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In the chick embryo, left±right asymmetric patterns of gene expression in the lateral plate mesoderm are initiated by signals
located in and around Hensen's node. Here we show that Caronte (Car), a secreted protein encoded by a member of the Cerberus/
Dan gene family, mediates the Sonic hedgehog (Shh)-dependent induction of left-speci®c genes in the lateral plate mesoderm. Car
is induced by Shh and repressed by ®broblast growth factor-8 (FGF-8). Car activates the expression of Nodal by antagonizing a
repressive activity of bone morphogenic proteins (BMPs). Our results de®ne a complex network of antagonistic molecular
interactions between Activin, FGF-8, Lefty-1, Nodal, BMPs and Car that cooperate to control left±right asymmetry in the chick
embryo.
Many of the cellular and molecular events involved in the establishment of left±right asymmetry in vertebrates are now understood.
Following the discovery of the ®rst genes asymmetrically expressed
in the chick embryo1, a model of left±right determination involving
a complex cascade of genetic interactions has emerged2±4. The
model explains how inductive signals initiated in or near the
organizer region of the gastrulating embryo control the establishment of asymmetric patterns of gene expression throughout the
lateral plate mesoderm (LPM). These asymmetric patterns are
interpreted during development to give rise to left±right asymmetries of internal organs and other embryonic structures.
Nodal is crucial in establishing initial left±right cues in the
vertebrate embryo. The expression of Nodal in the left LPM is
strictly correlated with the development of normal organ situs in all
vertebrates examined so far5±7. Furthermore, misexpression of
Nodal alters left±right development in chick and Xenopus
embryos1,8±10. Although Shh expression in the node is necessary
and suf®cient to induce Nodal in the left LPM10, its exact mechanism
is largely unknown. As the action of Shh seems to be restricted to
cells immediately adjacent to the node, it is dif®cult to foresee how it
could directly activate Nodal expression in the left LPM, far away
from the node. Tissue explant experiments10 and the study of
laterality defects in conjoined twins11 led to the proposal that Shh
induces Nodal in the LPM through an unknown (`X') secondary
signal that is active in the paraxial tissue immediately adjacent to the
midline10.
Here we describe the isolation and characterization of a longrange signal, Caronte (Car), that ful®ls the criteria to be such a
secondary signal. Car, which is expressed in the left paraxial chick
mesoderm, is necessary and suf®cient to transmit the Shh signal
from the node to the left LPM, leading to Nodal activation and
subsequent establishment of left±right-speci®c gene expression.
Moreover, we provide evidence (by combining in vivo misexpression experiments, in vitro binding studies, sequence analysis and
modelling tools) that Car might activate Nodal in the left LPM by
relieving a repressive effect of BMPs on Nodal transcription,
revealing that BMP antagonism is involved in mediating the transfer
of left±right positional information from the organizer region to
the LPM.
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If the initial establishment of asymmetric gene expression in the
LPM is essential for proper development, it is equally important to
ensure that asymmetry is maintained throughout embryogenesis.
An important factor in this regard is Lefty-1, another transforming
growth factor-b (TGF-b) family member, that has been proposed to
act as a molecular midline barrier that would con®ne and prevent
the `X' factor from diffusing from the left to the right side of the
embryo12,13. Here we show that an excess of Lefty-1 in the left side of
the embryo blocks activation of Nodal by Car. The opposite
experiment, ectopic application of Lefty-1 on the right side, downregulates the expression of the right-sided genes FGF-8 (ref. 14)
(which, in turn, can downregulate Car expression) and chicken Snail
related15 (cSnr), and upregulates left-sided genes (Car, Nodal and
Pitx2). We also show that Car can induce expression of Lefty-1.
Together, these results uncover a network of molecular interactions
that involves a delicate balance of TGF-b activity (including Activin,
Lefty-1, BMPs and Nodal) and two other secreted factors, FGF-8
and Car, which modulate and restrict the activity of these TGF-bs,
allowing proper establishment of the left±right axis.
The molecular interactions described above establish broad
domains of side-speci®c gene expression in the embryo that are
translated into speci®c left±right asymmetric development of
organs. Pitx2 (refs 16, 17; see also ref. 2 and references therein)
and cSnR15 are targets of the left±right signalling cascade initiated at
gastrulation. We have identi®ed cNKX3.2, a new homeobox gene
that, like Pitx2, may interpret and execute the developmental
program dictated by the upstream signalling cascade, so that
proper left±right organ asymmetry ensues.

Novel genes involved in left±right development

A novel Cer-like gene, the chick NKX3.2 gene and the chick Lefty-1
gene were isolated in a screening designed to identify genes
speci®cally expressed in the left LPM (see Methods). We named
the novel Cer-like gene Caronte (Car), after the boatman who ferried
the souls of the dead across the River Styx in Greek mythology. It
encodes a predicted protein of 273 amino acids and contains a
hydrophobic signal sequence at the amino terminus and a carboxyterminal cysteine-knot (CTCK) motif from amino-acids 167 to 244.
Sequence comparisons, along with the expression pattern and
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Figure 1 Expression of Car, Nodal and Lefty-1 during chick gastrulation. Embryos in all
panels are viewed from the ventral side; the left side of the embryo is to the right in all
panels unless otherwise indicated. a, At stage 4, Car is expressed bilaterally in the
perinodal region (arrows). a9, Cross-section showing expression of Car restricted to the
mesodermal layer. b, Stage 5+ embryo showing symmetrical distribution of Car
transcripts, with two patches of strong expression ¯anking Hensen's node (arrowheads).
b9, Higher magni®cation of b. The node is delineated in red in this and subsequent panels.
c9, At stages 5+ to 6, the right perinodal expression of Car is downregulated. Some
embryos at stage 5+ already show strong Car expression on the left side (red arrowhead)
and almost no expression on the right (black arrowhead). The staining on the left side is
adjacent to cells expressing Nodal (g, inset) and Lefty-1 (l, l9). c, At stage 7-, Car is
stronger on the left head mesoderm than on the right (inset, left-speci®c perinodal
expression). d, At stage 8, a second domain of Car expression appears in the left LPM,
extending anteriorly and caudally. e, At stage 9, Car transcripts start to fade. d9, Crosssection of the embryo in d showing expression of Car in the left LPM (arrowhead). f, Nodal
transcripts are symmetrically expressed in the posterior two-thirds of the primitive streak
at stage 4. f9, Cross-section of the embryo in f showing Nodal staining in ectoderm and
mesendoderm. g, Stage 5+ embryo showing asymmetric expression of Nodal in cells
244

adjacent to the left side of Hensen's node (arrow). Inset, higher magni®cation of the node.
g9, Cross-section of the embryo in g showing staining of Nodal on the left mesodermal
layer (arrow). h, Stage 7- embryo showing a second domain of Nodal expression in the
left LPM (arrow). h9, Perinodal expression of Nodal, still restricted to the left. i, Stage 8
embryo showing Nodal expression similar to that in h. j, At stage 9, Nodal expands
throughout the left LPM (red arrowhead in i9) and is expressed not only on the left side of
the midline (black arrowhead), but also on the right side (green arrowhead). k, At stage 4,
Lefty-1 transcripts are restricted to the anterior half of the primitive streak. k9, Crosssection of the embryo in k with expression in ectoderm and mesendoderm. l, At stage 5+,
Lefty-1 transcripts are expressed asymmetrically in the left side of the node (arrow; see
higher magni®cation in l9). m, Stage 7- embryo showing Lefty-1 expression on the left
side of the node and the left side of the prechordal mesoderm (arrow; see inset for detail).
m9, Cross-section of the embryo in m depicting expression of Lefty-1 on the left side of
the midline (arrowhead). n, Stage 8 embryo. Lefty-1 midline expression has expanded
towards the anterior side of the embryo. o, At stage 9, Lefty-1 expression is symmetrically
distributed throughout the notochord (arrow; see also arrowhead in cross-section in n9). A
patch of Lefty-1 expression is now detected on the posterior left LPM (arrowhead in o).
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functional assays described below, indicate that Car is a member of
the Cer/Dan gene family. Other members of this family include
Xenopus Cerberus18, gremlin (identi®ed in several organisms)19,
and the mouse genes Dan20,21, Cer1 (refs 22±24), Drm19,25 and
Dante26. Members of the Cer/Dan family of secreted factors are
important for patterning the embryo by antagonizing the activities
of BMPs and other secreted proteins. The Car gene was independently isolated by two other groups27,28.
A second isolated gene fragment translates into a 141-amino-acid
sequence that shows homology to Lefty proteins. The full-length
gene was obtained by screening a genomic chick library. The
predicted amino-acid sequence shows 60% identity to the zebra®sh
Antivin29, 38% identity to mouse Lefty-1 (refs 30, 31) and 34%
identity to mouse Lefty-2 (ref. 30). Thus, this gene appears to be the
chick orthologue of zebra®sh Antivin. However, based on sequence
comparison we cannot tell whether the chick gene is the orthologue
of mouse Lefty-1 or Lefty-2. As its pattern of expression closely
resembles that of mouse Lefty-1, and as Antivin and Lefty-1 are
functionally equivalent29, we will call the isolated gene Lefty-1
hereafter until the putative second Lefty is isolated in the chick.
Similar nomenclature has been adopted by S. Noji et al. (personal
communication).
The chick NKX3.2 gene encodes a 276-amino-acid protein that
contains a homeobox from residues 151 to 207 which shows 98%
identity with the homeoboxes of the Human bagpipe, mouse
NKX3.2, Xenopus bagpipe and Pleurodeles waltl Nkx3.2 genes. The
high degree of conservation of these proteins extends to their C
termini. cNKX3.2 was also independently isolated by another
group32.

zation for Car messenger RNA was performed at several timepoints
thereafter. Ectopic induction (or maintenance) of Car expression
was observed on the right LPM (in 18 out of 21 embryos; Fig. 2b).
Also, left-sided treatment of stage 5 chick embryos with a blocking
antibody that prevents Shh signalling10 resulted in downregulation
of Car expression (14/17 embryos; Fig. 2c). As with implantation of
beads soaked in Shh, implantation of cell pellets expressing Car, or
injection of a retroviral vector expressing the Car gene (RCAS±Car)
on the right side of the node at stages 5±7 led to ectopic and broad
induction of Nodal (58/85 embryos; Fig. 2d) and Pitx2 (30/62
embryos; Fig. 2f, g), genes that are downstream targets of Shh
signalling on the left. Ectopic Car expression also caused down-

Car induces Nodal in the left LPM

Initially, Car transcripts are symmetrically detected in the hypoblast
sheet of stage XII chick embryos. As gastrulation proceeds (with the
appearance and subsequent elongation of the primitive streak), Car
transcripts become more abundant, the higher concentration being
detected at the anterior end of the mesendoderm layer (data not
shown). By stage 4, Car is expressed bilaterally in the perinodal
region of the embryo, before asymmetric expression of Shh or
ActRIIa in Hensen's node is detected (Fig. 1a, a9). Subsequently, at
stages 5 to 7-, and after the asymmetrical node distribution of Shh
(in the left) and ActRIIa (in the right) are observed1, Car is downregulated on the right side of the embryo (Fig. 1b, b9, c, c9). At stage
7, Car is expressed in the left paraxial mesoderm adjacent to the cells
expressing Shh in the left side of the node (Fig. 1c shows a stage 7embryo). A second domain of Car expression appears in the
adjacent left LPM. Whereas the paraxial expression of Car disappears at around stage 8 (Fig. 1d), concomitantly with the disappearance of Shh expression in the adjacent cells10, its expression
domain in the left LPM expands both anteriorly and posteriorly. At
stage 9, Car transcripts start to fade away from the left LPM (Fig.
1e), and by stage 10 they are undetectable. As the distribution of Car
transcripts in the left LPM of stage 6±9 chick embryos appears to
precede the onset of Nodal expression, we performed parallel wholemount in situ hybridizations for Nodal and Car genes. Nodal
transcripts, which are initially symmetrically distributed in the
posterior two-thirds of the primitive streak and in immediately
adjacent cells (Fig. 1f, f9), become asymmetrically expressed in the
mesodermal cells abutting Shh-expressing cells in the node at stage
5+ (Fig. 1g, g9). At stage 7-, a second domain of Nodal expression
appears in the left LPM (Fig. 1h, h9). Subsequent Nodal expression
seems to follow the expansion of Car expression towards the head
and anterior and caudal regions of the left LPM1 (Fig. 1i, j).
The spatio-temporal pattern of Car expression indicates that Car
may be the intermediary paraxial signal that transmits the Shh left±
right positional information from the node (Fig. 2a) to the LPM in
the chick embryo. Beads soaked in Shh were implanted on the right
side of Hensen's node at stage 5, and whole-mount in situ hybridiNATURE | VOL 401 | 16 SEPTEMBER 1999 | www.nature.com

Figure 2 Car acts downstream of Shh and upstream of Nodal and directs heart looping in
the chick embryo. The experimental manipulation and the site of the embryo where it was
performed are indicated below each panel. The probes used for in situ hybridization are
given in each panel. a, Shh is expressed asymmetrically in the left side of the node at
stage 5+; inset, magni®cation of the node area. Stages of embryos shown in b±i are
9±12. b, A bead soaked in Shh protein was implanted on the right side of the chick
Hensen's node at stage 5. This resulted in ectopic expression of Car in the right LPM
(arrow). c, Implantation of a bead soaked in anti-Shh antibody on the left side of the node
of stage 5 chick embryos downregulated the normal expression domain of Car in the left
LPM (arrow). d, Injection of RCAS±Car on the right side of Hensen's node at stage 5
resulted in ectopic induction of Nodal transcripts (arrow). e, Injection of RCAS±Nodal on
the right side did not affect expression of Car. f, g, Injection of RCAS±Car on the right side
of Hensen's node at stage 5 induced ectopic expression of Pitx2 (arrow in f). A control
injection using RCAS±alkaline phosphatase did not affect Pitx2 expression in the left LPM
(g). h, i, Expression of cSnr in the right LPM (arrow in i) was downregulated by injection of
RCAS±Car on the right side of Hensen's node at stage 5 (arrow in h). j±l, When embryos
injected with the RCAS±Car construct on the right side of Hensen's node at stage 5 were
allowed to develop until stages 12±13, about 50% of them had reversals of heart looping
(j, k; white semicircular arrows indicate direction of heart looping). In a few cases the
heart was bilaterally symmetric and heart looping did not seem to occur (l).
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regulation of cSnr, a gene speci®cally expressed in the right LPM
(16/24 embryos; Fig. 2h, i). Although misexpression of Car on the
right side of the embryo induces Nodal expression, misexpression of
Nodal did not induce Car expression (0/15 embryos; Fig. 2e).
Finally, to ascertain whether the changes in gene expression elicited
by ectopic expression of Car in the right LPM resulted in left±right
morphological alterations, we implanted Car-expressing cells on the
right side of chick embryos at stages 4±6 and scored for changes in
heart morphology at stages 11±13 (Fig. 2j±l). As previously
observed after Shh or Nodal misexpression, heart looping was
randomized (9/21 embryos; Fig. 2j, k). In a few embryos, looping
was arrested and the hearts appeared to be bilaterally symmetric (3/
21 embryos; Fig. 2l). We conclude that expression of Car on the left
side of the embryo plays an instructive role in determining heart
situs and looping in the chick embryo.
Our results indicate that Shh is necessary and suf®cient to induce
and/or maintain Car expression, which acts upstream of Nodal.
Together with the fact that proteins encoded by the Cer/Dan gene
family are freely secreted into the extracellular medium22,24,26,33, our
data lead us to propose that Car, by acting as a long-range signal,
ful®ls all the requirements to be the factor that mediates the Shhdependent induction of Nodal in the left LPM reported in the chick
embryo.

Car induces Nodal by antagonizing BMPs

Cer-like secreted factors can antagonize BMP activity by binding
directly to BMPs, thus blocking their interaction with BMP

receptors19,26,33. Sequence analysis of the Cer-like protein Car
shows that it contains the structural domain that mediates the
interaction of Cer proteins with BMPs33 (see below). Several BMPs
are expressed in the LPM in bilaterally symmetrical patterns at the
time at which Nodal expression appears in the left LPM34±36 (for
example, Fig. 3a shows a composite of BMP-2 and BMP-4 patterns).
Around stage 7, Nodal expression is stronger in a subdomain that
also expresses very high levels of Car (red asterisks in Fig. 3b, c). A
more lateral subdomain of weaker Nodal expression abuts the
region where Car transcripts are also more faintly expressed
(green asterisks). Finally, Nodal is not detected in even more lateral
regions where BMP transcripts (Fig. 3a) are present but Car is
completely absent (yellow asterisks in Fig. 3a±c). As expected, after
we implanted Car-expressing cells on the right side of the embryo,
Nodal was induced in a high percentage of embryos (58/85 embryos;
Fig. 3d, arrow). However, Nodal induction is observed much less
frequently when a bead soaked in BMP is placed next to the Carproducing cells (only 3/34 embryos showed Nodal induction;
Fig. 3e). Moreover, when a bead soaked in BMP is applied on the
left side of the node, Nodal expression is downregulated (10/30
embryos; Fig. 3f, arrow). This indicates that Car and BMP have
antagonistic effects on Nodal expression, and that Car might
activate and/or maintain Nodal expression in the left LPM by
antagonizing a repressive effect of BMP.
To validate this hypothesis independently in vivo, we used
Noggin, a secreted factor structurally unrelated to Car that can
bind BMPs37 and antagonize their activities37±39. We misexpressed
Noggin on the right side of the node at stages 4±5 either by
implanting a pellet of Noggin-expressing cells or by infecting
embryos with RCAS±Noggin38. This resulted in induction of
Nodal expression (Fig. 3g). We con®rmed that Car itself may act
as a BMP antagonist by performing two different assays in chick
embryos, where antagonism of BMP activity is well characterized
(see Supplementary Information). First, Car can abolish formation
of cartilage nodules in micromass cultures of limb mesenchymal
cells, and this effect can be rescued by adding BMP protein. Second,
Car misexpression in chick limbs has the same effect as Noggin
misexpression38.

Interaction of Car with BMPs and Nodal

Figure 3 Antagonism of BMPs by Car regulates Nodal expression. a, The sum of the
expression patterns of BMP-2 and BMP-4 in a stage 7 embryo reveals that BMPs are
expressed in broad symmetrical domains in the left and right LPM. b, c, Nodal expression
in the LPM at the same stage is restricted to the left side, where Car (c) is also expressed.
Nodal expression is stronger in the region that also expresses very high levels of Car (red
asterisks in a±c). Green asterisks mark a more lateral subdomain of weaker Nodal
expression (b) that overlaps the region where Car transcripts are also more weakly
expressed (c). Nodal is absent from the regions indicated by yellow asterisks, where BMPs
are present but Car is completely absent. Arrowheads in a±c point to the node. d, When
Car-expressing cells (RCAS±Car) were implanted on the right side of Hensen's node at
stage 5, Nodal was ectopically induced (arrow). e, Induction of Nodal was much less
frequent when a bead soaked in BMP-4 (1 mg ml-1) was implanted with a graft of Carexpressing cells (e shows an embryo where induction of Nodal by Car on the right side has
been completely inhibited). f, When a bead soaked in BMP-4 (1 mg ml-1) is applied on the
left side of the node at stage 4, Nodal expression in the left LPM is strongly downregulated
(arrow). g, When cells expressing the BMP antagonist Noggin are implanted on the right
side of the node at stage 5, Nodal is ectopically induced (arrow).
246

To test for a possible direct interaction between Car and BMPs, we
produced in COS7 cells a triple myc-epitope-tagged version of Car
(Car±myc3), and tested by immunoprecipitation its possible interactions with several members of the TGF-b superfamily, including
BMP-4, BMP-5, Nodal, GDF-5 and Activin (Fig. 4a; see Methods).
When COS7-conditioned medium containing Car±myc3 was incubated with BMP-4, immunoprecipitation with an anti-myc antibody pulled down BMP-4, as detected by western blotting using an
antibody against BMP-4. Similarly, when conditioned medium
containing Car±myc3 was incubated with 35S±Nodal, immunoprecipitation with an anti-myc antibody pulled down 35S±Nodal.
When similar experiments were performed with BMP-5, a tagged
version of GDF-5 (GDF-5±Flag) or Activin, these proteins were not
pulled down by immunoprecipitation with the anti-myc antibody.
We conclude that Car interacts speci®cally with certain members of
the TGF-b superfamily (BMP-4 and Nodal). Similar results have
been obtained for the Xenopus Cer protein, which also binds BMP-4
and Nodal but not Activin33. In our experimental setting, the Car±
Nodal interaction is reduced by about 50% when human Cer is
included in the binding reaction (Fig. 4a).
We also performed sequence analysis and modelling to gain
insight into the structural basis for the antagonistic interaction
between Cer-like and BMP-like proteins. A multiple sequence
alignment (MSA) with CLUSTALX40 of the cysteine-rich region of
several Cer-like proteins, together with BMPs and Nodals, reveals
two distinct groups with different sequence patterns (Fig. 4b). A
Cer-like group, that we shall call b-like, is characterized by a C-
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terminal cysteine knot, and has two cysteine residues at positions 15
and 83, together with a short deletion in positions 41±44 and 57±
64, as hallmarks (Fig. 4b). BMP-like proteins, which we shall
describe as a-like, show a TGF-b2-like pattern with a characteristic
a-helix between positions 48±54 (Fig. 4b).
A survey of the structural classi®cation of proteins (SCOP)
database reveals an example of an interaction between a b-like
and an a-like sequence: the heterodimeric (a and b) structure of
human chorionic gonadotropin. This indicates that the interaction

between Cer-like and BMP-like proteins could be reminiscent of the
gonadotropin mode of interaction. This structural inference is
supported by sequence analysis. After incorporation of the human
gonadotropin sequences in the MSA of Cer-like and BMP-like
sequences, followed by further clustering, we found that the bchain is more similar to Cer-like sequences than to the a-chain,
which is more similar to BMP-like sequences (Fig. 4b). The available
information, both from the sequence analysis and the structural
model, indicates a mode of interaction between BMP-like and Cer-

Figure 4 Interaction of Car with BMPs: biochemical evidence and structural model.
a, COS7-conditioned medium containing Car±myc3 was incubated with several TGF-b
proteins (see Methods), and an anti-myc antibody was used to immunoprecipitate Car±
myc3 and associated proteins, which were then detected either by phosphoimaging (35S±
m Nodal) or by western blotting using antibodies against the corresponding proteins or
their epitope tags. Car±myc3 binds to BMP-4 and Nodal but not to other TGF-bs such as
BMP-5, GDF-5 and Activin. Human Cerberus competes with Car±myc3 for binding to
Nodal (a). The lanes marked STD refer to independent assays performed with the same
batches of proteins used for the experiments involving Car±myc3, which con®rm that all
the proteins used were biochemically active in the immunoprecipitation assay. N.A., not
applicable: those independent assays do not involve Car±myc3 (details available upon
request). b, MSA of selected cysteine-rich regions of the BMP-like proteins human BMP-4
(HBMP4), human BMP-7 (HBMP7), Xenopus Nodal related (XNR4) and mouse Nodal
(MNODAL), aligned to the cysteine-rich region of the human gonadotropin a-subunit
(HGAS); and of cysteine-rich regions of the Cer-like proteins rat-DRM (RDRM), Xenopus
Gremlin (XGREM), mouse PRDC (MPRDC), Xenopus Dan (XDAN), mouse Cer-related
(MCERR), Xenopus Cerberus (XCER) and chicken Caronte (CCAR), aligned to the cysteine-

rich region of the human Gonadotropin b subunit (HGBS). The MSA was made using
ClustalX40. Colours indicate conserved properties. Consensus secondary structure
prediction is depicted by open (b-strand) or ®lled (a-helix) rectangles below the
alignments. Asterisks denote conserved cysteine residues inside each group. c, Model of
interaction between BMP-like and Cer-like cysteine-rich regions. Left, ribbon diagram of
the structure of the a- (blue) and b-chains (red) of the human gonadotropin hormone.
Right, model by homology using MODELLER (details available upon request) of the
cysteine-rich region of human BMP-4 (blue) and chicken Car (red). Green, key residues
unmasked by a Factor Analysis (FA). In both cases, they cluster around the a-helix and the
loop between the last two b strands in the blue chains and around the second b-like
gonadotropin sequences. A similar situation is observed for the BMP-like sequences,
where the residues detected are equivalent to those observed if the a-like gonadotropin
sequences are used. Mapping these residues, respectively, onto the structure of the
a- and b-chains of the human gonadotropin (left) or onto a homology model of the
interaction between BMP-like and Cer-like sequences based on the previous structure
(right), shows that they appear at the interface between chains that correspond to the
functional areas of the complex.
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like proteins similar to that observed between the a- and b-chains of
the human gonadotropin (Fig. 4c).
As Car seems to be a multifunctional antagonist, able to bind BMP
and Nodal proteins, the question arises of why the presence of Car in
the left LPM does not interfere with Nodal activity. As a result of Car
antagonizing BMP activity in the LPM, Nodal transcripts begin to
accumulate quickly at stage 7 and reach high levels throughout the left
LPM at a time at which an accumulation of Nodal protein can
presumably overcome the antagonism by Car. Thus it is unlikely that
Car signi®cantly interferes with the activation of Nodal transcrip-

tional targets (such as Pitx2) at that stage of development. Consistent
with this interpretation, when we deliver Car to the left side of the
embryo by implanting Car-producing cell grafts, Nodal transcription
is strongly upregulated, even outside its normal domain of expression
(data not shown).

Regulation of Car expression by FGF-8

Downregulation of Car expression on the right side of the embryo is
essential for normal left±right development, as ectopic presence of
Car on the right side results in laterality defects. A good candidate
for repressing Car on the right side of the embryo is FGF-8. The
FGF-8 gene begins to be expressed asymmetrically in the node
under the control of Activin bB14 around the time when Car is
downregulated on the right side of the embryo. Moreover, ectopic
application of FGF-8 protein inhibits the expression of the leftspeci®c genes Nodal and Pitx2, and induces expression of the rightspeci®c gene cSnR when applied to the left side of the embryo14.
Beads soaked in FGF-8 implanted in the left side of the node at stage
5 downregulate Car transcripts (8/20 embryos; Fig. 5a, b). To
further substantiate the role of FGF-8 as a repressor of Car, we
inhibited FGF signalling in two ways. First, when beads soaked in
the FGF receptor-1 (FGFR-1) inhibitor SU5402 (ref. 41) were
applied to the right side of the node, Car expression was maintained
and/or induced (5/20 embryos; Fig. 5c, d), and Nodal was ectopically
expressed on the right side (6/22 embryos; Fig. 5e, f. The embryo in
5f is older than that in 5e). Second, we repeated the experiment
using beads soaked in a soluble version of a truncated Activin
receptor (ActRII-ECD) that speci®cally inhibits Activin signalling16.
This resulted in the downregulation of FGF-8 expression on the
right posterior side of the node (9/15 embryos; red arrow in Fig. 5g,
compare with 5h) and maintenance and/or induction of Car
expression on the right LPM (9/19 embryos; Fig. 5i). Conversely,
implantation of Activin on the left side of the embryo led to a
downregulation of Car expression in the left LPM (12/18 embryos;
Fig. 5j, k).
Our results are compatible with FGF-8 expression on the right
side of the node acting as a negative regulator of Car expression.
Thus, Car is activated (or maintained) by Shh in the left side of the
embryo and repressed by FGF-8 in the right side. This ensures that
by stage 6 Car transcription is restricted to the left side of the
gastrulating chick embryo.

Lefty-1 stabilizes asymmetric gene expression

Figure 5 FGF-8 and Activin regulate Car expression. The embryos shown in a±d and i±k
are stages 7±9. a, When a bead soaked in FGF-8 protein (1 mg ml-1) was implanted on
the left side of Hensen's node at stage 5, Car transcripts were downregulated (arrow).
b, Car expression was not affected by control BSA-soaked beads. c, Inhibition of FGF
signalling by application of SU5402 (1 mg ml-1) to the right side of Hensen's node at stage
5 maintained and/or induced Car expression (arrow). d, Normal Car expression when BSA
control beads were applied. e, A bead soaked in SU5402 implanted on the right side of
Hensen's node at stage 5 induced ectopic expression of Nodal on the right side (arrow).
f, Control beads had no effect on Nodal expression (slightly older embryo). g, Stage 6
embryo. During normal development, FGF-8 is expressed in the right but not left posterior
portion of the node. When a bead soaked in the truncated Activin receptor (ActRII±ECD)
(0.5 mg ml-1) was applied to the right side of Hensen's node at stage 4, the right-sided
FGF-8 expression in the node was downregulated (red arrow). Black arrow, normal anterior
level of FGF-8 on the left side of the node. h, Stage 6 embryo. Control beads had no effect
on normal expression of FGF-8 in the right posterior portion of the node (arrows). i, A bead
soaked in ActRII±ECD (0.5 mg ml-1) applied to the right side of the node at stage 4
maintained and/or induced Car expression on the right side (arrow). j, Application of a
bead soaked in Activin (0.5 mg ml-1) on the left side of the node at stage 4 downregulated
expression of Car in the left LPM (arrow). k, BSA control beads did not affect Car
expression.
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The Lefty-1 gene has been proposed to be vital for restricting the
expression of Nodal, Lefty-2 and Pitx2 to the left side of the embryo,
acting as (or inducing) a `midline barrier' that would prevent the
presence of the `X' factor on the right side of the embryo12,13. We
have investigated the role of Lefty-1 in left±right determination in
the chick, and its possible interaction with Car.
Lefty-1 appears earlier in the chick than in the mouse embryo. In
the mouse, Lefty-1 is expressed predominantly in the presumptive
¯oorplate, beginning at the two-somite-pair stage30. In the chick,
Lefty-1 transcripts are detected in Koller's sickle at the posterior
margin of the chick blastoderm at stages X±XII (data not shown) in
cells that will later contribute to Hensen's node, the chick organizer42.
Subsequently, as the primitive streak elongates, Lefty-1 transcripts
become restricted to the anterior half of the streak (Fig. 1k, k9). At
stage 5+, Lefty-1 transcripts are observed in a pattern overlapping the
domain of Shh expression on the left side of the node (Fig. 1l, l9,
compare with Shh in Fig. 2a). From stages 6 to 8, Lefty-1 expression is
restricted to the left side of the prechordal mesoderm, and by stage 8,
coinciding with the disappearance of the left-sided Shh expression,
Lefty-1 becomes symmetrically distributed throughout the caudal
notochord (Fig. 1n; 1n9 is a section of the embryo shown in 1o).
Before Lefty-1 is no longer detectable at stage 11, a small domain of
expression is observed in the left posterior LPM overlapping the
Nodal-expressing cells (Fig. 1o, compare with 1j).
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When either cells expressing mouse Lefty-1 or an RCAS virus
containing the mouse Lefty-1 gene were applied at stages 4±5 to the
right side of the node, we observed repression of both FGF-8 (8/15
embryos; Fig. 6a, b) and cSnR (8/20 embryos; Fig. 6f), and activation of left-speci®c genes such as Car (8/15 embryos; Fig. 6c), Nodal
(9/18 embryos; Fig. 6d) and Pitx2 (10/25 embryos; Fig. 6e). These
results, together with those shown in Fig. 5, lead us to propose that
Lefty-1 might be able to antagonize Activin. Several plausible
mechanisms can be envisioned, including competitive binding of
Lefty-1 to the Activin receptor, which would result in an inactive

Figure 6 Interaction between Lefty-1 and Car during the establishment of left±right
asymmetry. a, Stage 6 embryo. When cells expressing mouse Lefty-1 (RCAS±Lefty-1)
were implanted on the right side of Hensen's node at stage 4, the right-sided FGF-8
expression in the node was downregulated (red arrow). Black arrow, normal anterior FGF8 expression on the left side of the node. b, Stage 6 embryo. Control cells expressing
alkaline phosphatase had no effect on the expression of FGF-8 in the right posterior
portion of the node (arrows). Embryos in c±i are at stages 8±10. c±e, A retrovirus vector
containing the mouse Lefty-1 gene was injected at stage 4 to the right side of the node,
producing ectopic induction of Car (arrow in c), Nodal (arrow in d) and Pitx2 (arrow in e). f,
The normal expression domain of cSnR in the right LPM was downregulated by injection of
RCAS±Lefty-1 at stage 4 on the right side of the node (arrow). g, RCAS±Lefty-1 on the left
side of Hensen's node at stage 4 did not affect the normal expression of Car in the left
LPM. h, The same experiment downregulated Nodal expression (arrow). i, The control
virus (RCAS±alkaline phosphatase) had no effect on Nodal expression. j±m, When a graft
of Car-expressing cells (indicated as RCAS±Car) was implanted on the right side of
Hensen's node at stage 4, Lefty-1 expression was upregulated on the right side of the
node (arrow in j; compare with control in k). Infection with RCAS±Car produced
upregulation of Lefty-1 on the posterior side of the right LPM (arrow in l; compare with the
control experiment in m, where normal expression in the left LPM is indicated by an
arrow).
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ligand±receptor complex that would not be able to induce FGF-8 on
the right side of the node. A similar role in inactivating Activin
pathways has been proposed for Antivin, whose function in zebra®sh can be substituted by mouse Lefty-1 (ref. 29). These results
indicate that the early domain of expression of Lefty-1 in the left side
of the embryo (adjacent to the node) is important as a safety
mechanism that ensures that the Activin pathway is completely
inactive on the left side of the embryo, allowing continued expression of left-speci®c genes such as Car, Nodal and Pitx2.
An excess of mouse Lefty-1 on the left side of the chick node
blocks activation of Nodal expression in the left LPM13. Here we
show that, although expression of Nodal is either absent or downregulated after application of mouse Lefty-1 on the left side of the
stage-5 chick node (9/15 embryos; Fig. 6h), Car expression is not
affected (0/15 embryos; Fig. 6g). As we have shown that Car is
necessary and suf®cient to activate Nodal, these results indicate that
Lefty-1 may antagonize Car activity without affecting its transcription. One possibility is that Lefty-1 could antagonize Car activity by
binding to it. In doing so, Lefty-1 would limit Car diffusion and
would effectively interfere with its function. This assumption goes
along with the hypothesis that the expression of Lefty-1 on the left
side of the node and on the left side of the midline could serve as a
barrier to prevent spreading of Car (or, in general terms, the Shh-

Figure 7 cNKX3.2 is a novel target of the left±right signalling pathway. a, Expression of
the cNKX3.2 gene in somites at stage 8. b, At stage 10, transcripts are still detected in the
somites and two new domains of expression are observed in the head mesoderm and the
left LPM (arrow). c, As well as the head mesoderm, somites and left LPM (arrow), a faint
expression domain is now observed in the right LPM (arrowhead). d, Cross-section (at the
level of the arrow) of the embryo shown in b displaying symmetrical expression of
cNKX3.2 in the somites and left-speci®c staining in the LPM (arrow). e±h, Application of
beads soaked in Shh protein (e) and RCAS±Car (f), RCAS±Lefty-1 (g) or RCAS±Nodal (h)
viruses to the right side of the Hensen's node at stage 5 induced ectopic expression of
cNKX3.2 in the right LPM (arrows). i, Implantation of a bead soaked in FGF-8 (1 mg ml-1)
on the left side of Hensen's node at stage 5 downregulated expression of cNKX3.2 in the
left LPM and somites (arrow). j, Application of a bead soaked in Activin (1 mg ml-1) on the
left side of Hensen's node at stage 5 downregulated expression of cNKX3.2 in the left LPM
and somites (arrow). k, Application of the truncated activin receptor ActRII-ECD
(0.5 mg ml-1) to the right side of Hensen's node at stage 5 enhanced expression of
cNKX3.2 in the right LPM (arrow). l, A similar result (arrow) was obtained when the
FGFR-1 inhibitor SU5402 (1 mg ml-1) was applied to the right side of the embryo.
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Figure 8 Role of Car in the genetic cascade that determines left±right development.
Control of Car expression by Shh and FGF-8, together with a possible barrier mechanism
elicited by Lefty-1, restricts Car activity to the left side of the embryo, where it can
antagonize the repressive effect of BMPs on Nodal transcription. Nodal activates
downstream left-speci®c genes and represses right-speci®c genes in the LPM. Green
arrows indicate activation and red lines indicate repression; in the case of Car the red line
indicates antagonism of BMPs by direct binding to them. It cannot be ruled out that a
factor other than Car might actually be the `X' factor that diffuses to the right (or is
transcribed on the right) in the absence of Lefty-1, according to the barrier model18.
However, as Car ful®ls all the required criteria to be the `X' factor, even if that additional
factor exists, it probably acts through Car or in a pathway related to Car. A better understanding
of the role of the Car gene in left±right development must await its identi®cation and
ablation in the mouse. This is a simpli®ed model intended to illustrate the role of Car, and
only some of the genes involved in left±right development are included.

dependent `X' factor) from the left to the right side of the embryo.
Alternatively, Lefty-1 might repress Nodal transcription by mechanisms unrelated to Car. An added twist is that Lefty proteins seem to be
able to antagonize Nodal activity by mechanisms that could involve
either competition with Nodal for a common receptor, formation of
inactive heterodimers with Nodal or both. Identi®cation of the
murine Car and analysis of its pattern of expression in wild-type
and Lefty-1-/- mice will be necessary to determine the nature of the
regulatory relationship between Car and Lefty-1. Car-expressing cells
implanted on the right side of the embryo can induce expression of
Lefty-1 on the right side of the midline (8/15 embryos; Fig. 6j, k) and
in the right LPM (7/15 embryos; Fig. 6l, m). As Car presumably acts
as an extracellular antagonist, it might induce Lefty-1 in the midline
by antagonizing a repressive activity of some TGF-b member on
Lefty-1 transcription. BMPs are expressed along the primitive streak
and are likely candidates to encode this repressive activity. Of course,
additional regulators may control Lefty-1 expression, as even ectopic
expression induced by Car is similar to the endogenous pattern
observed on the left side of the embryo.

cNKX3.2 is a target of the left±right pathway

Methods
Cloning of Car, Lefty-1 and cNKX3.2
Left and right LPM mRNAs from embryos at stages 6±12 were isolated using standard
protocols. A left LPM substracted complementary DNA library was obtained using the
Clontech PCR-Select cDNA substraction kit. Seventy clones were selected at random and
used to generate digoxigenin-labelled probes. After con®rming that three of the clones
represented differentially expressed genes, we sequenced them in both strands. The Lefty-1
fragment was isolated indirectly from the PCR-Select differential screening and used to
screen a chick genomic library to obtain the full-length Lefty-1 gene using standard
protocols. The Car and cNKX3.2 full-length clones were obtained by screening stage 5 and
12 chick cDNA libraries, respectively, with noncoding fragments isolated from the PCRSelect differential screening (for Car) and by using a 59 RACE-Smart kit from Clontech
(for cNKX3.2). The chick Car, cNKX3.2 and Lefty-1 sequences have been deposited in
GenBank under accession numbers AF179484, AF179482 and AF179483, respectively.

Retroviral infection and bead implantation

Finally, we have identi®ed the homeobox gene cNKX3.2, which is the
chick homologue of mouse BapX1/NKX3.2 (ref. 43); the same gene
was independently isolated by another group32. NKX genes are
involved in cellular differentiation and organogenesis in different
organisms44,45. cNKX3.2 begins to be expressed at stages 8±9, where it
is observed in the somites (Fig. 7a). At stages 10±11, cNKX3.2 appears
in the head mesoderm and in the left LPM (Fig. 7b, d). Around stage
14, faint expression is also seen in the right LPM (Fig. 7c). At later
stages cNKX3.2 is expressed in other embryonic structures, including
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gut and limbs (data not shown), with a very similar pattern to that
reported for its mouse and Xenopus orthologues.
We decided to investigate in detail the mechanisms that regulate
cNKX3.2 transcription, in order to place it in the genetic cascade
that controls left±right asymmetry. Misexpression of either Shh
(16/18 embryos; Fig. 7e), Car (19/28 embryos; Fig. 7f), mouse Lefty1 (12/28 embryos; Fig. 7g) or Nodal (14/30 embryos; Fig. 7h) in the
right side of the embryo all induce strong cNKX3.2 expression in the
right LPM. Conversely, misexpression of either FGF-8 (11/18
embryos; Fig. 7i) or Activin (8/17 embryos; Fig. 7j) in the left side
of the embryo inhibits the normal domain of cNKX3.2 expression.
We con®rmed the speci®city of the effect of these two right signals
by misexpressing either a soluble version of a truncated Activin
receptor (which inhibits activin signalling; 8/23 embryo; Fig. 7k) or
the speci®c FGFR-1 inhibitor SU5402 (6/19 embryos; Fig. 7l) on the
right side of the embryo. Both manipulations induce cNKX3.2
expression in the right LPM. In general, cNKX3.2 responds to
upstream left±right signals in a similar way to Pitx2. Like Pitx2,
we consider cNKX3.2 to be a target of the early patterning network
of left±right signals involved in executing the cellular changes that
are responsible for organ morphogenesis.
It is debatable whether a general mechanism of left±right determination (Fig. 8) applies to all vertebrates. Although the leftspeci®c expression of important determinants such as Nodal and
Pitx2 seems to be conserved in all vertebrates examined so far, this
may not be the case for upstream regulators. For example, expression of Shh and FGF-8 has not been reported to be asymmetric in
Xenopus or mouse. However, Shh-/- and FGF-8-/- mutants show
laterality defects, including altered expression of Nodal, Pitx2 and
Lefty-2 (refs 46±48). In the mouse, Shh seems to be required to
induce and/or maintain the midline barrier that has been proposed
to restrict expression of Nodal, Lefty-2 and Pitx2 to the left side of
the embryo12,13. In this model, Shh would not be required for leftsided expression of these genes. This interpretation contrasts with
its proposed role as a left determinant in the chick. A more accurate
assessment of the degree of evolutionary conservation of left±right
determination mechanisms awaits a future analysis of the roles of
Shh, FGF-8 and other genes involved in left±right development in
different organisms; thus extending the analysis of the network of
molecular interactions described here to other vertebrates should
provide further insight into the general mechanisms of left±right
determination.
M

Chick embryos were explanted and grown in vitro as described49. RCAS (subtype A)
retroviral stocks containing full-length Car, Nodal, mouse Lefty-1 and alkaline phosphatase
(used as control) were produced as described16. Embryos were either infected with RCAS
viruses by air pressure and/or grafted with RCAS-infected cells on either side of the chick
blastoderm near Hensen's node. Beads were soaked in Shh protein, anti-Shh antibody and
FGF as described10. The FGFR1 inhibitor SU5402 (ref. 41; CalBiochem) was used at
1 mg ml-1.

In situ hybridization
After viral infection and/or bead implantation, we processed embryos for whole-mount in
situ hybridization as described42. Sectioning of stained embryos was as described16.
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Antisense probes for Car and cNKX3.2 spanned the entire open reading frame (ORF). For
Lefty-1 we used the entire isolated fragment. We generated a 450-base-pair (bp) probe
corresponding to the 39 untranslated region that gave an identical pattern of expression to
that obtained with the cDNA fragment (data not shown). The rest of the probes were
produced as described16.

Co-immunoprecipitation experiments
A triple myc-tagged version of Car (Car±myc3) was obtained by cloning a Car insert into
the mammalian expression vector pMT21-myc3, bringing the Car ORF without a stop
codon in frame with a triple myc-tag (59-GAG CAG AAG CTG ATA TCC GAA GAA GAC
CTC GGC GGA GAG CAG AAG CTC ATA AGT GAG GAA GAC TTG GGC GGA GAG
CAG AAG CTT ATA TCC GAA GAA GAT CTC GGA CCG TGA TAA-39). The construct
was veri®ed by restriction analysis and dideoxy sequencing. Conditioned media from
COS7 cells transfected with the pMT21±Car±myc3 construct was obtained using standard
protocols. Brie¯y, serum-free conditioned media were collected two days after the start of
transfection, cleared of cell debris and made up to 5 mM EDTA. Conditioned media were
stored at 4 8C. The expression of Car±myc3 was veri®ed by western blotting for the myc
epitope. Under nonreducing conditions, Car±myc3 had a relative molecular mass of
,40,000, consistent with the predicted molecular mass of Car±myc3 and accounting for
glycosylation at two potential N-linked glycosylation sites. Dimeric and multimeric forms
of Car±myc3 were also observed, as seen for other members of the Cer/Dan family of
BMP antagonists (A. N. Economides and N. Stahl, unpublished results). A similar
procedure was used to obtain conditioned medium containing human GDF-5±Flag50.
Car±myc3 (1 ml of COS7-derived serum-free conditioned medium) was incubated with
human BMP-4 (0.5 mg ml-1; R&D Systems), human BMP-5 (0.5 mg ml-1; R&D Systems),
human GDF-5±Flag (0.2 ml COS7-derived conditioned medium) or mouse Nodal
(mBMP-16; provided as 35S±mNodal expressed in Xenopus laevis oocytes). The formation
of a stable complex between Car±myc3 and these different TGF-bs was determined by
immunoprecipitating Car±myc3 and associated proteins using an anti-myc monoclonal
antibody (9E10; 1 mg ml-1) bound to Protein A-Ultralink (Pierce). The binding reaction was
carried out in serum-free conditioned medium after it was made 20 mM Tris, pH 7.6,
150 mM NaCl, 0.1% Tween 20 (TBST), by addition of a 10´ concentrate of these reagents.
Binding was allowed to proceed for 1 h at 25 8C in a reaction volume of 1.1 ml, with
continuous mixing to keep the Protein A-Ultralink (20 ml bead volume) in suspension, after
which point the beads were spun down, washed once with TBST, transferred to new
eppendorf tubes and washed three more items with TBST. Proteins bound to the beads were
solubilized by addition of 25 ml of Laemmli SDS-PAGE sample buffer and loaded onto 4±
12% NuPAGE/MES gradient gels (Novex), which were run under reducing conditions. The
proteins were subsequently transferred onto Immobilon P and western blotted to detect
human BMP-4, human BMP-5 or human Activin using antisera raised against the respective
proteins (R&D Systems). In the case of human GDF-5±Flag, we used a monoclonal
antibody raised against the Flag tag (M2; Kodak). 35S±mNodal was visualized using a
Phosphorimager (Fuji). None of the TGF-b proteins tested binds to the beads when Car±
myc3 is excluded from the reaction mixture and instead substituted with COS7-derived
conditioned medium from cells that had been transfected with a pMT21 plasmid.
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