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Left-right (L-R) asymmetry in the mouse embryo is generated in the node and is dependent on cilia-driven fluid flow, but how the
initial asymmetry is transmitted from the node to the lateral plate has remained unknown. We have now identified a transcriptional 
enhancer (ANE) in the human LEFTY1 gene that exhibits marked L>R asymmetric activity in perinodal cells of the mouse embryo. 
Dissection of ANE revealed that it is activated in the perinodal cells on the left side by Nodal signaling, suggesting that Nodal activity 
in the node is asymmetric at a time when Nodal expression is symmetric. Phosphorylated Smad2/3 (pSmad2) indeed manifested an L-R 
asymmetric distribution at the node, being detected in perinodal cells preferentially on the left side. This asymmetry in pSmad2
distribution was found to be generated not by unidirectional transport of Nodal but rather as a result of L<R asymmetric expression 
of the Nodal antagonist Cerl2. For various mutant embryos examined, the asymmetry in pSmad2 distribution among the perinodal cells 
closely matched that in lateral plate mesoderm (LPM). However, autocrine-paracrine Nodal signaling in perinodal cells is dispensable 
for L-R patterning of LPM, given that its inhibition by expression of dominant negative forms of Smad3 or ALK4 was still associated 
with normal (left-sided) Nodal expression in LPM. Our results suggest that LPM is the direct target of Nodal secreted by the 
perinodal cells, and that an L>R distribution of active Nodal in the node is translated into the asymmetry in LPM. 
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Asymmetry of pSmad2 distribution around the node correlates with that in LPM

Fig. 2. 
(A-G) Ventral views of pSmad2 immunostaining in wild-type or the indicated mutant embryos at the indicated developmental stages.
(A’-G’) The node region of the embryos in (A) through (G), respectively, is shown at higher magnification. 
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Fig. 1.
ANE is an L-R asymmetric asymmetric node-specific enhancer. (A) 
Various restriction fragments of human LEFTY1 were linked to lacZ, 
and the enhancer activity of each fragment was examined in transgenic 
mouse embryos. The approximate location of FoxH1 binding sites is 
indicated by red ovals. (B) Ventral views of X-gal-stained embryos 
harboring hNPE 7.5 lacZ transgenes. (C) The expression patterns of 
hNPE7.5-lacZ around the node of the indicated mutant mouse embryos 
were determined at 4-somite stage. X-gal staining in the node was left-

sided (WT), right-sided and down-regulated and bilateral (Cryptic-/- and Nodal neo/ neo). (D) Ventral views of pSmad2 immunostaining in 
wild-type  at the indicated developmental stages. The node region of the embryos in upper panels is shown at higher magnification in 
lower panels. Arrowheads indicate pSmad2-positive cells at the node.

Phosphorylation of Smad2/3 in perinodal cells is induced by internally secreted Nodal
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Fig. 3.
Immunostaining of pSmad2 in embryos 
that were recovered at the three-somite 
stage, cultured for 30 min before they 
were fixed with 4% paraform aldehyde.
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L<R asymmetric Cerl2 expression is responsible for the asymmetric pSmad2 distribution
among perinodal cells
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Fig. 6. 
(A-C) Immunostaining for pSmad2 in wild-type (WT) and Cerl2-/-

embryos, respectively, at the four-somite stage. (A’-C’) Higher 
magnification images of the node region of the embryos shown in (A), 
(B) and (C), respectively. The distribution of pSmad2 is either 
bilateral or bilateral with subtle L > R asymmetry in both the node and 
LPM of the Cerl2 mutant. (D-F) Expression of the hNPE7.5-lacZ 
transgene in wild-type and Cerl2-/- embryos, respectively, at the 
indicated developmental stages.
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Result-5
Asymmetric Nodal signaling in perinodal cells is dispensable for L-R  patterning of LPM

(A) Schematic representation of the transgene 
encoding dnSmad3. A node-specific enhancer 
(NDE) is linked to the Hsp68 promoter, 
dnSmad3, an internal ribosome entry site 
(IRES), and lacZ. (B, C) In situ hybridization 
analysis of Nodal mRNA in E8.2 nontransgenic 
(dnSmad3 Tg−) and dnSmad3 transgenic 
(dnSmad3 Tg+) mouse embryos, respectively. 
(D) Expression of the transgene in the 
dnSmad3 transgenic embryo in (C) was 
confirmed by in situ hybridization analysis of 
lacZ mRNA. (E-G) Immunostaining of pSmad2 
(E) and beta-galactosidase (F) in an E8.2 
embryo that expressed the dnSmad3 transgene. 
A merged image is shown in (G). (E’-G’) Higher 
magnification images of the node region of the 
embryos shown in (E) through (G). (H) 
Percentage of nontransgenic and dnSmad3 
transgenic embryos positive for Nodal 
expression in LPM at the indicated 
developmental stages. The number of 
nontransgenic or transgenic embryos examined 
at each stage ranged from 9 to 15. (I-P) The 
analyses in (A) through (H) were repeated with 
embryos expressing a transgene for dnALK4.
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Autocrine-paracrine Nodal signaling in perinodal cells is dispensable

Nodal produced by the perinodal cells is
essential for L-R  patterning of LPM


