants by cells within the dorsal
(Christian et al., 1992; Kimelman et al., 1992; Sokol ancEwarginal zone. y

Melton, 1992; Sokol, 1993).
Support for a synergistic interaction between Wnt-like
signaFI)sp and MIFs in organizer specification was provided bMATERlALS AND METHODS
analysis of thg regulation of the organizer—specific homeobOémbryo manipulations and RNA injections
gene,gqosgcmd(g_s@. Molecular stgdles revealed thg‘?c ggs were fertilized in vitro, dejellied and resultant embryos culti-
expression is mediated by the combined effects of Wnt-like anghieq as described previously (Cho et al., 1991). Staging was
activin/BVgl-like signals via twocis-acting regulatory according to Nieuwkoop and Faber (1967) and the extent of dor-
elements within its promoter, the proximal element (PE) andoanterior development was determined according to the dorso-
the distal element (DE), respectively (Watabe et al., 1995hnterior index (DAI) of Kao and Elinson (1988). UV-hyperventralized
While DE-mediated activin induction gfscwas determined embryos were obtained by irradiating vegetal poles of dejellied
to be direct (not requiring de novo protein synthesis), the natugmbryos 40 minutes after fertilization for 1 minute with a handheld
of the PE-mediated induction by Wnt could not be determineV source (UVP, model UVGL-25). Hyperdorsalized gastrulae were
due to the lack of soluble Wnt protein. ob_talned by treating 32-ce|!—stage embryc_)s in 120_ mM LiCl for 40
The Wnt signal transduction cascade has been linked fginutes. D_orsoventral polqu_ty was _determlned and indicated amounts
cortical rotation. The dorsal determinants relocalized to th fZygtt:l]lest,ltgrgReNrﬁer\ée;esInjrees/tiﬁgslrt%:evggri\geenér?}LEEStigmg?Zﬁ;4e-t
dorsal side by cortical cytoplasmic rotation have been sho ., 1991). Ig:orthnyand Xl?s,ia mRN),/A injection studie's, plaémid
FO behave like Competenc_e modifiers, suggesting the poss'bf Smplates were linearized withal and Kpnl and transcribed with
ity that the dorsal determinants may be Wnts themselves @pg and T3 RNA polymerases, respectively.
downstream components of a Wnt signaling cascade
(Holowacz and Elinson, 1995). Consistent with this hypoth-Construction of a cDNA library and expression screening

esis, recent results suggest tfiatatenin protein, a down- LiCl-treated embryos were harvested at stage 10.25 equivalent.
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RNA was purified using the acid guanidium-isothiocyanate methodConstruction of expression plasmids

(Chomczynski and Sacchi, 1987). Oligo(dT)-primed cDNAs werea GST fusion containing th¥twn homeodomain was constructed in
generated using a cDNA synthesis kit (Amersham). cDNAs less thg§GEX-KG (Smith and Johnson, 1988) by PCR amplification of the
500 bp were eliminated from the cDNA pool by size exclusion chroXtwn homeodomain using the following primers GATGCCATG-
matography and directionally cloned into pBluescript KSII+ (Strata-GACAGGTGTAGGAGAAGA-3 and 3-GCGGAAGCTTGGCTCT-
gene) digested witEcaR| andNotl. The average size of cDNAs from GAGCAGATG-3 containing Ncd and Hindlll sites (underlined),

30 random minipreparations of plasmid DNAs was approximately 1.8espectively. This fragment was digested and subcloned between the
kb. The pool of cDNAs were transformed iro coli XL-1Blue and ~ Ncd and Hindlll sites of pGEX-KG. pXm-Xtwn, a plasmid con-
plated onto 50 150 mm LB-ampicillin plates. Each plate representegining the 5and 3 UTRs of 3-globin and theXtwn coding region,

a fraction of the library containing approximately 2000 individualwas constructed by subcloning a 732%pd-Rsd fragment ofXtwn
cDNAs (colonies). Bacterial colonies were scraped from the plateisito pSP64TBX (kindly provided by Naoto Ueno). A parbidhbox7

and grown in separate liquid cultures for large-scale plasmid isolatiocDNA (containing the homeodomain) was fusetht¥ in the pTRB

by standard alkaline lysis/CsCI gradient centrifugation (Sambrook etector as described in Oliver et al. (1988).

al., 1989). Pools of plasmid DNA templates were linearized Mith )

and synthetic mRNA was generated using the T3 Megascript KIRT-PCR analysis

(Ambion). mRNA synthesized from each cDNA pool was microin-RT-PCR analysis was carried out as described previously (Blitz and
jected into UV-ventralized embryos and screened for axis-inducin@ho, 1995). An exception was made in Fig. 6 in which twenty cycles
activity. The DAI scores (Kao and Elinson, 1988) of injected embryosvere used. Thetwn primers used were' FCCTGTGTTCTGCC-
were obtained when control embryos reached tadpole stage 3BACCA-3 and 5-CTGTTGGGTGCCGATGGTA-3 Xsia primers
Sixteen fractions possessed significant axis-inducing activity (data ngtere -ACCCCACCAGGATAAATCTG-3 and 5-GGTACTGGTG-
shown). To determine which fractions possess known axis-inducingCTGGAGAA-3. The histone H4 primers were described in Blitz
molecules, slot-blot hybridization using probes for the getwsatl, ~ and Cho (1995).

XWnt3A XWnt5A XWnt8 XWnt8h and XWntl1 the nodal-related . ) .

genesXnrl, Xnr2and Xnr3, Xenopus activins &nd B, B-catenin T 'imer extension analysis

goosecoid chordin, siamoisand nogginwas performed (Wolda and 1 ng ofXtwnupstream primer (SCTTGTAGGGTCAGCGCTGT-3
Moon, 1992; Cui et al., 1995; Ku and Melton, 1993; Smith et al.was annealed to 1fg of blastula-stage embryonic total RNA.
1995; Lemaire et al., 1995; Jones et al., 1995; Blumberg et al., 199Extension was performed using 15 units of MMLV reverse transcrip-
Sasai et al., 1994; Smith and Harland, 1992; Christian et al., 1998se (Gibco, BRL), 0.3 mM each of dCTP, dGTP and dTTP, and
Ueno et al., 1990; Thomsen et al., 1990; K. Inoue and K.W.-Y. Chd-33 UM 0-32P-dATP at 37C for 45 minutes. Samples were
unpublished). Nine of the sixteen fractions did not hybridize to thesBhenol/chloroform extracted and ethanol precipitated. Pellets were
cDNA probes (data not shown) suggesting that these fractions contdigsuspended in 98% formamide loading dye and analyzed by autora-
as yet unidentified axis inducers. Four subsequent rounds of sfiography following electrophoresis on an 8% polyacrylamide gel.
selection were performed to isolate a cDNA encoding the dorsalizin

= ﬂeporter gene constructs and luciferase assays
activity.

To clone the genomic region corresponding to sequence upstream of
DNA sequence determination and analysis the XtwncDNA, aXenopuggenomic library (Leroy and De Robertis,

. . . 1992) was screened using the 344 bp PCR fragment, described above,
The Xtwn cDNA was sequenced using a Sequenase 2.0 kit (US BIO;orresponding to nucleotides 74-418 of thewn cDNA. The

chemicals) according to the protocol provided by the manufacturer, .
Sequence analysis was performed using GCG sequence analysi\wnLuc reporter;Nasig(;nstruzciedfb%/;ubclonlngaP_C_R plroduct
software (Wisconsin Package Version 9.0, Genetics Computer Groucontalnlng sequences Ir to +24 of thXtwngene (p05|_t|0_r=|-

. X o . QOrresponds to the first nucleotide upstream of the transcriptional start
Madison, Wisc.). Sequence comparisons to all available knowp

nucleic acids and proteins were performed using the National Centsne) between thd3amH| and Hindlll sites of the promoter-less
; P s per Ing fciferase vector pOLuc (de Wet et al., 1987). The ‘upstream’ and
for Biotechnology Information’s Basic Local Alignment Search Tools

‘downstream’ primers used for PCR weré-@GGGACC
(BLASTX, BLASTN, tBLASTX and tBLASTN). TAACTGGTTTATAGTTGCATGTT-3 and 5-GGGAAGCTTGT-
. o GCTGCTAAGGGCAACTC-3and contairBanH| andHindlll sites
Preparat!on of RNA and northern ,bIOt hyprldlzatlons ) (underlined), respectively. The857Xtwn(A3)/Luc was generated by
To examine the temporal expression profilofn total embryonic 5 muitistep PCR regimen as follows. The ‘downstream’ primer
RNA was isolated frorXenopusembryos according to Chomezynski gescribed above was used in a PCR reaction in conjunction with the
and Sacchi (1987). 20y of total RNA was loaded into each lane of yrimer  8-GTCATGTaccgagagggtgAGAGACcgaccctgtiggagagggty-
a formaldehyde gel and ethidium bromide fluorescence confirmed thgeccCAAATCATATTCTGGCC-3 (containing nucleotides changes
all lanes were loaded approximately equally (data not shown). Tgom the wild-type promoter in lower-case print) to produce’ a 3
examine the spatial expression profil&biin embryos that exhibited  fragment containing mutations in two potential LEF1/TCF3
a dorsal-to-ventral shift in animal pigmentation, and had their firstonsensus binding sites. The ‘upstream’ primer described above was
cleavage plane bisect this pigmented area into two equal parts, wej€ed in a separate PCR reaction in conjunction with the primer
asymmetrically marked with Nile blue sulfate to indicate the directions-TGTCTCTacaaagagattgACATGACACCTGTACCCCTT-3  to
of cortical rotation and hence the future dorsal-ventral axis (Kleinproduce a Sfragment. Gel-purified '5and 3 fragments were mixed
1987; see also Cho et al., 1991). Dye-marked blastula-stage 8.5&gether and used as template for a third PCR reaction using the
embryos were dissected with a hairloop to collect ectoderntupstream’ and ‘downstream’ primers as outside primers to amplify
endoderm, dorsal, lateral and ventral marginal zone fragments. 38e mutated-357(A\3) fragment with terminaBanHI| and Hindlll
fragments per region were collected and total RNA was loaded intsites. The amplified fragment was subsequently subcloned between
each lane of a formaldehyde agarose gel. RNA was transferred tige BanH| and Hindlll sites of pOLuc and sequenced. Luciferase
nylon filters according to standard procedures (Sambrook et al., 198%)ssays were performed as described previously (Watabe et al., 1995).
Filters were hybridized at 65°C according to Church and Gilbert )
(1984) with a random-primed 344 bp fragment consisting ofDNase | protection assays
nucleotides 74-418 oftwnwhich was generated by PCR amplifica- To prepare a double-stranded DNA proti2?26gsdLuc was digested
tion usingXtwn-specific primers described for RT-PCR analysis. ~ with Hindlll, 32P-end labeled using Klenow DNA polymerase
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(Sambrook et al., 1989), and digested v@gnHI. A 241
bp asymmetrically end-labeled fragment containing
distal and proximal elements of thecpromoter (Watab
et al., 1995) was released and gel purified. Crude fi
protein extracts were prepared as described by Hoe
Levine (1988) and Oliver et al. (1991) with minor mc
fications. Probe was incubated on ice with crude pr:
extracts (final concentration of 20 pf)/containing GS1
or B-galactosidase fusion proteins and poly(didC) (1
concentration of 20 ngl) and DNase | footprinting we
performed according to Osborne et al. (1987).

samples were extracted with phenol/chloroform, pre
tated with ethanol and analyzed by autoradiogri
following denaturing polyacrylamide gel electrophore
Similarly, a 385 bp BanHI-Hindlll fragment of
-357Xtwn/lLuc  was 32P-end-labeled, incubated w
purified human LEF1 protein (a generous gift of
Waterman, University of California, Irvine) and subjec
to analysis by DNAse | footprinting.

RESULTS

Isolation of a novel axial determinant,

Xenopus twin

In order to identify novel genes important
dorsoventral axial patterning during early verteb
embryogenesis, we adopted the elegant expre

A

1 GCAGCACAGAC ATG ACT TGT GAC TCT GAA CTT GAG CAA ATC ATC TAC ACA

MTCDSELEQIIYT

51 GCG CTG ACC CTA CAA GAT GAC TAT CCT GTG TTC TGC CCA CCA CAG AGG

ALTLQDDYPVFCPPAOQR

99 GAC CAAACCAAATCCTGC TCCAGCTCTTTT GGTATG TTT CCT GAT TCT

147

195

243

291

339

387

435

DQTKSCSSSFGMFPDS

TAT CCA GGG GTG GGA AAC CAG GGA ATC TTG CAG GAG ACT ATA AGA GAA

YPGVGNQGILQETIRE

CTT TAT TCT GTC CTT GGG ATC CCA CAA GAT TCT CAT TTT AAC AGA AGC

LYSVLGIPQDSHEFNRS

ATG AAG CAT CAT CTC CTA GAA CCC AAG AAG GCG ACA CTATCT ACT GGG

MKHHLLEPKKATLSTG

ATC TAC GCC AAA CCA ACC TGC AAT CAG ACA CCT AAA GCC TGT AAA CGG

I YAKPTCNQTPKACKR

CCATTT TGT GAA GAG GAG CAG AGG GAA GGT AAA AAG CCC AGA ATA GAG

PFCEEEQREGKKPRIE

ATG GAT CAT TTC CTA CCA TCG GCA CCC AAC AGG TGT AGG AGA AGA ACC

MDHFLPSAPNRCRRRT

ATT TAT TCA AAG GAG CAAATC CTC TTC CTC CAG AAT CAATTT GAT CTC
Il YSKEQILFLQNOQFDL

483

531

579

627

AAT CCC TAT CCAGAC TTT GTG AAG AGA TGC CAC ATT GCA AAG ATAACT

NPYPDFVKRCHIAKIT

GGG ATC CCA GAG CCC AGG ATT CAG GTT TGG TTC CAG AAC AGA AGA GCC

GIPEPRIQVWEFQNRRA

AGG CAT CTG CTC AGA GCC ATC AAT TCT CAG GTT CCC CAA GAA AAG AGA

RHLLRA I'NS QVPQEKR

TCA GCA GCT GCA GAA GAA CCC AGATGC TTT ACC TAC AGA GAA CCC CAG

SAAAEEPRCFTYREPRQ

cloning strategy developed by Smith and Harl
(1991, 1992). Here we describe the characteriz
of a novel cDNA that exhibits strong axis-induc
activity (see Materials and Methods). Injectior
MRNA encoded by this cDNA in amounts as lov
2 pg was sufficient to induce partial secondary .
while 5 pg was sufficient to induce compl
secondary axes, which included anterior head <
tures (data not shown). The potency of this mole
was further demonstrated in the UV rescue ass
which injection of 10 pg of mMRNA was sufficient

675 TAT CCC AGA CAT GTG GGG CTA AGC AAA ATA CTC CCT TAC ACG TAG

YPRHVGLSKILPYTH™

CATGTACCCAAAGTCATGACTGAATCACTGCAGTGACATTTGTACCTTGAGACACCTATATGC
AAAGAACTTTCAAATTACTTTTTTTTTGGCTGAAATATTTGTCACTATGTACATAGAGAAATT
AACTACTACTTTAAATTTGACGTCCCTTAATGTATAACGTAAATATTTTAAATATTAGAATTA
906 AAGGTATGGGATAGGTTCATATACTCTATTATTACTCTTTATTTAAACAAGTTTCATTTACTG
970 AAAGTGTATCGCTTTAGTCCATAAAAAAACATGTTTATATGATATAAAGTCAGTATTTAAATT
1033 TATCAATAATTTATTCATTATTGTTCCCATGGGACCTTATATAAATATAATTGCTTTATCAGC
1096 ACTTCTCACTGTATTGTGTTATAAGGAGTACAGTTTAAGATACGCATGGCAACACACAGTACT
1159 TGATTTCAGAAGTCAATTTGTTTTATCTTAAGACAATAGTTGGCATTTAATGGTATAAATATA
1222 TGTATTTTAATTTTTGTGATATTGCTTGGTAATCAATAAAATTGTATCTTTTTTT

720
783
844

rescue a normal body axis (avg. DAI of 41618) B

from UV-hyperventralized embryos (avg. DAI C A

n=30), including the most anterior dorsal structt

such as eyes and cement glands (data not shc¢ X" 1 :\’FCDSFL FIQI ! Y|T|A|L|T|L|Q|]|D|Y PVFCFPWKSCSSSFETPFSYFG\"G 50
DNA sequence analysis (Fig. 1A) revealed Xsia 1 MIYEAEM EQ VSTALTLQDDY| | KFTPRNQNMA. CHAE! | G FHDI HPTVE 49

this cDNA encodes a 234 amino acid homeodol

protein with closest similarity t&Xenopus siamo B

(Xsig) (Lemaire et al., 1995). The overall amino ¢ Xtwn 51 ...... NQG | LQETI RELYSVLG PQ| DSHENRSMKHHLLEPKKATLSTE 94

sequence identity withXsia is 50% with 88% FEEE T Il [

identity between the two homeodomains (Fig. - Xsia 50 | KEPHQDKSV| LQETLVELYSVLG PQ EPQVSKTMKFEEPEQHKESSSTVT 99

Similarity outside of the homeodomains is confi C

to three short blocks of sequence located in —

Xtwn 95 YAKPTCNQTPKAC.| KRPFCEEEQREGKKPRI | EMDHFLPSAPN| RCRRRTI Y 143

Fig. 1. Xtwnencodes a homeobox gene most closely Xsia 100 RSDSLVlNSLQSTGL l(lRlPlFlclEDlEHlRlEYlKl(LLll QAEDI SlPATST lelRKlRlTll IY 149

related toXsia (A) Nucleotide sequence and deduced .

amino acid sequence of téwncDNA. The homeodomain

homeodomain is underlined. (B) Comparison of the Xtwn 144 SKEQ LFLQNQFDLNPYPDFVKRCHI AKI TG PEPRI QUWFQNRRARHLLRA| 195

amino acid sequences XfwnandXsia Vertical lines COEE PR e e eer e e e e e e ey 1

indicate amino acid identity shared between the two Xsia 150 SKEQTNFLQNQFDLNPYPDFVNRCRI AKI TG PEPRI QUWFQNRRARHLPRA | 201

proteins. Boxes A, B, and C are regions of high identity

betweenXtwnandXsiawith 86%, 88%, and 76%

identity, respectively. GenBank accession numbers for  xtwn 196 | NSQVPQEKRSAAAEEPRCFTYREPQYPRHVGLSKI L. . . . PYT. 235

the Xenopus XtweDNA and promoter sequences are A Il

AF020333 and AF020520, respectively. Xsia 202 TTFHSPQGRKSPTSEGPRSFLSREAHYPDEVWGQAPNPSNTQPYPN 246
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amino terminal portion of the proteins (labelled A, B and C infrom blastula-stage (stage 9) animal cap explants. As shown in
Fig. 1B) which possess 86%, 88% and 76% amino aciffig. 2, Xtwnexpression is strongly induced by as little as 5 pg
identity, respectively. Since ectopic expression of this mMRNAf XWnt8 mRNA (lane 5), whereas 50 pg of activin mRNA
can induce twinned embryos possessing complete secondamly very poorly inducextwn (lane 4 and data not shown).
axes, and the encoded protein is related most closely fthese data indicate that the modeXoivn regulation differs
Xenopus siamojswe have named this genéenopus twin from that ofgsc Xsiais similarly strongly induced in response
(Xtwn). The similarity in homeodomain sequence betweerio XWnt8 but only poorly by activin (Carnac et al., 1996;
XtwnandXsiasuggests the possibility that these proteins sharBrannon and Kimelman, 1996; Fagotto et al., 1997, and our
similar DNA-binding specificity, but the functional signifi- unpublished data). These findings also suggestdtvat and
cance of the short amino terminal blocks of sequence (whicKsia expression may be regulated in a similar manner by
have no significant similarity to any other known sequence) imembers of the Wnt superfamily and/or downstream com-
unknown. Due to the pseudotetraploidyX@nopugGraf and ponents of the Wnt signalling cascade.

Kobel, 1991), an obvious question is whetherXhen cDNA _ _ _ _

represents a gene distinct frotaiaor whetheiXtwnandXsia ~ Regulation of gsc by Xtwn is mediated via the PE

are alternative copies of the same gene. The dissimilariti€3everal lines of evidence suggest thst expression may be
betweenXtwn and Xsia suggest thakKtwn is a distinct gene. regulated byXtwn (1) Xtwnexpression can be detected within
Therefore, we suggest thAtwn and Xsia represent a novel the dorsal marginal region of the embryo, (2) ectopic
subclass of homeobox genes that are important in the earyxpression oKtwnleads to the formation of a secondary axis

dorsal patterning events Kenopus presumably through the formation of an ectopic organizer and
) ] (3) Xtwn expression precedes thatgsfc To explore this pos-
Developmental expression profile of ~ Xtwn sibility in a more direct manner, we examined the effects of

To determine the temporal expression profilXwin northern  XtwnandXsiaexpression on variowgscreporter genes. These
blot analysis was performed with total embryonic RNAexperiments were performed using the animal cap explant
isolated from a series of stag&@nopusembryos. A single assay in which 4-cell-stage embryos were injected gt
transcript was detected that had a migration consistent in sizeporter gene constructs either alone, or coinjected with
with the 1.3-kbXtwncDNA isolated (data not showtwnis  varying amounts aKtwnor Xsiasynthetic mRNA. Animal cap
initially expressed at midblastula stage 8.5 (the onset of zygotaxplants were isolated at blastula stages (stage 8.5-9), cultured
transcription) and is maximally expressed during late blastultor 2-3 hours and assayed for relative luciferase activity at early
stage 9.0Xtwn expression decreases during early to midgasgastrula stage. Relative levels of induction (fold-induction)
trula stages (stage 10-11) and, by northern analysis)tran-  were obtained by comparing the luciferase activity of embryos
scripts are no longer detected by mid- to late gastrula (staggected with reporter gene constructs alone, or reporter gene
12; data not shown). Materngtwn mRNA was also detected constructs coinjected withtwnon XsiamRNAs. As shown in
by RT-PCR analysis of total embryonic RNA prepared fromFig. 3B, Xtwn and Xsia each induced the expression of
pre-MBT-stage embryos (data not shown). RNA analysis of the226gsdLuc (13-fold and 7.2-fold respectively), a construct
expression pattern also demonstrates that, like the homeoboantaining both the distal element (DE) and the proximal
geneSiamois the maximal expression &ftwn precedes that element (PE) (Fig. 3A), which responds to activin/BVgl and
of gsc,a marker for Spemann’s organizer which is maximallywnt-like signals, respectively (Watabe et al., 1996kc
expressed at early to midgastrula (stage 11; data not shown).
The spatial expression profile Xfwnwas analyzed by both

=
whole-mount in situ hybridization of blastula- and gastrula- 2 8 5 .o
. . . [
stage embryos and northern blot analysis of dissected tiss o> O g% %%
fragments. These results demonstrate that low leveldvarf e E‘E £ £9 28
expression are specifically detected in the dorsal marginal zol T 2@ S 8E XE

(data not shown). From these results, we conclude that tl Xtwn - >e -
spatial expression pattern ¥twn is very similar to that of tw, —
Xsia, which has also been shown to be expressed within tt H4 "

dorsovegetal region of early gastrula embryos (Lemaire et al 1 2 3 5
1995). RT-PCR analysis shows thXtwn is maximally

expressed in the dorsal marginal zone, but can also be detectggl 2. xtwnexpression is induced in ectodermal (animal cap)
in the vegetal pole fragment and very weakly in the animal cagxplants in response ¥Wnt8 The blastomeres of 4-cell embryos

B

(data not shown). were microinjected animally with varying amounts of eitké/nt8
or activin mMRNA. RNA from animal cap explants was analyzed for
Induction of Xtwn by XWnt8 Xtwnand histone H4 expression by RT-PCR. Animal cap explants

Since the expression of batttwn andgscappears to over-lap from embryos injected with as little 25Vnt8mRNA (Spg) express
within the dorsal marginal zone, we hypothesized that th&MWn(lane 5). In this experiment, injection of activin mRNA (50 pg)
regulation ofXtwnmay be similar t(’) that afsc As both Wnt- id not induceXtwn(lane 4), however, in other experiments activin

d tivin/BVal-lik : | | . did induceXtwnexpression weakly (data not shown). All animal
and activin/BVgl-like signals regulatgsc expression, We ., \vere isolated at stage 8.5-9 and RNA was harvested

investigated the effects oKWnt8 and activin onXtwn  jmmediately for RT-PCR. Note that low levelsXtivnmRNA are
expression. Synthetic mMRNA encoding eith®/nt8or activin  detected in uninjected and activin-injected animal caps (lanes 3 and
was microinjected into the animal pole of 2-cell-stage embryos) and may be due to materdéivnexpression (our unpublished
andXtwnexpression was analyzed by RT-PCR of RNA derivediata).
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Fig. 3. XtwnandXsiaactivategsc

Distal Proximal .
expression via the PE. (A) Tlyscpromoter A Element  Element gac transcription
contains twais-acting elem_ents, the distal PR | oo
element (DE) and the proximal element (PE) e
(Watabe et al., 1995). (B) Animal cap assays -1500 226 -198 -155 -106 +1

using variougyscpromoter constructs

driving luciferase. The animal poles of 4-
cell-stage embryos were coinjected with
reporter gene constructs and 240 pg of either
Xtwnor XsiamRNA. Animal cap explants

were collected at blastula stages, cultured ||:| no mRNA @ Xlhbox7 . Xtwn % Xsia | Fold
for three hours, and assayed for luciferase i i
activity. Both—226gsdLuc (line 1) and- 1X
155gsdLuc (line 2) respond specifically to ;| ¢ gsclluc DE PE 1X
Xtwn (black) andXsia(striped) but not 13X
Xlhbox7(checkered)Deleting sequences -226 7.2X

between-155 and-104 blocked the ability
of the gsc promoter to respondXtwnand
Xsiain animal caps (compare lines 2 and 3).

A multimer construct containing five copies 2 -155 gsc/Luc x
of the PE (PE(8)gsdLuc, line 4) was -155 10.4X
highly induced in response ¥twnandXsia 26X
(350-fold and 37-fold, respectively) but not

Xlhbox7 Fold induction of reporter genes

was calculated as the ratio betwe@wn- or 3-104 gsc/Luc —luc | X
Xsiainjected and uninjected animal caps. -104 1.8X
Experiments were repeated several times 1X
and one representative experiment is shown.

The levels of induction seen B{siaon—

155ysdLuc in this particular experiment 1X
were unusually low since several repetitions 4 PE(5X) gsc/Luc 1X
of this experiment indicate that botitwn R {luc ] yA 350x
andXsiainduce this construct within a range 37X

of 8- to 15-fold. Note that while the results
of injection of 240 pg of these MRNAs of . T . 1 . —

iy 5 10 15 20 25 30 35
are shown here, similar results were Relative luciferase activity
obtained at 5 pg oftwnRNA. (fold induction)

induction was specific foKtwn and Xsia since injection of tion potential betweeiXtwn and Xsia on the PE(8)gsdLuc
MRNA encoding the homeobox gendbbox7(Bittner et al., reporter reveals an approximately 9.5-fold higher activity (350-
1993; Fig. 3B),Xlhbox2 (Wright et al., 1987) oiXlhbox6 fold/37-fold) for Xtwn this difference is only approximately 2-
(Sharpe et al., 1987) did not significantly induce luciferaséold when using the-226gsdLuc reporter. Therefore, the 9.5-
activity (data not shown). fold difference seen using the PE[§sdLuc may be due to an
SinceXtwnandXsiaactivate ggscpromoter containing both amplification of a much smaller difference in potency between
the DE and the PE, we wished to determine the region of thhese mRNAs. From these results, we concludegbaacti-
gsdLuc construct that was responsive to activation by theseation byXtwnandXsiais mediated through the PE.
genes. Wher155sdLuc, a construct lacking the DE but con-  Since gsc expression is regulated b¥twn we wished to
taining the PE was tested, botltwn and Xsia activated this  determine whether this regulation was direct or indirect. A 241
construct 10.4-fold and 2.6-fold, respectively (Fig. 3B, line 2bp fragment of thgscpromoter (containing both the DE and
Fan and Sokol, 1997). A construct lacking both the DE and thihe PE) was asymmetricalf¢P-end-labelled and subjected to
PE (104gsdLuc) was non-responsive (or minimally respon- DNase | protection assays using crude extracts ot
sive) toXtwnandXsia (Fig. 3B, line 3). These results suggesthomeodomain fused to the glutathione-S-transferase (GST)
thatgscactivation byXtwnor Xsiais mediated predominantly protein. These results revealed that a portion of the PE (from
via the PE since activation levels between constructs contaird14 to-127) was protected from DNase | digestion after incu-
ing or lacking the DE do not vary significantly (Fig. 3B, line bation with crude GSktwn fusion protein extracts (Fig. 4,
1 versus line 2). To further demonstrate that the PE is sufflanes 2-4). This binding was specific for téwn home-
cient for Xtwn induction ofgsg we constructed a luciferase odomain since incubation with either crude GST protein
reporter gene PEgsdLuc containing five copies of the PE. extracts of3-gal-Xlhbox7fusion protein did not protect thysc
While bothXtwnandXsiaare able to activate this reporter genepromoter from DNase | digestion (Fig. 4, lanes 6-11). The
(350-fold and 37-fold respectively; Fig. 3B, line #twn  sequence of the PE protected Bywn is 5-ATTACAT-
MRNA consistently appears to be a more efficient activator 6FAAATCT-3' and contains two'BATTA-3' consensus binding
this construct. However, the biological relevance of this difsites (underlined) for homeodomain proteins (reviewed by
ference in activity is unclear. While comparison of the activaGehring et al., 1994). Based on these results and the 88%
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GST-Xtwn  GST Xlhbox7 scriptional start site, was microinjected into the animal hemi-
sphere of 4-cell-stage embryos together with varying amounts
of XWnt8mRNA. Animal caps were dissected at the blastula

—-226 stage and subjected to luciferase assays. As shown in Fig. 5B,

DE injected XWnt8 mRNA induces the-357Xtwrn/Luc reporter

gene approximately 20-fold suggesting that maternal Wnt

I-198 signaling (Christian and Moon, 1993) activate&wn

-155 expression. However, cytoskeletal actin promoter-driven
expression oXWnt8after midblastula transition (MBT) does
not activate the-357Xtwn/Luc reporter, consistent with the

106 ventralizing effects of post-MBT expression ¥Wnt8 in

Xenopus(Christian and Moon, 1993). The induction of the

reporter gene byXWnt8 is LEF1/TCF3-dependent since

mutation of all three LEF1/TCF3-binding sites
+1 (-357Xtwn(A3)/Luc) abrogates Wnt responsiveness (Fig. 5B).

; gsc txn Furthermore, overexpression off3-catenin  activated
—357Xtwr/Luc at levels similar to those &fWnt8(Fig. 5B)

whereas human LEF1 alone (400 pg; Waterman et al., 1991)

i weakly activated this promoter (3- to 4-fold).

1011 To verify that the consensus LEF1/TCF3-binding sites in the

Xtwnpromoter indeed interact with proteins of the LEF1/TCF3

transcription factor family, and to examine whether the trans-

versions introduced into the mutant357Xtwn(A3)/Luc

-127

PE

—A0—ARrEPAAROFrP44F

-114

123456789
Fig. 4. The Xtwnhomeodomain binds directly to the Wnt-responsive

element (the PE) of thgscpromoter. ABarrHI-Hind Il fragment of
-226gsdLuc was32P end-labelled and incubated with increasing

amounts of crude extracts expressing G8#nhomeodomain reporter gene do indeed abrogate protein binding, we
fusion protein (lanes 2-4), GST protein (lanes 6-8), gdl- performed DNAse | footprinting experiments using purified
Xlhbox7fusion protein (lanes 9-11). NP (lanes 1 and 5) indicates  full-length LEF1 protein. LEF1 produces a strong footprint
control DNAse | digestion in the absence of protein extract. A covering two (sites 2 and 3) of the three consensus
footprint is evident in lanes 3 and 4 and this protected region LEF1/TCF3-binding sites, along with a strong hypersensitive
corresponds te114 to-127 of thegscPE. site between binding sites 1 and 2 (asterisk) (Fig. 5C, see lanes

1-5). We also find another weakly footprinted region and

several other hypersensitive sites (asterisks) distal to binding
identity between th&twnandXsiahomeodomains, we suggest site 1; however, the functional significance of these regions is
that the homeodomains of bothwnandXsiacan bind directly unclear. Mutation of all three LEF1/TCF3-binding sites
to the PE to activatgsc transcription. Consistent with this abolishes both LEF1 protection of binding sites 2 and 3 and
notion, we find that mutation of th¥twnbinding site (5  the DNAse | hypersensitive sites between binding sites 1 and
ATTACATTAAATCT-3' was changed to "B2GGCA- 2 (Fig. 5C, lanes 6-10). Taken together with the functional data
GATCTTGAA-3) in the context of the PE-{55ysdLuc;  showing that mutation of the LEF1/TCF3 consensus binding
Watabe et al., 1995) completely abolishes Wnt-responsivenesies abrogates Wnt responsiveness oXifven promoter, the
of thegscreporter gene (data not shown). footprint data suggests that at least sites 2 and 3 mediate Wnt

) ) _ inducibility of the Xtwn promoter.
Induction of Xtwn expression by XWnt8 requires

LEF1/TCF3-binding sites in the  Xtwn promoter Inhibition of cortical rotation alters the localization

Induction ofXtwnby Wnt suggests the possibility théwnis ~ Of Xtwn expression

a direct target of a Wnt signal transduction cascade. Thereforestablishment of theXenopus dorsoventral axis requires
we sought to provide support for this hypothesis by examiningortical rotation, which transports dorsal determinants to the
the structure and function of té&wnpromoter. The nucleotide prospective dorsal side of the embryo (reviewed in Gerhart et
sequence analysis of 357 bp upstream ofdtven transcrip-  al., 1989). These determinants display characteristics similar to
tion initiation site reveals three sequence motifs (Fig. 5A) conmembers of the dorsalizing Wnt-signalling pathway (Holowacz
forming to the consensus LEF1/TCF3-binding site (Love et aland Elinson, 1993) and recent evidence suggestg-taenin
1995; M. Waterman, personal communication). As membergrotein, a downstream component of the Wnt-signaling
of the LEF1/TCF3 family of HMG box transcription factors cascade, is dorsally enriched (Schneider et al., 1996; Larabell
have been demonstrated to mediate Wnt signaling by direet al., 1997; Rowning et al., 1997). Blocking of cortical rotation
interaction withB-catenin (Molenaar et al., 1996; Huber et al.,by vegetal UV irradiation of 1-cell-stage embryos results in
1996; Behrens et al., 1996; Brunner et al., 1997; van deapping of the dorsal determinants (gidatenin protein) in
Wetering et al., 1997) and LEF1/TCF3-binding sites have beethe vegetal pole (Fujisue et al., 1993; Sakai, 1996; Schneider et
implicated in mediating Wnt wingles3-induction of al., 1996). We sought to examine the behavior of both the
Drosophila Ultrabithorax(Riese et al., 1997), we examined endogenousXtwn gene and the reporter gene to determine
whether these LEF1/TCF3 sites were important for WntvhetherXtwnexpression is directed by the dorsal determinants.
induction of theXtwn promoter in the context of dtwrn/Luc  First, explants of animal cap, marginal zone and vegetal pole
reporter gene. The luciferase reporter gene construtissue were collected from blastula-stage embryos (st. 8.5-9;
—-357Xtwr/Luc, containing 357 bp upstream of tkevntran-  whenXtwnis maximally expressed) and RNA was analyzed by
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RT-PCR forXtwn expression (Fig. 6A)Xtwn expression was
detected within the marginal zone and the vegetal pole explants
(Fig. 6A, lanes 7 and 8). To examine the behavior of the wild-
type Xtwn reporter gene, single blastomeres of 128-cell-stage
embryos were injected with-357Xtwn'Luc and luciferase
activity was measured at early gastrula stages. We found that
this reporter gene was strongly active in both dorsal marginal
and vegetal pole regions (Fig. 6B, right).

We then examined the effects of blocking cortical rotation
(by UV treatment) on the expression of both the endogenous
Xtwn gene and the luciferase reporter. RT-PCR analysis of
explants derived from UV-irradiated embryos (average DAI of
0.03,n=150) reveals thattwnandXsiaexpression is confined
to the vegetal pole cells, and extinguished in the marginal zone
(Fig. 6A, lanes 4 and 5; see also Brannon and Kimelman,
1996). Likewise, injection of the wild-type357Xtwr/Luc
reporter gene into the vegetal pole of UV-treated 128-cell-stage
embryos corroborates thadtwn is hyperinduced in vegetal
pole cells (Fig. 6B, left). The activity of the wild-type reporter
gene in both marginal and vegetal regions, and in irradiated
and unirradiated embryos, was dependent on the LEF1/TCF3-
binding sites in th&twn promoter as-357Xtwn(A3)/Luc was
not activated above the level of the promoter-less luciferase
vector (data not shown). These results suggest that movement
of dorsal determinants during cortical rotation results in acti-
vation of a Wnt-like signaling cascade, or a Wnt signaling
cascade component, on the dorsal side, which actiXaas
expression through LEF1/TCF3-binding sites.

DISCUSSION

In an ongoing search for molecules involved in axial pattern-
ing of the earlyXenopusembryo, we have identified the
homeobox genéwin (Xtwn). This gene is a potent inducer of
complete dorsal axes in both UV rescue and secondary axis
induction assays{twnis expressed during late blastula stages
predominantly in the dorsal marginal zone (with apparent
lower level expression in the vegetal pole) prior to the

Fig. 5. XWnt8induction ofXtwnexpression requires LEF1/TCF3-

binding sites irXtwn5' regulatory region. (A) Sequence of tenopus

twin promoter. The nucleotide sequence of a 385 bp fragment of the
Xtwngene is shown. The transcription initiation site (+1) and a TATA
box 35 bp upstream are indicated. Three consensus LEF1/TCF3-
binding site sequences are underlined. Mutation of LEF1/TCF3-binding
sites within thextwn/Luc reporter gene-885Q\3)Xtwr/Luc) are

described in the Materials and Methods. (B) Schematic representation
of the reporter gene assay in animal caps. Embryos are injected into the
animal pole of all four blastomeres at the 4-cell stage with reporter gene
constructs alone or with the indicated amoun®$\wht8or (3-catenin

mRNA or DNA. At the blastula stage, animal caps are dissected
manually, cultured for 2 hours, and subjected to luciferase assays. The
level of Xtwninduction (fold induction) is obtained by calculating the
ratio of luciferase activity between reporter gene-injected caps with or
without coinjected mMRNA or DNA. Coinjection of the wild-tyjgevn
reporter gene witkWnt8mRNA causes approximately 20-fold

induction in animal caps, whereas mutation of the consensus
LEF1/TCF3-binding sites-@57(A3)XtwrLuc) abolishes the ability of

the Xtwnpromoter to respond ®Wnt8in animal cap assays.

(C) Identification of LEF1-binding sites. DNAse | protection analysis of
a B end-labeled 357 bp fragment of #®vnpromoter reveals a

footprint covering sites 2 and 3.
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E — i Fig. 7. A dorsal determinant model for establishment of Spemann’s
¥ AP MZ VP  AC DMZVMZ VP organizer in the dorsal marginal zone. Dorsal determinants, perhaps
L g [Hffis 3 components of th&/ntsignaling pathway, are localized in the
UV-irradiated Unirradiated vegetal hemisphere of the unfertilized egg (left). During normal

) o ] ] ) o development, fertilization triggers the displacement of these
Fig. 6. Inhibition of cortical rotation abolishe&wnexpression in the  determinants toward the future dorsal side (top right). We propose

marginal zone. (A) RT-PCR analysisXtivn, Xsiaand histone H4  that cells comprising the prospective dorsal mesoendoderm directly
expression. RT-PCR was performed on tissue fragments (AP, animghherit these determinants which activai/atsignaling cascade to
pole; MZ, marginal zone; and VP, vegetal pole) isolated at the establish Spemann’s organizer. Activation &¥atsignaling cascade
blastula stage from UV-irradiated (lanes 3-5) and unirradiated leads to establishment Xfwnexpression in the dorsal marginal

embryos (lanes 6-8XtwnandXsiaexpression is detected within the  zone Xtwndirectly binds to th&Vntresponsive element of the gsc
marginal zone and vegetal pole fragments from unirradiated embrygsromoter (the PE), and in collaboration wattivin/BVgZtlike

(lanes 7 and 8). However, when cortical rotation is blocked by UV-  sjgnals, activates expressiongst. Treatments that inhibit cortical
irradiation,XtwnandXsiaexpression is hyperinduced in the vegetal rotation (e.g. UV irradiation) result in ‘trapping’ of the dorsal

pole fragments (lane 5). Histone H4 is used as a loading control in determinants (lower right) in the extreme vegetal endoderm. As a
the lower panel. Similar results were obtained in each of three consequence of the lack of distribution of dorsal determinants to the
independent experiments. (B) Unirradiated and UV-irradiated dorsal side, the entire marginal zone becomes specified as ventral
embryos were injected in a single blastomere at the 128-cell stage mesoderm, no organizer is formed and dorsal-specific marker genes
with -357Xtwn/Luc, and the luciferase activity was measured at  are not expressed ‘dorsall)Xtwnexpression is instead found in the

early gastrula stage. Injection of the wild-tyg57Xtwr/lLuc vegetal pole region. Abbr: VM, ventral mesoderm; IM, intermediate
reporter gene into embryos also confirms that expressigsiaénd mesoderm; Org, organizer.

Xtwnshift from the dorsal marginal zone (DMZ) to the vegetal pole
(VP) when cortical rotation is blocked by UV irradiation during the
first cell cycle.

Comparison of Xenopus twin and siamois

Expression oKtwnmRNA is primarily localized to the dorsal

marginal region of blastula-stage embryos and begins at mid-
expression ofisc Expression oKtwnis strongly inducible by blastula transition (stage 8.5) preceding expression of the
XWnt§ but poorly by activin, and can in turn mediate inductionorganizer-specific homeobox gergsc (data not shown;
of gscgene transcription through its direct interaction via aBlumberg et al., 1991; Cho et al., 1991). The amino acid
Whnt-responsive element (the PE) within thsc regulatory  sequence of the homeodomain Xfwn is 88% identical
region. Wnt induction oKtwnappears to be a direct response(53/60 amino acids) to that dfenopus siamoiéXsia), though
to the Wnt signaling cascade since LEF1/TCF3-binding siteXtwn and Xsia are more divergent outside the homeodomain,
within the Xtwn promoter are required foftwn induction by  suggesting that these proteins likely share DNA-binding speci-
Whnt. Finally, inhibition of cortical rotation, which has previ- ficity. Both Xtwn and Xsia have spatially similar expression
ously been demonstrated to result in improper localization gfrofiles (this study and Lemaire et al., 1995) although the
Wnit-like dorsal determinants (Fujisue et al., 1993; Holowaczelative positions otwn and Xsia expression domains have
and Elinson, 1993, 1995; Sakai, 1996; Kageura, 1997), result®t yet been determined with precision (by double in situ
in loss ofXtwnexpression from the dorsal marginal zone withhybridization, for example). The potency oftwn also
concomitant relocalization of expression in the vegetal polecompares favorably witisia (Lemaire et al., 1995) since as
These latter results lend support for a direct role of dorsal detdittle as 5 pg ofXtwn RNA is sufficient to induce complete
minants in specification of Spemann’s organizer (discussed thorsal axes in UV rescue and secondary axis induction assays.
more detail below). Expression of both genes is strongly induced in isolated animal
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caps byXWnt§ but not by activin, and botfitwnandXsiacan  of Xtwnin the vegetal pole of UV-treated embryos. According
induce expression ofisc when ectopically expressed (this to one view, an extension of the model described above, UV
study, Carnac et al., 1996). These data taken together suggesatment results in the ‘trapping’ of dorsal cytoplasmic deter-
that Xtwn and Xsia may have redundant functions during minants in the vegetal pole (Fujisue et al., 1993; Sakai, 1996)
Xenopusembryogenesis or act synergistically, perhaps as heénd, consequently, an ectopic NKC may be established in this
erodimers (Mead et al., 1996), to regulate gene transcriptiorextreme vegetal location. Xtwn expression marks the NKC

_ ) ) ) (as has been suggested Xgig Lemaire et al., 1995), estab-
Xtwn may mediate Wnt induction of  goosecoid lishment of an ectopic NKC in the extreme vegetal pole would
transcription therefore be expected to result in ectopic expressioftivai
Establishment of Spemann’s organizer has been suggestedirighis region. However, it is unclear whetbé&iadoes indeed
require synergistic inputs from both the T&Rnd Wnt-super- mark the NKC. Fate mapping experiments (Bauer et al., 1994;
family signaling cascades (Kimelman et al., 1992; Christian étodicka and Gerhart, 1995) demonstrate that the region corre-
al., 1992; Sokol and Melton, 1992; Watabe et al., 1995; Cui edponding to the expression domainXsiais derived from the
al., 1995). In the case of tgeosecoigpromoter, twais-acting Bl and C1 blastomeres of the 32-cell-stage embryo and not
DNA sequence elements, the distal and proximal elements (Dfom progeny of the D1 blastomere, which are believed to have
and PE), synergistically mediate induction by activin/BVgINKC signaling activity (Nieuwkoop, 1973; Gerhart et al.,
and XWnt8 respectively (Watabe et al., 1995). Activin 1989; Gimlich and Gerhart, 1984). Evidence tsiamay be
induction, mediated through the DE, occurs in the absence ofvolved in NKC signaling is suggested Kgia mRNA coin-
protein synthesis demonstrating that the DE is a direct targgiction experiments witf3-gal mMRNA into the ventivegetal
of an activin/BVg1l-like signaling cascade (Cho et al., 1991region (Lemaire et al., 1995}-gal staining was observed in
Watabe et al., 1995). However, a protein synthesis requiremetiite endoderm of the induced secondary axes suggesting that
for Wnt-induced transcriptional activation through the PE haXsiaexpressing endoderm can act as a NKC to produce an
not been assessed. Furthermore, no consensus LEF1/TCRB<C-like signaling activity which ‘dorsalizes’ the adjacent
binding sites exist within the PE suggesting thatggeWnt-  marginal zone producing organizer mesoderm. Wpegal
response element does not respond directly to a Wnt signaRNA was expressed in the marginal zone (the normal site of
through LEF1/TCF3 protein family members. Thus, the possiXtwn and Xsia expression) following coinjection oftwn or
bility remains that Wnt induction afsctranscription through Xsia mRNAs into C4 blastomeres (ventral marginal zone),
the PE may occur indirectly via the Wnt-induced expression adtrong staining was seen in axial mesoderm (our unpublished
an intermediary transcription factor. In this study, we providedata), suggesting that ventral marginal zone cells expressing
evidence suggesting (Ktwnexpression is induced l§Wnt8  Xtwn or Xsia can be converted to dorsal mesoderm. Interest-
(Fig. 2), (2) this induction requires LEF1/TCF3-binding sitesingly, we find thatXtwnand Xsiaare more potent inducers of
located in theXtwn promoter (Fig. 5), and (3twnproteinis  complete secondary axes when their RNAs are injected into the
capable of specifically interacting with sequences within th@entral marginal zone (C4 blastomere) than when injected into
Wnt responsive element (the PE) of gsepromoter (Fig. 4). the ventral vegetal region (D4 blastomere) (our unpublished
These results suggest that Wnt inductiorget may require  data). While the relative positions of the domains of expression
the prior Wnt-induced synthesis of tKéwn protein, which in  of Xtwn and Xsiaremain to be precisely determined, present
turn mediates the Wnt inductive effects on ¢jse promoter. data on the localization of NKC activity (Nieuwkoop, 1973;

Gerhart et al., 1989; Gimlich and Gerhart, 1984) suggests that

The expression of  Xtwn in the dorsal marginal zone the expression oktwnandXsiamay not mark the NKC.
may be directly conferred by dorsal cytoplasmic Alternatively, we propose that during normal development,
determinants Spemann’s organizer is established when prospective mesoendo-

The finding thalXtwn mRNA is expressed in the vegetal pole derm directly inherits the dorsal determinants, without a require-
of blastulae of UV-treated embryos is unexpected. It is widelynent for reception of NKC signals (see Fig. 7). Therefore, in UV-
believed that Spemann’s organizer is established in the dordatperventralized embryos, trapping of the dorsal determinants in
marginal zone by inductive influences emanating from &he extreme vegetal endoderm direXtsvn expression in the
distinct signaling center, the Nieuwkoop center (NKC)vegetal pole but this vegetal tissue is unable to function as an
(Nieuwkoop, 1973; Gerhart et al., 1989; Gimlich and Gerhartectopic Spemann’s organizer. Several lines of evidence support
1984). Fertilization triggers the movement of dorsal cytoplasthis model. First, dorsal determinants have been shown to be
mic determinants from the vegetal pole to the dorsal veget#dcalized in the extreme vegetal pole of the fertilized egg and
region and cells that inherit these determinants presumabigiove to the dorsal marginal zone midway through the first cell
become the NKC (Gerhart et al., 1989). UV treatment duringycle (Holowacz and Elinson, 1995; Fujisue et al., 1993; Sakai,
the first cell cycle blocks subcortical cytoplasmic rotation and1996; Yuge et al., 1990; Kikkawa et al., 1997). The movement
according to this view, UV-treated embryos fail to establish &f these determinants is blocked by UV treatment and results in
NKC dorovegetally (Gerhart et al., 1989). Without a NKC, localization of the dorsal determinants vegetally (Fujisue et al.,
embryos would fail to induce expression of dorsal-specifid993; Sakai, 1996). Second, the B1 and C1 blastomeres of the
genes likegscand Xtwn, and therefore would fail to establish 32-cell-stage embryo, which are fated to become the prospective
a functional Spemann’s organizer in the dorsal marginal zonerganizer region (Bauer et al., 1994; Vodicka and Gerhart, 1995),
Expression oXtwnandXsiain the vegetal pole of UV-treated when transplanted into host embryos, can organize secondary
embryos suggests that this view requires modification (thiaxes (Kageura, 1990; Gimlich and Gerhart, 1984; Gimlich, 1986;
study and Brannon and Kimelman, 1996). Takasaki and Konishi, 1989; Gallagher et al., 1991; Pierce and
At least two alternative models can explain the localizatioBrothers, 1992). These data indicate that the B1 and C1 blas-
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tomeres of the 32-cell-stage embryoealy autonomously triggers organiser activity in the absence of mesodBemelopment.22,
possess the necessary ‘information’ required to pattern the dorsap055-3065.

axis. Although this information may not be expressed until latef"0: K- W-, Blumberg, B., Steinbeisser, H. and De Robertis, E. M1991).
Molecular nature of Spemann’s organizer: the role of the Xenopus homeobox

stages of development, additional studies by Kageura andgene goosecoidell67,1111-1120.

Yamana (1986) suggest that this activity may have been inheritelomczynski, P. and Sacchi, N1987). Single-step method of RNA isolation
by the dorsal animal blastomeres as early as the 8-cell stage. Fuby acid guanidinium thiocyanate-phenol-chloroform extractiémal.

thermore, progeny of the C1 blastomere express the organizerBiochem162,156-159.

e : : : Christian, J. L., Olson, D. J. and Moon, R. T(1992). Xwnt-8 modifies the
specific homeobox gemscin a cell autonomous fashion arguing character of mesoderm induced by bFGF in isolated Xenopus ectoderm.

that progeny of the C1 blastomere do not require continuous inputempo J.11,33-41.
from NKC factors forgsc expression (Lemaire and Gurdon, Christian, J. L. and Moon, R. T. (1993) Interactions Between Xwnt-8 and
1994). Finally, axis-inducing activity is not simply localized to Spemann Organizer Signaling Pathways Generate Dorsoventral Pattern in

the C1 and D1 blastomeres or their pro i ; the Embryonic Mesoderm of Xenopi@enes Dew/, 13-28.
spread over the dorsal side of the e%bg%nqug.unt Ilj' mo(;el\xvndg hurch, G. M. and Gilbert, W. (1984). Genomic sequencinBroc. Natl.
p v i ryo (Hainski and MoodY, pcoq’ s¢i. UsaL,1991-1995.

1992; Holowacz an(;l E_"nson, 1993; Kageura and Yamana, 19864, Y., Brown, J. D., Moon, R. T. and Christian, J. L.(1995). Xwnt-8b: a
Kageura, 1990; Gimlich and Gerhart, 1984; Gimlich, 1986; maternally expressed Xenopus Wnt gene with a potential role in establishing
Takasaki and Konishi, 1989; Gallagher et al., 1991; Pierce andthe dorsoventral axifievelopment21,2177-2186.

. H al . . L . -
Brothers, 1992; Kikkawa et al, 1997, Kageura, 1097). Thes®i 4 o Cies o T Co i B e R0 0
observations support the model that Spemann’s organizer is;5 4471-4s0.
established directly by dorsal cytoplasmic determinants. The digale, L. and Slack, J. M.(1987). Regional specification within the mesoderm
tinction between ‘Nieuwkoop center signals’ and the activities of of early embryos of Xenopus laevi3evelopment00,279-295.
the widely spread dorsal determinants remains a critical unr@anilchik, M. V and Denegre, J. M. (1991). Deep cytoplasmic

solved issue toward understanding the mechanisms underlyin ‘ﬁfra”gemems during early development in Xenopus ld@eizzlopment
845-856.

dorsoventral axis specification. de Wet, J.R., Wood, K.V,, DeLuca, M., Helinski, D.R. and Subramani S.

(1987). Firefly luciferase gene: structure and expression in mammalian cells.
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