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Summary

Ras proteins mediateiological responses through various effectams play a key role in
relaying the Fibroblast Growth Factor (FGFjnesoderminduction signalduring
embryogenesis of thieog, Xenopus laevis. One Ras effectgrathway involves thactivation

of the small G protein Ral. In the present study, we havestigated the role of key
componentsin the RalB branch of FGF and Ras signalling duraagly Xenopus
developmentTreatment of animal caps with bFGF, which converts prospective ectoderm to
mesodermactivatesXralB. The Ras 12V37G mutant, which can bind to Ral-GDS but not
Raf, also activates XralB as well as causing developmental defects and cortical F-actir
disassembly. A similar phenotypeimgluced by Ral-GDS itselfFGFinduced expression of
several signature mesodermal genes, by conimgidependendf XralB signalling This

and other data suggest thihe RalB branch of Ras and FGKnalling regulates the actin
cytoskeleton ananorphogenesis a transcriptioally-independent mannekVe also find

XralB to bespecificallyactivated in the marginal zone ¥énopus embryos, and findhat
disruption of the RalB pathway in this region causes gastrulation deféetsonclude that
RalB signalling is autonomously required by mesodermal celleffect essential

morphogenetic changesiring Xenopus gastrulation

Keywords FGF; Ras pathway; RalB; Actin cytoskeleton; gastrulafi@nppus



Introduction

Mesoderm induction depends on multiple diffusible extracellular factors that induce
specific programs of gene expression and morphogenesis. Prior to overt gastrulation,
number of mesoderm-specific transcription factors are transcribed in induced me¢oderm
reviews(Stennard et al., 1998nd (Chan and Etkin, 2001)). Shortly thereafter, mesodermal
cells participate in stereotyped gastrulation movemefas review (Gerhart and Keller,
1986) that are achieved via coordinated changes in the cytosketdtomdividual cells
(Selchow and Winklbauer, 1997; Wacker et al., 1998¢spite intensive study, the
intracellular signalling pathways connecting mesoderm induction to the direct modification of
the cytoskeleton by effector molecukesnain unclear.

FGFs can induce the expression of many mesoalemarkers (Kimelman and
Kirschner, 1987)(Green et al., 1992fWhitman and Melton, 1992) aBonne and Whitman,
1994) (Amaya et al., 1991), and expression of a dominant negative FGF receptor
dramatically perturbs gastrulation (Amaya et al., 1991). Mesodermal gene induction by FGFs
has been shown to be achieved via the Ras protein, acting through both the MAPK and PI3}
pathways (Whitman and Melton, 1992),aBonne and Whitman, 1994)Umbhauer et al.,
1995) (Carballada et al., 2001Ras is also known to modulate the formation of the actin
cytoskeleton in a variety of cell types, but the specific Ras pathway involved is unknown
(Bar-Sagi and Feramisco, 198@ role for FGF signalling in Drosophila embryonic cell
motility has been found, seen in the requirement for the FGF retepttiess molecules for
mesodermal cell migration (Gisselbrecht et al., 19@@iman et al., 1996). More recently,
FGF4 and FGF8 have been shown to control directional moveshstieak celB in the chick
(Yang et al., 2002). These data demonstrate that FGFs are able to control both gen
expression and cellular behavior (for reviews see (Manske and Bade, (1&4dfell, 1999)

(Boilly et al., 2000)) and they raise the possibility that during mesoderm development, Ras



not only mediates the induction of gene expression by FGF signalling, but alsoesttiml
cellular behaviour.

As indicated above, the Ras protein initiates several cellular processes including
proliferation, differentiation and modulation of the cytoskeleton (Reuter and Der, 2000).
Although the Raf serine/threonine kinase is the best-studied Ras effector protein, at least tw
other effectors, PI3K (Rodriguez-Viciana et al., 1997) and Ral-GDS (Kikuchi et al.,
1994) are known to mediate Ragynalling.Moreover, a Ras mutant with aractiveeffector
domain carbe complementy another distinct Ras effector-domain mut@ntite et al.,

1995) demonstrating that different Ras effectors can cooperate to transfornfiUcah® et

al., 1996). Recently PI3K was shown to synergize with the extracellular signal regulated
kinase (ERK) pathway in the induction of Xenopus mesoderm (Carballada et al., 2001)
More recently, oncogenic activity was demonstrated for the Ras 12V37G mutant, which binds
and activates Ral-GDS, but not Refamad et al., 2002)Much remains to be learned about

the roles of Ras and its various effectors during early development . Of particular interest is
whether or not Ras directly influences cellular morphology via modulation of the
cytoskeleton

In previous studies, we have characterised XralB, a small G protein of the Ras family,
isolated by differential screening of a subtractive cDNA library (Moreau et al., 1999). This
protein cycles between an inactive GDP-bound and an active GTP-bound conformation. Ra
proteins are activated by the Ras effector, Ral-GKRi8uchi et al., 1994)(Wolthuis et al.,
1998b)and have been directly implicated in various cellular mechanisms, such as endocytosit
(Nakashima et al., 1999nd regulation of the actin cytoskelet@@hta et al., 1999). By
microinjecting different mutant forms of XiB into Xenopus embryos, we have shown that
expression of an inactivate form of XralBralB S28N, blocks gastrulation movements,
whereas a constitutively active form, XralB G23Muses disruption of the actin cytoskeleton

(Moreau et al., 1999).



In this paper, we delineate a cascade linking FGF signallingnibryonic
morphogenesisWe show that exposure of animal caps to bFGF causes activation of XralB,
and thatoverexpression cdn activated form of XralBausesortical F-actin disassembly.

We also show thaearly developmental arrest are caused by ectopic expression of a mutant
form of Ras able to bind R&DS, but not Raf, or by ectopic expression of 8IS itself.

By contrast, we find that FGF-induced expression of a number of signature mesodermal gene
requires signal transduction by Raf, but notalB. Finally, we find that XralB is
preferentially activated in the marginal zoneX@hopus embryos, and that disruption of the

XralB pathway is most effective when targeted to this region.



Materials and Methods

Protein extraction, electrophoretic analysis, immunoblotting and pull-down

To monitor the expression of injected mRNA, proteins were extracted from embryos and
analysed as previously described (Gusse et al., 1989). Protein extracts were separated |
SDS—-PAGE on a 15% acrylamide gel and transferred to a Hyborehibrane (Amersham).

The membrane was probed overnight at 4°C with anti—rat RalB goat antibodies (Sc1531,
Santa Cruz) diluted 1/125 in 1RBS — 1% BSA (wt/vol). The secondry antibody,
peroxidase-linked rabbit anti-goat Ig waituted 1/1250 (Chemicon). Signals were detected
by chemiluminescence (ECL+, Amersham).

To analyse Ral-GTP levels, protein extracts from embryos were incubated with RalBP1
agarose (Upstate Biotechnology, ref. 14-415) for 30. @t 4° C.Immunoprecipitates were
separated on a 15% acrylamide gel and transféoredP Hybond membrane (Amersham).
Precipitated endogenous Ral svarobedwith an anti-RalA antibody (Upstate Biotechnology,

ref. 20-189) diluted 1/750 in 1RBS —0.05% Tween 20 and 5% milk powder (wt/vol).
Signals were detected by chemiluminescence (ECL, Amersham) and quantified by

ImageQuant (Molecular Dynamics).

Embryos and microinjections

Xenopus frogs were imported from South Africa (South Africa Farms, Fish Hoek) or from the
CNRS frog colony (Rennes). Animals wdreusedand fed as described (Gurdon et al 1984).
Embryos were fertilizeth vitro and chemically dejellied with 2% (wt/vol) cysteine-HCI, pH
7.8/7.9 then maintained in 1 X MBS (Modified Barth’s solution pH (7.6) (Gurdon and
Wickens, 1983until microinjection. Microinjection was performed in a solution of 1 X MBS
and 3% Ficoll (wt/vol), followed by overnightincubationat 16°C in 0.1 X MBS an@%

Ficoll, then at 15-22°C until they reachexppropriate stages. Embryonic stages were



determined according to Nieuwkoop and Fafi¢ieuwkoop and Faber, 1956)n vitro
transcribed RNA (4.6 nl) was microinjected into 2-cell stage embryos in the animal

hemisphere or into 4-cell stage embryos in the marginal zone, animal pelgetalpole.

cDNA cloning and in vitro transcription of RNA for injection

pSP64-Ras 12V35S and 12V37G were obtained by cloning the Sall-BamHI insert
from pDCR-12V35S and 12V37G (White et al., 1996) into the Sall-BamHI sites of the pSP64
vector (Promega). pSP64-Ral-GDS was obtainedubcloning of the BamHI insert from
pCEP4-Ral-GDS (White et al., 1996). pRN3-RalBD-GST was obtainexlifsgoning of the
Hindlll-Sall insert from pGEXT4T3-GST-RalBDNolthuis et al., 1998b)rhe 3’'untranslated
regions of the pRN3 RalB clones S28H23V were deleted by removal of BamHI/Notl,
followed by end-fillingand réigation. mRNAs were transcribed frop§P64T (Promega) or

pRN3(Lemaire et al., 1995)ectors using the SP6 or T3 mMessage mMachine (Ambion).

Confocal microscopy

Animal caps were observed using a Leica TCS-4D confocal imaging system (Leica
Instruments, Heidelberg, Germany) fitted with a 63X objective (NA 1.4). For FITC and
TRITC, an argon—krypton ion laser was used to 488 and 568 nm, respectively. For each
optical section, double fluorescence images were acquired sequettialpid potential
signal contamination by linkage-specific fluorescence emissimss-talk’ Signal noise was
reduced byline averaging of fouframes. A focal series was collected for each specimen. The

focus step betweesections was 1um.

Fixation and staining of embryos with QES5 antibody and rhodamine-phalloidin



Embryos were prepared for confocal microscopy analysis as described pre(itmsynu et

al., 1999).

Animal cap assay

Animal caps were manually dissecttdm MBT-stageembryos. These explants were

incubated with or withouEGF (100 ng/ml) in 1X MMR, 1% BS#or 4 hours at 16°C.

RNA isolation and reverse transcriptase -PCR assay

Total RNA extraction was carried out as previously described (Moreau et al 1999), except
that extracts were treated withU of DNase | RQ1 (Promega) for 30 minutes at 37° C after
the LiCl precipitation step. First strand cDNA was prepared from total RNA using the reverse
transcriptase M-MLV (Gibco-BRL, ref. 28025-013) and Oligo dT primer (Pharmacia). PCR
and analysis of cDNA was performed in 50 pl of solution contaibjgof cDNA, 1X Taq
buffer, 3 mM MgCI2, 0.1mMeach) dNTPs, 200 ng of each specific primer, and 1 U of Taq
polymerase (Invitrogengisingthe following PCR conditions: 93° C for 3 min, followed by a
variable number of cycles at 93° C for 45 s, 52° C for 50 s. and 72° C for 1 min. Ornithine
decarboxylase (ODC), Xbra, Xwntll, Xnot, Xty2 PCR amplification was carried out for a
total of 27 cycles, and Xwnt8, Xsnail and XcaaBplification was for a total of 35 cycles.
The primer sequences were as follows: ODC forward 5 -
GTCAATGATGGAGTGTATGGATC-3', reverse 5'- TCCATTCCGCTCTCCTGAGCAC-

3’; Xbra forward 5 - GTGTAGTCTGTAGCAGCA-3’, reverse 5'-
GGATCGTTATCACCTCTG- 3’; Xwnt 11 forward 5 — GTGAGAGAGGTCTGAGCTGG-

3’, reverse 5'- ACATGACATAGCAGCACC- 3'; Xnot forward 5 -
CAGAGCAGCTGGAGAAGCTG-3', reverse 5- CAGTGTGATCTGAGCTGTTC- 3’; Xty2
forward 5" — ATCTGCTCCACGACGGAC-3’, reverse 5- GAAGAACTGCTACTTGTCC-

37 Xcad3 forward 5 —-CAGCGCAGAACTACGTCTCC-3', reverse 5'-



CCCAGTCCCAGATGGATGTG- 3'; Xwnt8 forward 5 —~AGATGACGGCATTCCAGA-3,,

reverse 5'- TCTCCCGATATCTCAGGA- 3.
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Results

XralB is activated by FGF

Activation of Ral proteis by growth factorsincluding those signafig through
receptor tyrosine kinases (EGF, FGF, ethas been documented in a variety of contexts
(Wolthuis et al., 1998a), (Suzuki et al., 20QRpkashima et al., 1999Considering the role
of FGFs in mesoderm induction, andur previous observations that XralB function is
required for gastrulation, weished to determine whethére FGF pathway regulatésalB.
Animal capexplants were dissected at the blastula stage and culturédhiours inthe
presence or absence of bFGF (Rig). After incubation, mMRNA was extracted to verihe
activation of the pan-mesodermal gene markeraXty bFGF(Fig. 1B). To determine the
relative abundance of endogenous GTP-bound X@i@einwas alsextracted and analysed
by affinity purification(pull-down) usingGST fu®d to the Ral binding domain of RalBP1
(GST-RalBP1) (FiglC). Animal caps incubated in the presence of bb&fameelongaed
(Fig. 1A), anddisplayed an increase in Xbra transcript levels (Ei§) and GTP-bound
XralB (Fig. 1C). Thus, the Ral pathway can be activated by FGF sigigaturing early

Xenopus development

Ras activateshe XralB protein via Ral-GDS binding

Ras stimulatemultiple, distinctsignalling cascags.Indeed, White et alWhite et al.,
1995) have shown that a mutant form®és, Ras 12V37Gloes not transform cells, but can
be complemented for transformation d&yother Ras mutant, Ras 12V3%&as 12V35S binds
specifically to Raf kinasbut not to Ral-GDS, whereas Ras 12V33@y binds to RalGDS
(White et al., 1996) We utilized these Ras mutants assess the relative roles R&s
signaling viaRafandRal-GDSin the activation of XralB inXenopus embryos

Whole entryos were injected with Ras 12V35S (0.5 ng/blastomere), or Ras

12V37G (0.5 ng/blastomere) RNA at the two-cell staggewn until the 128/256-cell stage

and protein was extractednd analysed byRal-GTP pull-down. We found the level of
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activated XralB to be specifically increasedembryos injected with Ras 12V37G (FB).
Xral-GTP levels in embryos injected with Ras 12V35S were sintitathe basal levels
observed in uninjected embigi/oTo confirm the specificity of XralBctivationby Ras
12V37G, weasked whethea dominant-negative form of RalB, XralB S28N, daterfere
with XralB activation when co-injected with Ras 12V37@ such embryoselels ofXralB-
GTP are similar tahose of control embryo(Fig 2). These results indicate that Ras can

activateXralB independently of Raf kinase.

Ras can activate two independentargets

We also examined the effect of the R2¥35S and 12V37G mutants development
andmorphogenesisAll embryos injected with Ras 12V35S (Fig. 3A and Tabledheared
normal through the end of gastrulation and 37% survivesiage 32though many displayed
developmental defects such as a shorter axis or @@l foldsEmbryos injected witliRas
12V37G displayed earlier defects. Development was normal through the midblastula
transition (MBT), but then blastomeres n#a injection area becanmecrotic characterised
by large bleached cells (Fig. 3And 306% of embryos (n = 186) underwedgvelopmental
arrest priorto gastrulation (stage 10.5) (Fig. 3A). More than 96.6% of Ras 12V37G-injected
embryosfailed to survive beyondeurulation (Table 1) and only 1.1% reached the tadpole
stage. To investigate if Ras 12V37G had the same targe®#s, Xire examined whether the
expression of this Ras mutadisruptedthe integrity of the actin cytoskeletoas does the
constitutively active form of XralBXralB G23V (Moreau et al., 1999), and we compared the
effects of Ras 12V37®n the actin cytoskeletowith those of Ras 12V35S. Apical
blastomeres from the animal hemisphere, before and after stage 8, were observed by confoc
microscopy following F-actin staining with Rhodamin-Phalloidistin cytoskeleton analysis
in embryos injected with Ras 12V37G was carried out on embryos that diisptaty cell

necrosis.
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As expectedembryos injected with Ras 12V37G had severely disrupbetical and
nuclear actin cytoskeleten(Fig. 3B), whereas blastomeres of embryos injected with Ras
12Vv35S were similar taninjectedcontrols. To better characterise theming of F-actin
disruption we performed &inetic study (Fig. 4)We foundthat F-actin is intactuntil the
2000-cell stage (Fig. 4D) and becomes damaged near MBT (Fig. 4 K .tirimg of Ras
12V37G-induced disruption differs from that obnstitutively active XralB G23Vwhich
induces disruptionas early as the 256-cell stafiorresponding to theechnical limit of
analysis) Neverthelesghe ability of either Ras 12V37G ofralB G23V to disrupt the actin
cytoskeletontogether withthe ability of Ras 12V37G to induce activation of XralB, suggests
thatRas 12V37Ginduced disruption of the cytoskeleton is mediated by XralB.confirm
this apparenspecificity, we coinjectedthe dominant-negativéralB S28N mutantwith Ras
12V37Sat a ratio ofsix MRNA moleculego one.Co-injection of XralB S28N rescued early
morphological defects, asmbryoshadno necrotic cells (Fig. 3Aand survivedonger. The
development of these embryos was blocked dugasfrulation, but thisvas expectedas
gastrulation arrest results from injection of XralB S28N aloie. also observed partial
rescue of the cortical actin arrahen XralB S28Nwas co-injected with Ras 12V37G (Fig.
3B). We conclude that Ras signallinga XralB and independent of Raf can caa#terations
in the actin cytoskeleton as well as cell necrosis and early embryonic deaRaf is known
to bean essential mediatam the activation of severa{enopus mesodermal geseby Ras
(McNicol et al., 1993)our results indicate that RRaf/MAPK andRas/XralB signalling can

act on independent targeisring earlyXenopus.

Ral-GDS is a putative embryonic exchange factor of Xral

Having established that Ras can affect eatgnopus morphogenesis via XralB
activation, we wished to determine whictolecule mediates this everi good candidate for
this function is Ral-GDSa Ral-GEF-related molecylehich specificallybindsto Ras GTP

and activates Ral in a Rdgpendent manner (reviewed in (Wolthuis and Bos, 19999
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evaluate the role of Ral-GD&uring Xenopus embryonic developmentve injectedmurine
Ral-GDS mRNA (1.5 nginto each blastomere of two-cell stage embryBsom the 64-cell
stage, depigmentation of the animal hemisphesobservedn these embryos and during
blastula stageectodermal lesions @e,leading toarrested developmeat the end of blastula
stage(Fig. 5A). A lower amount of Ral-GDS mRNA’50 pg induces hyperpigmented cells.
The same spectrum of phenotypes, includpgosing effects on cell pigmentaticare seen

in response tdigh and low doses dhe constitutively active XralB G23{Moreau et al.,
1999) As described for XralB G23Vin embryos injected with low doses of Ral-GDS,
patches of hyperpigmentati@ame maintained throughodevelopment until the tadpole stage.
At hatching, some hyperpigmented cells are often lost with the vitelline membiare.the
phenotypic consequences of either Ral-GbB6 XralB G23V misexpression are
indistinguishable.

We went on to address whether, like Ras 12V3@iGXralB G23V, Ral-GDS
misexpressiorcauses disruptions to the actin cytoskelet@mima blastomeres of embryos
injected with 1.5 ng of Ral-GDideedlose their cortical F-actin cytoskeleton (Fig. 5B).
contrast to Ras 12V37G, Ral-GDS-induced damage is already apparent at cleavage stages,
is also seen iXralB G23V-injected embryos (Moreau et al., 1999).confirm that thidRal-
GDS-induced phenotype was dependent on tlaBXprotein,we asked whethat could be
rescued by co-injection ofralB S28N RNA.Embryos co-injected with XralB S28N and Ral-
GDS, at a ratio of seven mRNA molecules to,ahgplayeda fainter depigmented phenotype
(Fig. 5A). As expected the high quantity of XralB S28Nlso blocked embryaic
developmentbeyond the gastrula stage (Fig. 5Apwever noearly ectodermal lesions
appeared in rescued embryos and survival up tdirtie of the XralB S28N-induced block
was significantly enhancedCo-injection of XralB S28N with Ral-GDS alsgrotected
embryos against F-actin cortical disruptidig. 5B).In addition, coinjection oKralB S28N
rescues thayperpigmentatiophenotypearising from lower doses afjectedRal-GDS (data

not shown). Finally, we examined the activation of the XralB by Ral-GBBgthe pull-
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down assay to precipitate GTP-bound Xir@m embryonic lysatesEmbryos injected with
750 pg and B ngof Ral-GDS RNA respectivelydisplayedl.47fold and 2.8fold increases

in Ral-GTPlevels relativeto uninjected embryogFig. 5C). These data demonstrate that
disruption of the actin cytoskeleton acellulardepigmentatiorare induced by Ral-GD$)at
these events require functional XralB signalling, and thatXralB protein is activated by
Ral-GDS. The Ras pathwag therefore abléo achieve morphogenetic changes during early

development througthe activation of XalB via Ral-GDS

XralB is activated in the mesodermal marginal zone duringyastrulation

In Xenopus, all mesoderm and some endoderm aris@®s equatorially situatedells
of cleavagestageembryos, a region known as the marginal zoneurthermore, drge
moleculesresiding in- or delivered tthe marginal zone cytoplasm of eaityageblastomeres
are inherited by this cell lineag€onsistent with thismesoderm-specifigene productand
activities areoften concentrated in the marginal zorgecause the mesoderm indub&GF
activates XralB and becauséhe RafRaf effector, MAPK is specificallyactivated in the
marginal zonewe wished to assess the relative actiatyXralB in this region We divided
stage 10.fembryos imo three partscorrespondingo theanimal hemisphere, marginal zone
and vegetal hemisphe(Eig. 6A). Proteinvasextracted from pools of 36uch explants, and
Xral-GTP levels were assessed in pull-down asdagi#els of endogenous Xral-GTP were
clearly highest in medial zone exptar(Fig. 6B).To confirm this we increased the levef
XralB in targettedzones bydirect microinjection of XralB mRNAFig. 6C).RNA encoding
wild-type XralB (500pg/embryo) was injectedarthe animal hemisphere, marginal zone or
vegetalhemisphere ofour cell-stage embryosProtein from whole embryos (n=10) at stage
10.5 was extracted and analysedgull-down assaysThe pull-down resultglearly showthat
the highest levels of XralB-GTP are obtaindcbm embryosinjected in the marginal zone.
This indicatesthat, like MAPK activation, XralB activationis mostconcentrated in the

mesodermal region ofenopus embrycs.
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Loss of XralB function in presumptive mesodermcauses arrest of gastrulation

We previously reported that microinjection of XralB S28N mRNAXenopus
embryos causes abnormal embryonic developr{idoteau et al., 1999). Developmental
alterations caused by XralB S28Mre seen to vary with théralB S28N RNA concentration
injected,and a diversity of phenotypes waven observed to arise from a fixgqdantity of
microinjected RNAIn moreseverely affected embryos, thiastopore failed to closs#uring
gastrulation. The least affected embryos either had incompletely closed neusabrtutere
bent dorsally at the tailbud stage. In light of our finding #ratogenous XralB activation is
concentrated in thembryonic marginal zone, we decidedassess the relativeffects of
disrupting XralB signalling with ectopiXralB S28N that wagargetted to different
embryonic regions. Four-cellhrryos were injected with 750 pg of XralB S28N in each
blastomereat the apical animal hemisphere, the marginal zone or the bottom of the vegetal
hemisphere. Weonfirmed the location of XralB S28N using 3-galactosidase mRNA as a co-
injected tracerWhen RNA encoding XralB S28N was microinjected into animal (FAg.or
vegetal hemispheres (Fig. 7C), the majority of embryos sungesttulation and beyond.
Respectively, only 38.1% (n = 79) and 25% (n = 45) of semibryos failed to develop
normally throughthe neurula stagéHowever when XralB S28N was microinjected in the
marginal zone, most embryos (81%; n =153) exhibited incomplete blastcdpstee(Fig.
7B) and developmentarrest between stages 10.5 and 11.5. Histological sections of
marginal-zone-injected embryosveal that the coinjected 3-galactosidase is expressed in
mesoderm and that arrest occurs when these labelled cells are undergoing inva@iagtion
not shown). These observatiosigpportthe idea thathe most severe gastrulation defects
arise whenXralB S28N is targetted tprospective mesoderm aifarther suggest that XralB
function is specifically required by mesoderncallsto achieve the morphological changes
associated witimvagination To verify that the effect of XralB S28N during gastrulation was

not due to apecifictoxicity of XralB protein in the marginal zone, wild typealB (4 x 750
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pg) was injected. No developmental disturbangese observedh these control embryos
(Fig. 7E) and over 90% (n=35) developeatrmally to the tadpole stage.

As an independent test fan essential role ofralB activity in the marginal zone, we
examined the effeaif another protein capable of disruptiRgl signalling The Ral binding
domain (RalBDYyegion ofthe effector proteiiRLIP, corresponding to the amino acids 397 to
518 of RLIP76(Wolthuis et al., 1998ajjas been shown to be sufficient for direct binding to
GTP-bound Rain vitro. This RLIP peptide fused to either the glutathion-S-transferase (GST)
protein or the myc peptide was used in injection experiments. destaol, we coinjected
embryos at the four-cell stage with either 4 x 500 pg of GST-RalBD or 4 x 300 pg of myc-
RalBD mRNAs together with 3-galactosidase, in the apical animal hemisphere, in the vegetal
hemisphere and in the marginal zone. Whole embryos injected with [3-galactosidase, GST, ¢
myc-tag mMRNA alone did not show any morphological changes (data not shown). However,
as observed with XralB S28N, RalBD injected in the marginal zone caused an arrest of
gastrulation (Fig. 7Dbetweenstages 10.5 and 11.9n summary, thesdatademonstrate a
region-specific effect dfitrating XralB targetswith constitutively inactivated XralB S28N)
or XralB effector sites (with RalBD)When expressed in the marginal zone, these proteins
disruptdevelopment at the time afiesodermal cell migration, whereas expression in other

regionshas muchmilder consequences

XralB signalling is not required for the induction of signature mesoderngenes

In Xenopus, FGF is able to induciae conversion oprospectiveanimal cap ectoderm
into mesoderm (Slack et al., 198TKimelman and Kirschner, 198 gnd FGF signéihg
throughthe Ras pathway is required for formation of mosisoderm (Amaya et al., 1991),
(LaBonne and Whitman, 1994(Kroll and Amaya, 1996)Induction of the expression of a
number of mesodermal genleg FGFs or Ras has been shown to depemthe MAPK and
PI3K pathwaygWhitman and Melton, 1992fLaBonne and Whitman, 1994Umbhauer et

al., 1995)(Carballada et al., 2001)We wished to assess whether or XadlB signalling is
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similarly requiredfor the activation of these signature mesoddrgenes. Four cell-stage
embryos were injected in tlEimalhemispheravith mRNA encodinggither XralB S28Nor
Raf KD, dominant-negative constructs to disrRats/XralB signalling or Ras/Raf signalling
respectively(Fabian et al., 1993). When embryos restBtage8, animal caps were excised
and explantsvere culturedor 4 hours in the presence or absencbF&F. Expression levels
of several mesodermal genes including thepasodermal marker Xb(&mith et al., 1991),
Xcad3 (Northrop and Kimelman, 1998 snail (Sargent and Bennett, 1998)y2 (Nutt et
al., 2001) Xnot(Dassow et al., 1993), Xwnt @hristian et al., 1991) and 11 (Saka et al.,
2000) were assessely RT-PCR.Whereas the dominamegative form of Raf inhibited
expression o&ll markers testegxceptedexpression oKcad3 (Fig. 8) their expression was
not significantly diminishedby overexpression of XralB S28N (Fig..8)hus,Raf signalling,
but notXralB signalling,is essential for the induction eéveral key mesodermal genes by
bFGF. Considering our other data implicating XralB signalling in the control of
morphogenesis, these results suggest mesoderrpatterningand mesoderm morphogenesis

arecontrolled to a degree by independent pathways.
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Discussion

Ras is the upstream element of the RalB pathway

The Ral-GDS factor interacts with Ras (Hofer et al., 1384%) has been shown to be
the guanine nucleotide dissociation stimulator protein for Ral in COS cells (Urano et al.,
1996) (Kishida et al., 1997and fibroblasts (Matsubara et al., 1998nother small G
protein, Rapl, contains the same effector domain as Ras (Spaargaren and Bischoff, 1994
The study of the activation of Ral in human platelets suggested that Ral-GDS could be the
effector protein of Rapl rather than Ras (Wolthuis et al., 1998a). The potential interaction of
Ral-GDS with either activated Ras or Rapl suggests that Ral can be activated by at least tw
pathways. However, although Rapl/Ral-GDS interaction has been seen in the two-hybric
system and in vitro, Rapl fails to co-immunoprecipitate with Ral-GDS in co-transfected cells,
so compartmentalization of the proteins was sugggdtadcy et al., 1999)Here we have
demonstrated that Ras activates Ral through the Ral-GDS effeenapus embryos. It has
been reported that Ras recruits Ral-GDS to the plasma membrane, which can then induce tt
activation of Ral in COS cells (Matsubara et al., 1999). Constitutive binding of Ral-GDS to
membranes has also been repo(iaitek and Der, 1998). We have confirmed these latter
data with the observation that mutation of the RalB membrane targeting sequence inhibits th
depigmentation activity of RBI G23V (data not show). It is therefore conceivable that
phenotypes arising from overexpression of wild type Ral-GDS via titration of factors

necessary for the membrane localization of endogenous Ral-GDS.

The XralB effector acts downstream ofbFGF, Ras and Ral-GDS

We demonstrate th&FGF, Ras and Ral-GDS can all activate XralB. Furthermore,
misexpression of Ral-GDS or the constitutively-active BR&23V causesthe same

phenotype. This phenotypic identity suggestsithatrly Xenopus embryosXralB is the key
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target of Ral-GDSThe phenotypes arising froRas 12V37G misexpression, by contrast,
differ from one another as well as from the Ral-GRe&B G23V phenotypelhe complete
mesoderm induction by bFGF is likely achieved through its activation of multiple parallel
pathways. In addition to activating XralB, bFGF activates Raf/MAPK and PI3K vialRas.

Ras 12V37G misexpression phenotype is qualitatively similar to the Ral-GDS/RalB G23V
phenotype, but its onset is latdihis could reflect a regulatory mechanism that normally
delays Ral-GDS activity, such as late regulation of maternal Ral-GDS mRNA translation or a
derepression of its activity by a post-translational modification of the Ral-GDS protein.
Indeed, a negative regulation of Ral-GDS has been demonstrated to occur through th
phosphorylation of its catalytic domajRusanescu et al. 2001and positive regulation of
Ral-GDS occurs via formation of a complex with the N-terminus of PI13-K-dependent kinase

1 (Tian et al., 2002)

Ras 12V37Gnd Ras 12V358ave distinct effects on developméhtg. 3 and Table
1). Ras 12V37G induces largecroticblastomeres in the injected area and embryos undergo
developmental arrest by the end of the blastula stage, whereas embryos injected with Re
12Vv35S havenormal blastomeres and survive until the neurula stage. Hemgdlistinct
signaling pathways are controlled by Ras. One, corresponding to Ras 12V35S, activates
mesoderm induction by the classic MAP kinase pathway and causes post-gastrulatior
phenotypesThe other, corresponding to Ras 12V37G, destabilizes the actin cytoskeleton
from the MBT stag®@nward followed by cellnecrosis and early arrest. Consistent with this, a
Raf/MAPK-independent target of Rdsas been described to indusembraneruffling

(Joneson et al., 1996) for a review §Ralley, 1994)

The RalB pathway is required for early embryogenesis

It is now clear that Ras controls several cellular functions by acting on various

downstream pathwaysHowever, only the Raf/MAP kinase cascade and more recently
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RasPI3K signalling(Carballada et al., 2001)ave been investigated in early development.
Previously, we demonstrated the involvement of the Ral protein during embryogenesis. Oui
currentdata strongly suggestsraquirementor the RalB cascadeluring gastrulationwWe

show tha expressionin the marginal zone ogéither of two distinct inhibitors of RalB
signallingcauses arrest durirgastrulation. The cellular mechanisms throwdhch the RalB
pathway participates in early development are not yet understood but our obsarlkg
suggestthat the RalB pathwawffects cell behaviour by controlling actin cytoskeleton
integrity. The presence of a distinct blastopore groove in embryos injected with XralB S28N
indicates that gastrulation is succesfully initiated in the absence of RalB signalling.
Gastrulation defects aridater, andonly when RalB signalling is disrupted in presumptive
mesoderm.Cells expressingnjected RalBS28N are found in the region of involuting
mesoderm oguch embryosThese blocked embryos alfequentlyacquire ectodermdblds

in thar animal hemisphege This could be a secondary consequ&fd#ockedinvagination.

If invaginationwerereduced, an excess surface tissue that would normally invaginate or
replace invaginated tissumight be expected to arise, and constrainthis excess tissue
within a limited surface would inevitably lead to folding or lesformation.We therefore
conclude that RalB signalling is essentaltheinvolution ofmesoderm at the blastoporp, i

in an autonomous fashion. Considerthgt RalB signalling can induce actin cytoskeleton
disassembly, we furth@ropose that RalB is required to effect cytoskeletal changes that drive
or enable theellular shape changesquired forinvolution.

RalB and its partners, Ral-GDS and the putative effector Rir#’not present in the
Saccharomyces cerivisae genomeor in other unicellular eukaryotéBauer et al., 1999). This
pathway therefore may haveagenerakole in theregulaton of multicellularbehaviour, as we
haveseenfor Xenopus gastrulationindeed, inDrosophila developmentRalB has also been
implicated in thecontrol of cell shapevia regulation of the actin cytoskelet¢8awamoto et
al., 1999a)(Sawamoto et al., 1999t@ndis also required for the initiation of border cell

migration duringDrosophila oogenesis (Lee et al., 1996)
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In conclusion, we propose that the RalB pathway is activatethe marginal zone
during gastrulatiorand participates ithe control of the dynamic equilibrium betweenand
G-actinand we further propogiat this function issential for mesoderm involution during
gastrulationlt appears, therefore, that leastthree Ras-dependent pathwaye required
during developmenincluding the cascade of interactions between Ras/Ral-GDS/Ria¢B, t
Ras/Raf cascadand the Ras/PI3K cascadEig. 9). Whereas the Ras/Raf and Ras/PI3K
pathways regulate mesodermal gene expression, the Ras/Ral pathway are digetirexctly
on F-actinjndependent of gene transcription. This last point is strongly supported by the fact
that the constitutively activRalB G23V pertubs the organisation of F-actin at cleavage
stages, well before the onset of zygotic gene transcriptiand that the dominant negative
form of RalB S28N fails to inhibit expression of mastsodermal genes tested.

The idea thatdistinct pathways control cell behavio and gene expression is
supported by a variety of datén mouse fibroblastsiigration and cellular morphogenesis in
response to FGF signalling occurs independently of Ras/Raf/MAP kibiaset al., 1999).
Also, cell migrationduring tracheal morphogenesis (Skaer, 1997) and (Ribeiro et al., @002)
directional migration of mesodermal cells (Gisselbrecht et al., 1996) can occur in the absenct
of gene activationWe propose that the actin cytoskeleton dynamics controlling these
morphogenetic changeepends in part on R&ilsignaling in response to FGFs, without gene
activation. Understanding tlmeolecular events connecting RalB activation to modification of
the actin cytoskeleton is a key area for future rese#@dtey player will likely be RLIP, a
putative effector of RalMvhich is a modular protein containirggRac/CDC42-GAP domain.
Activated Ral protein mightecruit RLIP to the membranehere it interacts with the
Rac/CDC42 proteinRac/CDC42 is known to control rearragments of F-atdimduce
filopodia and lamellipodigNodes and Hall, 1995; Tapon and Hall, 199Thus activatedRal
may cause localized alterations to thetin cytoskleton via membrane localization, and
activation of an RLIFRacICDCA42 cascade culminatinigp the conversion of factin to G-

actin. In this way, Ral signalling downstream of FGF, Ras and Ral-@Byregulate
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morphogenesisat the cellular, and ultimately multicellular, level in a transcriptionally

independent manner
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Figure legends

Figure 1

FGF activates the XralB protein. Animal caps explanted from post-MBadmbryos were
cultured for4 h in the presence (+) oabsence (-) of 100 ng/ml bFGF (A) and analysed by
RT-PCR for Xbra expression (B) or by immunoblotting to deteetGTP form of XralC).
Active Ral-GTP was affinity purified from lysageof 15 animal cap$C) usingthe Ral-
binding domain of RalBP1, and detected with anti-Ral antibodies result is representative

from two separate experiments.

Figure 2

Activation of endogenous XalB by Ras 12V37G Protein from embryos injected with 2 x

500 pg of Ras 12V35S, Ras 12V37G or Ras 12V37G in combination with 3 ng of XralB
S28N, were extractedthe Ral-GTPwas immunoprecipitated with RalBconjugated
glutathionsepharoseand total Ral protein in whole-embryo lysates were detettesequent

to SDS-PAGE by immunoblotting with specific antibodias described ithe Materials and
Methods. The signal from each Ral-GTP band from experiments was quantified by
densitometry and analysed by Image-Quant. The values express the ratio of the

immunoprecipitated Ral-GTglgnal / total Ral protein signal.

Figure 3

Morphogenetic pertubations induced by the Ral-GDS binding, Raf non-binding, Ras
12Vv37G. Shown are phenotypic effectsthe blastulgstage 8) and neural plate stages (stage
14) resulting from Ras mutant mRNA inject®nA - mRNAs encodingRas 12V35S and
12V37G (500 pg/blastomere) were injected into the animal posadi blastomerm two-

cell embryos. The white arrow indicatpatches of abnormal cells in embryos injected with
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Ras 12V37G. Embryos co-injected with Ras 12V37G and XralB S8 developmentally
arrested duringastrulatiorbut did not display necrotic cells. B - Analysis of the cortical actin
cytoskeletorin embryos injected with either 12V35S or 12V3'&ad rescue effect of XralB
S28N on Ras 12V37G. Embryos were injected with Ras 12V35S or Ras 12V37G mRNA (500
pg/blastomere), or co-injected with Ras 12V37G (500 pg/blastomere) and XralB S28N (3
ng/blastomere) respectively.The white arrow shows the reconstituted cortical actin
cytoskeleton in embryos co-injected with Ras 12V37G and RalB S28N mRNAs. The actin
cytoskeleton of animal caps was analysethatMBT stage. Scale bars represent 50 um,;

confocal optical sections are 1 pm.

Figure 4

Onset of Ras 12V37Ginduced actin disruption after the mid-blastula transition.
Embryos wereinjected in the animal hemisphere with Ras 12V37G mRNA (500
pa/blastomere) (B, BndF) andcompared to uninjected embryos (Aa@d B. Cortical actin

was analysed at the 500-cell stage (A-B), the 2000-cell stage (C-Dhei@T (E-F).

Figure 5

Morphogenetic pertubations and XralB activation induced by Ral-GDS.

A — Phenotypic effects of Ral-GDS mRN#d rescue by the XralB S28N mutafEmbryos
either injected witreither Ral-GDS mRNA (1.5 ng/blastomere) or co-injected with XralB
S28N mRNA (4 ng/blastomere) e animal pole okach blastomeref two-cell stage
embryos. In embryos coinjected with XralB S28Ne white arrow shows ectodermal roll
corresponding to the incomplete closure of the blastopore at the neuruldBstéagmlysis of
cortical actin cytoskeleton of embryos injected with Ral-GDS and rescue effect of XralB
S28N Embryos were injected with Ral-GDS mRNA (1.5 ng/blastomere) alone or in

combination with XralB S28N4( ng/blastomere each) mRNAs. The animal cap actin
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cytoskeleton was analysed after the MBT stddes white arrow shows the reconstituted
cortical actin cytoskeletomiembryos co-injected with Ral-GDS and RalB S28N mRNAs.
Scale bars represent 50 jand confocal optical sections are 1 um. C — Xral activation was
analysed by pull-down as described in Material and Methods and Figure 2. Precipitated
Ral-GTP and total Ral protefrom whole-embryo lysate were detectgter immunoblotting

with specific antibodies.

Figure 6

Activation of XralB in the marginal zoneof Xenopus embryos A and C - Experimental
schemeshowing aimal cap (AN), marginal zone (MZ&ndoderm (EN) and vegetative pole
(VG) domains that were dissected (A) or injected (€)otein from explants (B) avhole,
injected embryos (D) were extracted and analysed for RalB-GTP content by pull-down, as

described in the Material and Methods and in Figure 1.

Figure 7

Targeted disruption of RalB signalling in prospective mesoderm causes gastrulation
defects. A - Effect of XralB S28N on early development. Embryos wsiejected in each
blastomere of 4-cell stage embryos with XralB S2800 pg/blastomerg)and R3-
Galactosidase (50@g/blastomere) RN#, in the animal apical hemisphere (A), in the
marginal zone (B) or in the bottom of the vegetal hemisphere (C). D — Effect of the Ral
binding domain of RLIP on early development. Embryos at the 4-cell stage were injected in
the marginal zone with 500 pg/blastomeren@®NA encoding théRal binding domain of
RLIP (RalBD). These embryos remainbtbcked during gastrulation, even when control
embrys hadreached stage 22. E — Embryos injected inrntfagginal zone with mRNA
encoding wild-type XralB (4 x 750 pg). The site of RNA expression was monitoyed
detection of cdanjected R-GalactosidasxpressionB and D show embryos corresponding to

sibling controls at stage 17. Embryos had X-gal-stained cells in the marginal zone.
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Figure 8

bFGF-induced expression okey mesodermgenes is iWependent of RalB signallingRT-

PCR analysis of mRNA extracted from animal caps cultured until end of gaisinula
Embryos athe four-cell stage were injected into theimal hemispheref each blastomere
with either 4 x 750 pgf XralB S28N or Raf KD RNAsAnimal caps were dissected at the
midblastula stage and cultured, with bFGF (+) (100ng/ml) or without (-) bFGF, until the

siblings embryoseached the gastrulation (stalfd.

Figure 9

Ras signalling is mediated by three independent effector proteins during{enopus
mesoderm induction and gastrulationRas activation leads to signaly through the
Raf/MAP kinase and PI3K pathways to activate gene expression and through the Ral-
GDS/Ral/RLIP pathway toegulate assembly and disassemblyhaf actin cytoskeleton in

marginal-zone-derivedells duringgastrulation.



Table | - Comparison of effects on development of both
constitutively activated form of Ras specific to Raf (Ras 12V35S) and

specific to RalGDS (Ras 12V37G).

Arrest of Development
Before between between  between Survival
10.5 10.5t0 12 12t017 171030 After 30
Ras 12V37G 57 5 82 40 2
(30.6%) (2.7%) (44.1%) (2.2%) (1.1%)
Ras 12V35S 0 0 40 23 37
(40%) (23%) (37%)

Note. Each blastomere of two-cell embryos was injected with 500 pg

of mMRNA.
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