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SUMMARY

In Xenopus the Mix/Bix family of homeobox genes has Development of extra-embryonic structures is generally
been implicated in mesendoderm developmentlixl1l isthe  normal except that the allantois is often disproportionately
only known murine member of this family. To examine the large for the size of the mutant embryo. In chimeras,
role of Mixll in murine embryogenesis, we used gene Mixl1~~ mutant cells can contribute to all embryonic
targeting to create mice bearing a null mutation ofMixI1.  structures, with the exception of the hindgut, suggesting
HomozygousMixI1 mutant embryos can be distinguished that MixI1 activity is most crucial for endodermal
from their littermates by a marked thickening of the  differentiation. MixI1 is therefore required for the
primitive streak. By the early somite stage, embryonic morphogenesis of axial mesoderm, the heart and the gut
development is arrested, with the formation of abnormal during embryogenesis.

head folds, foreshortened body axis, absence of heart tube

and gut, deficient paraxial mesoderm, and an enlarged Key words: Mix, Bix, Homeobox, Gastrulation, Mesendoderm,
midline tissue mass that replaces the notochord. Notochord, Node, Endoderm, Mouse

INTRODUCTION intracellular SMAD proteins. SMAD proteins are recruited to
DNA by other DNA-binding proteins, the prototype of which
In Xenopus,members of the Mix/Bix family ofairedlike is FOXH1 (FAST1). FOXH1 forms a complex with activated
homeobox genes have been implicated as regulators 8MAD2/SMAD4 dimers to bind to the activin-responsive
gastrulationMix.1, the founding member of this family, was element of theMix.2 promoter (reviewed by Massague and
originally identified as an immediate-early response gene td/otton, 2000). OtheXenopusMIX/BIX proteins, MIXER,
activin induction and was later rediscovered during a screen f&IX2/MILK and BIX3, recruit active SMAD2/SMAD4
ventralizing molecules (Rosa, 1989; Mead et al., 1996)complexes directly to an activin-response element found in
Currently, there are seven family membekéix.1, Mix.2, mesendodermal genes suchGae (Germain et al., 2000).
Mix.3/Mixer, Bix1/Mix4, Bix2/Milk, Bix3 and Bix4 (Rosa, Mix.1 has been implicated in endoderm development
1989; Vize, 1996; Ecochard et al., 1998; Henry and Melton(Hudson et al., 1997; Lemaire et al., 1998; Latinkic and Smith,
1998; Mead et al., 1998; Tada et al., 1998). Transcription of all999). Expression of dominant negatilix.1 constructs
the members of the Mix/Bix family begins soon after the midprevents endoderm formation and, while overexpression of
blastula transition in presumptive mesendoderm in th&ix.1 does not induce endoderm formation in animal cap
equatorial region of the embryo and ceases after gastrulatioexplants, it can act synergistically with theairedlike
Expression requires maternd&gT, a T-box transcription factor homeobox geneSscor Siamoisto upregulate transcription of
that induces th&enopudransforming growth factor (TGH-  endodermal markers (Henry and Melton, 1998; Lemaire et al.,
like moleculesXnrl, Xnr2, Xnr4 andderriere (Xanthos et al., 1998; Latinkic and Smith, 1999). Moreovéijx.1 has been
2001). shown to repress the expression of the mesodermal marker
Studies of MIX/BIX homeoprotein function iXenopus Xbra, the Xenopushomolog of Brachyury (Latinkic et al.,
have shown that they are downstream transcriptional targets 1997; Latinkic and Smith, 1999Bix2/Milk, Mix.3/Mixer and
the TGH superfamily pathway that regulates mesendodermaBix4 have also been shown to induce endoderm formation
patterning. For Mix.2, the pathway of activin-induced (Ecochard et al., 1998; Henry and Melton, 1998; Casey et al.,
transcriptional activation has been determined. Signals frorh999). Depending on the level of overexpressBinl/Mix4
TGH3 family members are transduced to the nucleus bgan induce the expression of endoderm or ventral mesoderm
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markers in animal cap explants (Tada et al., 1998). HowevasEGFPKT1LOXNEO (Godwin et al., 1998). A 1.9 kb fragment of the
the roles of individual Mix/Bix genes in the regulation Mixl1 genomic locus incorporating intron 1 and exon 2 was inserted
of mesendodermal patterning Menopusremain unclear, at the 3 end _of the Io>_<P-fIanked neomycin selection cassette to
especially as homeobox proteins are known to homo- dgiomplete theMixl1 targeting vector. The W9.5 embryonic stem (ES)

heterodimerize with DNA (Wilson et al., 1993; Wilson et al cell line was maintained, electroporated and selected with G418 as
1995a; Mead et al., 1998) v ' “described (Robb et al., 1995). Homologous recombinants were

- e . . . identified by Southern analysis éfindlll-digested DNA isolated
In the chick, aVlix-like gene Cmi) is expressed in epiblast from individual clones. Southern blots were hybridized with the 3

and endoderm of the posterior marginal zone prior to formatiogenomic DNA probe (Fig. 1A). The targeted deletion was confirmed

of the primitive streak. Thereafter, expression is seen By further analysis of Southern analysis of DNA from selected clones

epiblast and nascent mesoderm of the primitive streak but n@ith the 3 genomic DNA probe (Fig. 1A). Two targeted clones were

in Hensen's nodeCmix transcripts are no longer detectableinjected into C57BL/6 blastocysts and chimeric offspring were bred

after formation of the head process (Peale et al., 1998; Steintetl29Sv or C57BL/6 mice to derive mice heterozygous foMixel

al., 1998). In zebrafish, the gene associated withdhaie and ~ mutation MixI1*") or toCre transgenic mice (Schwenk et al., 1995)

clyde (Bor) mutation is aMix-type gene with similarity to 0 create mice heterozygous foiﬁetargdmdll allele lacking the

Xenopus Mixel(Kikuchi et al., 2000)Bon s induced in the NeOMycin selection cassetidigl1™=n<).

margin of late blastula stage embryos by NODAL signalingzenotyping

gnd is required for early end_oderm formation and, Meer A ¢ heterozygotdixl1*~andMixI1*2neomice were genotyped by

in Xenopusregulates expression of the endodermal §n€.7  goythern analysis dfiindlli-digested tail DNA using the’ Probe.

(Henry and Melton, 1998; Alexander and Stainer, 1988 adult mice and embryos were also identified by PCR analysis using

mutants exhibit cardia bifida and have feBex17expressing tail and embryonic yolk sac DNA (Moens et al., 1993). Tissue was

endodermal cells (Alexander et al., 1999; Kikuchi et al., 2000)digested in a buffered non-ionic detergent solution (100 ng/ml

Genetic studies have shown thgdn lies downstream of the proteinase K, 50 mM KCI, 10 mM Tris.HCI (pH 8.3), 2.0 mM MgSO0

NODAL-related proteins encoded by tlgclopsand Squint ~ 0.45% Nonidet P-40, 0.45% Tween-20) for 3 hours to overnight

genes (Kikuchi et al., 2000). fo!lowed by inactivation of proteinase K activity at 100°C for 10
To date, one murinklix-like geneMixI1 (Mml, Mix) (Pearce ~Minutes. Samples (L) were analyzed in a 1Qu Tag DNA

and Evans, 1999: Robb et al., 2000) and one human homolg lymerase PCR reaction, as described by the manufacturer

f

. o . (|[Avitrogen). To amplify the wild-type anillixl1- alleles, a mixture
(Robb et al, 2000) have been identified. The amino acig; i ee primers was used in the same reaction: Inla,

sequence of the homeodomain and a conserved C_termir@-ICTTCCTGCTGGGACCTTTCAATGG-3 Exla, 5TCGTCTT-
acidic region of the murine MIXL1 is similar to MIX.1 and other ccGACAGACCATGTACC-3; and Neola, 'SCTGACCGCTTCC-
proteins ofXenopusMIX/BIX family (Pearce and Evans, 1999; TCGTGCTTTACG-3. To amplify the wild-type andMixl14neo
Robb et al., 2000MixI1 RNA was first detected in the visceral alleles, the primer GFPla '(BTGGACGAGCTGTACAA-
endoderm of the pre-gastrula embryo. By 6.5 days post coituTAAAGCG-3) replaced primer Neola. Embryos between 6.75 and
(dpc), expression was seen in nascent primitive streak afd dpc were also genotyped by analysis of EGFP fluorescence using
emerging mesodermMixl1 expression was maintained in @ Lelca_ MZFLIII dissecting microscope using a mercury lamp and
emerging mesoderm in mid- to late-streak embryos, becomirfgFP?2 filter system.
restricted to the posterior primitive streak by the head-fold staggjorescence imaging
Expression was nop seen in the node or in endpderm flanking t bryos obtained from timed matingshiiI1*~- or Mix|1*/Ane0pairs
node. In early somite stage embryos, expression was detectaigie harvested and maintained at room temperature in Hepes-buffered
in the crown cells of the caudal notochord and in primitive streakagles Medium without Phenol Red during imaging with a Leica
(Pearce and Evans, 1999; Robb et al., 2000). A single humaits-SP2 Confocal Imaging System connected to a Leitz Arisoplan
MixI1 homolog has been identified (Robb et al., 2000). microscope. Thick sections for confocal imaging were cut using
To establish the role d¥lixI1 in murine development, we disposable steel blades (Probing and Structure).
created a mouse strain bearing a targeted mutation bfixie
gene. Gastrulation stagéix|1-null embryos had abnormalities
in primitive streak and node formation. Post-gastrulation
Mix|1 mutants exhibited complex defgcts in axial mgsoderm locks were sectioned atén, dewaxed and stained in Hematoxylin
and en.dodermal structures_, suggesting a rolé/ferl In the _and Eosin. Embryos for whole-mount in situ hybridization were fixed
regulation of morphogenetic cell movements associated With 404 paraformaldehyde and stored at 4°C. Hybridization was
gastrulation. Despite the defects in early morphology ang@erformed as described (Belo et al., 1997). After hybridization,
terminal differentiation of trunk organizer cells, gene markestained embryos were refixed in 4% paraformaldehyde. Selected
studies indicated that their inductive properties werembryos were dehydrated, embedded in paraffin wax and sectioned
maintained. Moreover, in chimera studiedlixI1-null at 10pm.
embryonic stem cells were found to contribute poorly to gu
endoderm, thereby implicatingixI1 in endoderm patterning.

In situ hybridization and histology

For histology, embryos were fixed in 4% paraformaldehyde,
ehydrated through an ethanol series and embedded in paraffin wax.

}\/lixll-null ES cell derivation and generation of chimeric

embryos

Wild-type R26.1 ES cells, which are derived from a mouse carrying
the ROSA-268acZ gene trap (Varlet et al., 1997), were injected into

MATERIALS AND METHODS blastocysts obtained by matingixl1*~ and MixI1*/2neo animals.
) , . Chimeras derived fromlixl1~An€°blastocysts were identified by PCR
Generation of Mix/1 mutant mice of yolk sac DNA, using the primers pairs described above. PCR of

A 5' 4 kb fragment of théVlixI1 genomic locus which included the Mixl1-/Aneoyolk sac DNA gave rise to products specific for gl 1~
MixI1 translational start was cloned in frame with EGFP in the vectoallele and théVixl12n€oallele, in addition to the wild-type (maternally
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derived) alleleMixI1-/AneoES cell lines were generated by first using dpc, maximal fluorescence was seen in the primitive streak and
CRE-mediated recombination to remove the loxP-flanked neomycimesodermal wings at this time (Fig. 1C,F). At 8.25 dpc,
resistance cassette fromMixI1*~ ES cell line, thereby creating fluorescence was confined to the posterior primitive streak of
Mix|1*/Aneocell lines. The second allele was then replaced by a furtheyjx|1+- embryos, and by 9.0 dpc was completely absent,
round of gene targeting with the original targeting construct. TWOmirroring the MixlL mRNA expression pattern (data not

MixI1-~ES cell lines were identified by Southern analysigiofilI- c 11— :
. ) shown). InMixI1~~ embryos, the fluorescence was brighter
digested DNA using thée Brobe to detect the 4.7 kb and 3.7 kb mutant an inMixIl"/—embryos and remained detectable until 9.5 dpc

alleles. The correct targeting of the locus was confirmed by furthey ¢
Southern analysis. Chimeric embryos were generated by injection 6Fi9- 1D,F and not shown). _

Mixl1== ES cells into blastocysts carrying the ROSA-R&Z At 6.5 dpc, Mixll7~ embryos are morphologically
transgenef-Galactosidase activity in chimeric embryos was detectedndistinguishable from their littermates. However by 7 dpc, at
by X-gal histochemistry (Elefanty et al., 1999). Stained embryos werthe mid-streak stageMixl1—7— embryos display a thickened
post-fixed and sectioned at fin. primitive streak and lack a morphologically recognizable node
at the anterior end of the primitive streak (Fig. 2A,F). An
excess of mesoderm-like cells accumulates in the anterior
%treak and in the region immediately lateral to the primitive

and for Nodal as described (Collignon et al., 1996). CompoundStreak (Fig. 2B-E,G-J). The early-neural plate stage (7.75 dpc)

A . .
heterozygotes were interbred and offspring genotyped by PCR of yoh@(l')d:L embryos are retarded In the ele_vatlon of neural folds
sac DNA. B-galactosidase activity was detected as describe@Nd develop a shallow anterior intestinal portal (data not
elsewhere (Elefanty et al., 1999). shown). At the early somite-stage (8.5 dpc), the embryos adopt

a flattened disc morphology instead of a lordotic shape and the
anteroposterior (AP) axis is markedly foreshortened (Fig. 3A-

Nodal expression analysis

Nodat1acZ mice, generously provided by Liz Robertson, were bre
with MixI1*~ mice. The offspring were genotyped MixI1 as above

RESULTS C). The neural folds are small and disorganized and very little
. ) » o head mesenchyme is found underneath the head folds (Fig.

MixI1 mutants display abnormalities of the primitive 3I-M). The heart tube is absent (Fig. 31,J). The foregut

streak and midline structures invagination is rudimentary and no hindgut portal is formed

To investigate the role dflixI1 in mammalian development, a (Fig. 3I,L,M). From two to five pairs of somites are formed in
loss-of-function mutation was generated. TW&l1-coding the paraxial mesoderm flanking a thick axial mass of flattened
sequence in exon 1 was replaced, in frame, by a cassetteurectoderm overlying a condensed core of mesodermal
encoding the enhanced green fluorescent protein (GFP) atigsues that replaced the notochord.
neomycin resistance (Fig. 1A). An ES cell line that had Rarely, Mixl17~ embryos with severely disorganized head
undergone homologous recombination was used to generdtdds were recovered from 9-9.5 dpc litters. These embryos
chimeric mice. Chimeras were bred to 129Sv or C57BL/6 micé&iled to turn and did not form a heart tube (Fig. 3D, Fig. 4A-
to derive offspring heterozygous for tHdixI1 mutation E). In the 20 9.5 dpMixl1~~ embryos examined, the axial
(MixI1*~) or to Cre transgenic mice (Schwenk et al., 1995) totissue mass present at 8.5 dpc had grown in size, and developed
create offspring heterozygous for a targetdikll allele into a huge mass of tail bud-like tissue protruding dorsally from
lacking the neomycin selection casseéx(1*/2n€9 (Fig. 1B).  the caudal region of the embryo (Fig. 3D, Fig. 4A,B,E). In
Both MixI1*~ and Mixl1*/2neo mice appeared normal and some embryos, an additional bulbous tissue forms ectopically
were fertile. Heterozygous intercrosses never yielded viablia the trunk of the embryo (Fig. 4B,D), giving an impression
homozygous offspring, indicating embryonic lethality. Inthat the embryonic axis is bifurcated. AnalysisBséchyury
litters produced by matingvlixI1*~ or MixI1*/An€0 mice, expression shows that axial tissues in these mutants are
homozygousMixI1 mutant embryos were present in the discontinuous along the body axBrachyuryis expressed in
expected Mendelian ratio at 7.5 dpc, but were absent after 10a5poorly organized structure that resembles the notochordal
dpc. The phenotype of homozygous embryos (hereaftgate and in a notochord-like structure that ends caudally, either
referred to advlixI1~~ or mutant embryos) that were derived in an ectopic protrusion (arrows in Fig. 4B,D) or in a bulbous
from matings of eitheMixI1*/~ or MixI1*/An€0 heterozygous mass (Fig. 4E).
mice was indistinguishable and results from the analyses wereln the mutants, the fusion of the posterior and anterior
therefore pooled. Examination ®ixl1 expression in wild- amniotic folds is delayed, leading to persistence of the
type andMixI1~~ 7.5 dpc embryos by whole-mount in situ proamniotic canal as late as the late bud/early head fold stage
hybridization showed a complete lack bfixll transcripts (Fig. 2F). The differentiation of extra-embryonic tissue in 8.5
(data not shown). dpc MixI1~~ conceptuses appears normal. Blood islands are
After homologous recombination, ti&FP reporter and the plentiful in the yolk sac ofMixI1~~ embryos (Fig. 3J).
neomycin selection cassette replaced modtliedl exon 1, However, in comparison with wild-type littermates, the
leaving potential 5 3 or intronic regulatory sequences intact. allantois of Mixl17~ embryos appeared disproportionately
In keeping with pattern d¥lixl1 RNA expression, the visceral large in size (Fig. 3B).
endoderm, primitive streak and nascent mesoderm of ) ) )
gastrulation stage MixI1*~ embryos expressed GFP. Loss of Mix/1 function results in enhanced
Fluorescence was first detected at 6.5 dpc, 1 day Mfiét ~ Brachyury and Nodal expression
RNA was detectable by whole-mount in situ hybridizationBrachyury(T), which is expressed in the primitive streak and
(Pearce and Evans, 1999; Robb et al., 2000) and GFP signalarial mesoderm of the wild-type 7.5 dpc embryo (Wilkinson
MixI1*~embryos persisted in visceral endoderm up to the latet al., 1990), is expressed in an expanded domain in both the
bud stage. Co-incident with tih&ixl1 mRNA expression at 7.5 epiblast and mesenchymal components of the thickened
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| (A) Genomic organization of the
W y MixI1 locus and structure of the
~_RI ~ targeting vector. Boxes indicate
EGER Y MClnco p—J— — — — —- exons, coding sequence is filled, with
et - | =

: == B the homeodomain indicated by
PR (ORI L | lighter shading. A mutant allele

R1 i HIl

exon 1 downstream of the ATG with

an EGFP loxP-MC1-neo-loxP
3 47kb o cassette. Excision of the floxed
& RI MC1neo sequence by Cre-
recombinase generates the allele
MixI14neo Positions of 5and 3
3.7kb genomic DNA probes and PCR
primers are indicated. The positions

of restriction enzymes are shown, together with the sizes
of diagnostic restriction fragments (HIHindlll; RI,
EcaRl). (B) Southern blot analysis éfindlll-digested
DNA purified from wild-type MixI1*/~ andMix|1+/Aneo
mice, probed with the' ®robe. The 11 kb band
corresponds to the wild-typdixI1 allele. The 4.7 kb band
identifies theMixI1 allele after homologous recombination
with the targeting construct. The targeted allele, after
CRE-mediated excision of the neomycin resistance
cassette, gives rise to a 3.7 kb band. WT, wild type.
(C-F) GFP expression MixI1*~ (+/-) (C,E) anaMlixl1~-
(-/-) (D,F) 7.5 dpc embryos visualized by confocal
microscopy. High levels of GFP expression are found in
the primitive streak and lateral mesoderm ofltiel1-~
embryo. By contrast, a lower and more uniform expression
of GFP in the mesoderm is observed inltigl1*~7.5
dpc embryo. (E) Transverse section dflixl1*~7.5 dpc
embryo through the middle level of the primitive streak,
showing GFP expression in the mesoderm. (F) Transverse
section of aMixI1~'~embryo reveals GFP expression in the ingressing cells (arrowhead) in the thickened primitive streak (ps) and the nascent
mesoderm (Im) located lateral to the primitive streak.

construct
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primitive streak and in the adjacent mesodermal cells in theestricted to a horseshoe-shaped domain around the node by 8
Mixl1~~ embryos (Fig. 5A-D). In 8.25 dpc mutant embryos,dpc (Zhou et al., 1993; Conlon et al., 1994; Varlet et al., 1997).
Brachyury is expressed in an irregular and broad strip ofn the mid- to late-streak stageixl1~— mutant embryo, the
mesodermal cells underlying the midline of the head fold andomain ofNodal expression in the epiblast and the primitive
neural plate along the AP axis. (Fig. 5E-G). Histologicalstreak is significantly expanded (Fig. 5J). In older mutants,
examination reveals thaBrachury is expressed in ventral Nodalexpression spreads more widely in the posterior midline,
tissues of the open neural plate that resemble the floor plate lmit is absent from lateral plate mesoderm (Fig. 5K,L).
the neural tube (Fig. 5H). In the posterior region of the mutant. ) o )
embryo,Brachyuryis expressed in the superficial layer of cells Tissues in the midline display the molecular
of the primitive streak and in the ventral-most tissues thaproperties of axial mesendoderm
appear to have organized into a notochordal plate-like structure the wild-type embryo,Foxa2 (HNF3p) expression is
(Fig. 51). In contrast to the uniform expression in the primitivelocalized to the anterior primitive streak, the node and the
streak of wild-type embryo, expression is excluded from thanterior mesendoderm at 7.5 dpc and at early somite stages
core of the primitive streak (Fig. 5I). marks axial midline structures such as notochord, floor plate
We also examined the expression Nédal in MixI17~  and gut endoderm (Ang et al., 1993; Monaghan et al., 1993;
embryos. Expression ®odalwas assessed MixI1 mutant  Ruiz i Altaba et al., 1993; Sasaki and Hogan, 1993). In 7.5
embryos that are heterozygous fdpdala®Z, a null allele  dpc Mixl1~~ embryos, an expanded domain of expression of
generated by integration oflacZ transgene into th&lodal  Foxa2is found in the mesendodermal tissues in distal region
locus that provides a reporter fdpodalexpression (Collignon of the gastrula-stage embryo at the anterior end of the
et al., 1996)Nodalexpression in the wild-type embryo is very primitive streak (Fig. 6A,B). At 8.25 dpE&pxa2is present in
dynamic, being initially expressed throughout the epiblast ahe axial tissues over most of the length of the embryonic axis
6.5 dpc, then localizing to the primitive streak before beingf the mutant embryos (Fig. 6C,F). Sonic hedgel&id)(is
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Fig. 2. Mixl1~~embryos show
an accumulation of
mesenchymal cells in the
thickened primitive streak an
adjacent mesoderm. Lateral
views of an early-bud stage
wild-type (+/+) embryo (A)
and a mid-streak staddixI1--
(/=) (F) embryo. ThixI1~~
embryo has a thickened
primitive streak, lacks a node
(n) and shows delay in closu
of the amnion (paf, posterior
amniotic fold). Transverse
sections through wild-type (E
E) andMixI1~-(G-J) embryos
at the levels indicated in A,F,
showing the congregation of
cells in the anterior segment of the primitive streak (ps) and adjacent mesoderm (Im) in the mutants. The allantoisof@nafothchre
morphologically similar in the wild type and mutant. Scale bapra5

Lp

Fig. 3. Early somite stage
MixI1-~ embryos exhibit
multiple developmental
abnormalities. (A-C) Lateral
view of a five-somite wild-typ
(+/+) embryo (A), and lateral
(B) and dorsal (C) views of a
three-somiteMix| 1~ (—/-)
littermate. TheMixI1~~
embryos do not adopt the
lordotic morphology of the
wild-type embryo, develop nc
heart and form a large
allantois. The asterisk indica
the midline tissue mass
separating the somites (s).
(D) A 9.0 dpcMixI1~~embryo
showing disorganization of tt
neural folds and the formatio
of a bulbous caudal protrusic
(double asterisks). 1 J
(E,F) Anterior (E) and lateral
(F) views of 8.25 dpc wild-
type andMixl1~-conceptuses
Note the absence of clearly
defined midline structures (r
in theMixl1~~embryo. The
silhouette of collapsed head
folds of the mutant is outliner
by a broken line. (G-M)
Histological sections of 8.25
dpc wild-type andviixl1~- conceptuses, at planes indicated in F. Note the poorly developed neural folds and foregut portal in the mutant. A
compact core of cells (ax, J) is found in the midline in place of the notochord. Abbreviations: allantois (al), bloodi¥|dodg (it portal

(fg), heart (h), notochord (nc), neural folds (nf) and paraxial mesoderm (pm). Scale bar for histological seg¢tions: 50

¥
A

SEom| |-

1
-

first detected at the late streak stage in the anteriaiustered near the anterior end of the streak (Fig. 6G,H). In
mesendoderm, which extends rostrally from the primitive8.25 dpc mutants, weak, poorly localiz8tih expression is

streak, and during organogenesis, in the node, head processen in the ventral part of the condensed axial tissue that
notochord, prechordal plate, floorplate and endoderm in thesembles the notochordal plate (Fig. 61<&$c,which marks

dorsolateral region of the embryonic gut (Echelard et althe prechordal plate in late head-fold-stage embryos, is
1993; Roelink et al.,, 1994). In the late-streak stagexpressed in the mesendoderm in the anterior region of the
Mixl17-embryos, Shh expression is restricted to cells mutants (data not shown). Overall, the marker studies showed
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Fig. 4. Excessive growth of axial T
mesoderm and bifurcation of the c
embryonic axis in 9-9.5 dpc nf
Mixl1~~embryos. (A) Dorsolateral //
view of a mutant embryo showing
Brachyury(T)-expressing tissues in
the bulge (arrow) formed at the /
caudal end of the embryonic axis nc
and (B) ventral view of the same

embryo showing the protrusion

derived from the axial tissue mass

(arrow). (C-E) Histological sections

at the planes indicated in B show

(C) T expression in the flat

notochord-like structure, (D) the L]
protruding tissues on the ventral b
side of the embryo (arrow indicates E
the same structure shown in B) and
(E) the bulge that extends dorsally
through a split in the neural plate.

hf, head fold; al, allantois; nc,
notochord-like structure; ne,
neuroectoderm; nf, neural fold.

embryos,Nkx2.5is expressed ectopically in the mesoderm
present bilaterally in the anterior region of the embryo. This
finding suggests that cardiogenic mesoderm is specified in the
absence oMixI1 but the progenitors fail to undergo heart tube
morphogenesis (Fig. 60,P). Despite the abnormal development
of the anterior region of th®lixl17— embryos, expression of
the prospective forebrain and the anterior neural ridge marker
Six3(Oliver et al., 1995) an®tx2 (Ang et al., 1993; Simeone

et al., 1993) is correctly localized to the abnormal neural tube
of the mutant embryos (Fig. 6Q,R and data not shown).

Definitive endoderm is specified but gut
morphogenesis is defective in ~ Mix/1 mutants

During embryogenesis, definitive endoderm cells originate
from the primitive streak and intercalate into the visceral
endoderm layer, displacing these cells to the vitelline yolk sac
(Lawson and Pedersen, 1987). We examined this
morphogenetic process Mixl1~— embryos by assessing the
expression oPem(Lin et al., 1994) anax-fetoprotein Afp)
(Dziadek and Adamson, 1978), which mark the formation of
the visceral endoderm. At 7.5 dpc, expressiorPei (not
shown) andAfpin MixI1~~embryos was similar to that in wild-
type embryos, indicating the visceral endoderm has been
displaced to the extra-embryonic region by the definitive
endoderm in the mutant embryo (Fig. 7A-D).

The expression dferlandSox17were examined to assess
differentiation and patterning of the endode@arlandSox17
are first expressed in the anterior visceral endoderm of early
streak stage embryos and in anterior definitive endoderm in the
late-streak stage embryo. At the head fold stage, both genes are
expressed in the definitive endoderm of the prospective foregut
pocket. By the early somite staGerlexpression in endoderm
wanes andSox17expression becomes confined to hindgut
(Belo et al., 1997; Biben et al., 1998; Shawlot et al., 1998;
Kinder et al., 2001; Kanai-Azuma et al., 2002). At 7.5@pcl
andSox17are expressed in the anterior endoderiviod1~"-

that tissues displaying the molecular characteristics of axi@mbryos, in a pattern comparable with that of wild-type
mesendoderm are specified in tMéI1~~ embryos, despite littermates (Fig. 7E-H). However, there is an evident reduction

proper axial structures not being formed.

Paraxial mesoderm, presumptive cardiogenic
mesoderm and anterior neural primordium express
proper molecular characteristics

in the population oBSox17expressing cells in the prospective
foregut endoderm (Fig. 7G,H). By 8.5 d@rrl expression is

no longer detected in the anterior endoderm of wild-type
littermates but is retained in endoderm in the region of the
presumptive foregut invagination of tvéxI1~~embryos (Fig.

In the MixI1~—embryos;Twistis expressed in the presumptive 8A-D). Sox17 which is expressed in the mid- and hindgut of
paraxial mesoderm in the posterior region of the embryo anithe wild-type embryo, is ectopically expressed in the endoderm
the allantoic mesoderm. However, unlike wild-type embryosin the rudimentary structure that is reminiscent of the foregut
Twist expression is not seen in the mesoderm underneath tpertal (Fig. 8E-H). Taken together, these results indicate that
presumptive cranial neural plate or in lateral plate mesodermefinitive endoderm has been specifiedviixl17— embryos.
(Fig. 6M,N). Meox1, which marks the paraxial presomitic However, the lethality of the mutant embryos precludes further
mesoderm and segmented somites of wild-type embryos, #alysis of the morphogenesis and differentiation of the
also expressed in the paraxial mesoderm of the 8.5 dpc mutarndodermal derivatives.

embryos (data not shown). In early somite stage wild-type

embryos, Cerl is expressed in the anterior presomitic Mix/1 activity in epiblast is required for normal axial
mesoderm and in two to three newly formed somites (see Figatterning and the expression of endodermal

8A). Cerlexpression is maintained in the paraxial mesodernpotency

and the somites of the mutant embryo (see Fig. 8B,C). This MixI1 is expressed in both the epiblast and extra-embryonic
absence of the heart tube Mixl1~— embryos may reflect a tissues during gastrulation (Pearce and Evans, 1999; Robb et
defect in cardiomyocyte specification or a morphogenetial., 2000), it is possible that the proper inductive interactions do

defect in heart tube formation. In wild-type embryN&x2.5

not exist between these tissues in\tiel 1~ embryos. In order

is expressed strongly in the cardiogenic mesoderm and latertimn identify the tissues in whicMixI1 is required for axial

the myocardium (Lyons et al., 1995). In 8.0 ddixI1~/-

mesoderm patterning, we generated mouse chimeras containing
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Fig. 5.Brachyury(T) andNodal A B C D E
expression domains are X

expanded iMixl1~~embryos. *
(A-D) Tis expressed in a wide -

domain in 7.5 dpc late-bud sta . K s~k % \ ’
Mixl1~- (—/-) mutant embryos e PE g 3 i 3% 3 '
(B) than in the wild-type (+/+)

embryo (A). Transverse sectio
(C,D), at the levels shown in

&
A,B reveal thafl expression in T
F

T ++
the mutant embryo is extender
more laterally from the primitiv
streak (ps) to encompass the
adjacent lateral mesodermal (I
cells. (E) Lateral view of an
early somite stage wild-type

embryo, and dorsal (F) and
lateral (G) views of the mutant
embryo showing the expand&c

expression domain in the mute £ IE | | =
embryo, which may be

accentuated by the J K

foreshortening of the anterior Ayl S4

part of the embryo. (H,I) \..@‘47. i
Histological sections of the '

mutant embryo at planes show :‘

in G, showing th&@-expressing

cells in the notochord-like

structure (nc) under the neural ~ Nodal's  +/+ #:5 Nodaht=z |pm ++  Nodal*sz “*

folds (nf), and in the dorsal

superficial cells in the primitive streak (ps) and the ventral mesendodermal tissue sheet that resembles the notochmrplal ([F)atedal'acZ
expression is expanded in the posterior tissues of the late-streakistigé embryos. In the wild-type 8.5 dpc embryo (Klpdal'2°Z is
expressed in the perinodal tissues of the primitive streak (ps) and the left lateral plate mesoderm (Ipm). In the mutdh}, emhiiciio

displays small head folds (hf) and an enlarged allantoisNatjal2®Z is expressed strongly in an expanded domain in the anterior segment of
the primitive streak (ps) and in the axial tissues immediately anterior to the primitive streak.

wild-type epiblast cells aniflixl1-deficient visceral endoderm using the original targeting construct (see Materials and
and trophectodermal derivatives. Descendants of the wild-typdethods). Chimeras were produced by introduditigj1-/Aneo
R26.1 ES cells in the epiblast can be identified by th&S cells (identified by the lack #cZ expression) intdixI1*/+
constitutive expression of a ROSA-287 transgene (Friedrich ROSA-26 transgenic blastocysts. A proportion of the chimeric
and Soriano, 1991; Varlet et al., 1997). These ES cells wemmbryos with a high contribution aflixi1*/Anec ES cells
injected into MixI1—/Aneo plastocysts obtained by mating phenocopied the defective development ofMiird1~- mutants,
MixI1*~ and Mixl1*/Aneo mjce. (This mating strategy was demonstrating that norm#ixI1 activity in visceral endoderm
employed to facilitate genotyping of the chimeras — seé not sufficient to compensate for the deficiency in the
Materials and Methods.) In the chimeras, wild-type ES cellembryonic tissues (Fig. 9A). Chimeras with 20% or more wild-
contribute efficiently to embryonic, but rarely to extra-type cells showed partial to nearly complete rescue of
embryonic, lineages (Beddington and Robertson, 1989; Varletevelopmental defects. Histological examination of these
et al., 1997). IfMixI1 expression in visceral endoderm is chimeras reveals thitixl1~-cells can colonize most embryonic
essential, wild-type ES cells will not rescue the defects dfissues, including the neural tube and the notochord. However
MixI1~~ host blastocysts. Five 8.5 dpdixl1~~ blastocyst- MixI1~~ cells consistently display low level of contribution to
derived chimeras that contained a greater than 50% contributidime heart and foregut and are almost completely excluded from
from wild-type (acZ-positive) ES cells were phenotypically the endoderm of the midgut and hindgut (Fig. 9B-F)
indistinguishable from chimeric embryos derived from wild-
type orMixl1*~ host blastocysts and wild-type ES cells. The
rescue of the mutant phenotype by the presence of wild-tydelSCUSSION
cells in the embryo containingixl1-deficient extra-embryonic ) o _ )
ectoderm and visceral endoderm indicates that logdixf. ~ MixI/1 function is crucial for the morphogenesis of
function in the extra-embryonic tissues is unlikely to havegerm layer derivatives
caused the disruption in embryogenesis. During mouse development, absenc®ofll activity results

The requirement foMixI1 in embryonic development was in abnormal germ layer morphogenesis during gastrulation,
studied in a reciprocal experiment. Two independirkl—2nec  the absence of a morphologically distinct node and formation
ES cell lines were derived by a second round of targetedf a condensed core of mesodermal tissues in place of the
mutation of the normaWlixI1 allele of aMixI1*/Ane°ES cell line  notochord. TheMixI1~~ embryos do not form a heart, fail to
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Fig. 6. Expression of markers A B C D E F
axial mesendoderm, paraxial F
mesoderm and cardiac . P, |
|
( “ . -

E—

mesoderm is maintained in
MixI1~~embryos. (A,B) Latere
views of wild-type (+/+) (A) 4
andMixI1~~ (=/-) (B) 7.5 dpc - I £

embryos showing the expand Foxa2 +/+ FoxaZ? |- Foxa2 +/+ Foxaz' L fp; 3 =
Foxa2expression domain in tr
tissues anterior to the primitive

G H I J L
streak. (C-F) Frontal views of | &
early somite stage wild-type %
(+/+) andMixI1~"~ (D) embryos ' f' .
and histological sections (E,F ' y _
taken at the planes indicated |
D. Foxa2is expressed in the &l

.8
floor plate (fp) and notochord +/+ Shh -~ Shh ++ Shh -I- Shh Bl =

the wild-type embryo and in tf

compact tissue mass in the M ) N 9 . £ Q - R '
midline of the mutant embryo i“ ;L - I
(arrows in D,F). (G,H) Lateral AN ._," : 13
views of wild-type (G) and t 4 3

MixI1~=(H) 7.5 dpc embryos
showing thaShhis expressed |
a cell cluster near the anterior Twist ++ Twist --  Nkx2.5 ++ Nkx2.5 -I- Six3 ++ Six3 -I-

end of the streak in the mutant

embryo, but expression is not extended to the more anterior axial tissues as in the wild-type embryo. At 8.5 SlpligldXpressed only in

the ventral part (arrow in L) of the midline axial mass of the mutant embryo. (1,J) Lateral views, (K) anteroventral Wistgl@gical section
(plane indicated in J). (M,N)wistexpression is maintained MixI1~~embryos (N) in the mesoderm at the base of the allantoic bud and the
presumptive lateral plate mesoderm, similar to that in the early somite stage wild-type embryos (M). However, unlike evildriygeeTwist
expression is absent from the mesoderm underneath the rudimentary cranial neural plate. (N) Dorsal vieivgisbexpgession in the

lateral mesoderm (arrows). (O,P) Expression of\ke2.5in the heart tube of wild-type embryos (O, lateral view) and in a poorly defined
crescent-shaped patch of cellsvixl1~-embryos (P, anterior view), but no heart is formed. (Q,R) Ventral views of early-somite stage wild-
type andMixl1~'~embryos showin@ix3expression in the prospective ventral forebrain.

elongate along the AP axis, develop a vestigial foregut anconsequences dlixl1 mutation strongly suggest thistixI1

are mostly arrested in development by 9 dpc. Analysis of thieinction is crucial for the morphogenesis of germ layer
expression of molecular markers for germ layer derivativegerivatives and axis development.

in the mutant embryos reveals that the progenitors of the o )

neural, mesodermal and endodermal lineages are all presdyiix/1 function is essential for endoderm

and the precursor tissues are properly patterned durirfijfferentiation

gastrulation and early neurulation. In a fslixl17-embryos The defective morphogenesis of the embryonic gut in the
that developed to 9.5 dpc, a poorly organized

notochord-like structure was formed in the midline A B c D

the grossly malformed neural tube and a mas3-

expressing tissues that resembles an overgrown ta
was found at the caudal end of the axis. In ¢
embryos, an outgrowth ofT-expressing tissus
protruded from the ventral side of the trunk as if
embryonic axis had bifurcated. The phenot

de

de\

Afp +/+ Afp +/+ Afp -/~ Afp -/

Fig. 7.Endoderm is specified Mixl1~~embryos.
(A-D) Expression ofAfpin 7.5 dpc wild-type (+/+) (A,B)and E
Mixl1-- (/=) embryos (C,D). Lateral (A,C) and anterior views
(B,D) showingAfp expression in the visceral endoderm of the
vitelline yolk sac, but not in the definitive endoderm (de). The
Afp expression domain seems to extend more distally in the
mutant embryo. (E,FCerlis expressed in anterior definitive
endoderm of the late bud/early head fold stege1 -

embryo (F) and of the early bud stage wild-type embryo (E).
(G,H) Sox17s expressed in the anterior definitive endoderm
of the early-bud wild type andixI1~~embryo (arrows).

Cert +/+ Cert -I- Sox17 ++ Sox17 -~
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D

Fig. 8. Expression oCerland
Sox17in the presumptive foregut o
MixI1~~embryos. (A-C) Lateral
(A,B) and dorsal (C) views dZerl
expression in wild-type (+/+) (A)
andMix|1~~ (/=) embryos (B,C
same specimen). Expression is se
in the two newly formed somites a
anterior presomitic mesoderm in
both wild-type and mutant embryc
but ectopic expression (arrows) is
found in the endoderm of the
presumptive foregut of the mutant
embryo. (D) Histological section a
the plane shown in C show@erl
expression in the rudimentary
foregut pocket. Lateral (E), anteric
(F) and dorsal (G) views of early-
somite stage wild type (E) anixl1~~embryos (F,G) showin§ox17expression in the endoderm of the presumptive foregut (arrows in G,H)
but not in the hindgut of the mutant embryo. (H) Transverse section at the plane shown in G.

Cert

E

+/+ Cert

F
P

""“" _‘r\

+/+ Sox17

*

Sox17 -l- Sox17 -i- Sox17 -/~

Mixl1~"~embryo and the low contribution of tiixI1~-cells
to the gut endoderm of the chimeras indicate tWatil
function is essential for gut morphogenesis and the potengR/ . ) )
of the embryonic cells for endoderm differentiation. The Mix/1 mutant phenotype points to a perturbation
Members of the Mix/Bix family have been implicated in of signaling pathways regulating morphogenesis of
endoderm formation in botXenopusand zebrafish. In the Mmesendodermal tissues

mouse, the definitive endoderm is formed by recruitmenS$tudies inXenopusand zebrafish have shown that K
from the epiblast to the endodermal layer and replaces tlgenes are downstream transcriptional targets in theBTGF
visceral endoderm during gastrulation (Lawson et al., 1987%&uperfamily pathway that regulates mesendodermal patterning.
Lawson et al., 1991; Tremblay et al., 2000). NtixI1~=  In the mouse embryo, the T@Family membemNodalis a key
embryos, progenitors of definitive endoderm are properlyegulator of the formation of the anterior primitive streak, node,
specified at gastrulation. However, by the early somite stagejidline structures and definitive endoderm (reviewed by
only a small population of
presumptive definitive endodern
cells characterized bysox17 and
Cerl expression is found in tl
poorly developed foregut port
The reduction in  definitiv
endoderm is consistent with 1
finding that fewer MixI1~~ cells
colonize the foregut and alm¢
none are found in the hindgut of 1
chimera. MixI17/= cells can
however, colonize all other types
embryonic tissues, including t
axial mesendoderm, neural tube
heart of the chimera. These res
suggest that the abnormalities
gastrulation and organogenesis
the mutant embryo are proba
caused by the disruption of the n
autonomous functions &flixI1, but
MixI1 plays a tissue-specific a
autonomous role in tt
differentiation of embryonic cel
into definitive endoderm. AMixI1

activity impacts on the endodermal progenitors while they are
in the anterior primitive streak.

Fig. 9. MixI17~ES cells (identified by the lack t#cZ activity) display reduced potency to

colonize the embryonic endoderm. (A) A chimera with more than 90% contributMixidf~ES

cells recapitulates the phenotypeMikl1-~embryo. (B) A chimera with lowlixI17-ES cell
contribution shows widespread distribution of the mutant cells in the embryonic tissue (C, plane of
sectioning indicated in B), but poor contribution to the endoderm of the foregut (fg) and hindgut

expression ceases in the defini
endoderm after its allocation to
embryonic gut, it is likely thawlix|1

(hg). (D) A chimera with high mutant ES cell contribution shows extensive colonization of most
embryonic tissues by the mutant cells, but sparse presence in the foregut endoderm (E) and
complete absence from the hindgut endoderm (F). Planes of sectioning for E,F are indicated in D.
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Schier and Shen, 2000). LEFTY2 (EGFB — Mouse Genom#lixl1-null embryos. Within the homeodomain, MIXL1 is more
Informatics) is an atypical member of the T&superfamily  closely related to BON than any member of tkenopus
that antagonizes NODAL signaling and restricts the range andIX/BIX family. Nevertheless, given that the overall the
duration of NODAL activity (Meno et al., 1999; Meno et al., amino acid identity of BON and MIXL1 is only 25% and, taken
2001). At gastrulatiorl,efty2mutants, likeMixl1 mutants, have together with the differences in phenotypeBai and MixI1
an expanded primitive streak with an excess of axial mesodermmutants, it is likely that the zebrafish homolog MfxI1
leading to a variety of associated patterning defects (Meno etmains to be discoveredixI1 is the only known mammalian
al., 1999). In 7.5 dpMixI1--embryosLefty2expression in the member of the Mix/Bix family, and searching of the mouse and
primitive streak was unaltered (data not shown). human genomes has not uncovered other potential homologs
Nodal expression is expanded in thdixll”— embryo, (A. H. H., A. G. E. and L. R., unpublished). By contrast, in
raising the possibility thaMixll may to regulate NODAL Xenopus seven Mix-like genes may be involved in the
activity. Ectopic expression studies Xenopusand zebrafish transcriptional regulation of mesoderm and endoderm
embryos have shown that NODAL and related factors cadevelopment. Our study shows that, in the moMisd,L serves
induce the formation of mesoderm and axis duplication (Jonewany functions of th&XenopusMix/Bix genes to control the
et al., 1995; Toyama et al., 1995; Joseph and Melton, 199#orphogenesis of mesendodermal structures, especially the
In mouse chimera®yodal’~ cells are impaired in their ability node, notochord, axial mesoderm and the gut, and the
to contribute to midline structures, indicatiNgdalis required  differentiation of the definitive endoderm. We postulate that
for midline morphogenesis (Varlet et al., 1997). FurthermoreMixI1 is the functional mammalian homolog of the members
Smad2 which is activated byodal is required for definitive of the XenopusMix/Bix homeodomain family.
endoderm formation and embryos with a null mutation of the
forkhead DNA-binding proteirFoxhl, which binds Smad2 ‘We are grateful to Peter Gruss, Hiroshi Hamada, Elizabeth Jones,
(and Smad3, exhibit abnormal patterning of the node, Richard Ha_rvgy: Bernhard Herrmann, Gail M_artln, Andr(_ew
prechordal mesoder, nolochord and defnive endoderelercn. W9Tia pacaer, Jone Sossan, B St Hies
g‘gg;nbl_?yket al., ZOgO, Hr?odlesz et aI.,ZOOl,Jamamglto et aleobertson for generously providing R26.1 ES cells ldodatacz _

)- Taken toget er, these observations showing 'S“JPF' ce; to Steven Mihajlovic for assistance with histology; to Dennis
of the morphogenesis of mesendodermal structures followingqyan for the preparation of illustrations; to Bette Borobakas,
alteration of NODAL signaling suggest thitix1, like its  marilyn Ibrahim and Anita Steptoe for expert technical assistance;
Xenopushomologs, may influence the spatial or temporaland to Peter Rowe for reading the manuscript. The project was

pattern of NODAL signaling in the mouse embryo. supported by the National Health and Medical Research Council of
Australia, the Cooperative Research Centre for Cellular Growth
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Senior Research Fellow, A. G. E. is an NHMRC Senior Research
{Sellow and P. P. L. T. is a NHMRC Senior Principal Research
?Ilow.

Arole for the T-box genBrachyuryin notochord maintenance,
axis elongation and specification of posterior mesoderm h
been identified in many vertebrate species (Schulte-Merker e
al., 1994; Wilson et al., 1995b; Conlon and Smith, 1999). In
Xenopusmembers of the MiBix family have been shown to REFERENCES

regulate expression of ttigrachyuryhomologXbra (Latinkic

et al., 1997; Tada et al., 1998; Casey et al., 1999; Latinkic aridexander, J. and Stainer, D. Y. R(1999). A molecular pathway leading to
Smith, 1999). At the early gastrula stagdara is expressed endoderm formation in zebrafisBurr. Biol. 9, 1147-1157.

throughout the marginal zone of the embryo. In response (YeXEncer ), Katvenberg V Hery, G, and Sianer B, v aSee)
activin signaling, as gastrulation proceeds, transcripts are l0SteprafishDev. Biol.215, 343-357.

from involuting mesoderm, but persist in the notochord (Smitfang, S. L., Wierda, A., Wong, D., Stevens, K. A., Cascio, S., Rossant, J.
et al., 1991)Mix.1, which is induced by activin, downregulates and Zaret, K. S.(1993). The formation and maintenance of the definitive
Xbra transcription, in part through activation @6c (Artinger eDndo?erm Ilr;lelaagiglglthlzﬁouse: involvement of HNF3/forkhead proteins.
et al., 1997; Latinkic et al.,, 1997; Latinkic and Smith, 1999) aringer. M., 8iitz, I, Inous, K., Tran, U. and Cho, K. W. (1997).

In the MixI1~~ embryos, théBrachyuryexpression domain is Interaction of goosecoid and brachyury in Xenopus mesoderm patterning.
strikingly expanded in the primitive streak and also in the Mech. Dev65, 187-196.

abnormal midline structures present in older mutants, witfeddington, R. S. and Robertson, E. J(1989). An assessment of the
weaker activity in the condensed ‘core’ cells of the midline ?negfslgpénnfgrtjge‘ceegtﬂggngg%'g_”;gftem cells in the mid gestational
structure and of the primitive streak. This suggests that, III<§elo, J. A., Bouwmeester, T., Leyns, L., Kertesz, N., Gallo, M., Follettie,
Mix.1 in Xenopus MixI1 may be acting as a repressor of M. and de Robertis, E. M.(1997). Cerberus-like is a secreted factor with

Brachyuryexpression in the murine embryo. neutralizing activity expressed in the anterior primitive endoderm of the
mouse gastrulaviech. Dev68, 45-57.

; ; Biben, C., Stanley, E., Fabri, L., Kotecha, S., Rhinn, M., Drinkwater, C.,
Functional convergence of zebrafish and Lah, M., Wang. C. C.. Nash. A., Hilton. D. Ang, S. L., Mohun, T. and

mamma“‘?’m M’X/B_’X _fam'ly member_s _ Harvey, R. P.(1998). Murine cerberus homologue mCer-1: a candidate
In zebrafish, theMix-like gene,Bon is responsible for the anterior patterning molecul®ev. Biol.194, 135-151.

bonnie and clydenutation (Kikuchi et al., 2000). LikiixI1 S50 = S, B L by VegT and mediates
embryos,Bon mUtams have cardiac bifida and a reduction in endod’erm formation in Xenopus developmebdéevelopmentl26, 4193-
Sox17expressing endodermal cells. However, they do not 4200

show the drastic disruption in axial morphogenesis seen iollignon, J., Varlet, I. and Robertson, E. J(1996). Relationship between
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asymmetric nodal expression and the direction of embryonic tutatgre the vegetally expressed Xenopus gene Mix.1 in endoderm formation and in
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