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Nodal Antagonists in the Anterior Visceral
Endoderm Prevent the Formation of Multiple
Primitive Streaks

to be radially symmetrical. The first sign of symmetry
breaking becomes morphologically apparent as epiblast
cells delaminate into the primitive streak, when gastrula-
tion begins, at 6.5 dpc The primitive streak is a transient
structure formed at the posterior end of the embryo that
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this structure for embryonic patterning and morphogen-67404 Illkirch cedex
esis, little is known of the molecular and cellular mecha-CU de Strasbourg
nisms that regulate the formation, location, and pat-France
terning of the primitive streak.2 Department of Molecular Genetics

Insights into the molecules inducing primitive streakM.D. Anderson Cancer Center
formation have come from embryological experimentsThe University of Texas
in chick. Vg1 and Wnt8C are thought to act cooperativelyHouston, Texas 77030
in the posterior marginal zone to induce a primitive3 Division of Molecular Biology
streak in chick embryos (Skromne and Stern, 2001).Institute for Molecular and Cellular Biology
These genes appear to act upstream of Nodal to initiateOsaka University
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� embryos (Liu et al. 1999). Misexpression of chickCambridge, Massachusetts 02138
Wnt8C can also induce an additional streak in the mouse
(Popperl et al., 1997). Nodal�/� mouse embryos also fail
to gastrulate and lack most mesoderm, indicating anSummary
important role for Nodal, a TGF� superfamily molecule,
in primitive streak formation (Zhou et al., 1993; ConlonThe anterior visceral endoderm plays a pivotal role in
et al., 1994). In addition, Nodal is required in the epiblastestablishing anterior-posterior polarity of the mouse
for the specification of the anterior visceral endodermembryo, but the molecular nature of the signals re-
(AVE) (Brennan et al., 2001).quired remains to be determined. Here, we demon-

Embryological experiments in mouse have providedstrate that Cerberus-like�/�;Lefty1�/� compound mutants
support for an important role of the AVE in anterior pat-

can develop a primitive streak ectopically in the em-
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Lefty1�/� embryos after removal of one copy of the for these genes in the visceral endoderm, presumably
Nodal gene. Our findings provide support for a model the AVE, for inhibiting the expression of primitive streak
whereby Cerberus-like and Lefty1 in the anterior vis- markers in anterior epiblast. In addition explant recombi-
ceral endoderm restrict primitive streak formation to nation experiments have demonstrated that signals de-
the posterior end of mouse embryos by antagonizing rived from the AVE can downregulate the expression of
Nodal signaling. Both antagonists are also required primitive streak markers in the epiblast (Kimura et al.,
for proper patterning of the primitive streak. 2000). The AVE expresses secreted molecules, including

two antagonists of Nodal signaling, Cerberus-like (Cerl)
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Figure 1. Overlapping Expression of Cerl and Lefty1 in the AVE and ADE Precursors

(A, B, D, and E) Radioactive in situ hybridization on sagittal sections of wild-type embryos at 5.75 dpc. Brightfield (A and D) and corresponding
darkfield views (B and E). Arrows indicate expression in the AVE.
(C and F) Whole-mount analysis of wild-type embryos at 7.0 dpc.
(C� and F�) Corresponding transverse sections. Arrows indicate expression in the AVE, while arrowheads point to expression in ADE precursors
derived from the APS. Magnification is the same in (A), (B), (D), and (E) and in (C) and (F). Scale bars are 100 �m.

embryo during gastrulation. Lefty2 mutant embryos ex- at 7.5 dpc (Figures 1A–1F; Belo et al., 1997, Oulad-
Abdelghani et al., 1998). Both genes are also expressedhibit an excess of mesoderm formation, consistent with

a role for Lefty2 in antagonizing Nodal signaling (Meno in a few cells in the endoderm layer of the anterior primi-
tive streak, starting at the midstreak stage at 7.0 dpcet al., 1999). Surprisingly, despite the potent biological

activities of Lefty1 and Cerl proteins as Nodal antago- (Figures 1C, 1C�, 1F, and 1F�). Lineage studies have
suggested that these cells correspond to precursors ofnists, mice carrying null mutations in Lefty1 (Meno et

al., 1998) or Cerl (Simpson et al., 1999; Stanley et al., the anterior definitive endoderm (ADE) and give rise to
descendants in the foregut (Lawson and Pedersen,2000; Belo et al., 2000; Shawlot et al., 2000) do not show

any overt phenotype during gastrulation, possibily due 1987). Cerl, but not Lefty1, transcripts are maintained
in definitive endoderm cells as they migrate anteriorlyto genetic redundancy (reviewed in Perea-Gomez et al.,

2001b). and are also found in the axial mesoderm at the late
streak and headfold stages (Belo et al., 1997; Oulad-We therefore generated compound Cerl and Lefty1

mutants and found that these embryos develop an ex- Abdelghani et al., 1998, Meno et al., 1999).
To determine whether Cerl and Lefty1 have redundantpanded anterior primitive streak (APS) and fail to form

the middle primitive streak and its derivatives. Strikingly, functions during gastrulation, we generated compound
mutant embryos by crossing Lefty1EIV/� (see Experimen-an ectopic primitive streak is also observed in some

Cerl�/�;Lefty1�/� embryos. This phenotype is not rescued tal Procedures) and Cerl�/� (Shawlot et al., 2000) mutant
mice. Since Cerl�/�;Lefty1EIV/EIV embryos show a variablein chimeras made of wild-type embryonic tissues and

Cerl�/�;Lefty1�/� extraembryonic tissues, indicating an phenotype at 7.5 dpc (see below), we also generated
important role for these genes in the AVE for regulating Cerl�/�;Lefty1null/null embryos (n � 15) by crossing
primitive streak formation. Moreover, Cerl�/�;Lefty1�/� Lefty1null/� (Meno et al., 1998) and Cerl�/�. These mutants
mutant phenotypes are partially rescued in mice car- show the same variable phenotypes as the Cerl�/�;
rying a single copy of Nodal. Altogether, these findings Lefty1EIV/EIV mutants, indicating that the same range of
provide support for a model whereby the AVE functions phenotypes arise in embryos completely lacking Cerl
to restrict primitive streak formation posteriorly, by mod- and Lefty1 activity and that LeftyEIV is likely to be a null
ulating Nodal activity through the redundant activities or severe hypomorphic allele. Supporting the latter inter-
of Cerl and Lefty1. pretation, a fraction of Lefty1EIV/EIV mutants (33%) exhib-

ited left pulmonary isomerism at 17.5 dpc and neonatal
Results stages, as did Lefty1null/null embryos (Meno et al., 1998).

Given the similar phenotypes, we pooled the data ob-
tained from both genotypic classes of embryos and re-Embryonic Lethality of Cerl�/�;Lefty1�/�

Mutant Embryos ferred to them collectively as Cerl�/�;Lefty1�/� embryos.
When Cerl�/�;Lefty1�/� mice were intercrossed, noCerl and Lefty1 are expressed in the AVE at 5.75 dpc

prior to gastrulation until just before the late streak stage Cerl�/�;Lefty1�/� pups were born (0 out of 92 newborns),
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indicating an essential role for Cerl and Lefty1 during
embryonic development. Analysis of the genotypes of
embryos recovered at different stages revealed that nor-
mal Mendelian ratios were recovered up to 8.5 dpc (Table
1). By 9.5 dpc, the percentage of Cerl�/�;
Lefty1�/� embryos was 9.4%, suggesting that these mu-
tants start to die around this stage. Taken together,
these results demonstrate that Cerl and Lefty1 are re-
quired for development of the mouse embryo around
the time of gastrulation and that the two genes compen-
sate for the loss of each other.

Variable Phenotypes of Cerl�/�;Lefty1�/� Embryos
The phenotype of Cerl�/�;Lefty1�/� embryos can be ob-
served as early as 6.5 dpc. At this stage, the mutant
embryos show an abnormal accumulation of visceral
endoderm cells at the presumed anterior pole of the
embryo, coinciding with a morphological indentation
(Figures 2B and 2B�). In addition, histological sections
revealed an abnormal thickening of the proximal anterior
epiblast (Figure 2B�). These defects persist at 7.5 dpc
(Figures 2D�, 2E″, 2F, and 2F�).

The phenotype of the Cerl�/�;Lefty1�/� mutant is vari-
able from 7.5 dpc until 9.5 dpc. We have classified the
mutant embryos into three classes. Class II (42.8% of
Cerl�/�;Lefty1�/� mutants, n � 18) and class III embryos
(28.6% of the mutants, n � 12) can be easily distin-
guished from class I embryos (28.6% of the mutants,
n � 12) because, in these two classes, the embryonic
and extraembryonic regions are separated by a tight
constriction, resulting in the physical separation of em-
bryonic and extraembryonic ectoderm (Figures 2E, 2E�,
2F, 2F�, 3C, and 3F). Previous studies of embryos mutant
for Otx2 have shown that this constriction is caused by
defects in the visceral endoderm (Rhinn et al., 1998). In
class III mutants, in addition, the anterior and/or lateral
ectoderm protrusions contact the opposite side of the
ectoderm, leading to a pinching of the embryonic region
(Figures 2F and 2F�), which becomes separated into two
or three distinct embryonic axes easily visualized at 8.5
dpc and 9.5 dpc (Figures 4F, 4J, 4L, and data not shown).
In some cases, an accumulation of pyknotic cells arising
from these ectodermal protrusions is found in the amni-
otic cavity of all classes of embryos (Figure 2E″ and
data not shown).

All classes of mutant embryos undergo gastrulation;
however, the distal tip of class I and class II mutant
embryos appears thickened because of the accumula-
tion of mesenchymal cells between the ectoderm and
endoderm germ layers (Figures 2D″ and 2E�). In class
III embryos, mesoderm cells are only observed in the
proximal posterior region (Figure 2F″). These gastrula-
tion defects are further analyzed with molecular markers
below, first in class I and class II mutants and then in
class III mutants.

Abnormal Primitive Streak Patterning in Class I
and Class II Cerl�/�;Lefty1�/� Embryos
Lineage and fate map studies indicate that the primitive
streak can be divided into three regions, proximal, mid-
dle, and anterior, which are distinguished by their fates
(reviewed by Tam and Behringer, 1997). The APS gener-
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Figure 2. Cerl�/�;Lefty1�/� Mutants Exhibit Defects in Visceral Endoderm and Primitive Streak Formation

(A–F and A�–F�) Morphology of wild-type embryos (A and C), Cerl�/�;Lefty1�/� mutants (B and D–F), and sagittal (A�–F�) and parasagittal
sections (D″) of corresponding embryos at 6.5 dpc (A–B�) and 7.5 dpc (D–F�). The abnormal accumulation of visceral endoderm cells is
indicated by black arrows. Black arrowheads show an abnormal accumulation of mesenchymal cells in the distal primitive streak. An open
arrowhead points to mesoderm cells. Red arrows indicate abnormalities in the ectoderm of mutant embryos. The red arrowhead points to
pyknotic cells. Magnification is the same in (A)–(B�) and in (C)–(F�), except for (E″) and (F″), which are higher magnifications of the boxed
region in E� and F�, respectively. Scale bars are 100 �m in (A), (C), and (E″) and 50 �m in (F″).

to paraxial and lateral mesoderm, and descendants of all axial mesendoderm (Ang et al., 1993), is also ex-
panded in these mutants (n � 4) (Figures 3E and 3F;the proximal streak are found extraembryonically. To

further characterize Cerl�/�;Lefty1�/� mutant embryos, see Supplemental Figures S1B� and S1C�).
The ADE, a derivative of the APS, is also expandedwe analyzed the expression of genes that mark different

regions of the primitive streak. The T box gene Brachyury in class I mutants, as shown by the expression of ADE
markers, Hex and SII6. At 7.5 dpc, Hex expression in(T ) is expressed in the primitive streak throughout its

length, as well as in the node and axial mesendoderm the ADE is enlarged laterally in class I mutants (n � 2)
(Figure 3H; see Supplemental Figure S1D�), when com-at 7.5 dpc (Wilkinson et al., 1990 and Figure 3A). In class

I mutants, T expression appeared relatively normal, as pared with wild-types (Figure 3G; Thomas et al., 1998).
Even considering a possible developmental delay ofin wild-type embryos (n � 3; Figure 3B), or failed to

extend as far distally in the primitive streak (n � 1; data class I mutants, Hex expression is larger than in wild-
type midstreak stage embryos (data not shown). Simi-not shown). In class II mutants (n � 2), expression of T

in the primitive streak was severely reduced and was larly, expression of SII6, a novel secreted molecule ex-
pressed in the ADE (Shimono and Behringer, 1999), wasseen only in the proximal region of the embryo (Figure

3C; see Supplemental Figure S1A� at http://www. expanded in class I mutants at the same stage (n � 2;
data not shown). In class II mutants at 7.5 dpc, expres-developmentalcell. com/cgi/content/full/3/5/745/

DC1). T expression was also observed in axial mesen- sion of Hex is also expanded laterally (n � 2) (Figure 3I).
However, this is most likely due to expression in thedoderm at the distal tip of class II mutants (Figure 3C;

see Supplemental Figure S1A″). In contrast, we found visceral endoderm because visceral endoderm cells ex-
pressing Pem, a marker specific for extraembryonic tis-that Gsc expresion, which marks the APS and axial mes-

endoderm at 7.5 dpc (Filosa et al., 1997 and Figure 3D), sues (Lin et al., 1994), persist in the anterior embryonic
region in these mutants (n � 3) (Figure 3L; see Supple-was expanded in both class I (n � 2) (Figure 3E; see

Supplemental Figure S1B�) and class II mutants (n � 2) mental Figure S1E�). In contrast, visceral endoderm cells
are predominantly displaced into the extraembryonic(Figure 3F; see Supplemental Figure S1C�). These results

suggest an expansion of the APS and its derivative, in region in both wild-type and class I mutant embryos
(n � 2) (Figures 3J and 3K; see Supplemental Figureparticular, the anteriormost axial mesendoderm ex-

pressing Gsc, but not T. Consistent with this interpreta- S1F�) by this stage.
Since the APS and its derivatives are expanded, thetion, Foxa2 expression, another marker of the APS and
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Figure 3. Abnormal Patterning of the Primitive Streak in Cerl�/�;Lefty1�/� Mutants at 7.5 dpc

(A–C) Whole-mount analysis of T expression in control (A) and Cerl�/�;Lefty1�/� (B and C) embryos. Arrowhead and arrow indicate expression
in the axial mesendoderm and in the primitive streak, respectively.
(D–F) Whole-mount analysis of Gsc (purple) and Foxa2 (brown) expression in control (D) and Cerl�/�;Lefty1�/� (E and F) embryos.
(G–I) Whole-mount analysis of Hex expression in control (G) and Cerl�/�;Lefty1�/� (H and I) embryos. Arrowhead and arrows indicate Hex
transcripts in the lateral regions of the embryos and at the distal tip of the primitive streak, respectively.
(J–L) Whole-mount analysis of Pem expression in control (J) and Cerl�/�;Lefty1�/� (K and L) embryos. Magnification is the same in all panels.
Scale bar is 100 �m.

status of more-proximal primitive streak regions was two distinct sites of expression of an anterior neural
marker, Otx2, as well as two domains of expression ofexamined in class I and class II Cerl�/�;Lefty1�/� mutants.
T (Figure 4J), indicating the formation of ectopic axis,Tbx6 is normally expressed in nascent mesoderm cells
including the rostral brain. One class III mutant embryoin the middle primitive streak region, as well as in the
was also obtained that showed three distinct sites of Tprimitive streak of wild-type embryos at 7.5 dpc (Chap-
expression (see Supplemental Figure S2B at http://man et al., 1996 and Figure 5A). At later stages, Tbx6 is
www.developmentalcell.com/cgi/content/full/3/5/expressed in the presomitic mesoderm. In both class I
745/DC1). At 9.5 dpc, Evx1 (n � 2) and Mml (n � 3)and class II mutants (n � 2), no Tbx6 transcripts were
expression, which marks the posterior primitive streakdetected, indicating that paraxial mesoderm precursors
(Dush and Martin, 1992; Pearce and Evans, 1999), areare absent or misspecified (Figure 5B and data not
also observed in the two embryonic axes (Figure 4L andshown). Class I and class II mutants also have severely
data not shown). In contrast, Mox1 (Candia et al., 1992)reduced amounts of lateral mesoderm cells (data not
transcripts were not found, suggesting the absence ofshown). These observations, together with the abundant
paraxial mesoderm in class III mutants at 8.5 dpc andexpression of APS and anterior axial mesendoderm
9.5 dpc (n � 2; data not shown). Somites was also notmarkers, raise the possibility that, in class I and class II
observed in three out of four mutants at these stagesmutants, paraxial and lateral mesoderm cell populations
(data not shown), confirming the lack of paraxial meso-might have been transformed into axial mesoderm. In
derm derivatives in most cases. Altogether, these resultscontrast, extraembryonic mesoderm arising from more-
indicate that one or two ectopic primitive streaks, ex-posterior primitive streak derivatives expressing Bmp4
pressing both anterior and posterior streak markers, and

(Winnier et al., 1995) and Fgf3 (Wilkinson et al., 1989)
a secondary axis are formed in class III embryos.

appears relatively normal (n � 4; data not shown). To determine the time of formation of the ectopic
primitive streak, we analyzed the expression of markers

Class III Cerl�/�;Lefty1�/� Embryos Develop of the APS in Cerl�/�;Lefty1�/� mutants at earlier stages.
Multiple Primitive Streaks Since the various classes of mutants cannot be distin-
In addition to an expansion of the APS and its deriva- guished before 7.5 dpc, a random sampling of mutant
tives, marked by expression of Foxa2, class III mutants embryos was analyzed. At 6.75 dpc, only a single domain
at 7.75 dpc (n � 3) and 8.5 dpc (n � 3) also showed of T (n � 3) and Gsc (n � 4) was observed at the posterior
two separate sites of expression of T in the embryonic end of compound mutant embryos (data not shown).
region, suggesting the formation of an ectopic primitive In contrast, one out of four Cerl�/�;Lefty1�/� mutants
streak (Figures 4D and 4F). Foxa2 expression was also showed ectopic expression of T (data not shown), and
found in two sites, partially overlapping the domains of one out of five Cerl�/�;Lefty1�/� mutants showed ectopic
T expression in these embryos (Figures 4D″ and 4F�). expression of Gsc (Figure 4B) in the anterior epiblast,
Histological sections of whole-mount stained embryos at 7.25 dpc. Sections through one of these embryos
indicated the presence of mesoderm in the two regions revealed Gsc expression in two separate regions of the
expressing primitive streak markers (Figures 4D�, 4D″, epiblast (Figures 4B� and B″), one of them corresponding
and 4F�). In addition, two mutant embryos that devel- to an ectopic site of expression. Embryos with dupli-

cated sites of primitive streak marker expression (n �oped further than the other class III mutants showed
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Figure 4. Cerl and Lefty1 Are Required in the AVE for Preventing the Formation of Ectopic Primitive Streaks

(A and B) Whole-mount analysis of Gsc expression in control and Cerl�/�;Lefty1�/� mutants at 7.25 dpc.
(B�and B″) Corresponding transverse sections show that Gsc is expressed in two distinct domains in the anterior and posterior epiblast (red
arrows).
(C, D, E, and F) Whole-mount analysis of T (purple) and Foxa2 (brown) expression in control and class III mutants at 7.75 dpc (C and D) and
8.5 dpc (E and F).
(D�, D″, and F�) Corresponding transverse sections. Black arrows indicate nascent mesoderm expressing T and/or Foxa2, generated at both
endogenous and ectopic primitive streaks. The black arrowhead indicates T and Foxa2 in a notochord-like structure in one of the embryonic
halves.
(G, H, and H�) Control chimeric (G) and Cerl�/�;Lefty1�/� chimeric embryos (H) at 7.75 dpc, triple-labeled for LacZ (blue), T (purple), and Foxa2
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Figure 5. Rescue of Primitive Streak Pat-
terning Defects in Cerl�/�;Lefty1�/�;NodalLacZ/�

Mutants at 7.5 dpc

(A–C) Whole-mount analysis of Tbx6 expres-
sion in control (A), Cerl�/�;Lefty1�/� (B), and
Cerl�/�;Lefty1�/�;NodalLacZ/� embryos (C).
(D–F) Whole-mount analysis of Hoxb1 ex-
pression in control (D), Cerl�/�;Lefty1�/� (E),
and Cerl�/�;Lefty1�/�;NodalLacZ/� embryos (F).
Magnification is the same in all panels. Scale
bar in (A) is 100 �m.

2) at 7.25 dpc are found at a similar frequency (22.5%, (Figure 4H and data not shown) by injecting wild-type
LacZ-positive embryonic stem (ES) cells into Cerl�/�;n�9) as class III mutants are found at later stages

(28.6%, n � 12). Whether these embryos correspond to Lefty1�/� mutant morulae (Beddington and Robertson,
1989). Morphologically, these chimeras (n � 14) can beyounger class III embryos or not, these results indicate

that the earliest time of initiation of the ectopic primitive divided into three groups, corresponding to the class I,
class II, and class III groups defined for Cerl�/�;streak happens later than the endogenous streak, oc-

curring between 6.5 dpc and 7.25 dpc, at anterior re- Lefty1�/� mutant embryos. The lack of rescue of these
three phenotypic classes in these chimeras, accordinggions of the epiblast distinct from the main primitive

streak. Lefty2, another Nodal antagonist, is still ex- to morphological criteria, suggests that Cerl and Lefty1
are required in extraembryonic tissues. Class III mutantpressed in the posterior mesoderm of Cerl�/�;Lefty1�/�

mutants (n � 2; data not shown). Hence, the delay in chimeras were examined further for the expression of
APS markers. In all three chimeras examined, T andectopic primitive streak formation in these mutants may

be due to the Nodal inhibitory activity of Lefty2 that is Foxa2 were expressed in ectopic regions of the embryo
(Figures 4H and 4H�), indicating that the presence ofrelieved upon growth of the embryo.

In summary, class III mutants develop supernumerary wild-type cells in embryonic tissues in these chimeras
does not rescue the formation of ectopic primitiveprimitive streaks and show the same defects in pat-

terning of the primitive streak as do other Cerl�/�;Lefty1�/� streaks. Together, these results show that Cerl and
Lefty1 are required in extraembryonic tissues, presum-embryos.
ably the AVE, to prevent the formation of ectopic primi-
tive streaks.Cerl and Lefty1 Are Required in the AVE

to Regulate Primitive Streak Formation
We next determined whether Cerl and Lefty1 functions Rescue of Primitive Streak Defects in

Cerl�/�;Lefty1�/� Mutant Embryosare required in extraembryonic or in embryonic tissues.
We generated chimeric embryos in which the embryonic Lacking One Copy of Nodal

The defects found in Cerl�/�;Lefty1�/� mutant embryostissue is more than 95% wild-type, while the extraembry-
onic region consists only of Cerl�/�;Lefty1�/�mutant cells are opposite to those observed in Nodal mutants (Zhou

(brown). Corresponding transverse section (H�). Arrowheads in (H�) indicate four separate regions expressing T, suggesting the possibility of
three ectopic primitive streaks in this chimeric embryo.
(I and J) Whole-mount analysis of Otx2 (purple) and T (brown) expression in control (I) and a class III embryo (J) at 8.5 dpc with a secondary
axis, including anterior neural tissues.
(K and L) Whole-mount analysis of Evx1 expression in control (K) and class III mutants (L) at 9.5 dpc. All embryos are shown in lateral views
with anterior to the left, except in (F) and where the anterior-posterior (A-P) axes are indicated. Scale bars are 100 �m, except in (B�), (B″),
(D�), and (D″), where scale bars are 50 �m.
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et al., 1993; Conlon et al., 1994; Brennan et al., 2001), than in wild-type embryos. Third, the phenotypes of
suggesting that they may be due to an excess of Nodal Cerl�/�;Lefty1�/� mutants are partially suppressed by
signaling. To directly test this possibility, we generated heterozygosity of Nodal. Together with other reports
Cerl�/�;Lefty1�/� mutant embryos lacking one copy of the indicating that Cerl and antivin/Lefty act as negative
Nodal gene. If the defects observed in Cerl�/�;Lefty1�/� feedback regulators of Nodal signaling (reviewed in
mutants are caused by an excess of Nodal signaling, Schier and Shen, 2000; Whitman, 2001), our findings
removal of one copy of Nodal should partially correct demonstrate that these gene products function redun-
these defects. Mice carrying the NodalLacZ allele (Collig- dantly downstream of Nodal to attenuate its signaling
non et al., 1996) were used to derive Cerl�/�; activity during gastrulation.
Lefty�/�;NodalLacZ/� and Cerl�/�;Lefty1�/�;NodalLacZ/� Why are Cerl and Lefty1 required to limit Nodal signal-
animals that were viable and fertile. When crossed ing? Perhaps more than one antagonist is required to
with Cerl�/�;Lefty1�/� mice, they gave rise to attenuate variations in signaling levels resulting from
Cerl�/�;Lefty1�/�;NodalLacZ/� embryos at the expected biological noise in regulatory networks (Becksel and
Mendelian frequencies, at 7.5 dpc (data not shown). At Serrano, 2000). It is noteworthy that previous studies
this stage, all Cerl�/�;Lefty1�/�;NodalLacZ/� embryos (18/ have suggested that mouse embryos are very sensitive
18) showed morphological defects similar to, or weaker to actual levels of Nodal signaling, as the phenotypes
than, those of class I Cerl�/�;Lefty1�/� mutants (Figures of Nodal hypormorphs (Lowe et al., 2001) and Nodal
5C and 5F). This result suggests that elimination of one pathway mutants, such as Fast1 (Hoodless et al., 2001;
copy of Nodal is indeed sufficient to partially rescue Yamamoto et al., 2001), are highly variable. We therefore
the phenotype of Cerl�/�;Lefty1�/� mutants, so that all propose that the variability of Cerl�/�;Lefty1�/� pheno-
compound mutant embryos belong to the milder pheno- types could be due to stochastic fluctuations in the
typic class. In addition, we observed that none of the levels of Nodal signaling in mutant embryos. Alterna-
Cerl�/�;Lefty1�/�;NodalLacZ/� embryos analyzed (0/11) tively, this variability could be due to the heterogenous
and only 12.2% (2/12) of Cerl�/�;Lefty1�/�;NodalLacZ/� em- 129/SvxCD1 genetic background of the mutant em-
bryos present a mutant phenotype (of class I type) at bryos.
7.5 dpc, whereas 12.1% of Cerl�/�;Lefty1�/�and 61.9%
of Cerl�/�;Lefty1�/� mutants, respectively, exhibit class Cerl and Lefty1 Regulate Patterning
I or class II phenotypes. of the Primitive Streak

To confirm the rescue of the phenotype of In Cerl�/�;Lefty1�/� mutants, there is an expansion of
Cerl�/�;Lefty1�/�;NodalLacZ/� compound mutants, we ana- the APS, while the middle streak and its derivative, the
lyzed the expression of the paraxial mesoderm markers, paraxial mesoderm, are not generated. These defects
Tbx6 and Hoxb1 (n � 3), which are not expressed in are partially rescued by reducing Nodal dosage in com-
Cerl�/�;Lefty1�/� mutants at 7.5 dpc (Figures 5B and 5E, pound mutants. These results indicate that the level and/
respectively). In Cerl�/�;Lefty1�/�;NodalLacZ/� mutants, or range of Nodal signaling must be tightly regulated
both genes were expressed, albeit at reduced levels

for proper patterning of the primitive streak. The idea
(n � 1 and n � 3, respectively) (Figures 5C and 5F),

that Nodal may function as a morphogen in mesendo-
indicating a rescue of paraxial mesoderm formation. In

derm induction and patterning was initially supportedaddition, expression of Foxa2 in the APS appeared nor-
by gain-of-function studies in Xenopus (Jones et al.,mal (10/12) or slightly expanded (2/12) in Cerl�/�;
1995; Agius et al., 2000). Recently, studies in zebrafishLefty1�/�;NodalLacZ/� mutants at 7.5 dpc and 8.5 dpc, and
embryos have provided evidence that a Nodal-relatedthere were no ectopic sites of expression of Foxa2 in
protein could function as a morphogen, inducing Gscthese embryos (12/12; data not shown).
at high doses and T at lower doses (Chen and Schier,Altogether, these results demonstrate that the primi-
2001). At early gastrulation stages in mouse embryos,tive streak defects in Cerl�/�;Lefty1�/� mutants are par-
Gsc is expressed at the anteriormost part of the primitivetially rescued after removal of one copy of the Nodal
streak, and T is expressed in the rest of the primitivegene.
streak (our unpublished results). It is tempting to specu-
late that this molecular heterogeneity of the primitiveDiscussion
streak is a consequence of graded levels of Nodal sig-
naling. The specific loss of the APS in embryos carryingCerl and Lefty1 Function Redundantly to Modulate
a null mutation in Arkadia, a ring finger gene modulatingNodal Signaling during Gastrulation
Nodal signaling, supports the idea that the APS requiresSeveral lines of evidence indicate that Cerl and Lefty1
higher levels of Nodal signaling than the rest of theact redundantly to inhibit Nodal signaling in the mouse
primitive streak (Episkopou et al., 2001).gastrula. First, Cerl�/�;Lefty1�/� mutants have an ex-

It may seem paradoxical that Cerl and Lefty1 are ex-panded anterior primitive streak, and a subset of them
pressed in ADE precursor cells directly underlying theexhibit an ectopic primitive streak. These phenotypes
APS, although this tissue requires high levels of Nodalare opposite to those of Nodal mutant embryos (Zhou
signaling for the induction of genes such as Gsc. How-et al., 1993; Conlon et al., 1994; Brennan et al., 2001) and
ever, expression of Cerl and Lefty1 in the ADE precursorhave not been observed in Cerl�/� or Lefty1�/� mutants.
cells is initiated only at the middle primitive streak stage,Second, target genes of Nodal signaling, such as Gsc
after the APS has formed and after the initiation of Gscand Hex, identified in ectopic expression studies in Xen-
expression. This temporal delay in the activation of Cerlopus (Jones et al., 1995; Zorn et al., 1999) and zebrafish
and Lefty1 may have a role in modulating the level of(Toyama et al., 1995; Gritsman et al., 2000), are ex-

pressed in broader domains in Cerl�/�;Lefty1�/� mutants Nodal signaling over time. In this way, genes such as
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Figure 6. A Model Showing How Cerl and Lefty Genes Regulate Primitive Streak Formation and Patterning in Mouse

At 5.5 dpc, Nodal from the epiblast regulates its own expression through an autoregulatory loop (1) and the expression of genes in the AVE,
including Cerl and Lefty1 (2) (Brennan et al., 2001). Cerl and Lefty1 from the AVE then feed back to downregulate Nodal expression first in
the distal and then in the anterior epiblast after anterior displacement of the visceral endoderm (green arrows), perhaps by inhibiting the Nodal
autoregulatory loop (3?). As a consequence of these AVE-epiblast interactions, Nodal expression becomes spatially restricted, resulting in
primitive streak formation at the posterior end of the embryo. The progressive spatial restriction of Nodal expression is indicated by red
arrows. Migration of anterior proximal epibast cells (blue arrow) may also contribute to the restriction of Nodal signaling posteriorly. Nodal
has also been shown to regulate the expression of genes, such as BMP4 and Eomesodermin, in the extraembryonic ectoderm (Brennan et
al., 2001; data not shown). At 7.0 dpc (midstreak stage), Cerl and Lefty1 from the precursors of the ADE and possibly Lefty2 from the mesoderm
wings pattern the anterior-posterior axis of the streak, which will give rise to corresponding medial-lateral mesoderm populations. This figure
is adapted from Beddington and Robertson (1999).

Gsc could be activated transiently in the APS at the displaced asymmetrically toward the prospective ante-
rior side of the embryo before the onset of gastrulationearly streak stage, and a different set of genes, including

chordin (Bachiller et al., 2000) and T, could be expressed (Thomas et al., 1998). Evidence for an early role of AVE
precursors in regulating primitive streak formation hasin the APS at later stages. Analysis of the regulatory

elements of these different Nodal-induced genes may come from explant culture experiments (Kimura et al.,
2000). These studies have also shown that signals de-provide further insight into this problem.
rived from the AVE can downregulate the expression of
primitive streak markers in the epiblast (Kimura et al.,The AVE Positions the Primitive Streak

by the Inhibitory Activities of Cerl 2000). Since Cerl is already expressed in AVE precursor
cells distally, as shown by the expression of a LacZand Lefty1 on Nodal Signaling

We have observed the formation of an ectopic primitive gene inserted into the Cerl locus (Stanley et al., 2000),
we propose that inhibition of Nodal signaling starts dis-streak in all class III mutant embryos. This phenotype

is rescued in Cerl�/�;Lefty1�/� mutants with only one tally and shifts anteriorly as a consequence of AVE cell
movements (Figure 6). An important remaining questioncopy of the Nodal gene. In addition, the ectopic primitive

streak in class III mutants is not rescued in chimeras is, what drives asymmetric migration of the AVE cells?
The model shown in Figure 6 is in agreement with themade of wild-type embryonic tissues and Cerl�/�;

Lefty1�/� extraembryonic tissues, demonstrating that finding that the hypoblast, the presumed avian equiva-
lent of the AVE, inhibits primitive streak formationthese genes act in the AVE to prevent multiple primitive

streaks from forming in the embryo. These findings sup- through the action of Nodal antagonists such as Cer-
berus (Bertocchini and Stern, 2002). In the chick embryo,port a model whereby the AVE functions, by the inhibi-

tory activities of Cerl and Lefty1, to restrict Nodal signal- the hypoblast is displaced away from the site of primitive
streak formation by the endoblast, the presumed avianing and, consequently, primitive streak formation to the

posterior end of the embryo (Figure 6). One possible equivalent of posterior visceral endoderm, just before
the appearance of the primitive streak. This mechanismexplanation for the progressive posterior restriction of

Nodal signaling before gastrulation could be the inhibi- would ensure that a single primitive streak forms above
the endoblast, in the posterior epiblast (Bertocchini andtion of its autoregulatory loop (Brennan et al., 2001) in

other regions of the epiblast. Alternatively, posteri- Stern, 2002).
Evidence for a role of Nodal inhibitory signals in regu-orward movement by epiblast cells could contribute to

the restriction of primitive streak signals (Beddington lating primitive streak formation has also been obtained,
from the phenotypic analysis of Lefty2 mutants, whichand Robertson, 1999). Wnt signaling is also likely to play

a role in primitive streak formation, given the lack of develop an enlarged primitive streak and have an excess
of mesoderm (Meno et al., 1999). These data suggestformation of a primitive streak in Wnt3 mouse mutants

(Liu et al., 1999). However, whether Wnt3 acts in the that different antagonists of Nodal signaling, Cerl and
Lefty1 in the AVE and Lefty2 in mesoderm cells invagi-same pathway as Nodal or independently remains to be

determined. nating and delaminating from the middle and posterior
primitive streak, may work together to correctly positionIn the mouse embryo, the future AVE cells are located

in a distal position shortly after implantation and are the primitive streak at the posterior end of the embryo
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in PBS, and embedded with the JB-4 Embedding Kit (Polysciences).and/or regulate its width. Lefty2 from the mesoderm
Five-micrometer sections were mounted directly.wings may also cooperate with Cerl and Lefty1 from the

ADE precursors to regulate patterning of the primitive
Generation of Chimeric Embryosstreak at the midstreak stage (Figure 6).
The morulae stage (2.5 dpc) embryos used to generate chimeras

In conclusion, our analysis of Cerl�/�;Lefty1�/� com- were obtained from intercrosses of Cerl�/�;Lefty1�/� mice. Embryos
pound mutants indicates that Cerl and Lefty1 function were injected with approximately ten wild-type ROSA26/� ES cells

of the ES31 line (Rhinn et al., 1998) and reimplanted into pseudo-redundantly to regulate the formation and patterning of
pregnant females. Chimeric embryos were harvested at 7.5 dpc andthe primitive streak. Our findings provide support for a
processed for �-galactosidase staining, and then whole-mount inmodel whereby a critical step in primitive streak forma-
situ hybridization was performed as described in Rhinn et al. (1998).tion is the progressive restriction of Nodal activity to the
The genotype of the host morula was determined retrospectively

posterior end of the embryo by the AVE-derived signals, with visceral yolk sac endoderm isolated from visceral mesoderm
Cerl and Lefty1. This important role of the AVE in pre- after digestion in pancreatin and trypsin as described (Hogan et al.,

1994). DNA samples from the endodermal fraction were genotypedventing the formation of multiple primitive streaks or
for the Lefty1 locus.axes is evolutionarily conserved in the hypoblast of the

chick (Bertocchini and Stern, 2002).
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