Development 130, 2071-2081
© 2003 The Company of Biologists Ltd
doi:10.1242/dev.00430

2071
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SUMMARY

Recent studies indicate an essential role for the EGF-CFC
family in vertebrate development, particularly in the
regulation of nodal signaling. Biochemical evidence
suggests that EGF-CFC genes can also activate certain
cellular responses independently of nodal signaling. Here,
we show thatFRL-1, aXenopusEGF-CFC gene, suppresses
BMP signaling to regulate an early step in neural induction.
Overexpression ofFRL-1 in animal caps induced the early
neural markers zic3 soxD and Xngnr-1, but not the pan-
mesodermal marker Xbra or the dorsal mesodermal
marker chordin. Furthermore, overexpression ofFRL-1

expression of early neural genes that mark the start
of neuralization is activated in the presumptive
neuroectoderm of gastrulae. FRL-1MO also inhibited the
expression of these genes in dorsal ectoderm, but did not
affect the expression ofchordin, which acts as a neural
inducer from dorsal mesoderm. FRL-1MO also inhibited
the expression of neural markers that were induced by
chordin in animal caps, suggesting thatFRL-1 enables
the response to neural inducing signals in ectoderm.
Furthermore, we showed that the activation of mitogen-
activated protein kinase by FRL-1 is required for neural

suppressed the expression of the BMP-responsive genes,induction and BMP inhibition. Together, these results

Xvent-1and Xmsx-1, which are expressed in animal caps
and induced by overexpressed BMP-4. Conversely,
loss of function analysis using morpholino-antisense
oligonucleotides againstFRL-1 (FRL-1MO) showed that
FRL-1 is required for neural development. FRL-1MO-
injected embryos lacked neural structures but contained
mesodermal tissue. It was suggested previously that

suggest thatFRL-1 is essential in the establishment of the
neural induction response.

Key words:XenopusFRL-1, EGF-CFC familygcripto, cryptic, one-
eyed pinheadNeural induction, Default model, Bone morphogenetic
protein, Fibroblast growth factor, Ras/Raf/MAPK signaling

INTRODUCTION

thenodatrelated genesquintandcyclops indicating that the
EGF-CFC gene is an essential cofactor in nodal signaling

The EGF-CFC family of proteins are secreted signalindGritsman et al., 1999; Schier and Shen, 2000).
molecules important in early vertebrate development. They The XenopusEGF-CFC protein FRL-1 was isolated as a
have a variant Epidermal Growth Factor (EGF)-like domairigand of the fibroblast growth factor (FGF) receptor and is

and a CFC domain that is conserved among m@Qirgeo,

considered a member of the EGF-CFC protein family (Kinoshita

Xenopus-RL-1 and mouse&ryptic (Shen and Schier, 2000). et al., 1995; Shen et al., 199FRL-1is expressed ubiquitously
EGF-CFC proteins contain a hydrophobic C terminus anduring gastrulation and can induce neural and mesodermal
are connected to the cell membrane via a glycosylmarkers in presumptive ectoderm (Kinoshita et al., 1995).
phosphatidylinositol (GPI) linkage (Zhang et al., 1998;Studies of FGF signaling suggest the existence of two signal
Minchiotti et al., 2000). The EGF-CFC family of proteins transduction pathways mediated by the FGF receptor. First,
include human Cripto and Cryptic, mouse Cripto and Crypticactivation of the FGF receptor can activate the phospholipase C-
chicken Cripto, Xenopus FRL-1 and zebrafish One-eyed y (PLCy) pathway to produce inositol triphosphate Fg)sand
pinhead (Oep) (Ciccodicola et al., 1989; Dono et al., 199Facilitate C&* release (reviewed by Powers, 2000). Second, the
Shen et al., 1997; Colas and Schoenwolf, 2000; Kinoshita &GF receptor also signals to Ras, which subsequently activates
al., 1995; Zhang et al., 1998). Loss-of-function experiments ithe mitogen-activated protein kinase (MAPK) signaling pathway
zebrafish show that thene-eyed pinheadoep mutant (reviewed by Powers, 2000). It remains unclear which of these
phenotype is similar to that of the zebrafish double mutants @lathways interacts with FRL-1.
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In vertebrate early development, bone morphogenetitnearized and transcribed using the mMMASSAGE mMACHINE
protein (BMP) signaling stimulates epidermal induction ofSP6 kit (Ambion).
undifferentiated cells in the presumptive ectoderm region an
inhibits neural induction (Hemmati-Brivanlou and Melton,

1997). Neural cells are induced in the presumptive ectoder O-second and FRL-1-4misMO were designed as follows. FRL-

when BMP signaling is inhibited by factors such as NogginiMo_ 5 AAACTGCATTGTTTTOTGCAAAGGC.S:  ERL-1IMO-
Chordin and Follistatin, which are secreted from the organiz€l,.ond:  5ATTGAATGTGTCCTTAGCAAAAACC.3.  FRL-1-
region that differentiates into axial mesoderm. Initially, neuralymismo: 8-AAACaGCATaGTTTTgTGCAGAGGC-3 lower case
inducing signals from the organizer are thought to act in aptters indicate changes to the FRL-1IMO-first oligo sequence (Gene
instructive manner. They can, however, also bind directly tqools LLC).

BMP proteins. This leads to the ‘default model' of neural _

induction, which proposes that in the absence of cell-ceffT-PCR and histology

signaling, ectodermal cells will adopt a neural fate (MunozTotal RNA isolation, RT-PCR and histological analyses were
Sanjuan and Hemmati-Brivanlou, 2002). performed as described previously (Tanegashima et al., 2000). The

. . . PR rimer pairs used were as followspxD (forward, 3-TCAGCA-

« In this study, we have e_xammeq FRL-1 function in earlprAGGTCCAGTACC-s; reverse, STCTAACAAGATCCGACG.
enopugievelopment and find that it acts as a neural induce C-3), FRL-1 (forward, 5-ATGCAGTTTTTAAGATTT-3': reverse
FRL-1 inhibits BMP signaling via the activation of MAPK 5 1rAAAGTCCAATATT-3"), endodermin (eddjforward, 5-TAT--
signaling, implicating it early in neural induction. These datarcTGACTCCTGAAGGTG-3 reverse, SGAGAACTGCCCATG-
indicate that FRL-1-induced neural differentiation may occurrgccTc-3), collagen typell (col 1) (forward, 3-ATTCAGTTG-
via a nodal-independent mechanism. ACCTTCCTGCG-3, reverse, STCCATAGGTGCAATGTCTACG-
3), Xngnr-1 (forward, 3-CGCCGCAACCCGACTCACCT-3

reverse, 5CCTGCATCGCGGGCTGTTCTC*3 Xvent-1(forward,

Ielorpholino oligonucleotides
e FRL-1 morpholinoantisense oligonucleotides (FRL-1MO), FRL-

MATERIALS AND METHODS 5-TTCCCTTCAGCATGGTTCAAC-3 reverse, SGCATCTCCT-
TGGCATATTTGG-3). The primer pairs forchordin Xmsx-1 -
Embryos crystallin, ms-actin EF1-a, otx2 zic3 N-tubulin Xbra and N-CAM

Eggs were obtained by injecting human chorionic gonadotropinvere as described in Xenopus Molecular Marker Resource
(Gestron: Denka Seiyaku) int&Xenopus laevis Fertilized eggs (http://www.cbrmed.ucalgary.ca/pvize/html/WWW/Welcome.html).
were obtained by artificial insemination and dejellied using 1%EF1-a was used as a loading control. Reverse transcriptase negative
thioglycolate in Steinberg’s solution. Microinjection was carried out(RT—) reactions were performed to indicate the absence of
according to the method of Tanegashima et al. (Tanegashima et algntaminating genomic DNA.

2000). All injection experiments were performed more than two times o S

independently. In the animal cap assay, mRNAs were injected int§/hole-mount in situ hybridization

each blastomere of 4-cell-stage embryos, whose animal caps wekealysis of whole-mount in situ hybridization was carried out as
dissected with fine needles on a 0.5 mm square and cultured in 100%scribed previously (Harland, 1991) using digoxigenin-labeled
Steinberg’s solution with 0.1% bovine serum albumin until samplingantisense probes. For cell-lineage tracing, 20 ng of FRL-1MO or 20
For western blot analysis of MAPK, animal caps were dissected ing of FRL-1-4misMO were co-injected with 250 pdadZinto one
Ca*- and Mg+-free modified Barth’s solution to prevent wounding. animal blastomere of albino embryos. Injected regions were stained
Embryos were staged according to Nieuwkoop and Faber (Nieuwkoopith red gal (Research Organics, Inc, USA). Probes were

and Faber, 1956). synthesized using pB&hordin (Sasai et al., 1994), pB&c3 pBS
soxD, pGEMotx2, pBSXngnr-1(Ma et al., 1996) and pBBRL-1
Constructs as templates. PBSexD and pBSzic3 were obtained by our own

PBluescriptFRL-1 (pBS+RL-1) was obtained by screening our screening.

cDNA library containing maternal genes. The construction of )

pCS2FRL-1A5'UTR was performed by amplifying tHeRL-10RF ~ Western blotting

using PCR. For the construction of pCBRL-1, which contains FRL-1 proteins with 6myc-epitope tags were detected using the
the BUTR region, EcoRI- and Xhd-digested pBS-RL-1 was 9E10 monoclonal antibody (Santa Crum)actin served as the
ligated into pCS2 vector. To test FRL-1 function (Figs 1, 10 andoading control and was detected by the AC-40 monoclonal
11), we used pCSERL-IA5'UTR asFRL-1because of its strong antibody (Sigma). Activated MAPK was detected by monoclonal
activity. For construction of pCSPRL-IA5'UTR-6myc and pCS2- anti-MAPK, activated (diphosphorylated ERK-1 and 2) clone
FRL-1-6myc,FRL-1cDNA fragments were amplified by PCR from MAPK-YT (Sigma) and total MAPK protein were detected by
pCS2FRL-1IA5'UTR and pCSZFRL-1, respectively and the ERK2, rabbit polyclonal IgG (Santa Cruz). Anti-mouse 1gG, HRP-
amplified products were ligated into pCS2+6myc vector. pCS2linked antibody (Cell Signaling Technology, Inc.) and peroxidase-
FRL-IACFC-6myc and pCSERL-IAEGF-6myc constructs coded conjugated goat anti-rabbit IgG (Sigma) were used as the secondary
FRL-1-6myc protein without CFC domain (116Cys-stop codon)antibodies.

and EGF domain (77Lys-112Arg), respectively. For construction of o )

pCS2oep, oepORF was amplified from pCDNAepflag (Zhang  Whole-mount in situ immunohistology

et al., 1998) and ligated into pCS2+ vector. For construction oNeu-1 monoclonal antibody was described previously (ltoh and
pCS2-chiclCFC, pKS-chickCFC (Andree et al.,, 2000) was Kubota, 1989). After detection, wild-type embryos with Neu-1
digested withPst. The released fragments were blunt-ended andstaining were bleached. For the detection of activated MAPK, whole-
ligated into pCS2 vector. For the preparation of mRNA, pCS2mount in situ immunohistology was done using monoclonal anti-
chordin, pCS2facZ (Takahashi et al., 2000), pCFRL-1, pCS2- MAPK, activated (diphosphorylated ERK-1 and 2) clone MAPK-YT
FRL-IA5UTR, pCS2FRL-16myc, pCS2-RL-1A5'UTR-6myc,  (SIGMA). The signal was detected using BM purple (Roche).
pCS2FRL-1IACFC-6myc, pCSZERL-IAEGF-6myc, pCSZripto ] )

(Yeo and Whitman, 2001), pSP68MP-4, pSP64TXFD (Amaya  Proteins and chemical compounds for treatment

et al., 1991) and pSP6AESE-MAPKKGotoh et al., 1995) were Purified bFGF (Amersham Biosciences), PD98059 (Biomolecules for
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A B . c as does the BMP antagonishordin
S MRS (Fig. 1A, lane 3), suggesting that
ég & Q,}E\Q FRL-1 acts as a neural inducer by
S o inhibiting BMP signaling.
SIEL To test this hypothesis, we used the
S o = . .
animal cap assay to examine whether
_ zic3 Xvent-1 FRL-1 inhibited early BMP response
genes induced byBMP-4 (Koster
Bl o Xmsx-1 et al, 1991). BMP-4 induced the
- Xngnr-1 soxD me-actin expression ofXmsx-1 Xvent-1 and
Xbra at the early gastrula stage
_ Xmsx-1 zic3 col ll (Fig. 1B, lane 2), wherea§¥RL-1
completely inhibited the expression of
- Xvent-1 Xbra EF1-cRT+ BMP response genes induced by
BMP-4 (Fig. 1B, lane 3).
-ND. chd EF1-aRT+ EF1-aRT- Unde(r ’ our )experimental
_ Xbra EF1-aRT- conditions, FRL-1 induced neural
induction without mesoderm
n EFT-aRT+ Fig. 1. (A) Overexpression dfRL-1linduced the expression induction at an early stage. We also
_ EF1-oRT- of neural markers without mesodermal markers in animal t€sted whetheiFRL-1 induced the
caps. 1 ng oERL-1or 100 pg othordin(chd) were injected €xpression of late neural markers and

into animal caps, which were dissected at stage 9, togethemesodermal marker&RL-1induced
with an uninjected control, and harvested at stage 13 with the whole embryos for RT-PCR the expression oN-CAM and the
analysisFRL-1induced the expression oit3 soxD, Xngnr-1without induction ofXbraand anterior neural markestx2 (Pannese
chordin and inhibitedXmsx-landXvent-1 ‘ND’ indicated no data. (BfFRL-1inhibits BMP et al., 1995) in a concentration-
signaling in animal caps. Animal caps injected with 1 nBMP-4with or without 1 ng oFRL- dependent manner, but nots-actin
1, were dissected at stage 9 and harvested at stage 10.5 for RT-PCR. The indictamt-af andcollagen typd/ (Su et al., 1991)
Xmsx-landXbrainduced byBMP-4was inhibited by co-injection d¥fRL-1, and the inhibition of which were expressed in m”uscle a’nd
zic3andsoxDby BMP-4was rescued by co-injection BRL-1 (C) FRL-1induced the -
expression of neural markel;CAMandotx2in a concentration-dependent manner without notochord, respectively, even when

induction of mesodermal markersuscle specific-actims-actir) andcollagen type! (col If). FRL-1was used at high doses (Fig.

1 ng or 5 ng oFRL-14injected animal caps were dissected at stage 9 with the uninjected contd). These results indicate tHaRL-

and harvested at stage 26 for RT-PCR. 1 can directly induce anterior neural
tissue without the induction of
mesoderm.

Research Success) and LY294002 (Biomolecules for Resear¢hGrE-CEC proteins show conserved function in
Success) were purchased commercially. PD98059 and LY2940Q4. ,ral induction

were dissolved in DMSO and stored at 10 mM concentration. . . .
EGF-CFC proteins have two conserved motifs, the EGF-like

and the CFC motif (Shen and Schier, 2000). To examine the

RESULTS function of these motifs in neural induction, two cDNA
. ) o constructs encoding an EGF-like motif-deleted form with the

FRL-1 causes neural induction by inhibiting BMP 6myc-epitope tagHRL-IAEGF domain) and a CFC motif-

signaling deleted form with the 6myc-epitope tdeRL-1ACFC domain)

FRL-1induces expression of the pan-neural markeGAM  were generated and used for the animal cap assay. Western
(Kintner and Melton, 1987) in animal caps and theblotting confirmed expression of these protein products in the
mesodermal markemuscle specific-actifms-actir) (Stutz  injected animal caps. Overexpression of mMRNA encoding
and Spohr, 1986) at high doses (Kinoshita et al., 1995FRL-1 with 6myc-epitope tag in ectoderm induced the neural
However, it is unclear howRL-1 functions in the earlier markerN-CAM. However, theFRL-IAEGF domain ofFRL-
stages of neural induction. To analyze this, we investigatetACFC domain showed no such inductive ability (Fig. 2A).
whether FRL-1 induces the expression of early neural andThis suggests that both the EGF-like and CFC domains of
mesodermal markers in animal caps. RT-PCR analysiSRL-1are required for neural induction.

indicated that 1 ng dfRL-1linduced the early neural markers, We next examined whether the neural induction activity of
zic3 (Nakata et al., 1997%x0xD (Mizuseki et al., 1998) and FRL-1was conserved among the other EGF-CFC genes (Fig.
Xngnr-1(Ma et al., 1996) but not the pan-mesodermal marke2B). Overexpression obep (a zebrafish EGF-CFC gene)
Xbra (Smith et al., 1991) or the dorsal mesodermal markeneuralized animal caps, as previously reported (Kiecker et al.,
chordin(Sasai et al., 1994) in animal caps at the early neurula000), while overexpression of other EGF-CFC genes, mouse
stage (Fig. 1A, lane 2). In additioRRL-1 suppressed the cripto, and chickCFC (chick cripto) induced the expression of
expression of BMP responsive gen®sgent-1(Gawantka et neural markerN-CAM without the induction of mesodermal
al., 1995) anKmsx-1(Maeda et al., 1997; Suzuki et al., 1997) marker, ms-actin. The N-CAM expression induced by these
(Fig. 1A, lane 2). These results indicate that overexpressidaGF-CFC genes was weaker than that induceéRiy-1 (data

of FRL-1causes neural induction without mesoderm inductiomot shown), which may reflect receptor differences between
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A B
5 &
S
Fig. 2.(A) Both the EGF and CFC domain are necessary é)z.b Qob «:‘?
FRL-1-mediated induction of expression of neural marke S & O > Lo &
ng of FRL-1-6myc, which encodes for FRL-1 tagged with S N NV & & o L
c-myc-epitope FRL-1), the EGF domain-deleted form of S QR L9 @*é}‘@
FRL-1-6myc FRL-1IAEGF domain) or the CFC domain- LKL SRR
deleted form ofFRL-1-6myc FRL-1IACFC domain) was
injected into each animal blastomere of 4-cell-stage emh _ N-CAM _ N-CAM
Animal caps were dissected at stage 9 with an uninjecte
control and harvested at stage 25 for RT-PCR. Western _ ms-actin _ ms-actin
blotting analysis showed FRL-1-6myc, FRAAGF domain-
6myc and FRL-ACFC domain-6myc proteins were m EF1-aRT+ = EF1-oRT+
generated in animal caps at stage 10.5. Althdtiih-1
induced the expression NECAM, it was not detected in the _ EF1-aRT- _ EF1-oRT-

FRL-IAEGF domain an&FRL-1IACFC domain mRNA-

injected animal caps. (B) Activity of neural induction by -~ FRL-1(6myc tagged)
FRL-1was conserved among other members of the EGF .
CFC family in vertebrates. Animal caps injected with 2 n¢ e oot === o-actin

zebrafishoep mousecripto or chick CFC (chick cripto) were
dissected at stage 9 with an uninjected control and harvested at stage 25 with whole embryos for RT-PCR. The data sboordy Fifit-t
but alsocoep chick CFC, and mouseripto induced the expression RFCAMwithout ms-actin

species. Overall, our results suggest that the function in neural
induction is conserved among EGF-CFC genes.

FRL-1MO specifically inhibits translation of FRL-1

We clearly show thafRL-1 acts as a neural inducer by
inhibiting BMP signaling in the animal cap. To study the role
of FRL-1 in neural induction inXenopusembryos, we
generated an antisense morpholino oligonucleotide again
FRL-1 (FRL-1MO) and then tested whether it specifically
inhibited the translation oFRL-1 using theXenopusoocyte
expression system (Fig. .3First, FRL-1-6myc proteins,
consisting of FRL-1 tagged with the 6myc-epitope at the C
terminal region were detected at approximately 35 kDa and 2
kDa (Fig. 3, lanes 2, 5). A 25 kDa protein is consistent witl )
the predicted molecular size of the FRL-1-6myc protein. Th W—— o-actin
35 kDa band may represent a glycosylated form of FRL-1
6myc since the mouse EGF-CFC protein, Cripto is known t%

.be 'fulcosylated (Sc;hlffer etal., 2.001)' FRL-1MO was shown t g of FRL-1-6myc mRNA, which codes for FRL-1 tagged with six c-
'nh'b'_t the trans'_at'on OFR_L'l (Fig. 3, lane 3_)' but not _FR_L' myc-epitopes was injected with or without 40 ng of FRL-1MO or
1-4misMO, which contains four nucleotide substitutionsgr|-1-4misMO into oocytes. 10 ng BRL-1A5'UTR-6myc lacking
to exclude the toxicity of MO oFRL-1AS'UTR that lacks  the target sequence of FRL-1MO, was also injected with or without
the target sequence of FRL-1IMO (Fig. 3, lanes 4, 6). Thes# ng of FRL-1MO. Lysates with uninjected controls were used for
results imply that the FRL-1MO specifically inhibited FRL-1 western blotting. FRL-1 proteins with the 6myc-epitope tag were

ig. 3. FRL-1MO specifically inhibited the translation®RL-1 10

translation. detected by anti-c-myc antibody. The translatiorRE-1was
inhibited by FRL-1MO but not by FRL-1-4misMO, whereas that of

FRL-1 is required for neural induction in ~ Xenopus FRL-1IA5'UTR was not inhibited by FRL-1MO.

embryos

To confirm our results with misexpression BRL-1, we

performed a loss-of-function study by microinjecting FRL-showed a phenotype similar to those injected with FRL-1MO
1MO into Xenopusembryos (Fig. 4). Embryos that had been(Table 1, Fig. 4G). Head structure defects with lack of eyes,
injected animally into each blastomere at the 8-cell stage wittaused by microinjection of either FRL-1MO or FRL-1MO-
15 ng of FRL-1MO showed head defects with no eye structuresecond, could be rescued by co-injection of 20 pdRE-
(Table 1, Fig. 4B). Injection of 15 ng of FRL1-4misMO 1A5'UTR (Table 1, Fig. 4D,H). These results suggest that the
animally or with 15 ng of FRL-1MO vegetally had no appareniphenotypes caused by microinjection of the MOs ag&iR&t
inhibitory effects (Table 1). We also generated a secondl were due specifically to the depletion ERRL-1 Next, we
antisense MO againgtRL-1, which was designed against tested the possibility that other EGF-CFC genes or BMP
another region of the BTR of theFRL-1mRNA (FRL-1IMO-  antagonists, such akordin nogginor FRL-IAEGF andACFC
second). Embryos injected with 40 ng of FRL-1MO-secondlomain could rescue th&RL-1-depleted phenotype. The
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Table 1. FRL-1MOs specifically induced head defect
phenotypes

Phenotype (%)

Head defect
Numbers (without eyes)  Normal head

FRL-1-4-misMO 15 ng 50 0 100

FRL-1MO 15 ng 50 90 10

FRL-1MO 15 ng (veg) 50 0 100

FRL-1MO 15 ng 50 18 82
+FRL-1A5'UTR 20 pg

FRL-1MO 15 ng 50 96 4
+FRL-1AEGF 20 pg

FRL-1MO 15 ng 51 98 2
+FRL-IACFC 20 pg

FRL-1MO 15 ng 52 31 69
+0ep20 pg

FRL-1MO 15 ng 52 29 71
+cripto 20 pg

FRL-1MO 15 ng 50 94 6
+chordin20 pg

FRL-1MO 15ng 50 88 12
+noggin20 pg

FRL-1MO 15 ng 52 21 79
+CA-MAPKK2 ng

FRL-1-4-misMO 40 ng 50 2 98

FRL-1MO-second 40 ng 50 88 12

FRL-1MO-second 40 ng 51 22 78
+FRL-1A5'UTR 20 pg

Fig. 4. FRL-1MOs specifically induced head defect phenotypes. Note: MOs and mRNAs were animally injected into each blastomere of 8-
FRL-1MOs were injected into animal blastomeres of 8-cell-stage fggj}gﬁe embryos, except where denoted by (veg) which indicates vegetal

embryos, which were grown to stage 40. (A) Uninjected embryo.
(B) Embryo injected with 15 ng FRL-1MO showing defects of the
head including lack of eyes. (C) Embryo injected with 15 ng of FRL-
1-4misMO showing no defect. (D) Heaq structure defect induced byThe staining showed that the injection of both FRL-1MO and
15 ng of FRL-1MO was rescued by co-injection of 20 p§RE- FRL-1MO-second inhibits neural induction but not FRL-1-
1ASUTR. (E,F) Some other EGF-CFC genes can rescue the head 4misMO (Fig. 5D-F). RT-PCR analysis also showed Bt -
defect phenotype caused by FRL-1MO. (E) Co-injection with 20 pg 1A5'yTR could rescue the FRL-1MO-induced suppression of
of oeprescued head defects caused by microinjection of 15 ng of neural markersN-CAM, otx2, B-crystallin (Altmann et al

FRL-1MO. (F) Co-injection with 20 pg of mousepto also rescued . . . .
head defects. (G,H) FRL-1MO-second suppressed neural formationlgg?) andN-tubulin (Richter et al., 1988; Good et al., 1989;

as well as FRL-IMO. (G) Embryo injected with 40 ng of FRL-1MO- Hartenstein, 1989), but not the mesodermal markessactin

second showing the same phenotype as the FRL-IMO-injected ~ and collagen type lland endodermal markegndodermin

embryo. (H) Head structure defects caused by microinjection of 40 (Sasai et al., 1996) (Fig. 6).

ng of FRL-1MO-second was rescued by co-injection with 20 pg of ~ To investigate whethdfRL-1is involved in neural induction

FRL-IASUTR. at an early stage, we observed the expression of early neural
genes inFRL-1-depleted embryos (Fig. 7). FRL-1MO (20 ng)
or FRL-1-4misMO (20 ng) was co-injected with cell lineage

phenotypes of the embryos injected with FRL-1IMO weréracer, lacZ into one blastomere of 4-8 cell-stage embryos,

rescued by co-injection withepmRNA (Table 1, Fig. 4E) and which were cultured until early gastrula stagedoordinand

cripto (Table 1, Fig. 4F), but not witbhordin, noggin FRL-  early neurula stage faic3 soxDandXngnr-1 Whole-mount

1AEGF domain oFRL-IACFC domain (Table 1), suggesting in situ hybridization analysis showed that the expression of

that other EGF-CFC genes could compensate for the depletiearly neural markergjc3 soxDandXngnr-1was suppressed

of FRL-1 in the FRL-1MO-injected regions that were stained red3for

Histological analysis was performed to investigate thesgalactosidase activity (Fig. 7C-H), suggesting that FRL-1MO

phenotypes further. The embryos injected with FRL-1MO hadhhibits the early step of neural induction. However, the

neural tissue defects without the loss of mesodermal tissuexpression othordin which acts as a neural inducing signal

such as notochord and pronephric tube (Fig. 5G). Howeveirom dorsal mesoderm, was not suppressed in the FRL-1MO-

FRL-1-4misMO-injected embryos showed no significantinjected region (Fig. 7A,B). Therefore, these results indicate

defects (Fig. 5H). Whole-mount in situ hybridization that FRL-1 is required for neural differentiation at an early

experiments showed that the expressionixi2was completely  stage, and does not affect the expression of the neural inducer,

suppressed by FRL-1MO-injected embryos, confirming thathordin

FRL-1MO blocked the formation of anterior neural tissue in

Xenopugembryo (Fig. 5A). The inhibition of neural induction FRL-1 confers competence to respond to neural

was also confirmed by whole-mount in situ immunostainingnducing signals in the ectoderm

using Neul antibody that specifically recognizes neural tissudleural induction occurs autonomously when BMP signaling is
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Fig. 5.Neural induction is suppressed in FRL-1NM
injected embryos. (A,B) FRL-1MO or FRL-1-
4misMO was injected into animal blastomeres of
cell-stage embryos, which were fixed at stage 3(
(A) Embryo injected with 10 ng of FRL-1-4misM(
Transcripts obtx2were detected in the pineal gla
and in the eye. (B) Embryo injected with 10 ng o
FRL-1MO, showing no expression aiix2,
confirming the loss of anterior neural tissue.
(C-F) FRL-1MO, FRL-1-4mis-MO or FRL-1MO-
second was injected into animal blastomeres of
cell-stage embryos, which were fixed at stage 3(
whole-mount in situ immunohistology analysis
using Neu-1. (C) Uninjected embryo. (D) Embryc
injected with 15 ng of FRL-1MO. (E) Embryo
injected with 40 ng of FRL-1-4misMO. (F) Embry
injected with 40 ng of FRL-1MO-second.

(G.H) Histological analysis shows that the embry
injected with FRL-1MO had neural tissue defect
without loss of mesodermal tissue, such as
notochord and pronephric tube. nc; notochord, p
pronephric tube, sc; spinal cord. FRL-1MO or FF

G
nc
p
FRL-1MO

H on\sc

FRL-1-4misMO

1-4misMO was injected into animal blastomeres of 8-cell-stage embryos, which were fixed at stage 40. (G) Histological K& ciipof of
FRL-1MO-injected embryos. (H) Histological section of embryo injected with 10 ng of FRL-1-4misMO.

inhibited in the presumptive ectoderm Xénops embryos

thought thaFRL-1might confer the neural fate competence in

(Munoz-Sanjuan and Hemmati-Brivanlou, 2002), suggestinghe ectoderm. To test this hypothesis, we examined the
that ectodermal cells originally are competent to adopt a neureésponse to neural inducing signals KFRL-1-depleted
fate and that a set of genes to drive that fate is stored in tleetoderm. Chordin induced the expression of the neural
presumptive ectoderm maternallyFRL-1 is expressed markers,N-CAM otx2 and N-tubulinin animal caps and the

maternally and ubiquitously inXenopus early gastrulae

induction was not inhibited by FRL-1-4misMO (Fig. 8, lanes

(Kinoshita et al., 1995) and is required for neural inductior?, 3). However, FRL-1MO did inhibit the expression Nf
during the early stages of embryogenesis. Therefore, it wadAM, Otx2 and N-tubulinin response to the neural inducing

oe £
é@\‘ Fo &s
SIS
FELELES
_ p-crystallin
—

signal of chordin (Fig. 8, lane 4). The attenuation of neural
competence was rescued BRL-IA5'UTR (Fig. 8, lane 5).
These results indicate thBRL-1 confers a competence in the
ectoderm to respond to neural inducing signals.

FRL-1 is expressed in neuroectoderm of late
gastrula

FRL-1is expressed ubiquitously in early gastrula (Kinoshita
et al., 1995). However, no spatial expressioRRE-1in late
gastrula has been reported. We examined the relationship
between FRL-1 expression and neural induction using
whole-mount in situ hybridizatiorOur analysis showed that
FRL-1was ubiquitously expressed in the early gastrula (Fig.
9A), as previously reported (Kinoshita et al., 1995), whereas
it was confined to the presumptive neuroectoderm in late
gastrula (Fig. 9B). RT-PCR confirmed the restricted
expression oFRL-1to presumptive neuroectoderm that was

Fig. 6. FRL-1MO inhibits the expression of neural markers without
inhibition of mesodermal and endodermal markegsgnopus

embryos. 10 ng of FRL-1MO injected into each animal or vegetal
blastomere of 8-cell-stage embryos or FRL-1-4misMO injected into
each animal blastomere of 8-cell-stage embryos, which were cultured
until stage 31 for RT-PCR. FRL-1MO vegetally injected and FRL-1-
4misMO animally injected did not affect the expression of any
marker when compared with controls (uninjected), whereas FRL-
1MO animally injected suppressed the expression of neural markers
N-CAM otx2, B-crystallinandN-tubulin. The suppression of neural
markers was rescued by 20 pdr&®L-1A5'UTR.
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FRL-1-4misMO

FRL-1MO

N-CAM

otx2

N-tubulin

col lf

ms-actin

EF1-aRT+

EF1-aRT-

Fig. 8. FRL-1MO inhibits the induction of neural markersdhordin
in animal caps. 100 pg ehordinwas injected into the animal pole
of 4-cell-stage embryos with 40 ng of FRL-1-4misMO (lane 3),

Fig. 7.FRL-1MO inhibits an early step in the neural induction of
Xenopusmbryos. Albino embryos were injected with 20 ng of FRL-
1MO (B,D,FH), or FRL-1-4misMO (A,C,E,G) and 250 pgladZ

into the dorsal marginal zone of a blastomere at the 4-cell-stage for

FRL-1MO (lane 4), FRL-1MO and 500 pg BRL-1(lane 5), or

without MO (lane 2). The animal caps were dissected at stage 9 and
harvested at stage 22 for RT-PQ@Rordininduces the expression of
N-CAM, otx2 andN-tubulinwithout the induction of mesodermal
markersms-actinandcollagen typd/, which was inhibited by FRL-

analysis otthordinand a dorso-animal blastomere of 8-cell-stage
embryos for analysis @ic3 soxDandXngnr-1 They were cultured
until stage 10.5 for whole-mount in situ analysiglodrdin (A,B)

and until stage 13 for analysisz€3(C,D), soxD(E,F) andXngnr-1
(G,H) and then stained in the MO-injected region with red gal. The
suppression of the neural markeis3 (D, 77%,n=22),soxD(F,
84%,n=37) andXngnr-1(H, 86%,n=21) was observed in the FRL-
1MO-injected region whereahordinwas not suppressed (B, 0%,
n=29). However, there was no change in the FRL-1-4misMO-
injected region (A, 1009%=22; C, 96%n=26; E, 93%n=75;

G, 91%,n=48). Arrows in G and H indicate trigeminal ganglia,
where the expression #hgnr-1was suppressed in H.

1MO but not by FRL-1-4misMO. The suppression of neural markers
caused by FRL-1MO was rescued by the co-injectidrRif-
IAS'UTR.

animal caps can be blocked by a dominant-negative FGF
receptor-1 construcKED) (Kinoshita et al., 1995). Our results
also confirm that thé\-CAMinducing activity of FRL-1 is
required for the FGF receptor signaling pathway (Fig. 10A).
Since FGF receptor signaling can activate the MAPK pathway
(Powers et al., 2000), we therefore examined whether FRL-1
could activate the MAPK pathway using a monoclonal
antibody against activated MAPK. Western blot analysis
induced bychordin. Expression levels dFRL-1were higher showed that MAPK activation was upregulated HRL-1-
in chordininjected ectoderm (Fig. 9C, lane 2), which injected animal caps compared with uninjected controls (Fig.
differentiates into neural tissue without mesoderm (Fig. 1A10B). In addition, MAPK activation was detected in the animal
lane 3; Fig. 9C, lane 2), than in the uninjected ectoderntcaps treated with bFGF, a known activator of MAPK signaling,
when sibling embryos grew to late gastrula. It was previouslyo a similar extent to those injected wiRL-1 (Fig. 10B). It
reported that transcripts ¢fRL-1 were expressed until the is known that MAPK is activated in response to wounding
gastrula stage and that these were rapidly reduced by the efsdich as dissection) of animal caps. To exclude the possibility
of gastrulation (Kinoshita et al., 1995). Our results suggedhat the result was a response to wounding, we tested for
that the expression dfRL-1 is attenuated in presumptive MAPK activation by whole-mount immunostainingcZ with
epidermis ahead of the neuroectoderm and is needed ¢o withoutFRL-1(1 ng) was injected into one blastomere of 2
ensure a neural cell fate. cell-stage embryos, which were cultured until late blastula
o o ] ] stage for whole-mount immunostaining using anti-activated
Inhibition of BMP signaling by FRL-1 is required for MAPK. Staining for activated MAPK was seen in the region
MAPK activation-associated neural induction with FRL-1 (Fig. 10D) but not in the regions witacZ alone
We showed here th&RL-1regulates the early step of neural (Fig. 10E). We also examined, by western blot analysis,
induction by inhibiting BMP signaling (Fig. 1A,BFERL-1in  whether MAPK activity was inhibited in the FRL-1-depleted
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region. In 2 of 3 experiments, MAPK activation was strongly
downregulated in FRL-1MO-injected animal caps (Fig. 10C),
but was unaffected in the third experiment (data not shown).
This result suggested that the phenotype seen with FRL-1IMO
injection may be caused by downregulation of MAPK
activation. To confirm this, we attempted to rescue this
phenotype by expression of the constitutively activated form of
MAPKK, an intracellular activator of MAPK. Indeed, this did
rescue the FRL-1MO phenotype, suggesting that FRL-1
regulates ectodermal MAPK activity to induce neural induction
(Fig. 10F,G).

To further examine whether MAPK activation is required
for FRL-1 regulation of neural induction, we used a MEK

FRL-1 inhibitor, PD98059, to inhibit MAPK activation by MEK.
In animal caps, the expression NFCAM induced by the

Xbra overexpression ofFRL-1 was inhibited by treatment with
PD98059, suggesting tha&RL-1 is required for MAPK

ERfaRT activation to induce the expression of neural markers (Fig.

11A). In contrast, a specific inhibitor of PI3K, LY294002 did
not affect theN-CAM induction byFRL-1 (Fig. 11A), even
though the FGF receptor is known to activate PI3K signaling
) o (Powers et al., 2000). We also showed fRRL-1 acts as a
Fig. 9. FRL-1expression in neuroectoderm at the late gastrula stageneyral inducer by inhibiting BMP signaling. We therefore
(A,B) Whole-mount in situ hybridization revealed the spatial examined whether inhibition of BMP signaling BRL-1was
expression patterns BRL-1.(A) Lateral view of a stage 10 embryo; affected by the MEK inhibitor, PD98059 (Fig. 11B). RT-PCR

right side is dorsaF-RL-1was ubiquitously expressed in the early . . .
gastrula. (B) Lateral view of a stage 12 embryo; right side is dorsal. analysis showed that the expression of BMP responsive genes,

Transcripts oFRL-1are concentrated in the neuroectoderm. (C) RT- Xmsx-1and Xvent-1 which was suppressed H5RL-1 in

EF1-aRT-

PCR analysis othordininjected ectoderm. Misexpression of animal caps, were rescued by treatment with PD98059 (Fig.
chordininduced the expression BRL-1in the absence of the 11B). These data suggest that inhibition of BMP signaling by
mesodermal markeXbra. FRL-1 is required for MAPK activation.

Fig. 10. @) FRL-1caused neural induction via A B C

FGF signaling in animal caps. The animal caf o é)

that were injected with 1 ng #RL-1alone or Qc\ > > )

co-injected with 2 ng oKFD, were dissected at & & N {Q &

stage 9, together with an uninjected control a @ SNy NN

harvested at stage 25 with the whole embryo:t Q@‘QV Q(O é?‘c‘g &

RT-PCR analysis=RL-1induced the expressiol SCIT ST

of N-CAMwithout induction ofms-actinwhich

was inhibited byxFD. (B) FRL-1 stimulated the =5

MAPK activity. 1 ng ofFRL-1was injected into N-CAM e - = dp-MAPK

each animal blastomere of 4-cell-stage embry

which were dissected at stage 9 with an ms-actin PR e asa= ERK

uninjected control in G4- and Mg*-free MBS
and harvested at stage 10.5 for western blotti

bFGF treatment (100 ng/ml) served as a posi EF1-aRT+
control. FRL-1 induced MAPK activation to thi
same extent as bFGF, and to a greater extent EF1-aRT-

in uninjected caps. Total MAPK protein (ERK)
was detected and used as a loading control.
(C) Injection of FRL-1MO downregulated
MAPK activity. Animal caps injected with 20 n
of FRL-1-MO or FRL-14misMO were dissecte
at stage 9 with the uninjected control and
harvested at stage 10.5 for western blotting.
(D,E) MAPK activity was enhanced FRL-1-
injected embryos. Activation of MAPK was
detected by whole-mount immunohistology.
500 pg oflacZ mRNA was injected with (D) an FRL-1+$-gal p-gal

without (E) 1 ng oFRL-1into one blastomere ol

2-cell-stage embryos. Injected embryos were grown to stage 9. The injected regions were visualized by red gal stainibgRifd the
activated-region was visualised by blue staining. (F,G) Activated MAPKK rescued the phenotype caused by FRL-1MO. Headefatture
induced by 15 ng of FRL-1MO were rescued by co-injection of 2 BESE-MAPKHKconstitutively-activated MAPKK).




EGF-CFC gene in neural induction 2079

>
m

Fig. 11.(A) FRL-1 enhances MAPK activity to cause neut
induction in animal caps. Animal caps injected with 1 ng
FRL-1were dissected at stage 8, together with an uninjec
control (lane 1)FRL-1-4injected animal caps were cultured
100% Steinberg’s solution (SS) with 0.1% bovine serum
(0.1% BSA in SS) (lane 2), or with LY2940020(gM), a
specific inhibitor of phosphatidylinositol 3 kinase, in 0.1%
BSA in SS (lane 3) or with PD980590(M), a inhibitor of
MEK (MAPKK), in 0.1% BSA in SS (lane 4) or with
dimethyl sulfoxide (DMSO) in 0.1% BSA in SS (lane 5) u
sampling, then harvested at stage 25 with the whole emt
for RT-PCR. Since PD98059 and LY294002 were dissolv
in DMSO, DMSO treatment is a control to exclude DMSC
effects.FRL-1linduced the expression BECAM (lane 2), an
this was inhibited by treatment with PD98059 but not
LY294002, compared with DMSO alone. (B) FRL-1
inhibition of BMP signaling is required for MAPK activatic
FRL-1or uninjected animal caps were dissected at stage
and treated with or without PD98059 or DMSO only. The
animal caps and control embryos were harvested at stage 12. The expression of BMP responsiregefiesdXmsx-1lwere inhibited by
injection of FRL-1whereas the inhibition ofvent-landXmsx-1was rescued by treatment with PD98059.

N-CAM Xvent-1

ms-actin Xmsx-1
EF1-aRT+ EF1-aRT+

EF1-aRT- EF1-aRT-

DISCUSSION neural tissue (Kengaku and Okamoto, 1993; Lamb and
Harland, 1995; Launay et al., 1996) and dominant-negative
Members of the EGF-CFC protein family play an essential rolenutants of FGF receptor type 4a efficiently inhibit anterior
in vertebrate development. In particular, they are requiredeural tissue (Hongo et al., 1999). Although FGF signaling is
for nodal signaling, which controls mesendoderm inductiontherefore required in botKenopusand chick, FGFs induce
anterior-posterior pattering and left-right asymmetry (Schiepnly posterior neural tissue, suggesting that other ligands are
and Shen, 2000). Biochemical studies have revealed that EGesponsible for inducing anterior neural tissue. We propose that
CFC proteins are involved not only in nodal signaling but als&eGF-CFC proteins are strong candidate neural inducers that
in another signaling pathway (Shen and Schier, 2000). In thizan activate FGF signaling. We showed #fat.-1induces the
study, we show that overexpressionFRL-1 induces early expression of anterior neural markers and that FRL-1IMO
neural genes by inhibiting BMP signaling, and that loss ofnhibits the induction of anterior neural tissue. In addition,
FRL-1 function causes neural defects during developmenERL-1 activates the FGF receptor/MAPK signaling pathway.
These results suggest that FRL-1 is essential in neursle note that the expression of chiGkC is condensed in

development. Hensen’s node region (Colas and Schoenwolf, 2000), in
contrast to the ubiquitous expression X¥&nopus FRL-1

FRL-1 suppresses BMP signaling to regulate an (Kinoshita et al., 1995). The expression patterns of dBle

early step of neural induction may correspond to a neural inducer in Hensen’s node and may

The expression of early neural genes suckoa®), sox2 and  reflect the different competence in responding to neural
zic-related genes is activated in the presumptive neuroectodeiinducers betweeXenopusand chick.

of gastrulae, and signals the start of neuralization (Sasai, 2001).

In animal cap assays, we now show that overexpression bRL-1 inhibits BMP signaling via the activation of

FRL-1 inducessoxD and zic3 and FRL-1MO inhibits the FGFR/MAPK signaling

induction of these genes in neuroectoderm, suggesting thatthough it has been shown that FRL-1 activates FGFR-
FRL-1 regulates an early step of neural induction. Oumdependent Cd release in oocytes and that XFD inhibits FRL-
studies also suggest that FRL-1MO-injected ectoderm loselsfunction in animal caps, we show here that FRL-1 activates
competence to respond to the neural indudesydin which  MAPK in blastula embryos and its activation is required for
acts as an antagonist of BMP.Xenopusthe ‘default model’ BMP inhibition and neural induction by FRL-1. Furthermore,
proposes that neural induction occurs only by BMP inhibitiorwe showed both the EGF and CFC domains are necessary for
in the presumptive ectoderm (Munoz-Sanjuan and Hemmatiteural induction of FRL-1 (Fig. 2A). However, the EGF-like
Brivanlou, 2002). However, in chick, misexpressioglidrdin ~ domain alone of the EGF-CFC protein Cripto is sufficient to
does not induce the expression of neural markers in non-neurgitivate the MAPK pathway in mouse mammary epithelial
ectoderm (Streit et al., 1998), but does induce Hensen’s nodeglls (Kannan et al., 1997). This difference may be explained
which is equivalent to th&enopusorganizer (Streit et al., by these proteins binding different receptors: FRL-1 function
1998; Streit et al., 2000). These observations indicate that tieay depend on FGF receptor signaling (Kinoshita et al., 1995)
inhibition of BMP signaling is not sufficient for neural (Fig. 10A), whereas in mouse mammary epithelial cells,
induction and extracellular factors are required in HensenBuman Cripto indirectly activates ErbB4 (Kannan et al., 1997;
node in chick. FGFs are good candidates since FGFs induBéanco et al., 1999). These results suggest that both the EGF
neural tissue (Storey et al., 1998; Wilson et al., 2000) and ttend CFC domains may be required for FGF receptor-mediated
FGF receptor inhibitor SU5402 inhibits early neural inductionfunctions of EGF-CFC proteins.

in chick (Streit et al., 2000). IXenopus FGFs also induce While it is known that EGF-CFC genes are involved in
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