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The Hypoblast of the Chick Embryo
Positions the Primitive Streak
by Antagonizing Nodal Signaling

epithelium containing all the cells that will contribute to
the later embryo. The lower layer contains a succession
of cell populations (for review see Foley et al., 2000;
Figure 1). A first component (hypoblast) forms by coales-
cence of cells probably derived by earlier polyingression
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London WC1E 6BT from the epiblast; it expands in a posterior to anterior

direction until it covers most of the blastoderm. AlmostUnited Kingdom
immediately, a second cell population (the “endoblast,”
or “sickle endoblast”; Vakaet, 1970; Stern, 1990; Callebaut
et al., 1997) appears at the posterior edge and graduallySummary
spreads, displacing the original hypoblast anteriorly.
Neither hypoblast nor endoblast contributes any cellsThe hypoblast (equivalent to the mouse anterior vis-

ceral endoderm) of the chick embryo plays a role in to the embryo—both give rise only to extraembryonic
tissues and, in many respects, resemble the visceralregulating embryonic polarity. Surprisingly, hypoblast

removal causes multiple embryonic axes to form, sug- endoderm (VE) of the mouse (Thomas and Beddington,
1996; Beddington and Robertson, 1998), of which thegesting that it emits an inhibitor of axis formation. We

show that Cerberus (a multifunctional antagonist of hypoblast corresponds to the anterior part (AVE) (Foley
et al., 2000). Immediately after the endoblast insinuatesNodal, Wnt, and BMP signaling) is produced by the

hypoblast and inhibits primitive streak formation. This itself posteriorly, the primitive streak arises at this site.
Although this early lower layer does not contribute toactivity is mimicked by Cerberus-Short (CerS), which

only inhibits Nodal. Nodal misexpression can initiate the embryo, it influences the orientation of the embry-
onic axis (Waddington, 1932, 1933; Azar and Eyal-Giladi,an ectopic primitive streak, but only when the hypo-

blast is removed. We propose that, during normal de- 1981; Khaner, 1995; Callebaut et al., 1999; Foley et al.,
2000), but the mechanisms are unknown. Many thoughtvelopment, the primitive streak forms only when the

hypoblast is displaced away from the posterior margin that it “induces” the primitive streak (Waddington, 1933;
Azar and Eyal-Giladi, 1981), but this has been challengedby the endoblast, which lacks Cerberus.
by the finding that experimental rotation of the lower
layer influences cell movements but does not changeIntroduction
cell fates (Waddington, 1932; Khaner, 1995; Callebaut
et al., 1999; Foley et al., 2000).A critical early event in embryonic development involves

breaking the initially radial or spherical symmetry of the Here, we define a novel, inhibitory role of the hypo-
blast, which helps to reconcile earlier contradictory find-egg to establish the position from which the body axis

will arise. Most of what we know about this is derived ings and provides a mechanism to prevent the formation
of multiple embryos. Within the lower layer, the hypo-from studies in Drosophila and Xenopus. Both species

rely on localization of maternal components to specific blast component blocks primitive streak formation by
emitting antagonists of the Nodal signaling pathway. Weregions of the egg cytoplasm, such that they are differ-

entially inherited by subsets of daughter cells, which propose that the displacement of the hypoblast away
from the posterior margin by the endoblast is a criticalthus acquire different fates. As a result, embryonic polar-

ity and some cell fates are established very early in event in primitive streak formation, by removing Nodal
antagonists from this site.development. Despite having a very early bias in their

polarity (Zernicka-Goetz, 2002), amniote embryos (rep-
tiles, birds, and mammals) seem to have evolved a differ- Results
ent, “regulative” strategy: many cell divisions take place
before portions of the embryo lose their ability to form The Hypoblast Is Marked by Expression
an embryonic axis (for review see Arendt and Nübler- of Antagonists of Signaling Pathways
Jung, 1999). In the chick embryo, any pie-shaped slice Morphological (Vakaet, 1970), cell labeling (Stern, 1990),
cut from an embryo at the “blastoderm” (20,000–60,000- and molecular (Foley et al., 2000) evidence has revealed
cell) stage can generate a complete axis (Spratt and the existence of two distinct cell types within the lower
Haas, 1960). This regulative ability is retained up to the (endodermal) layer of the preprimitive streak chick em-
beginning of gastrulation, when the first axial structure bryo: hypoblast and endoblast (see above). To identify
(the primitive streak) appears. The finding that any por- novel signaling molecules distinguishing these cell
tion of the blastoderm has the potential to generate an types, we performed a differential screen between small
axis spontaneously raises an obvious question: what groups of hypoblast and endoblast cells isolated from
mechanisms ensure that only one primitive streak devel- an embryo at stage 3 (Hamburger and Hamilton, 1951).
ops? Several new marker genes were identified (to be de-

Before gastrulation, the chick blastoderm is a flat disc scribed elsewhere), but none encoded secreted pro-
with two cell layers. The upper layer (epiblast) is an teins. The only hypoblast-specific secreted products

identified thus far are antagonists of known pathways:
Cerberus inhibits Wnt, BMP, and Nodal, Crescent is a1Correspondence: c.stern@ucl.ac.uk
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Figure 1. Hypoblast and Endoblast in Early Chick Embryos

Scheme of early stages of development. At stage X the embryo is essentially one-layer thick, except for small islands of hypoblast (blue) at
its ventral surface. At stage XII, the hypoblast has formed a sheet that covers half of the area pellucida and, by stage XIII, covers the entire
surface. The primitive streak (brown) appears at stage 2, when the hypoblast has started to become displaced anteriorly by the endoblast
(white). Green, area opaca; red, marginal zone; yellow, area pellucida epiblast.

Wnt antagonist, and Dkk1 inhibits Wnt and BMP; no 31%). Together, these results suggest that the hypoblast
inhibits primitive streak formation by antagonizing a stepsecreted proteins specific to the endoblast have yet

been found (Piccolo et al., 1999; Belo et al., 2000; Marvin downstream of the initial induction by Vg1 plus Wnt.
et al., 2001; Schneider and Mercola, 2001; Skromne and
Stern, 2001). Gain-of-Function Experiments Implicate Nodal

Which of the three known signaling pathways antago-
nized by the hypoblast (BMP, Wnt, or Nodal) accountsRemoval of the Hypoblast Causes Formation

of Ectopic Primitive Streaks for the formation of ectopic primitive streaks following
hypoblast removal? The hypoblast expresses CerberusThe finding that the only known secreted proteins spe-

cific to the hypoblast are antagonists of known signaling and Dkk1, two multifunctional secreted proteins that
inhbit BMPs and other signals (Glinka et al., 1998; Pic-pathways prompted us to investigate the effects of the

removal of this cell layer on axis development. We were colo et al., 1999). BMP inhibition by Chordin (but not
Noggin) has been shown to be sufficient to initiate for-surprised to find that, after removal of the hypoblast

sheet from stage XII–XIII embryos (Figures 1 and 2A) mation of a primitive streak (Streit et al., 1998; Streit and
Stern, 1999). Moreover, misexpression of either BMP4and incubation of the embryos for 15–20 hr, one or more

ectopic primitive streaks appeared in random positions or BMP7 inhibits primitive streak formation (Streit et al.,
1998); it is therefore very unlikely that hypoblast removalof the blastoderm (15/64 cases, 23%, versus less than

1% in unmanipulated embryos; Figures 2B–2E). No dif- acts through this pathway.
Dkk1, Crescent, and Cerberus (Foley et al., 2000), ex-ference was observed (p � 0.9) in the incidence of ec-

topic axes between embryos operated at stage XII (11/ pressed by the hypoblast, all antagonize the Wnt path-
way. We therefore tested the ability of Wnt to induce a46) or XIII (4/18). Up to three separate primitive streaks

were seen in a single blastoderm (3/15 cases), each primitive streak by misexpressing Wnt1 in the presence
(Skromne and Stern, 2001) or absence (this study; n �characterized by an accumulation of mesoderm cells, a

primitive groove, and discernible Hensen’s node. In 16) of the lower layer. Virtually no ectopic streaks were
seen when the hypoblast was present (1/24). When thesome cases, however, one or more of the streaks re-

gresses and only one axis develops further. By contrast, hypoblast was removed, 2/16 (13%) embryos had an
ectopic streak in addition to the normal axis, but noneno ectopic axes formed when the hypoblast was re-

moved and replaced in its original position (n � 21). The of these streaks arose from the site of implantation (data
not shown).ectopic primitive streaks were correctly patterned, as

revealed by the expression of Brachyury (a marker for Finally, Cerberus is also an antagonist of Nodal signal-
ing (Piccolo et al., 1999; Belo et al., 2000). To investigatethe entire streak; Figures 2B–2D), Vg1 (a marker for post-

Nodal and middle streak; Figure 2E) and Chordin (a whether this pathway is responsible for the effects of
hypoblast removal, we placed a pellet of Nodal-trans-marker for the node; data not shown). These results

suggest that the hypoblast somehow inhibits formation fected COS cells into the lateral area pellucida of stage
XII embryos either in the presence or absence (Figureof the primitive streak.

Recently it was shown that Vg1, acting together with 3A) of the hypoblast. When the hypoblast was present,
Nodal did not induce ectopic primitive streaks or ectopicWnts, can initiate a local cascade of gene activation,

leading to formation of an ectopic primitive streak expression of the streak marker Brachyury (0/20; data
not shown). Likewise, implantation of control, mock-(Skromne and Stern, 2001, 2002). To assess which level

of this cascade is antagonized by the hypoblast, we transfected COS cells in the absence of the hypoblast
had no effect (0/31; Figure 3D). By contrast, when theexamined the expression of several genes in this path-

way at shorter intervals (6–9 hr) after hypoblast removal. hypoblast was removed, Nodal induced an ectopic prim-
itive streak arising from the site of misexpression in 18/We did not observe ectopic expression of the most up-

stream component (Vg1) but detected ectopic expres- 66 cases (27%, p � 0.001) (Figures 3B–3C). This ectopic
primitive streak expressed Brachyury throughout itssion of the more downstream components, Chordin and

Nodal (Figures 2F and 2G), with a frequency similar to length (Figure 3B) and the organizer marker Chordin at
its tip (Figures 3C and 3E–3F), and histological analysisthe observed incidence of ectopic streaks (8/26 cases,
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Figure 2. Removal of the Hypoblast Generates Multiple Primitive Streaks

(A) Diagram showing the operation.
(B–E) After incubation overnight (to stage 4), embryos were hybridized with cBrachyury (B–D) or Vg1 (E). Arrows indicate ectopic streaks.
(F and G) Operated embryos cultured for a short period (6 hr in [F] and 9 hr in [G], still before streak formation) and probed for Chordin (F)
or Nodal (G). Arrows indicate ectopic expression. The red spots mark the original posterior pole. Note that in many cases none of the primitive
streaks arises from this site (B, C, and G).

revealed that a mesodermal layer had emerged laterally antagonist (Piccolo et al., 1999). To test the ability of
Cerberus and CerS to inhibit Nodal signaling in this sys-(Figure 3F). When the tip of the ectopic streak is grafted

into the area opaca of a host embryo, it induces a full tem, we compared the effects of misexpressing Nodal
alone with those of Nodal together with either Cerberusnervous system, including a head and expressing the

neural marker Sox2 (n � 9; Figure 3G). In all 18 cases or CerS. The hypoblast was removed from stage XII
embryos, and a pellet of Nodal-transfected COS cellsthe ectopic primitive streak arose immediately adjacent

to the site of misexpression. was implanted laterally on each side of the embryo. One
of the two Nodal pellets was surrounded with four pelletsTaken together, these gain-of-function experiments

indicate that the inhibitory effect of the hypoblast on of Cerberus- or CerS-transfected COS cells (Figure 3H).
As expected from the experiments above, Nodal aloneprimitive streak development could be due to antago-

nism of the Nodal signaling pathway. induced an ectopic primitive streak (13/69, 19%; Figures
3I and 3J, right side). Both Cerberus (0/42 with ectopic
streaks from the site of implantation; Figure 3J, left side)Loss-of-Function Experiments Implicate Nodal

in Primitive Streak Formation and CerS (2/27, 7%; Figure 3I, left side) inhibited this
induction (p � 0.01). As an additional control to ruleAt present it is difficult to perform loss-of-function ex-

periments in chick embryos with genetics, and we there- out the possibility that the presence of additional cells
inhibits the effects of Nodal, we surrounded the Nodalfore resorted to misexpression of the Nodal antagonist,

Cerberus. This multifunctional antagonist inhibits BMP cells with four pellets of mock-transfected COS cells;
an ectopic primitive streak arose from the implantationand Wnt signaling as well as Nodal (Piccolo et al., 1999;

Belo et al., 2000). However, a truncated form of Cer- site in 6/37 (16%) cases, indistinguishable from the ef-
fects of Nodal alone. Together, these results show thatberus, called Cerberus-Short (CerS), is a specific Nodal
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Figure 3. Nodal Induces and Cerberus Inhib-
its Ectopic Primitive Streak Formation

(A) The hypoblast was removed at stage XII,
and Nodal-transfected COS cells grafted in
the lateral area pellucida.
(B and C) Examples of the primitive streak
induced by Nodal. Ectopic streaks arise ei-
ther instead of (B), or together with (C), the
original axis. Embryos were hybridized with
cBrachyury (B and D) or Chordin (C, E, and F).
(D) Control embryo (hypoblast removed)
grafted with mock-transfected cells.
(E–G) The ectopic primitive streak is pat-
terned correctly. It expresses Chordin at its
tip (C, E, and F), and, when this tip is trans-
planted to a host embryo, it induces a com-
plete ectopic nervous system (red arrow-
head) expressing the neural marker Sox2 (G).
Arrows point to the grafts. (F) shows meso-
derm emerging from the ectopic streak in a
section through the Chordin-expressing node
of the embryo in (E).
(H) Two Nodal cell pellets were grafted after
hypoblast removal, one on each side. Grafts
of Cerberus or CerS cells were placed around
one of the Nodal pellets (left in the diagram).
(I–J) Nodal induced a primitive streak only in
the absence of CerS (I) or Cerberus (J) (right).
Embryos hybridized with cBrachyury. N,
Nodal ; NC, Nodal plus Cerberus or CerS.

Cerberus and CerS can act as effective antagonists of pellets remained in position, the primitive streak was
either displaced laterally (radially), away from its normalNodal signaling.

If the hypoblast acts during normal development by site, arising from a region not immediately adjacent to
the pellets (29/53 cases, 55%; Figures 4B and 4C) orantagonizing Nodal signaling until its removal by the

endoblast, then it should be possible either to block or failed to form altogether (9/53 cases, 17%). Cerberus
caused displaced streaks in 15/32 (47%) cases and fail-to displace the formation of the normal primitive streak

by misexpression of Nodal antagonists at the site of ure of streak development in 8/32 (25%) cases (total,
72% cases with effects on polarity). CerS was also effec-normal streak formation. To test this, we implanted three

to five pellets of Cerberus- or CerS-transfected COS tive, with 14/21 (67%) cases of displacement and no
streak formation in 1/21 (5%) cases (total, 71% withcells at the posterior edge of the area pellucida at stage

XIII, immediately before the endoblast starts to form at affected polarity). Mock-transfected pellets had no ef-
fect (0/18, p � 0.001) (Figure 4D), demonstrating that thethis site (Figure 4A). Because of the movements of the

lower layer, some of these pellets moved away from the pellets do not impose a mechanical block on primitive
streak formation.site of implantation (35/84)—these embryos were not

considered in the analysis. In the embryos where the Together, these experiments provide evidence that
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Figure 4. Cerberus Inhibits the Embryo’s
Own Primitive Streak

(A) Cerberus-transfected cells were grafted
in the posterior area pellucida of a stage XIII
embryo, where the streak normally forms.
(B and C) Ectopic Cerberus expression
makes the streak arise from a more lateral
position (the apparent transverse orientation
is a rotational deviation because the chick
embryo is a disk).
(D) Control cells have no influence. Embryos
hybridized with cBrachyury (B and D) or
Chordin (C). Arrows indicate the grafts.

Nodal signaling regulates primitive streak formation in chick embryo can control the polarity of the primitive
the chick embryo. streak was interpreted for a long time as indicating that

the hypoblast induces the primitive streak (Waddington,
Nodal Signaling Is Required for Induction 1933; Eyal-Giladi and Wolk, 1970; Azar and Eyal-Giladi,
of a Primitive Streak by Vg1 1979, 1981, 1983; Mitrani et al., 1983, 1990). Although
It was previously shown that, provided that Wnt signal- recent studies have challenged this interpretation
ing is active, Vg1 can initiate formation of a primitive (Khaner, 1995; Foley et al., 2000), our finding that re-
streak at any point around the circumference of the moval of the lower layer causes ectopic primitive streaks
blastoderm (Seleiro et al., 1996; Shah et al., 1997; to appear was still very surprising. It revealed that the
Skromne and Stern, 2001). A time-course analysis of hypoblast, rather than inducing a primitive streak, in-
gene expression after Vg1 misexpression revealed that hibits its formation.
Nodal is induced next to the implanted Vg1 source, but The significance of this became more apparent when
only in the area pellucida adjacent to the graft (Skromne we considered the possible role of the endoblast, the
and Stern, 2002). This suggests that Nodal signaling second cellular component of the lower layer, which
acts in the area pellucida, downstream of the initial in- displaces the hypoblast away from the site of primitive
duction by Vg1 plus Wnt in the marginal zone. To test streak formation, just before this structure appears (Va-
this possibility directly, we explored whether Cerberus kaet, 1970; Stern and Ireland, 1981; Stern, 1990; Callebaut
or CerS can inhibit the induction of a primitive streak et al., 1997). We therefore investigated whether the ex-
by Vg1. Vg1-transfected COS cells were implanted in pression of antagonists of known signaling pathways in
the marginal zone, and Cerberus- or CerS-transfected the hypoblast and their absence from the endoblast
cells were placed either in the marginal zone together could account for the finding that the hypoblast inhibits
with the Vg1 pellet (Figure 5A, right) or in the area pellu- primitive streak formation. The paradoxical role of the
cida adjacent to the Vg1 cells (Figure 5A, left). Inhibition hypoblast can be accounted for by postulating that,
of Nodal signaling in the marginal zone by either antago- during normal development, the removal of hypoblast
nist did not affect induction of a primitive streak by Vg1 by the endoblast enables Nodal signaling at the margin
(11/21, 52%—a similar frequency to that seen with Vg1 of the embryo (Figure 6). This conclusion is greatly
alone, 38/62, 61%; Shah et al., 1997; Skromne and Stern,

strengthened by the independent finding in Perea-
2001) (Figure 5C). By contrast, inhibition of Nodal signal-

Gomez (2002 [this issue of Developmental Cell]) that
ing in the area pellucida adjacent to the Vg1 source

mouse embryos lacking two Nodal antagonists (Cerb-depressed the ability of Vg1 to initiate primitive streak
erus-like and Lefty1) also generate an ectopic primitiveformation (0/7 with CerS and 3/12 with Cerberus, p �
streak because both of these Nodal antagonists are0.05; Figure 5B). These results suggest that, while Vg1
normally expressed in the anterior visceral endodermplus Wnt initiate a cascade of events from the marginal
(AVE), the mouse equivalent of the hypoblast (Foley etzone, Nodal signaling is required in the area pellucida
al., 2000).adjacent to the marginal zone.

Together, our results strongly implicate Nodal signal-
ing in primitive streak formation. It is required for forma-

Roles of Nodal in Primitive Streak Formationtion of the normal primitive streak as well as for induction
and Mesendoderm Patterningof an ectopic streak by Vg1. Since the hypoblast, but not
Compelling evidence implicates Nodal signaling in mes-the endoblast, secretes Nodal antagonists, we propose
endoderm induction and patterning in mouse, Xenopusthat the hypoblast may act by preventing primitive streak
and zebrafish embryos (Zhou et al., 1993, Jones, 1995;formation at early stages, until it is displaced by the
Erter et al., 1998; Osada and Wright, 1999; Agius et al.,endoblast.
2000; Schier and Shen, 2000; Chen and Schier, 2001).
Nodal appears to act as a true morphogen in this pro-Discussion
cess, with higher levels of activity generating endoderm
and dorsal (axial) mesoderm and lower levels specifyingHypoblast and Endoblast
progressively more ventral (lateral) mesoderm (Agius etWaddington’s (1932, 1933) discovery that the early lower

layer (which he mistakenly called “endoderm”) of the al., 2000; Chen and Schier, 2001; Episkopou et al., 2001;
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Figure 5. Cerberus Inhibition of Primitive
Streak Induction by Vg1

(A) Vg1-transfected cells were grafted in the
anterior marginal zone, and pellets of Cerbe-
rus- or CerS-transfected cells were placed
either in the adjacent anterior area pellucida
(left) or together with the Vg1 cells in the ante-
rior marginal zone (right).
(B and C) CerS in the area pellucida prevents
induction of an ectopic streak by Vg1 (B),
while CerS in the marginal zone does not (C).
Arrows point to grafts. Hybridization with
cBrachyury.

Kodjabachian, 2001; Niederlander et al., 2001). In amni- Cheng et al., 2000; Agathon et al., 2001). In the chick,
the expression patterns of all of these components areotes the primitive streak is the site of mesoderm and

endoderm formation, wherein the most anterior parts consistent with a role of Nodal in early development.
Nodal is expressed at the most posterior edge of the(including Hensen’s node) give rise to the most dorsal/

axial mesoderm and to definitive endoderm, and pro- area pellucida epiblast, adjacent to the posterior mar-
ginal zone (PMZ) (Lawson et al., 2001; Skromne andgressively more posterior parts give rise to more ventral/

lateral and extraembryonic mesoderm (Psychoyos and Stern, 2002; our unpublished data). The PMZ is the chick
equivalent of the Nieuwkoop center of amphibians andStern, 1996; Kinder et al., 1999). It therefore seems likely

that the initiation of active Nodal signaling that ensues expresses Vg1 and cWnt8C, which synergize to induce
Nodal (and eventually the primitive streak and organizer)after displacement of the hypoblast away from the site

of primitive streak formation enables the process of in the neighboring area pellucida (Bachvarova et al.,
1998; Skromne and Stern, 2001, 2002). Cripto/CFC ismesoderm formation to begin but, at the same time,

somehow generates gradients of Nodal activity that will expressed throughout the epiblast at this stage (Colas
and Schoenwolf, 2000; Schlange et al., 2001) (and Ar-eventually contribute to pattern descendants of the

primitive streak, so that the anteroposterior axis of kadia is likely to be as ubiquitous in chick as it is in
mouse and Xenopus), suggesting that the regional distri-the streak will correspond to the axial-lateral axis of the

mesoderm. At present we do not understand how this bution of Nodal activity is not primarily regulated by the
availability of these cofactors. Of the antagonists, onlyprocess takes place because the sites and timing of

exposure of prospective primitive streak cells to Nodal Cerberus appears to be expressed early enough to play
a role in the initiation of primitive streak developmentsignaling are complicated by the extensive cell move-

ments that take place in this region at the time of streak (Foley et al., 2000); Lefty1 starts to be expressed in the
young primitive streak itself (Ishimaru et al., 2000), andformation (Vakaet, 1970; Foley et al., 2000).

Nodal signaling requires cofactors of the one-eyed Lefty2 has not yet been isolated. Together, these obser-
vations suggest that, in the chick, Nodal activity is pri-pinhead/Cripto/EGF-CFC family (Zhang et al., 1998;

Gritsman et al., 1999; Schier and Shen, 2000), is modu- marily regulated by the expression of the Nodal in the
epiblast and by the presence of its antagonist, Cerberus,lated by the nuclear factor Arkadia (Episkopou et al.,

2001; Niederlander et al., 2001), and is inhibited by Cer- in the hypoblast. It is worth noting, however, that chick
Lefty1 (Ishimaru et al., 2000) is expressed more likeberus (Piccolo et al., 1999; Agius et al., 2000) and antivin/

Lefty proteins (Meno et al., 1998; Meno et al., 1999; mouse Lefty2 than the homonymous gene (Meno et al.,
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Figure 6. A Model of Primitive Streak Formation in the Chick

Summary of signaling interactions proposed to initiate primitive streak formation. Ventral views of embryos (posterior to the bottom) at stage
XII (A) and 2 (B), showing area opaca (green), marginal zone (red), exposed epiblast (yellow), hypoblast (blue), and endoblast (white).
(A) Early on, Vg1 (in the posterior marginal zone) and Wnt8C (throughout the marginal zone) cooperate to induce Nodal in the adjacent area
pellucida epiblast. However, Nodal signaling is blocked by Cerberus, expressed by the hypoblast.
(B) The hypoblast is then displaced (wide arrows) away by the endoblast, freeing Nodal signaling, which then induces the primitive streak
(gray) and expression of Lefty1, proposed to act as a feedback inhibitor of Nodal to prevent formation of additional streaks. Possible roles
of Cerberus, Crescent, and Dkk1 as Wnt antagonists are also indicated.

1997; Perea-Gomez et al., 2002). This suggests either ectopic axis until stages X–XI (Khaner et al., 1985;
Khaner and Eyal-Giladi, 1986, 1989; Eyal-Giladi andthat the two genes have exchanged roles during evolu-
Khaner, 1989; Bachvarova et al., 1998), suggesting thattion or, probably more likely, on the basis of phyloge-
the role of the marginal zone is restricted to this verynetic trees of sequence similarities (Meno et al., 1997),
early stage of development. Misexpression of Vg1 inthat the gene currently known as chick Lefty1 is actually
the marginal zone induces expression first of Vg1 itselfLefty2. Resolution of this question will have to await
within the marginal zone (3 hr) and then of a cascadethe isolation of the remaining Lefty gene in chick and
of other signaling factors not in the marginal zone, butanalysis of its expression.
in the adjacent embryonic epiblast (area pellucida)
(Skromne and Stern, 2002). Nodal is among these laterLefty: A Later Phase of Nodal Inhibition?
components and is induced 6 hr after misexpressionOur finding that the hypoblast inhibits primitive streak
of Vg1. Removal of the hypoblast (this study) inducesformation until its removal by the endoblast provides a
expression of Nodal, Chordin, and Brachyury, but notnovel mechanism for ensuring that, in a regulative-type
of Vg1. These findings place Nodal signaling down-embryo, a single axis forms. However, after Nodal sig-
stream of the initial induction by Vg1 plus Wnt8Cnaling is released from inhibition by the hypoblast and
(Figure 6A).the primitive streak appears, the endoblast continues

Other factors appear to act downstream of Nodal.to push forward and to displace the hypoblast further
Chordin (Streit et al., 1998; Streit and Stern, 1999) andanteriorly (see Figure 1A). Some mechanism must there-
FGF (Skromne and C.D.S., unpublished data) misex-fore exist to sense the presence of a streak posteriorly
pression can each initiate the formation of an ectopicand prevent the appearance of other axes in an ex-
primitive streak, but, in both cases, the induced streakpanding region devoid of Nodal antagonists. An obvious
is “ventral” in character and lacks an organizer. This,possibility (Page et al., 2001) is that the streak itself
along with the finding (this study) that Nodal misexpres-produces some inhibitor(s). cLefty1 (or mouse Lefty2)
sion induces the dorsal/axial marker Chordin, suggestsfulfills the criteria required for such an inhibitor, since it
that the BMP and FGF pathways act downstream of, oris expressed in the early primitive streak itself (Meno et
in parallel with, Nodal. To establish the precise nature

al., 1997; Ishimaru et al., 2000) (Figure 6B). Moreover,
of the contribution of each of these signaling pathways

Lefty2 is induced by Nodal/Squint, and mice lacking to primitive streak formation will require experiments
functional Lefty2 develop with a greatly expanded primi- combining misexpression of one of the signaling mole-
tive streak and excessive mesoderm (Meno et al., 1999). cules with inhibition of each of the other pathways in

turn. These experiments are in progress in our labo-
Upstream and Downstream of Nodal: Involvement ratory.
of Other Pathways Our results indicate that Nodal misexpression can ini-
Previous work has revealed that Vg1 will initiate primitive tiate primitive streak formation in about 1/3 cases, a
formation when misexpressed in the marginal zone, a frequency somewhat lower than that obtained by misex-
region that also expresses Wnt8C (Seleiro et al., 1996; pressing Vg1 (Shah et al., 1997; Skromne and Stern,
Shah et al., 1997; Skromne and Stern, 2001, 2002). In 2001, 2002). This could suggest the involvement of other
normal development, the expression of Vg1 and Wnt8C pathways required in conjunction with Nodal signaling
overlap in the posterior marginal zone, which has been to initiate primitive streak development. The most likely
shown to be functionally equivalent to the Nieuwkoop candidate is Wnt signaling. Support for the idea that the
center of amphibians (Bachvarova et al., 1998) in that it regulation of Wnt signaling is critical for primitive streak
will induce a primitive streak including the organizer, formation comes from several findings in mice. First,
but without making a cellular contribution to these struc- mutations in the Axin gene (an intracellular negative reg-

ulator of Wnt signaling; Zeng et al., 1997) cause thetures. Grafts of the marginal zone will only induce an
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After marking the posterior area opaca with powdered carmine, weembryos to develop multiple primitive streaks. Second,
removed the hypoblast using insect pins. Operated embryos weremisexpression of chick cWnt8C in mouse embryos
incubated at 38�C in a humidified chamber for various periods ofcauses duplications of the primitive streak (Popperl et
time and fixed. Whole-mount in situ hybridization was performed

al., 1997). Third, mice with mutations in the Wnt3 gene as described previously (Stern, 1998). The probes used were as
fail to form a primitive streak (Liu et al., 1999). In the follows: cBrachyury (Kispert et al., 1995; Knezevic et al., 1997),

Chordin (Streit et al., 1998), Nodal/cNR1 (Levin et al., 1995), Cerberuschick, although Wnt signals have been shown to play a
(Zhu et al., 1999), Crescent (Pfeffer et al., 1997), and Hex/PRH (Yat-role in conjunction with Vg1 signaling from the posterior
skievych et al., 1999).marginal zone (Skromne and Stern, 2001), this occurs

at an early stage of development, before hypoblast for-
DNA Constructsmation (see above). It has been suggested that Vg1/
Xenopus Cerberus-Short (kind gift from E. De Robertis) (Piccolo et

activin signals and Wnt signals are integrated at the al., 1999) was subcloned into XhoI/EcoRI sites of pcDNA 3.1(�)/
level of the promoter of organizer-specific genes, such Myc-His B. The construct was checked by sequencing.

To misexpress Nodal, we used a Dorsalin-Myc-Nodal expressionas goosecoid (Watabe et al., 1995; Skromne and Stern,
construct. The original cDNA for cNodal (Levin et al., 1995) (kind2001). However, it is possible that Nodal can replace
gift of M. Kuehn) lacked 54 nucleotides at the 3� end of the codingthe related factors Vg1/activin in this interaction when
sequence (see GenBank Accession number AF486810). To correctWnt signaling is active, consistent with the idea that
this and to add a half-Myc tag at the 5� of the cDNA, we used a

increasing Nodal activity can generate progressively forward primer (5�-CGGAATTGCATATCGAGGAGGACCTGAAGGA
more dorsal (axial) mesoderm (Agius et al., 2000; Chen GAGGCAGAGGCTC-3�) containing a half-Myc epitope (in italics) and

the EcoRV restriction site (underlined) and two reverse primers (first,and Schier, 2001; Episkopou et al., 2001; Kodjabachian,
5�-GCCGCACTCCTCGATGATCATATCCTCGTGGTGGCGGACGA2001; Niederlander et al., 2001).
CGATCTCACCCTTCTCATAGATCAG-3�; second, 5�-CGACCGCTC
GAGCGGCCATTATCACTCTTATCATCAGTTGCAGCCGCACTCCT

Inhibition by the Hypoblast and Regulative Ability CGATGATCATATC-3�). Two rounds of amplification were performed
(10 and 20 cycles, respectively), with the same forward primer inClassical embryo fragmentation experiments (Spratt
both cases and the first and second reverse primers sequentially.and Haas, 1960) have suggested the existence of a “gra-
The amplified fragment was then cloned into pGEM-T, excised withdient of embryo-forming potential,” highest posteriorly
EcoRV and NotI sites, blunted, and cloned in the EcoRV site ofand lowest anteriorly. This could be due to a posterior
pMT2.3-dorsalin-Myc1/2 (see Shah et al., 1997). The construct was

to anterior gradient of a factor required for streak forma- checked by sequencing.
tion or to an inhibitory graded property in the reverse In both cases, the production of protein was controlled by immu-

nohistochemistry on transfected COS cells and Western blot analy-direction. Neither factor has ever been found. Our find-
sis on conditioned medium from transfected COS cells with anti-ings raise the intriguing possibility that there is indeed
Myc antibody.an inhibitory gradient, but this is a temporally as well as

spatially graded property, conveyed by the hypoblast.
Cell Culture and TransfectionOur study and the accompanying paper (Perea-
COS cells were grown in DMEM medium containing 10% newborn

Gomez et al., 2002) provide a novel mechanism (Figure calf serum. Vg1 (Shah et al., 1997), Dorsalin-Myc-Nodal, Cerberus
6) to ensure that only a single axis forms during early (Zhu et al., 1999), and Cerberus-Short were transfected with Lipo-

fectamine Plus (Gibco-BRL). After 24 hr, aliquots of 1000 or 500amniote development and implicate tight spatial and
cells were allowed to aggregate overnight in 20 �l hanging dropstemporal control of the distribution of Nodal antagonists
of medium. For Vg1 and Nodal experiments, one pellet of 1000in this process. In the chick, it appears that the site of
cells was used per graft, while three to five pellets were grafted forprimitive streak formation is initially specified by the
Cerberus or CerS experiment. When Cerberus or CerS was grafted

overlapping activity of Vg1 and Wnt signals in the poste- together with Vg1 or Nodal, four pellets of 500 cells were used. As
rior marginal zone, which induce Nodal expression in control, mock-transfected COS cells were used.

A rat B1-fibroblast-derived stable cell line secreting Wnt1 wasthe neighboring area pellucida epiblast. However, any
grown in DMEM containing 7.5% newborn and 2.5% fetal calf serum.point around the circumference of the embryo is capable
Pellets of 2500 cells were made for grafting as previously describedof initiating formation of the primitive streak. This is
(Joubin and Stern, 1999).prevented by the hypoblast, which, through the action

of Cerberus, initially suppresses Nodal (and perhaps
Differential Screen

Wnt) signaling throughout the epiblast, until it is re- Small groups of endoblast and hypoblast cells (�20 cells each) were
moved from the posterior end by the appearance of dissected from a single chick embryo at stage 3 (Hamburger and

Hamilton, 1951). cDNA was generated from each tissue, and librariesthe endoblast, which does not express Cerberus. This
were prepared as previously described (Dulac and Axel, 1995). Fromexposes the posterior epiblast to Nodal signals required
60 pairs, we selected 1 pair in which both samples displayed strongfor induction of the mesendoderm, and the primitive
expression of �-actin, but the hypoblast sample had a very low levelstreak appears. An important question remaining to be
of goosecoid and hex, which are expressed in the hypoblast, but

addressed concerns the mechanisms that cause the not in the endoblast. The endoblast library was plated at low density
endoblast to form at its normal, posterior site. and differentially screened with radioactively labeled total cDNA

from both hypoblast and endoblast cell populations. Differentially
expressed cDNAs were sequenced and analyzed by in situ hybrid-Experimental Procedures
ization.
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Arendt, D., and Nübler-Jung, K. (1999). Rearranging gastrulation in and Schier, A.F. (1999). The EGF-CFC protein one-eyed pinhead is
the name of yolk: evolution of gastrulation in yolk-rich amniote eggs. essential for nodal signaling. Cell 97, 121–132.
Mech. Dev. 81, 3–22.

Hamburger, V., and Hamilton, H.L. (1951). A series of normal stages
Azar, Y., and Eyal-Giladi, H. (1979). Marginal zone cells—the primi- in the development of the chick embryo. J. Morphol. 88, 49–92.
tive streak-inducing component of the primary hypoblast in the

Ishimaru, Y., Yoshioka, H., Tao, H., Thisse, B., Thisse, C., Wright,
chick. J. Embryol. Exp. Morphol. 52, 79–88.

C.V.E., Hamada, H., Ohuchi, H., and Noji, S. (2000). Asymmetric
Azar, Y., and Eyal-Giladi, H. (1981). Interaction of epiblast and hypo- expression of antivin/lefty1 in the early chick embryo. Mech. Dev.
blast in the formation of the primitive streak and the embryonic axis 90, 115–118.
in chick, as revealed by hypoblast-rotation experiments. J. Embryol. Jones, C.M., Kuehn, M.R., Hogan, B.L., Smith, J.C., and Wright, C.V.
Exp. Morphol. 61, 133–144. (1995). Nodal-related signals induce axial mesoderm and dorsalize
Azar, Y., and Eyal-Giladi, H. (1983). The retention of primary hypo- mesoderm during gastrulation. Development 121, 3651–3662.
blastic cells underneath the developing primitive streak allows for Joubin, K., and Stern, C.D. (1999). Molecular interactions continu-
their prolonged inductive influence. J. Embryol. Exp. Morphol. 77, ously define the organizer during the cell movements of gastrulation.
143–151. Cell 98, 559–571.
Bachvarova, R.F., Skromne, I., and Stern, C.D. (1998). Induction of Khaner, O. (1995). The rotated hypoblast of the chicken embryo
primitive streak and Hensen’s node by the posterior marginal zone does not initiate an ectopic axis in the epiblast. Proc. Natl. Acad.
in the early chick embryo. Development 125, 3521–3534. Sci. USA 92, 10733–10737.
Beddington, R.S., and Robertson, E.J. (1998). Anterior patterning in Khaner, O., and Eyal-Giladi, H. (1986). The embryo-forming potency
mouse. Trends Genet. 14, 277–284. of the posterior marginal zone in stages X through XII of the chick.
Belo, J.A., Bachiller, D., Agius, E., Kemp, C., Borges, A.C., Marques, Dev. Biol. 115, 275–281.
S., Piccolo, S., and De Robertis, E.M. (2000). Cerberus-like is a Khaner, O., and Eyal-Giladi, H. (1989). The chick’s marginal zone
secreted BMP and nodal antagonist not essential for mouse devel- and primitive streak formation. I. Coordinative effect of induction
opment. Genesis 26, 265–270. and inhibition. Dev. Biol. 134, 206–214.
Callebaut, M., Van Nueten, E., Bortier, H., Harrisson, F., Van Nas- Khaner, O., Mitrani, E., and Eyal-Giladi, H. (1985). Developmental
sauw, L., and Schrevens, A. (1997). Spatial relationship between potencies of area opaca and marginal zone areas of early chick
endophyll, primordial germ cells, sickle endoblast and upper layer blastoderms. J. Embryol. Exp. Morphol. 89, 235–241.
in cultured avian blastoderms. Reprod. Nutr. Dev. 37, 293–304.

Kinder, S.J., Tsang, T.E., Quinlan, G.A., Hadjantonakis, A.K., Nagy,
Callebaut, M., van Nueten, E., Harrisson, F., van Nassauw, L., and A., and Tam, P.P. (1999). The orderly allocation of mesodermal cells
Bortier, H. (1999). Endophyll orients and organizes the early head to the extraembryonic structures and the anteroposterior axis during
region of the avian embryo. Eur. J. Morphol. 37, 37–52. gastrulation of the mouse embryo. Development 126, 4691–4701.
Chen, Y., and Schier, A.F. (2001). The zebrafish Nodal signal Squint Kispert, A., Ortner, H., Cooke, J., and Herrmann, B.G. (1995). The
functions as a morphogen. Nature 411, 607–610. chick Brachyury gene: developmental expression pattern and re-

sponse to axial induction by localized activin. Dev. Biol. 168,Cheng, A.M., Thisse, B., Thisse, C., and Wright, C.V. (2000). The lefty-
406–415.related factor Xatv acts as a feedback inhibitor of nodal signaling in

mesoderm induction and L-R axis development in xenopus. Devel- Knezevic, V., De Santo, R., and Mackem, S. (1997). Two novel chick
opment 127, 1049–1061. T-box genes related to mouse Brachyury are expressed in different,

non-overlapping mesodermal domains during gastrulation. Devel-Colas, J.F., and Schoenwolf, G.C. (2000). Subtractive hybridization
opment 124, 411–419.identifies chick-cripto, a novel EGF-CFC ortholog expressed during

gastrulation, neurulation and early cardiogenesis. Gene 255, Kodjabachian, L. (2001). Morphogen gradients: nodal enters the
205–217. stage. Curr. Biol. 11, R655–658.
Dulac, C., and Axel, R. (1995). A novel family of genes encoding Lawson, A., Colas, J.F., and Schoenwolf, G.C. (2001). Classification
putative pheromone receptors in mammals. Cell 83, 195–206. scheme for genes expressed during formation and progression of

the avian primitive streak. Anat. Rec. 262, 221–226.Episkopou, V., Arkell, R., Timmons, P.M., Walsh, J.J., Andrew, R.L.,
and Swan, D. (2001). Induction of the mammalian node requires Levin, M., Johnson, R.L., Stern, C.D., Kuehn, M., and Tabin, C. (1995).
Arkadia function in the extraembryonic lineages. Nature 410, A molecular pathway determining left-right asymmetry in chick em-
825–830. bryogenesis. Cell 82, 803–814.

Erter, C.E., Solnica-Krezel, L., and Wright, C.V. (1998). Zebrafish Liu, P., Wakamiya, M., Shea, M.J., Albrecht, U., Behringer, R.R.,
nodal-related 2 encodes an early mesendodermal inducer signaling and Bradley, A. (1999). Requirement for Wnt3 in vertebrate axis
from the extraembryonic yolk syncytial layer. Dev. Biol. 204, formation. Nat. Genet. 22, 361–365.
361–372. Marvin, M.J., Di Rocco, G., Gardiner, A., Bush, S.M., and Lassar,

A.B. (2001). Inhibition of Wnt activity induces heart formation fromEyal-Giladi, H., and Khaner, O. (1989). The chick’s marginal zone
and primitive streak formation. II. Quantification of the marginal posterior mesoderm. Genes Dev. 15, 316–327.



Developmental Cell
744

Meno, C., Ito, Y., Saijoh, Y., Matsuda, Y., Tashiro, K., Kuhara, S., Vg1 signalling pathways initiate primitive streak formation in the
chick embryo. Development 128, 2915–2927.and Hamada, H. (1997). Two closely-related left-right asymmetrically

expressed genes, lefty-1 and lefty-2: their distinct expression do- Skromne, I., and Stern, C.D. (2002). A hierarchy of gene expression
mains, chromosomal linkage and direct neuralizing activity in Xeno- accompanying induction of the primitive streak by Vg1 in the chick
pus embryos. Genes Cells 2, 513–524. embryo. Mech. Dev. 114, 115–118.
Meno, C., Shimono, A., Saijoh, Y., Yashiro, K., Mochida, K., Ohishi, Spratt, N.T., and Haas, H. (1960). Integrative mechanisms in develop-
S., Noji, S., Kondoh, H., and Hamada, H. (1998). lefty-1 is required ment of the early chick blastoderm. I. Regulative potentiality of
for left-right determination as a regulator of lefty-2 and nodal. Cell separated parts. J. Exp. Zool. 145, 97–137.
94, 287–297. Stern, C.D. (1990). The marginal zone and its contribution to the
Meno, C., Gritsman, K., Ohishi, S., Ohfuji, Y., Heckscher, E., Mo- hypoblast and primitive streak of the chick embryo. Development
chida, K., Shimono, A., Kondoh, H., Talbot, W.S., Robertson, E.J., 109, 667–682.
et al. (1999). Mouse Lefty2 and zebrafish antivin are feedback inhibi- Stern, C.D. (1998). Detection of multiple gene products simultane-
tors of nodal signaling during vertebrate gastrulation. Mol. Cell 4, ously by in situ hybridization and immunohistochemistry in whole
287–298. mounts of avian embryos. In Cellular and Molecular Procedures in
Mitrani, E., Shimoni, Y., and Eyal-Giladi, H. (1983). Nature of the Developmental Biology, F. de Pablo, A. Ferrus, and C. D. Stern, eds.
hypoblastic influence on the chick embryo epiblast. J. Embryol. Exp. (San Diego, CA: Academic Press), pp. 223–244.
Morphol. 75, 21–30. Stern, C.D., and Ireland, G.W. (1981). An integrated experimental
Mitrani, E., Ziv, T., Thomsen, G., Shimoni, Y., Melton, D.A., and Bril, study of endoderm formation in avian embryos. Anat. Embryol. 163,
A. (1990). Activin can induce the formation of axial structures and 245–263.
is expressed in the hypoblast of the chick. Cell 63, 495–501. Streit, A., and Stern, C.D. (1999). Mesoderm patterning and somite
New, D.A.T. (1955). A new technique for the cultivation of the chick formation during node regression: differential effects of chordin and
embryo in vitro. J. Embryol. Exp. Morphol. 3, 326–331. noggin. Mech. Dev. 85, 85–96.
Niederlander, C., Walsh, J.J., Episkopou, V., and Jones, C.M. (2001). Streit, A., Lee, K.J., Woo, I., Roberts, C., Jessell, T.M., and Stern,
Arkadia enhances nodal-related signalling to induce mesendoderm. C.D. (1998). Chordin regulates primitive streak development and
Nature 410, 830–834. the stability of induced neural cells, but is not sufficient for neural

induction in the chick embryo. Development 125, 507–519.Osada, S.I., and Wright, C.V. (1999). Xenopus nodal-related signaling
is essential for mesendodermal patterning during early embryogene- Thomas, P., and Beddington, R. (1996). Anterior primitive endoderm
sis. Development 126, 3229–3240. may be responsible for patterning the anterior neural plate in the

mouse embryo. Curr. Biol. 6, 1487–1496.Page, K.M., Maini, P.K., Monk, N.A.M., and Stern, C.D. (2001). A
model of primitive streak initiation in the chick embryo. J. Theor. Vakaet, L. (1970). Cinephotomicrographic investigations of gastrula-
Biol. 208, 419–438. tion in the chick blastoderm. Arch. Biol. (Liege) 81, 387–426.
Pannett, C.A., and Compton, A. (1924). The cultivation of tissues in Waddington, C.H. (1932). Experiments on the development of chick
saline embryonic juice. Lancet 206, 381–384. and duck embryos cultivated in vitro. Phil. Trans. Roy. Soc. Lond.

B Biol. Sci. 221, 179–230.Perea-Gomez, A., Vella, F., Shawlot, W., Oulad-Abdelghani, M., Cha-
zaud, C., Meno, C., Pfister, V., Chen, L., Robertson, E., Hamada, H., Waddington, C.H. (1933). Induction by the endoderm in birds. Wil-
et al. (2002). Nodal antagonists in the anterior visceral endoderm helm Roux’s Arch. 128, 502–521.
prevent the formation of multiple primitive streaks. Dev. Cell 3, this Watabe, T., Kim, S., Candia, A., Rothbacher, U., Hashimoto, C.,
issue, 745–756. Inoue, K., and Cho, K.W. (1995). Molecular mechanisms of Spe-
Pfeffer, P.L., De Robertis, E.M., and Izpisua-Belmonte, J.C. (1997). mann’s organizer formation: conserved growth factor synergy be-
Crescent, a novel chick gene encoding a Frizzled-like cysteine-rich tween Xenopus and mouse. Genes Dev. 9, 3038–3050.
domain, is expressed in anterior regions during early embryogene- Yatskievych, T.A., Pascoe, S., and Antin, P.B. (1999). Expression
sis. Int. J. Dev. Biol. 41, 449–458. of the homebox gene Hex during early stages of chick embryo
Piccolo, S., Agius, E., Leyns, L., Bhattacharyya, S., Grunz, H., Bouw- development. Mech. Dev. 80, 107–109.
meester, T., and De Robertis, E.M. (1999). The head inducer Cer- Zeng, L., Fagotto, F., Zhang, T., Hsu, W., Vasicek, T.J., Perry, W.L.,
berus is a multifunctional antagonist of Nodal, BMP and Wnt signals. III, Lee, J.J., Tilghman, S.M., Gumbiner, B.M., and Costantini, F.
Nature 397, 707–710. (1997). The mouse Fused locus encodes Axin, an inhibitor of the
Popperl, H., Schmidt, C., Wilson, V., Hume, C.R., Dodd, J., Krumlauf, Wnt signaling pathway that regulates embryonic axis formation. Cell
R., and Beddington, R.S.P. (1997). Misexpression of Cwnt8c in the 90, 181–192.
mouse induces an ectopic embryonic axis and causes a trunction Zernicka-Goetz, M. (2002). Patterning of the embryo: the first spatial
of the anterior neuroectoderm. Development 124, 2997–3005. decisions in the life of a mouse. Development 129, 815–829.
Psychoyos, D., and Stern, C.D. (1996). Fates and migratory routes Zhang, J., Talbot, W.S., and Schier, A.F. (1998). Positional cloning
of primitive streak cells in the chick embryo. Development 122, identifies zebrafish one-eyed pinhead as a permissive EGF-related
1523–1534. ligand required during gastrulation. Cell 92, 241–251.
Schier, A.F., and Shen, M.M. (2000). Nodal signalling in vertebrate Zhou, X., Sasaki, H., Lowe, L., Hogan, B.L., and Kuehn, M.R. (1993).
development. Nature 403, 385–389. Nodal is a novel TGF-beta-like gene expressed in the mouse node
Schlange, T., Schnipkoweit, I., Andree, B., Ebert, A., Zile, M.H., Ar- during gastrulation. Nature 361, 543–547.
nold, H.H., and Brand, T. (2001). Chick CFC controls Lefty1 expres- Zhu, L., Marvin, M.J., Gardiner, A., Lassar, A.B., Mercola, M., Stern,
sion in the embryonic midline and nodal expression in the lateral C.D., and Levin, M. (1999). Cerberus regulates left-right asymmetry
plate. Dev. Biol. 234, 376–389. of the embryonic head and heart. Curr. Biol. 9, 931–938.
Schneider, V.A., and Mercola, M. (2001). Wnt antagonism initiates
cardiogenesis in Xenopus laevis. Genes Dev. 15, 304–315.

Seleiro, E.A., Connolly, D.J., and Cooke, J. (1996). Early develop-
mental expression and experimental axis determination by the
chicken Vg1 gene. Curr. Biol. 6, 1476–1486.

Shah, S.B., Skromne, I., Hume, C.R., Kessler, D.S., Lee, K.J., Stern,
C.D., and Dodd, J. (1997). Misexpression of chick Vg1 in the marginal
zone induces primitive streak formation. Development 124, 5127–
5138.

Skromne, I., and Stern, C.D. (2001). Interactions between Wnt and


