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Morphogens, secreted signaling molecules that encode positional information by being distributed 
in a graded manner within their target tissues, play the central role in patterning of an embryo and 
in morphogenesis of organs. Their distribution within an embryo is tightly regulated, resulting in an 
uneven or graded distribution. This volume addresses first, how morphogen distribution is regulated 
within an embryo, second, how a morphogen gradient is sensed by an embryo, and third, how a 
morphogen gradient is utilized to form various organs. 

The first three reviews discuss how production, secretion and extra-cellular spatial distribution of a 
signaling molecule are controlled, with perhaps the three most studied signaling molecules, Wnt, 
BMP and Hedgehog, as examples. Ana-Citlali Gradilla and Isabel Guerrero describe the mechanism 
that controls spatial distribution of Hedgehog, the best-studied morphogen. They present current 
views on proteolytic cleavage and lipid modification of the translated protein, and discuss how 
Hedgehog protein is trafficked within a cell, released from the cell and transported across 
extracellular space. Kristi Wharton and Mihaela Serpe focus on shuttling systems that control the 
extra-cellular distribution of BMP ligands. The BMP-Sog shuttling complex is required for long-range 
action of BMP signaling because complex formation with Sog permits rapid movement of BMP 
ligands. Such a system may be necessary for rapid generation of a steep gradient of BMP within an 
embryo. Julia Christina Gross and Michael Boutros describe intra-cellular and extra-cellular 
trafficking of Wnt proteins, and summarize new findings on the mechanism regulating Wnt 
secretion. 

Yoh Wada and Ge-Hong Sun-Wada discuss the role of endocytsosis in signaling. Although the 
endocytic pathway was simply considered as a cellular digestive route that degrades 
macromolecules, it has profound functions during signaling; with early steps of the endocytic 
pathway required for amplification of signaling, and late steps essential for termination of signaling. 
In particular, they present evidence that termination of BMP signaling by late endosomes is essential 
for embryonic patterning in the mouse. 

The extra-cellular matrix (ECM) also regulates the spaciotemporal pattern of signaling. Isao Matsuo 
and Chiharu Kimura-Yoshida discuss how heparan sulfate proteoglycan regulates FGF signaling in the 
mouse embryo. They focus on the role of heparan sulfate chains in the local retention of FGF ligands 
and in FGF and FGF receptor complex formation. Diverse roles of the ECM in development are more 
widely reviewed by William Daley and Kenneth Yamada, who provide new insights into how localized 
(rather than global) ECM-mediated signaling regulates cell migration, shape and adhesion during 
morphogenesis and remodeling of epithelial tissues. Notably, the ECM may be responsible for not 
only local signaling but also for inducing mechanical force. 

A stable long-range gradient of a morphogen can be formed by the classic secretion–diffusion–
clearance mechanism, in which local production of a ligand is followed by passive diffusion and 
clearance by its receptor acting as a sink. Christian Bökel and Michael Brand challenge this view by 
directly measuring the diffusion coefficient of the FGF8 ligand and the binding coefficient to its 
receptor in zebrafish embryos, using innovative imaging. They also discuss how outputs of FGF 
signaling are controlled. Michael Cohen, James Briscoe and Robert Blassberg discuss the molecular 



logic by which neural cells interpret the level of Hedgehog signaling, by focusing on the direct 
transcriptional logic. In conventional models, there is a positive correlation between the range of 
target gene activation and the affinity of morphogen-regulated transcription factor-binding sites, so 
that genes activated over a longer distance would have higher binding affinity for the transcription 
factor. However, this is not the case for Gli, a Hedgehog-regulated transcription factor. They now 
provide a new view with cells interpreting Hedgehog signaling by combining pan-neural transcription 
factors and the cross-regulatory network of downstream target genes. Reception of Hedgehog 
signaling in vertebrates absolutely requires the primary cilium, a subcellular organelle that protrudes 
from cells. Yoko Inès Nozawa, Chuwen Lin and Pao-Tien Chuang discuss the Hedgehog signaling 
mechanism from the primary cilia to the nucleus. A morphogen gradient can generate polarity 
across several cells within an embryo; but polarity can also be generated within a single cell 
according to the positional information from surrounding cells. Bo Gao and Yingzi Yang describe how 
such intra-cellular polarity (planar cell polarity; PCP) arises in the developing vertebrate limb. Genes 
that regulate PCP have been identified and their function well studied in Drosophila. However, the 
most upstream information that induces polarized intra-cellular distribution of PCP core proteins 
remains elusive. They provide evidence that Wnt signaling serves as a morphogen gradient that 
brings polarized cellular behaviors to cells in the limb. 

The following several reviews provide examples for morphogen-regulated patterning and 
organogenesis. M. Dolores Molina, Noémie de Crozé, Emmanuel Haillot and Thierry Lepage 
introduce how dorsal–ventral and left–right axes in the sea urchin embryo are determined by Nodal 
and BMP. Interestingly, there are remarkable similarities in the genetic pathway between sea urchin 
and vertebrates. Wnt signaling also plays essential roles in early development. Ruth Arkell, Nicolas 
Fossat and Patrick Tam discuss the mechanisms that ensure correct spatiotemporal Wnt signaling for 
primitive streak formation and anterior–posterior axis establishment. The response of an individual 
cell to Wnt signaling is determined by the net output of the entire downstream network. Svetlana 
Gavrilov and Elizabeth Lacy describe the role of BMP signaling in another vital morphogenetic 
process, ventral folding morphogenesis, required for correct placement of the gut and head. They 
speculate on the role of BMP signaling on the basis of BMP expression patterns and mutant mouse 
phenotypes. As for other organs, formation of the brain also depends on various extra-cellular 
signals such as FGFs, Wnts and TGFβs. Jean Hébert focuses on cerebrum development, and discusses 
how cells integrate various different signals in adopting a specific fate. The telencephalon, the most 
anterior region of the brain, is the theme of the review by Fumiaki Sugahara, Yasunori Murakami, 
Noritaka Adachi and Shigeru Kuratani. By comparing recent studies on the patterning and 
regionalization of the lamprey telencephalon with those in other mammals, they propose an 
ancestral mechanism of vertebrate telencephalon formation. 

Some signals oscillate and induce oscillatory gene expression. The best example is somitogenesis 
controlled by the segmentation clock, where oscillation in FGF signaling regulates the timing of 
somite formation. Yukiko Harima and RyoichiroKageyama, clarify the genetic network of the 
segmentation clock, and explain why FGF signaling needs to oscillate rather than being constant. 
Finally, Kenro Kusumi, Catherine May and Walter Eckalbar examine somitogenesis and the 
segmentation clock genes in reptiles and compare these to those in the mouse and chick. 
Information from such non-traditional models identifies conserved features as well as divergence in 
the genetic networks. 
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