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SUMMARY

Dickkopfl (dkkl) encodes a secreted WNT inhibitor their ability to respond to dkkl1 terminate at late gastrula
expressed in Spemann’s organizer, which has been stage.Xenopusembryos posteriorized with bFGF, BMP4
implicated in head induction in Xenopus Here we have and Smadsare rescued bydkkl. dkkl does not interfere
analyzed the role ofdkkl in endomesoderm specification with the ability of bFGF to induce its immediate early
and neural patterning by gain- and loss-of-function target geneXbra, indicating that its effect is indirect. In
approaches. We find that dkk1, unlike other WNT contrast, there is cross-talk between BMP and WNT
inhibitors, is able to induce functional prechordal plate, signalling, since induction of BMP target genes is sensitive
which explains its ability to induce secondary heads with to WNT inhibitors until the early gastrula stage. Embryos
bilateral eyes. This may be due to differential WNT treated with retinoic acid (RA) are not rescued bydkkl
inhibition since dkk1, unlike frzb, inhibits Wnt3a signalling.  and RA affects the central nervous system (CNS) more
Injection of inhibitory antiDkk1l antibodies reveals that  posterior than dkkl, suggesting that WNTs and retinoids
dkklis not only sufficient but also required for prechordal may act to pattern anterior and posterior CNS,
plate formation but not for notochord formation. In the respectively, during gastrulation.

neural plate dkkl is required for anteroposterior and

dorsoventral patterning between mes- and telencephalon,

where dkk1 promotes anterior and ventral fates. Both the  Key words:Blimp1, Hex Shh Retinoic acid, Prechordal platikka,
requirement of anterior explants for dkkl function and  Organizer, WNT, BMP, FGFyzb, Xenopus

INTRODUCTION Dickkopf1(dkk1) encodes a secreted WNT inhibitor (Dkk1),
which acts upstream of the WNT pathway component
During early amphibian development neural induction andlishevelledbut whose mechanism of action is unknown
anteroposterior (a-p) as well as dorsoventral (d-v) patterning ¢Glinka et al., 1998). Lik&Xenopus dkklmouse (Glinka et al.,
the neuroectoderm are regulated by inducers released frat®98), human (Fedi et al., 1999; Krupnik et al., 1999) and
Spemann’s organiser and its derivatives. Many of theebrafishdkkl(Hashimoto et al., 2000) inhibit WNB/catenin
molecules secreted by th&enopusorganiser act by inhibiting signalling.dkklis expressed in the leading edge of involuting
signalling molecules of the BMP, WNT and Nodal-relatedendomesoderm as well as in the prechordal plate during
families (Harland and Gerhart, 1997; Moon et al., 1997; HsXenopusgyastrulation. Together with BMP inhibitors it induces
et al., 1998; Piccolo et al., 1999). BMP inhibitors, like Chordinsecondary heads. Overexpressiomki1in XenopudqGlinka
(Piccolo et al., 1996), Noggin (Zimmerman et al., 1996) anet al., 1998) and zebrafish (Hashimoto et al., 2000) anteriorizes
Follistatin (Hemmati-Brivanlou et al., 1994; lemura et al.,embryos, leading to shortened trunk and enlarged heads.
1998), can induce ectopic trunks containing neural tube. WNThhibition of Dkk1l in Xenopususing inhibitory antibodies
inhibitors like Frzb (Leyns et al., 1997; Wang et al., 1997a)leads to microcephalic embryos, typically exhibiting cyclopia
Dkk1 (Glinka et al., 1998), and Wifl (Hsieh et al., 1999) canGlinka et al., 1998). While these studies suggest an important
cooperate with BMP inhibitors in inducing secondary headsole fordkklin specification of rostral structures they raised a
containing forebrain and eyes. Inhibition of Nodal signalling,number of questions.
e.g. by Cerberus (Hsu et al., 1998; Piccolo et al., 1999) or )
Antivin (Thisse et al., 2000) is sufficient to induce forebrainWhy does dkk1 induce two eyes and other WNT
and eyes in the absence of mesoderm. While these studig§ibitors only one eye?
suggest an important role for various T@Fand WNT  Coinjection ofdkkl mRNA with BMP antagonists routinely
inhibitors in neural induction and patterning, a fullinduces complete heads containing two well-formed eyes. In
understanding of their physiological relevance requires loss-otontrast, botlirzb and dominant negativéwnt8together with
function studies. BMP inhibitors induce only one ectopic eye (Glinka et al.,
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1997), as does the head inducerberus(Bouwmeester et al., MATERIALS AND METHODS
1996). This is irrespective of the doses employed and appears
to be a qualitative difference between these WNT antagoniskmbryo culture and dissections

anddkkl In vitro fertilization, embryo culture and staging were carried out as
described previously (Gawantka et al., 1995). Operations on embryos

Is dkk1 required for prechordal plate fate were performed using a microknife and fused glass capillary on

specification? plastic dishes coated with 1% agarose ink®Barth solution (Peng,

}991). Explants were cultured in the presence of antibodies in 96-well
plates pretreated with BSA. Brains of 4-day embryos were excized by
forceps in k% Barth solution.

dkkl1overexpression anteriorizes embryos but it is unclear i
this corresponds to an effect @kk1lon prechordal plate, or
neuroectoderm, or both. liXenopus dkkl superinduces
anterior neural markers together with BMP inhibitors inaAntibodies

animal cap ectoderm (Glinka et al., 1998) and in zebrafisAntibodies for blastocoel injections were purified as described
overexpression oflkkl promotes anterior neuroectoderm in previously (Glinka et al., 1998). Embryos from stages 8-11 were
antivin  mRNA-injected embryos, which are devoid ofinjected with 150 ng antibody 14 or 15 into the blastocoel and allowed
most mesoderm (Hashimoto et al., 2000), indicating o develop for 3 days for phenotype analysis or fixed at stages 13, 15
direct effect on neuroectoderm. On the other hatehopus or 30 for in situ hybridization. For incubation of explants, antibodies
dkkl supe“nduces prechordal plate markers togethéft/ere d|a|ysed OVernight against B.Barth Solution, and utilized at
with BMP inhibitors in ventral mesoderm (Glinka et al., concentrations of 3.2 mg/ml.

1998) and overexpression afkkl rescues mesendoderm gna and DNA injections

formation in Ze_braf!sh mL_Jtant fobozozok (boz_)* a Synthetic capped RNAs for microinjection were obtained by in vitro

homeobox gene implicated in a pre-MBT WNT signalling {anscription using the Megascript kit (Ambion). DNA templates were

pathway required for axis formation (Hashimoto et al.jinearised, transcribed and mRNAs injected per blastomere as follows:
2000). These latter results indicate an effectdkkl on  pCSFrzbl, Not, SP6; 0.2 ng; pSP64tBRECORI, SP6, 0.25 ng;

mesendoderm. pRNdkk1 Notl, SP6, 0.025ng; pT7TS-XbhBanHI, T7, 0.5 ng;
pBMP4, Xhd, T3, 0.13ng; pCSXSmadSfi, SP6, 0.5 ng. bFGF

Does dkk1 affect AP or DV neural patterning or (Promega) was injected as protein into the blastocoel (25 pg/embryo).

both? pCSmWnt3a DNA (Roelink and Nusse, 1991) was injected animally

AntiDkk1 antibodies induce cyclopic embryos, indicating adt the four-cell stage at 0.05 ng in all blastomeres.
requirement fordkklin anterior neural patterning. However, \ynole-mount in situ hybridization, histological sections
cyclopia can be caused by defects in ventral midline signallingynd TUNEL staining

i.e. DV patterning, or by defects in AP patterning, or bothyhole-mount in situ hybridization was performed as described by

(Durston et al., 1989; Chiang et al., 1996; Schier et al., 199¢jariand (1991) with modifications (Hollemann et al., 1998).

Sampath et al., 1998). Our previous experiments did nadistological 50um sections of albumin-gelatine embedded embryos

distinguish between these possibilities. were cut using a vibratome. TUNEL staining was carried out as
described (Hensey and Gautier, 1998).

When is dkk1 required for head induction? )

Neural induction in vertebrates starts as early as th%zflf?lz?:isfiraasszaﬁ;n:yf T-tlr::g RBMP responsive luciferase reporter

beginning of gastrulation (Gawantka et al., 1998; Grinblat € .'

al, 1998) but patierning ocours stil during neurulationc2iE 1S PRE T B L0 € e T o e iected

(Sasai and De Robertls,_ 1991)kk1. expression starts_ N with 25 pg pVent2-Luc and the following mRNAs: preprolactin (0.5

the early gastrula organizer but is maintained until Iatehg, control),BMP4(0.25 ng).dkk1(0.075 ng)frzb (0.5ng) omoggin

neurula in prechordal plate. It would be important to narrowp.os ng). RT-PCR assays were carried out as described (Gawantka et
down the critical period at whialtkklis required and to infer al., 1995). Gene-specific primers were as followst, Xventl

the stages when WNT signals relevantdickl action are (Gawantka et al., 1995)Xbra (Glinka et al., 1996),Xvent2
active. (Onichtchouk et al., 1996%zI (Salic et al., 1997).

Which pathways does dkk1 interact with?

Regarding upstream regulation, zebrafittkl expression is RESULTS
reduced inboz one eyed pinheadoep and squint (sq N ) )
mutants, suggesting thatkkl is a target of pre-MBT dkk1 specifies the prechordal plate and is required
(midblastula transition) WNT signalling as well as Nodalfor bilateral eye formation
signalling (Hashimoto et al., 2000). Regarding downstreanventral coinjection of dominant-negative Bmp-2/4 receptor
componentsgkk1functions as an inhibitory component of the (tBR) mMRNA (Suzuki et al., 1994) witdkkl mRNA induces
posteriorizing WNT pathway, active after MBT. However, heads containing two eyes, while coinjechexth (Leyns et al.,
there are other secreted factors that also posteriorize embryd997; Wang et al., 1997a) atBR mRNAs induce heads with
including BMPs, FGFs and retinoic acid, and it is unclear ionly one eye (Fig. 1A-C). To further test if this reflects a non-
their pathways interact wittkk1 equivalence between these two WNT inhibitors we asked if
Here we have addressed these questions, taking advantdigad could rescue the phenotype resulting from the loss of Dkk1
of the availability of specific inhibitory Dkk1 antibodies that function, the microcephaly induced by injected antiDkk1 Ab.
allowed us to test embryos for their requiremerttkdflduring  This polyclonal antibody (antil5 Ab) was raised against a
early axis formation. peptide epitope which is not conservedlkk24 and not even
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Fig. 2. dkk1but notfrzbinduces complete prechordal plates. (A,B) In
situ hybridization withsonic hedgeho¢Shh in embryos coinjected
at the four-cell stage ventrally witBRand eithedkk1(A) or frzb
(B). Stage-30 embryos are shown from the anterior. Arrowhead
indicates the anterior limit &hhexpression. (C-D) in situ
hybridization forShhin embryos injected at the four-cell stage
ventrally with nucleatacZ lineage tracetBRand eitheidkk1(C) or
frzb (D). Stage-16 embryos were cut sagittally; secondary axes are
marked by light blug-gal staining. Arrowheads indicate the anterior
limit of secondaryShhexpression. Note that the expression in the
prechordal plate in (D) is lacking. (E,F) In situ hybridization for
goosecoidgsq in embryos injected as in A and B. Sagittal sections
of stage-14 embryos are shown. Arrowheads indicate the
mesodermal zone gfscexpression in the anterior mesoderm of the
induced secondary axis (2°). Note that mesodegsaéxpression
extends anterior to the neuroectodermal in the primary axis (1°) and
secondary axis induced Ik, but is in register with the neural
in mousedkkl It recognizes the extracellular form of Dkk1 €xpression irirzb-injected embryos (F). a, anterior; p, posterior.
and its effects can be completely blocked by preincubation
with specific epitope-peptide as well as by extra Dkk1,
attesting to its specificity (Glinka et al., 1998). Microinjectionbilateral eye formation in antiDkkl Ab-injected embryos. We
of antil5 Ab induces predominantly cyclopic embryos (Fig.usedbanded hedgehofphh), which has similar activities to
1D) while control Ab injection has no effect (not shown).Shhbut is more potent (Ekker et al., 1995a). However, injected
However, while dkkl rescues head formation as shownbhh mRNA does not rescue bilateral eye formation, although
previouslyfrzbinjection only leads to a slight expansion of theit elicits a potenthedgehogoverexpression phenotype, most
cyclopic eye and forebrain but does not rescue bilateral eyesiitably ventral eye defects (Fig. 1H), and it expands ventral
antil5 Ab treated embryos (Fig. 1D-F). We concludefilzat ~ midline tissue (not shown). It cannot be ruled out kiirdifails
cannot substitute for the loss dikkl, despite their common to rescue cyclopia because in order to do so its expression,
function as WNT antagonists. unlike that ofdkk1,needs to be localized.

Hedgehog emanating from the prechordal plate is thought We next tested the effect dkklandfrzb on ectopicsonic
be be a ventral midline signal necessary for splitting the eyeedgehog(Shh) (Ekker et al., 1995a) expression in the
field (Roelink et al., 1994; Ekker et al., 1995a,b; Macdonald gbrechordal plate. In situ hybridization shows that secondary
al., 1995; Chiang et al., 1996; Li et al., 1997). We therefor&éeads induced bgkklexpressedhhin the ventral forebrain
analyzed whether forced Hedgehog expression could resc(e=32; Fig. 2A), as well as in the axial mesoderm rostral to

Fig. 1.dkk1but notfrzbinduces complete secondary heads.
Coinjections ot BRmMRNAs withdkk1(A) or frzb (B) into ventral
blastomeres of four-cell embryos results in the development of
secondary heads with two eyes or one eye, respectively. Embryos
shown are 4 days postfertilisation (pf). (C-dkklrescues the
cyclopic phenotype elicited by anti1l5 Ab, whiteb andbhhare
unable to rescue cyclopia. Embryos are day 6 pf, shown from the
dorsal side, anterior up. (C) Uninjected control embryo. (D) Embryo
injected with anti15 Ab into the blastocoel. (E) Embryo injected
radially withdkk1mRNA and anti15 Ab. (F) Embryo injected
radially withfrzb mRNA and antil5 Ab. (G) Embryo injected
radially withbhhmRNA and anti15 Ab. (H) Embryo injected
radially withbhhmRNA. (1) Uninjected control embryo.



4984 0. Kazanskaya, A. Glinka and C. Niehrs

the notochord, the position normally occupied by prechordadlkkl is required for a-p and d-v patterning of
plate ©=26; Fig. 2C). This is unlike the secondary axesanterior neuroectoderm
induced byfrzb (n=22), whereShhexpression did not reach dkk1 and AP patterning

up to forebrain level and remained in the outer tissue layefy gnal i i

. - yze the role afkklin neural patterning we compared
(Fig. 2B,D). CoinjectedacZ marker shows that frzb/tBR e expression of neural markers in embryos injected with
expressing cells are capable of reaching a position ahegglipy Ab, or injected withdkkl mRNA or treated with

of the Shh expression limit, though, suggesting that engic acid (RA). RA is a posteriorizing agent, which like

specification, and not migration, is compromised. Wenipkk1 Ab injection, can induce cyclopia and microcephaly
examined the expression of another prechordal plate mark%_g. Durston et al., 1989: Sive et al., 1990: Ruiz i Altaba and

goosecoid(gsg (Cho et al., 1991) in early neurulae (Stagejegsell 1991a,b; Sharpe, 1991: reviewed in Sasai and De

13). IndkkTinjected embryos all of the examined secondaryzopertis 1997), and it was of interest to know whether both
heads 1(=37) showed a zone of prechordal plate expressiof}aaiments act in a similar fashion

underlining and extending anterior to the neuroectodermal \ye first analyzed the effect dkklon AP patterning (Fig.
gsc expression (Fig. 2E, arrowheads). In contrastfra- 4 "qxk1 RNA or DNA injection induces an expanded head

injected embryos the mesodermal and neuroectodegs®l gqion including larger eyes and telencephalon. Expression of
expression domains were always in register (Fig. 2F). Wge telencephalic mark@&F1 (Bourguignon et al., 1998), the
conclude that in secondary heads inducedray, unlike  gnerior neural plate markeganfl (Zaraisky et al., 1992) as
dkkl, prechordal plate cells, i.e. those expresgisgandShh

imul | Juced and d h thei well as XOtx2 whose anterior and posterior expression
simultaneously, are reduced and do not reach their probgbmains mark the cement gland and midbrain, respectively

position. This difference in fprmation _o_fa proper _secondar)(B“tZ and Cho, 1995; Pannese et al., 1995), was greatly
prechordal plate may explain the ability @kk1to induce oynanded posteriorly and laterally followintkka injection

bilateral eyes. However, Hedgehog signalling alone is nqfiq 4B F,J). This can also be seen in dissected brains from
sufficient to rescue cyclopia induced by loss @kl {aqhole embryos (Fig. 40,S). In contrast, mesencephalon as
suggesting that additional ventral midline signals are affecteflq|| a5 hindbrain and otic placodes were reduced, depending

in these embryos. . - on the injected dose, as indicated by reduced or aEseht
The above results indicated thilid1is sufficient to promote (Fig. 4B) (Hemmati-Brivanlou et al., 1991) ariirox20

prechordal plate fate in conjunction with BMP inhibitors. We ; ;

next asked whetheatkklis also necessary for specification of (Bradley etal., 1993) expression (marking rhombomeres 3 and
this tissue. We analyzed the prechordal plate me
XHex(Newman et al., 1997XBlimp1(de Souza et a control anti-dkk AB dkk1
1999) andgsc as well as the notochord markeNotZ
(Gont et al., 1993), in control neurulae, neurulae inje
with antiDkk1 Ab, or neurulae overexpressitikl Fig.
3 shows that all prechordal plate markers were rec
in Ab-injected neurulae and expandeddikkl mRNA-
injected embryos. The expression domaiXioéx which
extends anterior of the prechordal plate into endoc
was more sensitive to the Ab anddikloverexpressiao
than the posterior (black arrow in Fig. 3B,Q&)Not2
expression showed that notochord was shortene:
broadened bylkk1 overexpression (Fig. 3L). While t
notochord markerXNot2 expanded following dkk1
injection it was hardly affected in Ab-injected embn
suggesting thatdkkl is not required for notocho
formation. We conclude thalkklis both necessary a
sufficient for promoting prechordal plate specificatic

probe: XHex1

probe: XBlimp1

Fig. 3.dkk1is required for prechordal plate formation.
(A,D,G) Uninjected controls, (B,E,H) Embryos injected with
antil5 Ab into the blastocoel at blastula stage and (C,F,I)
embryos injected radially at the four-cell stage wiith1
mRNA. In situ hybridization with probes XHex1(A-C),
XBlimp1(D-F) andXNot2+ gsc(G-I). (A-F) Embryos from
early neurula stage (stage 13) were cut sagittally; dorsal side
up, anterior to the right. White arrowheads indicate the
anterior and posterior limits of expression. (G-l) embryos

from stage 13 are shown from the dorsal side, anterior side
up. (J-L) The prechordal plates of control (J), antil5 Ab- =
injected (K), ordkk1mRNA-injected embryos (L) are shown f;
from gastrocoel, anterior side is up. Red arrows indicate the g
lateral limit of Shhexpression. PCP, prechordal plate, NOT, &
notochord. a

probe: XNot2+gsc
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5, not shown). Likewise, the posterior domain XDtx2  dissected brains indicated thditkl RNA injection leads to
expression, which marks future mesencephalon andn expansion and antiDkk1l Ab injection to a massive loss of
diencephalon caudally to the zona limitans, was significantlyentral tel-and diencephalon (Fig. 4S,T). To further study DV
reduced (Fig. 4J). We conclude tlikk1is able to anteriorize patterning of the anterior neural plate we analyX&bt2
the neural plate. which is also a marker of dorsal neuroectoderm, expressed
Consistent with these gain-of-function results, we found thabilaterally in the dorsal diencephalon, as well asSbfy a
loss ofdkk1 posteriorizes the neural plate. Injection into themarker for the ventral midlinelkk1 RNA injection leads to
blastocoel of antil4 control antibody, which recognizesxpansion ofShhand a reduction oKNot2 expression, and
intracellular Dkk1, had no detectable phenotypic effeettf),  conversely antiDkkl Ab injection leads to expansion of
whereas microinjection of antil5 Ab led reproducibly toXNot2and reduction oShhexpression (Fig. 5). Thuslkkl
microcephaly (100%) and cyclopia (74%)(20). 5-22% of is necessary and sufficient for ventralization of anterior
the embryos showed complete deletion of eyes and forebraineural plate. Similar to antiDkk1l Ab treatment, RA reduces
Such embryos were lacking expressioBBf and had reduced ventroanterior structures, leading to a collapse and fusion of
Xanfl expression (Fig. 4C,G)XOtx2 expression
shifted to the very anterior part of the brain an .
posterior domain was expanded (Fig. 4K). W control dkk1 anti-dkk Ab 10'M RA
En2 expression at the mid-hindbrain boundary
expanded (Fig. 4C)Krox20 expression in tF
hindbrain was unaffected (data not shown).
phenotype differs significantly from that indu
following RA treatment, where brain structures
reduced up to hindbrain, as is highlighted
reduction of all markers, includingn2 expressio
(compare Fig. 4C,D, P,Q, T,U). The loss of ant¢
neural structures in antiDkk1l Ab-injected embt
is not due to increased cell death, as monitore
TUNEL staining of neurula embryos (data
shown), and hence is due to repatterning.
conclude thatdkklis required for specification
neural structures anterior of the mid-hindb
boundary.

>
9]
@]
o

probe: BF1+En2
\
N
@

probe: Xanf1

dkk1 and DV patterning

The role ofdkkl in prechordal plate formatic
makes an effect on DV patterning of the ante
neural plate very likely, since it is known t
genetic or mechanic ablation of the prechc
plate affects ventral forebrain structL
(Adelmann, 1936a,b). Indeed, analysis

probe:XOtx2

Fig. 4.dkkl1regulates anteroposterior patterning of
neurectoderm. (A,E,l) control embryos, (B,F,J) embryos
injected radially at the four-cell stage witkk1(C,G,K)
embryos injected with antil5 Ab into the blastocoel and
(D,H,L) embryos treated with TOM retinoic acid (RA).

In situ hybridization foBF1 andEn2 (A-D), Xanfl

(E-H), andXOtx2(I-L). Midgastrula-stage embryos
(stage 15) are shown from anterior, dorsal side up.

(M) Schematic diagram of tHgF1 (dark green)Xanfl
(blue), XOtx2(violet) andEn2 (yellow) expression under
the treatments indicated above. Note the changes in size .
of the head anlage and change in the proportions — e SR
between its anterior and posterior regions. (NgkR1 g

affects forebrain at the expense of midbrain, whereas RA R 1o ii U
affects both regions. (N-U) In situ hybridization &1 Q ﬂ
andEn2under the treatments indicated above. Brains of'ﬁ o . I+ il
stained embryos were excised from 4-day embryos and * = e
are shown from the dorsal (N-Q) and lateral (R-U) S|des'-'- . . * th
anterior side up. Note the expansion of tel- and = r :

= e

probe: BF1+En2

diencephalon and reduction of mesencephalon in O and-""l
S and the opposite changes in P and T. di, diencephalor 1
mes, mesencephalon; rh, rhomencephalon; tel, - J
telencephalon. Z i
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control

>

probe: XNot2

Fig. 5.dkkl1regulates dorsoventral
patterning of neuroectoderm.

(A,E) Control embryo, (B,F)
embryos radially injected at the
four-cell stage wittdkk3, (C,G)
injected with anti15 Ab into the
blastocoel and (D,H) treated with
107 M RA. In situ hybridisation for
XNot2(A-D) andShh(E-H).

(A-D) Embryos are shown from the
anterior, dorsal side up, (E-H) brains
excised from day 4 pf. Brains are
shown from the lateral side. zli,
zona limitans intrathalamica, mhb
midbrain-hindbrain boundary.

probe: Shh

XNot2 expression on the midline and to
reduction ofShhexpression (Fig. 5D,H).

Time window of dkkl1 action

To understand whedkklacts in the specificatic
of anterior neural tissue, we performed two ty
of experiment. First, we determined up to wt
stage antiDkkl Ab is able to affect he
structures. We dissected the head anlage d
mid-late gastrula and cultured it in isolation. S
explants contain all three germ layers (ante
neuroectoderm, anterior endomesoderm) anc
will develop into well-patterned heads (Fig. ¢
E). We dissected such explants at various s
and cultured them in the presence of antil
control Ab. While explants treated with coni
Ab developed into normal patterned heads (¢
n=44; Fig. 6D,E), antiDkk1 treated explants w
cyclopic when cultured from late gastr
onwards (stage 12.5) (83%»=57; Fig. 6B)
However, when added from early neurula (s
13) onwards, the Ab no longer had an effect
explants formed again well-patterned heads (¢
n=56; Fig. 6C). Second, we determined the <
at which head anlagen lose competence to res
to dkkl We grafted animal caps of albi

Fig. 6. Timing of dkklaction. (A,F) Schematic
drawings of experiments. The anterior halve of the
gastrocoel roof containing the head anlage was excise|
from stage 12.5 or 13.5 embryos and cultured in the
presence of antil4 (control, D,E) or anti1l5 Ab (B,C)
until stage 20, then transferred to>0Barth solution

and cultured for an additional 24 hours. Note cyclopia
in (B). (F-J) Anterior halves of gastrocoel roof excized
from stage-12.5 or -13.5 embryos were conjugated
with animal caps, injected witltkk1mRNA (G,H) or
control animal caps (1,J) and cultured for 2 days. Note

dkk

B C

zli
mhb

culture in anti-dkk Ab

that the head in G is strongly anteriorised.

dkk1 injections

culture of

tissue conjugates

head
/ \anlage

anti-dkk Ab 10'M RA
3
. H
zli zli
" mhb mhb
stage 125 13.5

anti-dkk Ab

control

stage 125 13.5

dkk

control
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embryos injected withdkkl RNA to head anlagen from Table 1.dkklis able to rescueBMP4-, Xsmads; mWnt3A-
pigmented embryos of three stages, late gastrula (stage 12.5), and bFGF-, but not RA-induced, posteriorization
early (stage 13.5) and mid neurula (stage 14.5). Only stage 125

explants (76%;n=21) had enlarged forebrain and big eyes Posteriorized h;?];?r?ér?sred
compared to the control (Fig. 6G); the later stages were normal Injected reagent embryos (%) embryos (%)  n
(100%,n=17; Fig. 6H). Thus, following both overexpression  1g6m RA 100 0 36
as well as inhibition, we find thakklacts until late gastrula 107M RA 81 19 40
stage_ 106M RA/dkk1 100 0 29
107 M RA/dkk1 84 16 29
dkk1 interacts with BMP and FGF signalling o IS o s
pathways BMP4/frzb 8 92 51
dkkl1functions as a WNT inhibitor in a variety of assays, in  XSmadl 90 10 31
line with the view that its role in head formation pertains to Xsmaglf}';‘ktl) 0 100 23
its antagonizing the posteriorizing action of WNTs after MBT ~ Jamaut/™ or b p
(reviewed in Niehrs, 1999). However, FGF, BMP and RA  xsmad&ikkl 6 94 35
have been implicated in neural posteriorization in addition bFGF 91 9 44
to WNTs (reviewed in Slack, 1994; Harland and Gerhart, bFGFUkkl 11 89 45
1997; Sasai and De Robertis, 1997). These factors may either bmf/ﬁ/;rig/sz 92 92 ﬂ
act as posteriorzing signals independent of WNTs or they L wniza/diki 8 92 26
may act by ultimately activating a posteriorizing WNT  mwnt3A/frzb 95 5 19
pathway. In the latter case, their effects should be rescued by
dkkl n, number of embryos injected.

To analyze these relationships, embryos were posteriorized
by incubation with RA (Fig. 7A), blastomere injection of be compensated by a concomitant downregulation of WNT
BMP4 (Fig. 7D) (Dale et al., 1992; Jones et al., 19%2adl  signalling and that the RA pathway acts independently of
(Fig. 7G) (Meersman et al., 1998madyTable 1) (Suzuki et posteriorizing WNTSs.
al.,, 1997) or mous&Vnt3a (Fig. 7M) (Roelink and Nusse,  The fact thatdkklandfrzb rescue BMP- and FGF-treated
1991) mRNAs or by injection of bFGF protein into the embryos raised the question of whether signalling of these
blastocoel (Fig. 7J). As summarized in Tablaldk1 MRNA  growth factors may directly require WNT signalling. To test
rescued the posteriorization by all of these reagents, with thhis we carried out animal cap assays and studied the induction
exception of RA (Fig. 7B). The WNT inhibitoirzb also  of FGF and BMP target genes between blastula and gastrula
efficiently rescued BMP4- XSmad-1- and bFGF-treated stages by RT-PCR. Induction of the FGF target géme is
embryos but, unlikedkkl it failed to revert posteriorisation known to be a direct response, which is not blocked by
induced bywnt3a(Fig. 71), previously shown to be unaffected cycloheximide (Smith et al., 1991). Neithdkkl nor frzb
by frzb (Wang et al., 1997b). These results indicate that thaterfere with Xbra induction by bFGF (Fig. 8A). This
posteriorizing effects of forced BMP and FGF expression camdicates that direct FGF signalling is unaffected by these

Fig. 7.dkk1lrescues
embryos posteriorized by
bFGF,BMP4, XSmadland
Wnt3A but not by RA. _
Where indicated, embryos {2 F
were injected radially at the v '
four-cell stage withdkklor
frzbmRNA. (A,B) Embryos
treated from stages 8-13
with 1077M retinoic acid
(RA). (D-F) Embryos were
injected radially at the four-
cell stage wittBMP4or

(G-I) XSmadImRNA.

(J-L) Embryos were injected
radially at the four-cell stage
with dkk1or frzb mRNA

and at the blastula stage
with bFGF protein into the
blastocoel. (M-O) Embryos

oy P —

BMP4+ frzh

L

;:; bFGF+frzb
were injected animally at - _ o :
the four-cell stage with TTT——— ' - -~
mWnt3Aplasmid DNA.
mWnt3A mWNt3A+dikk 1 mWnt3A+frzb

(C) Uninjected control.
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A promoter contains a well-characterized BMP response element
(Hata et al., 2000; Henningfeld et al., 200BMP4-induced
activation of a luciferase reporter construct containing this
promoter fragment (Candia et al., 1997) is also sensitive to
dkklandfrzbin stage-10 embryos (Fig. 8C). However, while
dkklandfrzbinhibit induction of BMP targets at blastula and
early gastrula stage, the requirement for WNT signalling fades
by midgastrula (stage 11; Fig. 8B). The results indicate that
BMP, unlike FGF signalling, requires endogenous WNT
signalling between the blastula and early gastrula stages.
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dkklis able to induce entire heads when coexpressed with
BMP inhibitors and injection of inhibitory antibodies leads to
microcephaly inXenopusembryos. These results, together
o= — = — . with the expression in the anterior endomesoderm, indicate that
dkklplays an important role in head induction. However, these
findings raise questions regarding the rolelid€lin different
germ layers, the timing of its action and the pathways with

B H'IH
|
!
I
|
|

C which it interacts. Here we present a detailed analysis of the

c pVent2-Luc requirement fordkkl during axial patterning. Our study

-g provides compelling evidence for a physiological role of WNT

2 signalling in neural and mesendodermal regionalization and

f’ characterizes the epistatic interactions of WNT with respect to

° BMP and FGF signalling during this process.

14
|_l—| |i—| B dkk1 and anterior endomesoderm formation
BMP4 . + + + + Our results indicate thatkklis necessary and sufficient to
dkk1 - - + - - promote formation of the anterior endomesoderm. Specifically,
frzb - - - + - we observe that prechordal plate markers suBémp1, gsc

noggin = ) ) ) + and XHex are reduced following antiDkkl Ab injection. In
Fig. 8. Signalling of BMP but not FGF is sensitive to WNT addition, the anterior expressionXiflex labeling the anterior
inhibitors. (A)Xbrainduction by bFGF is insensitive to WNT endoderm, is also reduced. These genes are superinduced and
inhibitors. RT-PCR analysis ofbraexpression in animal caps. expanded followingdkkl overexpression but they are not
Embryos were uninjected (Co) or injected animally at the four-cell induced ectopically, e.g. in ventral mesoderm or posterior
stage withdkk1or frzbmRNA. Animal caps were cut at stage 8, chordamesoderm. This indicates that other factors in addition
cultivated with or without bFGF and analysed for inductioXiofa  to WNT inhibitors are required for prechordal plate formation,
at stage 10.5. (B) Induction of BMP target genes shows a transient ,qst likely BMP inhibitors, since coexpressiondikl with
requirement for WNT signalling. RT-PCR analysis<eent2 szland MP inhibitors can induce prechordal plate markers

Xventlexpression in animal caps. Embryos were injected animally a ctopically in ventral mesoderm (Glinka et al., 1998).

JNotochord formation does not appear to requiké&l even

for induction of mesodermal markers at stages 9, 10, aneRT]. thoughdkkl overexpression expands notochord territory (this
minus reverse transcription control samples; H4, histone H4 for  study) and rescues notochorcbiszmutants (Hashimoto et al.,
normalisation. (C) Induction of thévent2promoter byBMP4 2000). While previous studies suggested that WNTs are able

requires WNT signalling. Embryos were coinjected animally at the to ventroposteriorize dorsal mesoderm (Christian and Moon,

four-cell stage with the BMP-responsive reporter plasmid pVent2- 1993; Hoppler et al., 1996; Fredieu et al., 1997) and that

Luc and eithepreprolactinmRNA (control, first column), dBMP4, simuyltaneous BMP and WNT inhibition is sufficient to convert

dkkl, frzb or nogginmRNAs as indicated. At stage 10, luciferase  megoderm into prechordal plate (Glinka et al., 1997, 1998;

assays were carried out with extracts of whole embryos in triplicate Piccolo et al., 1999), our data provide the first evidence that

samples. WNT inhibition (viadkk]) is indeed required for this process
in vivo.

WNT inhibitors and that WNT-dependent posteriorisation by The induction of bilateral eyes likk1but not byfrzb can
FGF occurs indirectly, e.g. by secondary induction of WNTs.be explained by the ability of the former to promote proper
Surprisingly, in the analogous experiment wi#MP4  prechordal plate formation. Whifezb also induces prechordal
injected animal caps, induction of all tested target geneglate markers such gsg this induced tissue never reaches an

Xvent2(Onichtchouk et al., 1996%izzled(Salic et al., 1997) anteroventral position. We also note thrab, unlike dkkl is
andXventl(Gawantka et al., 1995) is sensitivadicklandfrzb ~ unable to induce ectopiXHex expression when coinjected
(Fig. 8B).Xvent2is an immediate early response gene to BMRwith tBR (data not shown). This difference in prechordal plate
signalling (Ladher et al., 1996; Rastegar et al., 1999) and ispecification suggests that endomesoderm is antagonized by
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more than one WNT and thdkklandfrzb do not inhibit the  Gerhart, 1997). Close inspection okp mutant embryos
same set of WNTs. This is supported by the inabilitfrdf  reveals a reduction of forebrain markers (Grinblat et al., 1998)
to rescue antiDkk1 Ab-injected embryos. Indeed, we show thand furthermore, prechordal plate markers are still expressed
Wnt3a, which is required for posterior development in micen oepmutant embryos during early gastrulation (Strahle et al.,
(Takada et al., 1994), is inhibited Bigk1but not byfrzb (Wang  1997).
et al., 1997b). Interestinghlphh mRNA injection was also The requirement fodkklin neural patterning supports the
insufficient to rescue cyclopic embryos following antiDkk1 Ab two-inhibitor model, which proposes that head formation
injection. This indicates that there are other ventral midlinénvolves simultaneous inhibition of BMP and WNT signals
signals in addition to Hedgehog acting downstreandkdfl  (Glinka et al., 1997; Niehrs, 1999). A requirement for BMP
that are required for splitting of the eye field. inhibition in head formation has recently been demonstrated by
Xenopus dkkis expressed in the deep endomesoderm of thie finding thatnoggirichordin double-homozygous mutant
gastrula, including both the prospective prechordal plate anaice show severe forebrain defects and cyclopia (Bachiller et
anterior endoderm, and becomes confined to the prechordal, 2000). This is consistent with the notion that a BMP-
plate in neurulae. In zebrafish and moudikl is initially =~ dependent gradient of positional information is present across
expressed in extraembryonic endoderm, the yolk syncytidhe entire gastrula ectoderm (Knecht et al., 1995; Wilson et al.,
layer and the anterior visceral endoderm (AVE), respectively1997; Barth et al., 1999).
and later becomes confined to the prechordal plate (Glinka et S
al., 1998; Pearce et al., 1999; Hashimoto et al., 2000). It wiNVNTs as posteriorizing signals
be interesting to dissect the respective roledkifl in these Classical experiments by Nieuwkoop, Saxen and Toivonen

two tissues. predicted that posteriorizing signals act during gastrulation to
] ] repattern an initially anterior neural induced state (Gilbert and
dkk1 and anterior neural patterning Saxen, 1993; Nieuwkoop, 1997). A number of candidates for

Our data indicate thatkklis required for patterning of the such signals have since been proposed, including WNTs
entire anterior neural plate since both a-p as well as d{reviewed in Niehrs, 1999), FGFs (reviewed in Slack, 1994)
markers are affected in Ab-injected embrydkkl acts by BMPs (Dale et al., 1992; Jones et al., 1992) and RA (e.g.
anteriorizing the neural plate from midbrain onwards and bypurston et al., 1989; Sive et al., 1990; Ruiz i Altaba and Jessell,
ventralizing it. This is consistent with the observation thatl991a,b; Sharpe, 1991; reviewed in Sasai and De Robertis,
WNTSs not only posteriorize but also dorsalize neuroectoderni,997). The requirement fatkkklin anterior neural patterning
promoting neural crest formation (Saint-Jeannet et al., 199provides compelling evidence for a physiological role of
Chang and Hemmati-Brivanlou, 1998; Dorsky et al.,, 1998WNTs in posteriorization. Our data indicate that WNTs that
LaBonne and Bronner-Fraser, 1998). Thus, WNTs and theantagonize head formation and interact wiitkl are active
antagonists such as Dkkl1l integrate the patterning aintil late gastrula. That neural patterning may mostly occur
both neural axes. An important question is whettlkkl prior to neurulation is consistent with previous studies showing
patterns neuroectoderm only indirectly via its promotingpatterned expression of neural markers during early
endomesoderm formation or whether neuroectodermal celigstrulation (Gawantka et al., 1998; Grinblat et al., 1998).
directly respond talkkl Hashimoto et al. (2000) carried out Various WNTs are expressed in tissues relevant to neural
an elegant experiment where they prevented anterigratterning.Xwnt8is expressed in the lateroventral mesoderm
endomesoderm formation bgntivin mRNA injection and and is a prime candidate for inhibiting notochord and
asked whethedkk1could still anteriorize neural plate. Indeed, prechordal plate fates (Smith and Harland, 198%nt1, -3A

in these embryoslkkl anteriorized the neuroectoderm but (Wolda et al., 1993) and@B (Chang and Hemmati-Brivanlou,
could not rescue endomesoderm, indicating that ectoderm&a®98) are predominantly expressed in gastrula ectoderm and/or
cells can respond directly ttkk1 Further evidence for a direct neurula posterior neuroectoderm, suggesting that they are
action of dkkl on neuroectoderm is the observation thatresponsible for posteriorizing neural fates. They may act in
Xenopusanimal caps, which are of purely ectodermal origin,either vertical (Nieuwkoop, 1997; Poznanski and Keller, 1997,
express anterior neural markers in responsdkid mRNA  Chen et al., 2000) and/or planar type signalling (Ruiz i Altaba,
injection (Glinka et al., 1998). Thudkkldirectly affects both 1993, 1998) to inhibit rostral and induce more caudal gene
neuroectoderm and endomesoderm. expression.

The requirement fodkk1 both in prechordal plate and AP The results show that the posteriorizing action of FGFs may
neural patterning argues against the notion that the prechords# due to their acting through WNTs because they can be
plate is only involved in DV and not AP neural patterning. Thisescued bylkklandfrzb. Similarly, the requirement for WNT
was inferred from studyingep mutant embryos, which are signaling during neural crest induction has been shown to be
cyclopic but contain forebrain structures, and where a matumrect, whereas FGF-mediated neural crest induction may be
prechordal plate does not form (Schier et al., 1997). Thiandirect and mediated by WNT signals (LaBonne and Bronner-
suggestion that prechordal plate only promotes ventral midlinEraser, 1998). Furthermore, the posteriorizing action of FGF in
signalling and not anteriorization also conflicts with theNoggin-treated animal caps is dependent on endogenous WNT
findings that extirpation of anterior endoderm only affectssignalling (McGrew et al., 1997). Finally, experiments with
heart induction while extirpating prospective prechordala dominant negativeFGF receptorl argued against a
plate deletes head structures (Schneider and Mercola, 1998psteriorizing role for FGF in early neural patterning (Kroll
Furthermore, the prechordal plate is a potent neurabnd Amaya, 1996). Thus, the active principle behind FGF-
anteriorizing tissue (Mangold, 1933; Bradley et al., 1996mediated posteriorization appears to be induced WNT
Foley et al., 1997; Pera and Kessel, 1997; Zoltewicz ansignalling.
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That BMPs antagonize anterior neural cell fates and hed@EFERENCES
formation has long been known (Dale et al., 1992; Jones et al.,
1992) and BMP inhibitors are indeed required for headtdelmann, H. B.(1936a). The problem of cyclopia. Pt.Quart. Rev. Biol.

; inceC i ; 11, 161-182.
fo.rmatlon SInc hordlrmoggln double homo;ygous '.“”ta”t IAdelmann, H. B.(1936b). The problem of cyclopia. Pt. Quart. Rev. Biol.
mice lose forebrain structures and are cyclopic (Bachiller et al., 11 5g4.304.

2000). What is the relationship between early BMP- and WNBachiller, D., Klingensmith, J., Kemp, C., Belo, J. A., Anderson, R. M.,

signalling? We show thaBMP4-posteriorized embryos are  May, S. R., McMahon, J. A, McMahon, A. P,, Harland, R. M., Rossant,
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the early gastrula stage since induction of the immediate BMPi, xenopus embryos inhibits bmp4 expression and activates neural

target geneXvent2is sensitive to WNT inhibitors. A similar  developmentGenes Dewv13, 3149-3159.
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WNT antagODIStsi Yet, the relatlor.]Shlp between BMP. .an& Papalopulu, N. (1997). An essential role for retinoid signaling in

WNT signalling is further complicated by the positive anteroposterior neural patternirevelopment 24, 373-379.

regulation ofXwnt8expression by8MP4 after MBT (Marom  Bourguignon, C., Li, J. and Papalopulu, N.(1998). XBF-1, a winged helix
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in the early organiser (Baker et al., 1999). Second, in regionsmodulate formation of thEenopusement glandDevelopmeni22, 2739-
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